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ence dependent proton ion
irradiation on the structural and optical properties
of Bi5In30Se65 thin films for nonlinear optical
devices

P. Priyadarshini,a S. Das,a D. Alagarasan,b R. Ganesan,b S. Varadharajaperumal,c

S. Sahoode and R. Naik *a

This paper reports the effects of ion irradiation on the structural, linear, and nonlinear optical properties of

thermally evaporated Bi5In30Se65 thin films. The prepared films were irradiated with 30 keV proton ions with

different fluences, such as 5� 1015 ions per cm2, 1� 1016 ions per cm2, and 5� 1016 ions per cm2. Structural

analysis via X-ray diffraction (XRD) confirmed the non-crystalline nature of the film after ion irradiation with

different doses. However, after the irradiation dose, the surface morphology changed, as shown by atomic

force microscopy (AFM) images and field emission scanning electron microscopy (FESEM) images. The

compositions of the films were obtained using energy-dispersive X-ray spectroscopy (EDX). Optical

analysis via UV-Visible spectroscopy showed a reduction in the transmittance and an increase in the

absorption in the higher wavelength region with irradiation. The optical bandgap and Tauc parameter

decreased with an increase in the irradiation fluence, which is due to an increase in the irradiation-

induced defects and disorder inside the system. The increases in the third order nonlinear susceptibility

and the nonlinear refractive index with ion fluence are useful for nonlinear optical applications. The

linear refractive index calculated from the transmittance data increased, satisfying Moss's rule. The

optical parameters, such as lattice dielectric constant, optical density, skin depth, optical conductivity,

real and imaginary dielectric constants, optical conductivity, loss factor, VELF, and SELF, were calculated

using several empirical relationships and showed increasing behavior with the ion irradiation dose. The

changes obtained in both the linear and nonlinear parameters will be useful for nonlinear optical device

applications.
1. Introduction

Nowadays, the response of materials to intense external energy
inputs such as thermal annealing,1,2 laser irradiation,3,4 ion
irradiation,5,6 and doping7,8 to achieve the desired characteris-
tics for fundamental studies and technological applications is
gaining much attention. Among them, ion irradiation is one of
the distinctive external energy input techniques that improve
the structural and optical properties together with modication
of the microstructural patterns of the system. These modica-
tions are helpful when precisely designing the material prop-
erties required for the desired device applications. Several
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studies based on the consequences of the effects of ion irradi-
ation have been carried out previously. The different doses of
ion irradiation in Ge23Se62As15 thin lms showed modications
of the surface morphology and optical properties which are
useful for telecom and sensing applications.9 The ion implan-
tation in Bi/GeSe2 lms induces a signicant alteration in the
optical bandgap with the appearance of a topological Bi2Se3
phase in the structure.10 The proton irradiation of a Bi2Te3 lm
successfully enhances the defects' content, thus, enhancing the
thermoelectric properties.11 These fascinating results from ion
irradiation on various material characteristics have motivated
the study of the ion irradiation impact on the lms reported
here.

According to the energy transmitted through materials, the
ion beams are divided into two categories such as low energy
and high energy ion beams. The high energy ion beams possess
energy ranging from a few tens of MeV to GeV that are carried by
high atomic mass ions through inelastic collisions. The ener-
getic ion beams with energy ranging from a few tens of keV to
hundreds of keV are considered as low energy ion beams,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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generate defects and disorder in the system.12 Low energy ion
beams basically interact with the target at the atomic level. Aer
the bombardments of the target material, the accelerating
incident ions experience a number of nuclear and electronic
collisions. As a consequence of these elastic collisions, the ions
lose all their energy and are implanted inside the target mate-
rials, thereby modifying several properties.13 Due to the elastic
collisions, nuclear energy loss is more than electronic energy
loss, and is mainly responsible for the material modication.14

In this regard, the Bi–In–Se lms were considered the
prototypical semiconducting materials with many useful
applications. The high glass-forming ability of selenium and the
presence of indium give the alloy photovoltaic properties, so-
ness, and easy fusibility, and suitability for application
purposes.15 Aer that, the addition of bismuth results in
a considerable variation in linear and nonlinear optical prop-
erties as well as the structural phenomenon of the host system,
in addition to carrier type reversal (CTR).16,17 For example, in
addition to the CTR, the Bi doping also showed a large variation
in the linear and nonlinear optical properties in the BixIn25�x-
Se75 thin lms.18 The replacement of indium with bismuth
provides a constant coordination number (Z ¼ 2.25) that rep-
resented the structure in the oppy state which helps to deter-
mine the modications in the network topology apart from the
CTR behavior of the Bi–In–Se system.18,19 The modications of
several properties by varying the bismuth concentration in the
BixIn35�xSe65 lms results in the crystallinity of the highly Bi-
doped lms with a decrease in the optical bandgap.20 Until
now there has been no relevant research on the impact of ion
irradiation on Bi–In–Se thin lms. So, in this study, we were
interested in determining the outcome of the irradiation of low
energy carried light ions, such as protons, on the Bi–In–Se thin
lm. Previously, the Bi5In30Se65 thin-lm gained much atten-
tion because it showed the highest transmittance out of all the
other BixIn35�xSe65 lms, as well as showing an abrupt change
in various linear and nonlinear optical parameters. Thus, in the
present research, we were interested in studying the impact of
ion irradiation on various structural, morphological, and
optical linear and nonlinear properties of the Bi5In30Se65 thin-
lm with different uences. Several studies have been per-
formed on ion irradiation to demonstrate the tailoring of
various characteristics of materials. For example, the effect of 80
MeV silicon swi heavy ion irradiation on the linear and
nonlinear properties of the Ge24Se61Sb15 lms makes them
suitable for use in telecommunication and sensing applica-
tions.21 The ion irradiation, induced changes in the DC
conductivity, and the electrical transport of the Ge20Se80�xBix
lms which is associated with the electronic energy loss of the
ions inside the target material.22 With As–Se–Bi thin lms, the
use of 120 MeV Ag swi heavy ion irradiation, induced
a decrease in the bandgap, and an increase in conductivity
together with a p to n transition.23 The 3 MeV proton irradiation
decreased the bandgap and increased the refractive index,
dispersion energy in the amorphous-(Ge20Se80)0.96Ag0.04 thin
lms due to structural modication.24 The proton and deuteron
irradiation changed the electronic conductivity under the
inuence of irradiation parameters and there was no change in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the ionic conductivity of the quaternary Ag–Ge–As–S composite
materials.25 The inuence of proton beam irradiation over
a Ge40Se60/Ag lm stack reveals silver surface deposition and
germanium oxidation, and a change in the lm's chemistry as
a result of proton irradiation.26 The electrical resistivity
decreased with 10 MeV proton irradiation uence in Cu(In,Ga)
Se2 thin lms which is due to the reduction of the concentration
of the compensating donor-like defects, specically the sele-
nium vacancies.27

So, in the present study, the focus was on the proton
irradiation-induced modications in the structural, morpho-
logical, and optical properties of thermally evaporated Bi5In30-
Se65 thin lms caused by different irradiation uences. Because
there was no previous signicant research ndings on the effect
of ion implantation on the Bi–In–Se thin lms, so as a rst
attempt, we were interested to expose the thin lm to be irra-
diated by low energy proton ions with different uences, which
were precisely chosen to achieve a controllable performance.
Thus, the change in properties was investigated at three
different proton ion uences: 5 � 1015 ions per cm2, 1 � 1016

ions per cm2, and 5� 1016 ions per cm2 with low energy protons
(30 keV) on Bi5In30Se65 thin lms. The X-ray diffraction method
(XRD) and atomic force microscope (AFM) were used to inves-
tigate the proton irradiation-induced structural alteration. The
compositional analysis and surface morphological structure of
the irradiated lms were observed using energy-dispersive X-ray
spectroscopy (EDX) attached to a eld emission scanning elec-
tronmicroscope (FESEM). The UV-Vis spectroscopy was used for
the optical study over the wavelength range of 450–1100 nm.

2. Experimental procedure
2.1 Sample preparation

The bulk glassy of highly pure Bi5In30Se65 was synthesized using
the universal melt quenching procedure. Stoichiometric
amounts of the high-purity elements Bi, In, and Se (99.999%
Sigma-Aldrich) were weighed using an accurate sensitive
balance, and then mixed inside a clean quartz ampoule evacu-
ated under a pressure of 10�3 Torr. Then the ampoules were
maintained in a high-temperature gradient at a heating rate of
about 3–4 �C min�1 until 500 �C was reached inside the furnace
and then that temperature was held for 20 h. These ampoules
were frequently oscillated inside the furnace to conrm that the
homogeneity of the molten mass had been obtained. Subse-
quently, the ampoules were taken out of the furnace and rapidly
quenched in ice-cold water to avoid crystallinity. Aer that, the
ampoules were broken and the bulk alloy was collected, and
ground to give the powdered form.

The homogeneous Bi5In30Se65 thin lms of �800 nm thick-
ness were achieved using the thermal evaporation method. To
avoid air contamination inside the chamber, a vacuum coating
unit (Hind-HiVac, Model 12A4D) was employed to create
a vacuum atmosphere under 10�5 Torr pressure. Subsequently,
a controllable deposition rate of 0.5 nm s�1 was maintained,
whilst the Bi5In30Se65 chalcogenide vapor was deposited onto
a cleaned glass substrate. Meanwhile, the deposition rate was
monitored using a quartz crystal monitor. The substrate holder
RSC Adv., 2022, 12, 5012–5026 | 5013
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was rotated continuously to form a uniform and homogeneous
lm.

The prepared thin lms were irradiated with 30 keV proton
irradiation using a low energy ion implanter at Institute of
Physics (IOP, Bhubaneswar, India). The proton irradiation was
performed at three different uences: 5 � 1015 ions per cm2, 1
� 1016 ions per cm2, and 5 � 1016 ions per cm2 under a high
vacuum atmosphere (�10�11 Torr) in the chamber. The ions
were incident perpendicular to the sample surface. The desired
ions (proton ions) were directed towards the sample by
providing a certain voltage and current through a magnetic
eld. The ion beam was magnetically scanned over a 1 cm �
1 cm area covering the complete thin lm surface that was xed
on a target ladder for uniform implantation and loaded inside
the irradiation chamber. The ladder has the advantage of being
able moving up and down which is controlled by a knob. The
precisely controlled uences and beam current were chosen by
considering the time period and number of counts of the course
of irradiation:

Time period ¼ fluence� exposed area

beam current ðnAÞ

Number of counts

¼ fluence� area� charge of ion� 1:6� 10�19

scale of current integrator
2.2 Sample characterization

The structural characterizations of the proton irradiated Bi5-
In30Se65 lm with different uences were carried out by XRD
(Bruker, D8 Advance) with a Cu Ka line (l ¼ 1.54 Å). The scan-
ning range was 5�–80� at step size of 0.05� s�1 with a grazing
angle of 1�. The irradiation induced topographic changes were
investigated by AFM (APE Research, A-100). The modication in
the elemental composition and surface morphological structure
of the lms due to irradiation was observed using a EDX spec-
trometer attached to an FESEM unit (Carl Zeiss, Ultra 55). The
optical transmission data of the lms were recorded by using
a UV-Visible spectrophotometer (Syntronics, India, AU2702 over
a 450–1100 nm range). The linear optical parameters, such as
absorption coefficient (a), extinction coefficient (k), optical
density (OD), and refractive index (n) were evaluated using the
transmittance data. Likewise, the optical bandgap (Eg), and
Tauc parameters (B1/2) were calculated from the Tauc relation-
ship. The Dimirov and Sakka empirical relationship, and
Miller's rule were implemented for the calculation of the static
refractive index (n0), high-frequency dielectric constant (3N),
Table 1 The range and the energy loss of a 30 keV proton ion in Bi–In–

Sample Se (keV nm�1) Sn (keV nm�1)

Bi–In–Se 0.08693 0.00044

5014 | RSC Adv., 2022, 12, 5012–5026
and nonlinear parameters such as nonlinear susceptibility (c(3))
and nonlinear refractive index (n2).
3. Results and discussion
3.1 Structural analysis

3.1.1 Energy loss process. The electronic and nuclear
energy losses to the lms during the ion irradiation resulted in
modications to some of their properties. Therefore, here the
energy loss of the 30 keV proton ions in the Bi–In–Se target was
calculated using SRIM-2008 soware. The ion range (Rp) and the
energy losses (Se and Sn), and the longitudinal and lateral
straggling of the 30 keV proton ion in the Bi–In–Se lm are given
in Table 1.

In Fig. 1(a), the electronic energy loss (Se) and the nuclear
energy loss (Sn) are shown as a function of energy. The gure
shows that the electronic energy loss is dominant over nuclear
energy loss which agrees with results of other studies.28,29 The
dominating nature of the Se indicates that the energy loss may
ionize the target atoms, or excite the electrons of the target from
the valence band (VB) to the conduction band (CB), or may
result in a plasmonic effect which results in the alteration of
several properties. The range of ions (274.4 nm) is within the
range of the Bi5In30Se65 lm thickness (�800 nm). Thus, the
ions easily penetrate through the lm and become implanted in
the thin lms.

3.1.2 XRD analysis. The XRD patterns of the proton irra-
diated Bi5In30Se65 lms irradiated at 5 � 1015 ions per cm2, 1 �
1016 ions per cm2, and 5 � 1016 ions per cm2

uence are shown
in the Fig. 1(b). The absence of any sharp peaks and the pres-
ence of broad humps implied that the lms retain an amor-
phous nature under proton irradiation like the as-prepared
form in a previous study by Priyadarshini et al.20

3.1.3 AFM analysis. The ion irradiation induced a surface
morphological change that was noticed from the 5 mm � 5 mm
three-dimensional AFM images (Fig. 2). The RMS roughness for
5 � 1015, 1 � 1016, and 5 � 1016 ions per cm2

uence lms are
found to be 13.58 nm, 1.44 nm, and 2.12 nm, respectively.
Different roughnesses aer irradiation indicated that the
projectile ions possessed sufficient energy to induce surface
modication and create disorders inside the material. The
change in the lm surface structure is clearly visible from the
AFM image.

3.1.4 FESEM and EDX analyses. The element concentration
analysis was performed using the EDX measurements which
conrmed the presence of corresponding elements such as: Bi,
Se and In in the different proton irradiated lms. The inset
Fig. 3 shows the presence of elements for the Bi5In30Se65 proton
irradiated lms at different uences. The composition obtained
Se films

Range (nm)
Longitudinal
straggling (nm)

Lateral straggling
(nm)

274.4 140.1 123.8

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) The SRIM simulation of Se Sn and the range (inset), and the (b) XRD patterns of 30 keV proton ion irradiated Bi5In30Se65 films at different
fluences.
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from the EDX analysis is given in Table 2. The different peaks
correspond to the respective elements and the composition of
the different lms were nearly the same and were within 3%
error from the calculated value.

The FESEM images at the scale of 100 nm are shown in Fig. 3,
which clearly show the homogeneity and uniformity of the
Fig. 2 AFM images of the ion irradiated Bi5In30Se65 thin films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
studied lms. The 5 � 1016 ion irradiated lm shows some
granular structure which might be due to the ion irradiation.
The lms studied were of 1 � 1 cm2 shape with a lm thickness
of �800 nm deposited on a glass substrate. We have calculated
the particle sizes for all irradiated lms were calculated using
ImageJ soware (Java 1.8.0_172 version) and this soware was
RSC Adv., 2022, 12, 5012–5026 | 5015



Fig. 3 FESEM and EDX images and a particle size histogram of the ion irradiated Bi5In30Se65 thin films.
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also used for the statistical analysis shown in Fig. 3. The
observed particle sizes were in range of 29.26 nm (5 � 1015 ions
per cm2), 35.34 nm (1 � 1016 ions per cm2), 47.82 nm (5 � 1016

ions per cm2). It was observed that the particle size was
enhanced with an increase in the ion irradiation dose which
was also clearly seen from the FESEM image. However, there
was no sign of any crystallinity from the XRD data. This
enhancement in the particle size indicated that irradiation led
to an enhancement of the concentration of large particles, and
the disappearance of smaller particles with the formation of
a granular structure. The results of the FESEM analysis
conrmed that the grains covered the entire surface of the
substrate. The appearance of a larger particle size will improve
Table 2 Composition of the proton irradiated Bi5In30Se65 thin films at d

Sample

Bi5In30Se65

5 � 1015 ions per cm2

Element Calc. (at%) Obs. (at%)

Se 65 66.85
In 30 29.10
Bi 5 4.05
Total 100 100

5016 | RSC Adv., 2022, 12, 5012–5026
the performance of the solar cell, as the charge carriers
encounter fewer trapping and scattering sources.30
3.2 Optical analysis

3.2.1 Linear optical properties
Transmittance (T) and reectance (R). The optical properties of

the material deal with the various phenomenon of light inter-
actions with the material and the related modications of the
material's behavior. Thus, those properties are closely related to
the material's atomic structure, electronic band structure, and
electric properties. The optical behavior plays an important role
in determining the applicability of the for use in optoelectronic
devices.31,32 The optical transmittance (T) and reectance (R) of
ifferent fluences

1 � 1016 ions per cm2 5 � 1016 ions per cm2

Obs. (at%) Obs. (at%)

66.30 67.03
28.97 28.62
4.73 4.35

100 100

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 (a) The transmittance and reflectance, and (b) the absorption coefficients of the studied thin films.
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different ion irradiated Bi–In–Se lms are shown in Fig. 4(a) for
the wavelength range of 450–1100 nm. The transmittance
spectrum consisted of few numbers of distinct fringes over the
visible to infrared region. The appearance of the fringes was
caused by the interference phenomenon between light, the
substrate, and the lm interface medium.33 It was observed that
the transmittance decreased with an increase in the ion irra-
diation uence. This reduction in the transmittance behavior of
the irradiated lm was due to an increase in lattice defects and
the creation of localized states within the VB and the CB.34 The
absorption edge shied to a higher wavelength region with an
increase in the uence.

Absorption coefficient (a). The absorption coefficient (a) of the
irradiated Bi5In20Se65 thin lm was determined from the
transmittance T(l) and lm thickness (d) by following
formula:35

a ¼ 1

d
ln

1

T
(1)

Fig. 4(b) shows the spectral dependence of the absorption
coefficient on the wavelength for the irradiated lms. It was
Fig. 5 (a) Variation in extinction coefficient values and (b) (ahn)1/2 vs. hn

© 2022 The Author(s). Published by the Royal Society of Chemistry
observed that the absorption coefficient decreased as the
wavelength increased and in addition it also increased with the
ion irradiation dose. The lms possessed a large absorption
coefficient of 104 cm�1 over the visible range which was in
agreement with research reported in the literature.8,36

Extinction coefficient (k), optical bandgap (Eg), and Tauc
parameter (B1/2). The extinction coefficient (k) or absorption
index played an important role in the determination of several
optical measurements which were related to the absorption of
light waves in the medium, and the dielectric constants. This
was related to the fraction of light that was scattered or absor-
bed over unit distance through the medium. The extinction

coefficient k values were estimated by the formula:37 k ¼ al

4p
.

Fig. 5(a) shows the extinction coefficient as a function of inci-
dent energy for the proton irradiated thin lms. The extinction
coefficient primarily increased with energy, and then decreased
with a higher energy value, which indicated that the lm
became more transparent at a higher energy. The lower value of
k over a higher energy region represented the loss of light by
scattering and absorption, whereas the propagation was
plots of the proton irradiated thin films.

RSC Adv., 2022, 12, 5012–5026 | 5017
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decreased in the lms studied. From this gure, it can be
observed that the extinction coefficient k varies with the ion
irradiation dose.

The effective bandgap of the lms studied was calculated
from the Tauc relationship38 as given by:

(ahv) ¼ B(hv � Eg)
p (2)

where B is the Tauc parameter which describes the degree of
disorder in the materials, n is the frequency of the incident
beam, Eg is the optical bandgap, p (exponent) is related to the
nature of various electronic transitions in a particular range.
The value of p has different values such as 1/2, 2, 3/2, and 3
depending on the different types of transition such as: direct
allowed, indirect allowed, direct forbidden, and indirect
forbidden, respectively.39 According to Tauc, the amorphous
materials possessed an indirect allowed bandgap. In this study
the as-prepared and irradiated lms retain their amorphous
nature, and thus they are considered to be an indirect allowed
transition (p ¼ 2). The extrapolation of the straight-line portion
of the (ahn)1/2 vs. photon energy (hn) in Fig. 5(b) gave the
following Eg values of the corresponding lms: 1.01 eV (5� 1015

uence), 0.92 eV (1 � 1016 uence), 0.79 eV (5 � 1016 uence),
which were in agreement with the results given in other
studies.8,40 The reduction in Eg was due to the increase in
localized states over the mobility gap. According to the Mott and
Davis model,41 the degree of disorder, and the defects created by
unsaturated and dangling bonds increased the width of the
localized states. These localized states near the bandgap edge
caused an increase in the carrier concentration. Thus, the
increase in the carrier concentration as a consequence of ion
irradiation reduced the bandgap values.42 The low energy
proton irradiation resulted in a number of collisions between
the proton ion and the inner material ions, which resulted in
the creation of disorders and defects. Therefore, these defects
and disorders affected the band tailing and reduced the optical
bandgap of the materials.7 The slope of eqn (2), represents the
degree of disorder, which had decreased from 333 cm�1/2 eV�1/2

(5� 1015 uence) to 264 cm�1/2 eV�1/2 (5� 1016 uence) with an
increase in the uence. This decrease showed the increase in
the degree of disorder as the Tauc parameter varied inversely
with the disorder. The observed behavior can be useful for
several optoelectronic device applications. For example,
organic–inorganic-based single polyaniline nanowire doped
quantum dots showed a high responsivity (such as absorbance
and photoluminescence (PL)) over the wavelength range of
350 nm to 700 nm. This high response over the wavelength
range was mainly due to the high density of localized states
(trapping states) that reduced the recombination rate and
increased the light detection. Thereby such behavior with
a tunable spectral variation makes them suitable for photo-
detection applications.43 In this case, the absorption edge of the
lms studied occurred at �650–850 nm and showed a reduced
pattern for the optical band gap (from 1.01 eV to 0.79 eV) which
was also due to the enhancement of the localized state
concentration over the bandgap region. Thus, the Bi5In30Se65
5018 | RSC Adv., 2022, 12, 5012–5026
thin lm may be a possible candidate for use in broadband
photodetector applications.

Using an organic poly(vinylpyrrolidone) (PVP) matrix doped
with MoS2, quantum dots organic–inorganic hybrid nano-
waveguides were developed, and then these were used as
guides to obtain combined subwavelength eld localization.
Two different colors of light emissions at the nano-waveguide
terminals were achieved due to self-absorption-related energy
dissipation. The work was based on the organic PVP matrix
doped with MoS2 quantum dots waveguide which showed the
variation in PL intensity evolution, which occurred as the
�575 nm shied to 580 nm as the distance increased. This
uniform and stable colorful emission could possibly be used in
applications including optical routing in photonic circuits and
devices, colorful displays, and output coupling of laser emis-
sions.44 Similarly, high-quality hexagonal Cu2Te microdisks on
copper foam were fabricated using chemical vapor deposition
(CVD). This study showed PL at �627.5 nm and an enhance-
ment in charge transfer and exciton resonance in surface
enhanced Raman spectroscopy (SERS) detection showed the
potential for its use in light-emitting diodes, lasers, and so on.45

As is already known, PL basically involves contributions from
high-energy near band emission recombination and low-energy
bands corresponding to deep level transitions (optical energy
gap) and defects.46 These factors are very much responsible for
the shiing of the PL spectra towards higher/lower wavelengths.
In this case, the decrease of optical bandgap (1.01–0.79 eV) with
an increase in defect density, and red shiing of the absorption
edge (650–850 nm) was nearly close to the referred PL peak
positions. Hence, the irradiated Bi5In30Se65 lm may be
a potential candidate for use as optical waveguides, red lasing,
photonics, and biological detection of aromatic molecules,
optical routing in photonic circuits and device applications.

Furthermore, the monolayer MoS2 with a low dimensional
nanostructure shows potential for use in practical light-
emitting applications. Here, the recent advances on the
manipulations done in monolayer MoS2 by plasmonic nano-
structures to obtain PL, and their possible applications in
nanoscale photonics and optoelectronics are presented. The
bandgap normalization of the MoS2 monolayer showed a high
bandgap (�2.19 eV) without photoexcitation, which was about
0.4 eV lower than that of the undoped MoS2 monolayer, and
which showed environmental stability, high optical trans-
parency, and PL spectra at �680 nm. These characteristics were
also close to those of our irradiated lms which showed optical
transparency, a close absorption edge, and so on, meaning that
the studied samples were useful for light generation, trans-
mission, modulation, and detection applications.47

Refractive index (n), static refractive index (n0), and high-
frequency dielectric constant (3N). The refractive index is
considered as an essential optical parameter which plays an
important role in designing optical devices, and also provides
information on the local elds, polarization, and phase velocity
of light in the propagating material. The corresponding
absorption edge of the studied lms occurred at 650–850 nm,
thus the refractive index was calculated by using the trans-
mittance obtained from the formula:48,49
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (a) The increase in the refractive index with fluence and (b) n2 vs. l2 plots used to evaluate N/m* and 3N.
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n ¼ 1

Ts

þ
�

1

Ts � 1

�1=2

(3)

where Ts is the percentage transmission coefficient. Fig. 6(a)
shows the variation of the refractive index with wavelength
which illustrates the increase of the refractive index with doses
of irradiation. The refractive index shows normal dispersion
behavior. The behavior of the refractive index satises Moss's
rule50 (Egn

4 ¼ constant) where the Eg showed inversely propor-
tional behavior to the refractive index.51,52

The static linear refractive index and high-frequency dielec-
tric constant, 3N ¼ n0

2 of the different ion irradiated Bi5In30Se65
lms were calculated using the Dimitrov and Sakka
relationship:53

n0
2 � 1

n02 þ 2
¼ 1�

ffiffiffiffiffiffi
Eg

20

r
(4)

where Eg corresponds to the optical bandgap estimated by the
Tauc relationship. The obtained values of static refractive index
and high-frequency dielectric constant are given in Table 3. It
can be observed that both 3N, and n0 increase as the irradiation
dose increases.

High-frequency dielectric constant (3N) and carrier concentra-
tion (N/m*). The high-frequency dielectric constant (3N) and the
Table 3 Optical parameters of the irradiated Bi5In30Se65 thin films

Optical parameter 5 � 1015

Optical bandgap (Eg) (eV) 1.01 � 0
Tauc parameter (B1/2) (cm�1/2 eV�1/2) 333 � 3
Static linear refractive index (n0) 3.36
High frequency dielectric constant of the lattice (3N ¼ n0

2) 11.34
Carrier concentration (N/m* � 1039) (kg�1 m�3) 1.26
Dielectric constant of the lattice, 3L (from n2 vs. l2 plot) 0.69
Optical electronegativity (hOpt) 1.65
Plasma frequency (up

2 � 1012) (Hz) 1.30
First-order non-linear susceptibility (c(1)) 0.82
Third-order non-linear susceptibility (c(3) � 10�10 esu) 0.78
Non-linear refractive index (n2 � 10�9 esu) 0.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
ratio of carrier concentration per the effective mass (N/m*) can
be estimated as follows:54

n2 ¼ 31 ¼ 3N �
�

e2

4p2c230

��
N

m*

�
l2 (5)

where 3N represents the high-frequency dielectric constant, e is
the charge of an electron, N is the free charge carrier concen-
tration, 30 is the permittivity of the free space,m* is the effective
mass of the free charge carriers and c is the velocity of light.
Here, by extrapolation of the straight line obtained in Fig. 6(b),
the N/m* and 3N were calculated from the slope obtained and
the intersect of the linear portion of the plot. The values of N/m*

and 3N obtained are listed in Table 3. It was observed that the
carrier concentration and the high-frequency dielectric
constant increased with the ion irradiation dose which was
consistent with the refractive index behavior.

Plasma frequency (up), optical density (OD), and skin depth (d).
According to the Drude model, the plasma frequency (up) is
a fundamental optical property which can be calculated by the
formula:55

up
2 ¼

�
e2

303N

�
N

m*
(6)
ions per cm2 1 � 1016 ions per cm2 5 � 1016 ions per cm2

.02 0.93 � 0.01 0.79 � 0.02
321 � 2 263 � 2
3.45 3.61
11.91 13.09
1.89 3.07
1.35 2.15
1.64 1.62
1.00 1.03
0.86 0.96
0.96 1.46
1.05 1.52
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The estimated plasma frequency value for the lms studied
is presented in Table 3. The up

2 value showed an increment
from 1.306� 1012 Hz to 1.008� 1012 Hz with the increase in the
ion irradiation dose and then it slightly decreased to 1.032 �
1012 Hz for the 5 � 1016 ion irradiated lm. The change in the
plasma frequency values indicated the change in the polariza-
tion process inside the system.56

The OD represents the measure of absorption loss of the
incident radiation as it propagates through the materials. The
OD can be estimated as,4 OD ¼ a � d. Fig. 7(a) shows the esti-
mated OD values with wavelength (l). The gure shows that the
OD showed the same pattern as the absorption coefficient, i.e.,
it increases with the ion irradiation doses. The absorbed energy
in the material mostly depends on the extinction coefficient,
type of material, and its conductivity and thickness over the
absorption region. The absorbance percentage depends on the
incident energy, which behaves exponentially when penetrating
through the material system, which can be described by skin
depth. Skin depth or penetration depth (d) represents the path
distance at which the incident radiation behaves exponentially
with respect to the initial value. It is estimated from the recip-
rocal of the absorption coefficient (a),57 i.e., d ¼ 1/a. The skin
depth variation with respect to energy (hn) is shown in Fig. 7(b).
It was observed that the skin depth reduced to zero with an
increase in energy. The height of these peaks was increased with
the increase of the ion irradiation doses from 5 � 1015 ions per
cm2 to 1 � 1016 ions per cm2 and then decreases with an ion
irradiation dose of 5 � 1016 ions per cm2.

Dielectric constants, loss factor, and quality factor. The dielec-
tric constant is another important characteristic of the material
that can be expressed as the real and imaginary dielectric
constants. It basically relates the permittivity and polarizability
of the material with the density of states within the forbidden
energy gap region. The real part of the dielectric constant
provides information about the slowdown of the speed of light
when traversing through the material, whereas the respective
imaginary part gives information about the absorption of
energy by an electric eld due to dipole motion. The values
Fig. 7 (a) The optical density and (b) the skin depth variation of the thin
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obtained for the refractive index and extinction coefficient have
been used to evaluate the real (3r) and imaginary (3i) dielectric
constants of the irradiated Bi5In30Se65 thin lms by the
expressions:58

3 ¼ 3r + i3i ¼ (n + ik)2 (7)

where, 3r ¼ n2 � k2 and 3i ¼ 2nk.
Fig. 8(a) and (b) show the wavelength dependence of the real

and imaginary parts of the dielectric constant. It has been
observed that both the estimated values, 3i and 3r increase with
the ion irradiation dose. The imaginary dielectric constant had
a lower value compared to the real dielectric constant which was
mainly due to the low extinction coefficient values.

The dielectric loss factor represents the loss rate of the power
dissipated by the motion of charges through the electromag-
netic eld. It basically depends on the real and imaginary
dielectric constants and is dened as,59 loss factor (tan d)¼ 3i/3r.
Similarly, the reciprocal of the dissipation factor represents the
quality factor given by quality factor ¼ 1/tan d ¼ 3r/3i.

The spectral variations of the loss factor and the quality
factor are shown in Fig. 9(a) and (b). It can be seen that at
a lower wavelength region, the dielectric loss tangent has a low
value and then increases with the increase in wavelength. The
increase in ion irradiation dose increases the energy losses.
Similarly, the quality factor showed a reduction with wavelength
and the corresponding peak slightly shied to a higher wave-
length with higher ion irradiation doses.

Volume and surface energy loss functions (VELF and SELF).
When the energetic electrons pass throughout the thin lm they
lose energy due to the free electron density of the material. This
characteristic energy loss is expressed by two parameters, i.e.,
volume energy loss function and surface energy loss function,
which can be calculated as follows:60

VELF ¼ �Im 1

3
¼ 3i

3r2 þ 3i2
(8)
films under different fluences.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 (a) 3r plots and (b) 3i plots of the proton irradiated Bi5In30Se65 thin films.
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SELF ¼ �Im 1

3þ 1
¼ 3i

ð3r þ 1Þ2 þ 3i2
(9)

Fig. 10(a) and (b) show the spectral dependence of VELF and
SELF on the wavelength range of the irradiated thin lms. It was
observed that both SELF and VELF primarily increased with
wavelength, and then decreased as the wavelength reached
a higher value. The VELF was higher than SELF for the lms
studied in this research. This behavior was predictable in the
case of semiconductor lms, because the charge carriers suffer
more collisions during the course of penetration through the
bulk material. Also, increases in both VELF and SELF with ion
irradiation doses could be due to an increase in defects and
disorder which causes an increase in the collisions of the carrier
during its journey through the material.61

Optical conductivity (s). The optical conductivity in semi-
conductors showed an optical response with the incident light
of the samples studied. This can be shown by the sum of real
optical conductivity (sr) and imaginary optical conductivity (si)
Fig. 9 (a) Loss factor and (b) quality factor plots of the proton irradiated

© 2022 The Author(s). Published by the Royal Society of Chemistry
that depended on the real and imaginary dielectric constants,
given by:62

sOpt ¼ sr(u) + isi(u), (10)

where sr(u) ¼ u303i and si(u) ¼ u303r, where, u represents
angular frequency (u ¼ 2pv), and 30 is the electric permittivity
of the vacuum. The spectral behavior of the real and imaginary
optical conductivity with wavelength are shown in Fig. 11(a) and
(b). From the plot, it can be observed that both sr and si

increased with an increase in the ion irradiation doses. The si

showed a larger value than sr. The red shiing of transmittance
shows the decrease in the optical bandgap which was due to the
increase of localized states over the gap region.54 This decrease
in the energy gap value increased the optical conductivity with
the increased ion irradiation doses.

3.2.2 Nonlinear optical properties
Third-order nonlinear susceptibility (c(3)) and nonlinear refrac-

tive index (n2). The nonlinear optical parameters are very
important in the eld of optoelectronic applications. This
Bi5In30Se65 thin films.
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Fig. 10 (a) VELF and (b) SELF plots of the proton irradiated Bi5In30Se65 thin films.
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comes in to play when the intensity of incident radiation is
sufficiently high that it can alter the properties of the materials.
The linear optical susceptibility c(1) for the thin lms studied
was evaluated using the following formula:63

cð1Þ ¼ n0
2 � 1

0

4p
(11)

Furthermore, according to Miller's rule,64 third-order
nonlinear susceptibility (c(3)) can be evaluated from the linear
optical susceptibility (c(1)) as follows:

cð3Þ ¼ A
�
cð1Þ�4 ¼ A

�
n0

2 � 10

4p

�4

(12)

where, n0 is the static refractive index for hn / 0 and A is
a constant having a value of �1.7 � 10�10 (for c(3) measured in
esu). The values obtained for linear and nonlinear susceptibility
for the irradiated lms are shown in Table 3. It was observed
that the linear and nonlinear susceptibilities increase mono-
tonically with the ion irradiation doses. The observed nonlinear
susceptibility c(3) was found to be several orders higher than
Fig. 11 (a) Real and (b) imaginary optical conductivity plots of the proto
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those of SiO2 glass (c(3) ¼ 2.8 � 10�14 esu), As2S3 glass (c(3) ¼
(1.48–2.2) � 10�14 esu), and GeS2 glass (c(3) ¼ 1 � 10�14 esu)
which means that the lm studied is a promising candidate for
optical switching, optical limiting and other nonlinear device
applications.65 Wassel and El Radaf calculated the third order
nonlinearities of an SnS1�xSex thin lm, and observed that the
maximum value for SnSe (x ¼ 1) lm was �9.412 � 10�12 esu,
using a theoretical calculation method, whereas the observed
nonlinear susceptibility in the lm reported here was is 100
times greater than that of the SnS1�xSex lms.66 Similarly, Qin
et al. studied the nonlinear optical characteristics of CdS
nanoparticles deposited in amesoporous silica thin lm (MTFs)
using a Z-scan technique. The value of nonlinear susceptibility
was estimated to be in the range of 7.04 � 10�9 esu which was
close to our observed values. The observed nonlinear refractive
index (n2) had a value of 7.83 � 10�18 m2 W�1.67 Furthermore,
our observed c(3) value was also higher than the estimated c(3)

value (1.73 � 10�13 to 1.09 � 10�11 esu) of the Cd0.99Zn0.01S/
ZnO nanostructured thin lms fabricated on an ITO
substrate.68 The photoinduced effect on the third order
nonlinear susceptibility of a nano structured Bi2Te3 topological
n irradiated films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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insulator were calculated, and the ellipsometry study showed
that the c(3) value was 1.23 � 10�10 esu which was of the same
order compared to thin lm studied here.69 Chtouki et al.
studied Ni doped CdS thin lms prepared by spin coating on
a glass substrate. For this lm, the third order nonlinear
susceptibilities were calculated using third harmonic genera-
tion by the rotational Maker fringe technique and possessed the
highest value of �5.09 � 10�21 m2 V�2 for the 2% Ni doped lm
which was much less when compared to our results.70

Finally, the optical nonlinearities observed in this study
showed enhanced values for the Bi5In30Se65 lm compared to
the previously reported data. Several physical phenomena could
also be responsible for such observed high nonlinearity, such as
the band gap shiing, the presence of highly polarizable Bi, and
the presence of lone pair electrons in the chalcogenide Se atoms
that can be easily polarized. This resulted in the homogeniza-
tion and formation of highly polymerized covalent bonds inside
the amorphous matrix as a consequence of the ion irradiation.65

The behavior of the nonlinear susceptibility and optical
bandgap with respect to the ion irradiation doses is shown in
Fig. 12. The increase in the nonlinear susceptibility may be due
to the enhanced irradiation induced interactions between the
fragments which increased the polymerization and homogeni-
zation inside the material, that then enhanced the
susceptibility.71

In addition, the nonlinear refractive index, n2 of the inves-
tigated lms were evaluated using Ticha and Tichy, and Miller's
rule given by:72

n2 ¼ 12pcð3Þ

n0
(13)

The value of the nonlinear refractive index obtained is given
in Table 3. The nonlinear refractive index increased with the ion
irradiation doses which was due to the increase of irradiation
induced defect states that increased the local polarizability.73

The high value of the nonlinear refractive index indicated that
the lms studied could be interesting candidates for nonlinear
Fig. 12 The variation of c(3) and Eg with the ion irradiation dose for the
studied thin films.
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optical applications. The nonlinear optical index, n2, of Ge10-
AsxTe90�x lms, observed from an experimental Z-scan tech-
nique, showed a maximum index value of 4.96 � 10�13 esu,
which was much lower than our observed nonlinear index
value.74 Irradiation of 80 MeV silicon swi heavy ions on
a Ge24Se61Sb15 thin lm resulted in an increase in the n2 value
from 1.7 � 10�10 esu to 2.6 � 10�10 esu, with an increase in ion
uence which also agreed with results in our study.21 These
increases in nonlinear susceptibility and refractive index were
due to the polarization dependent nature. The ion irradiation
enhanced the polarizability of the material. The tailoring of the
nonlinear optical properties of the Bi2Se3 lm by ion irradiation
showed a dependency on the irradiation-induced structural
changes, i.e., relative atom displacement (RAD).75 This
irradiation-induced structural modication was observed using
Q-switched waveguide laser emission where the Bi2Se3 lm
acted as a passive absorber. In this case, the observed tailoring
of the optical nonlinearity was correlated with the bandgap
energy and other optical parameters, which can be used for
various optical applications.

Optical electronegativity (hOpt). Furthermore, the optical elec-
tronegativity, hOpt that represents the ability of the positive
radicals of atoms to attract the electrons of the same material to
form ionic bonds could be evaluated according to Duffy, by
using the static refractive index as follows:76

hOpt ¼
�
C

no

�1=4

(14)

where C is a constant having a value of 25.54. The estimated hOpt

values are given in Table 3 which shows the reduction in values
with ion irradiation doses of the lms studied.
4. Conclusions

The study reported here shows the effects of 30 keV proton ion
irradiation on Bi5In30Se65 thin lms at three different uences: 5
� 1015 ions per cm2, 1� 1016 ions per cm2, and 5� 1016 ions per
cm2. The XRD analysis showed the amorphous nature of the
irradiated lms. The change in surface structure was clearly seen
from FESEM and AFM images. The transmittance decreased with
irradiation, whereas the absorption coefficient increased with
irradiation. The irradiation induced reduction of the optical
bandgap with the ion irradiation dose is explained via the Mott
and Davis model. Increases in the optical density, extinction
coefficient, refractive index, real and imaginary dielectric
constant, loss factor, VELF, SELF, and skin depth behavior were
observed with an increase in the irradiation uence. The static
linear refractive index and high-frequency dielectric constants
increased with irradiation. The optical electronegativity
decreased with uence, whereas the real and imaginary parts of
the optical conductivity increased with the ion uence. The third-
order nonlinear susceptibility and nonlinear refractive index
increased as a consequence, which indicates an increase in
polarizability in the local structure. The large nonlinear suscep-
tibility of the material enables it to be a good candidate for use in
the manufacture of nonlinear optical devices.
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