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ABSTRACT

The current research depicts the laser irradiation-induced effect on the optoelectrical and structural properties of thermally evaporated
Bi;sInyeSeqs thin films with different exposure durations (0, 10, 20, 30, 60, and 90 min). The illumination effect under different lasing times
leads to the retention of amorphous nature, indicating the short-range ordering inside the matrix. An improvement in the homogeneous
and smooth texture of the film surface even after irradiation has been observed. However, significant optical changes have been noticed with
different exposure durations. Transparency decreased with the exposure time, whereas an increment in the absorption coefficient with red
shifting in the absorption edge was observed. Broad transparency and less absorption over the infrared region make these films promising
for infrared optics such as temperature detection, energy management, monitoring, night vision, etc. Laser illumination allowed bond rear-
rangements that led to an increase in defect states over the forbidden gap regime and reduced the bandgap from 1.02 to 0.94 eV, confirming
the photodarkening nature. This consequently enhanced the Urbach energy and electron-phonon interactions. Both extinction coefficient
and refractive index enhanced with lasing duration, indicating an increment in the scattering centers with the lasing duration. The increase
in the lasing time results in the increase of interband transitions, which might be due to the increase of carrier concentrations in the system.
The non-linear susceptibility () and refractive indices showed enhancement with exposure duration. The observed non-linear refractive
index (SI) is 20-30 times greater than silica. This reduction of E; and enhancement in non-linearity improves the occurrence of two-photon
absorption, signifying the potentiality for photonic devices. The hydrophilic nature of laser-irradiated films makes them suitable for
applications such as self-cleaning, antifouling, and antifogging as coating materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0133479

I. INTRODUCTION

Recently, there has been much interest in the study of external
energy-induced material characteristics from the standpoint of both
basic physics and device technology. Several external energy inputs
such as foreign elements doping,' ion irradiation,” laser irradia-

irradiation of light excitation having energy near to the band
energy of these materials, which leads to alterations of the amor-
phous matrix resulting in the structural rearrangement of lattices
and changes in optical behavior.” Numerous photo-induced phe-
nomena, such as photo-crystallization/amorphization, photo con-

tion,” and thermal annealing” impact on various properties of thin
films, opening up new pathways for many applications in photonics
and optoelectronic devices. Among them, laser-induced modifica-
tions in amorphous materials are considered an important aspect
that includes a better understanding of the mechanism in amor-
phous materials and corresponding practical applications.
Photo-created modifications in amorphous materials include

traction/expansion, and photo dissolution of materials, result in an
atomic level modification.” Photodarkening (PD) and photobleach-
ing (PB) are the most commonly observed behaviors, depending on
the red/blue shift of the optical absorption edge and a consequent
change in the optical bandgap (Eg). The magnitude of PD and PB
is mainly related to the composition and structure of materials. For
example, the as-prepared Ge,oSbgSeqs thin film showed fast PD
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followed by a slow dominative PB process, while the same annealed
film showed only PD behavior over prolonged irradiation.” Such
verities of light-induced transformations in amorphous materials
have potential applications in optoelectronics such as photonic
switching and computing, optical memories, optoelectronic circuits,
and photolithography.8 The exposure of SesgGe,,Pb;s and
SessGe,4Pbg thin films to laser irradiation resulted in a decrement
in E, along with phase transformation, which is beneficial for
optical recording media.’

In this regard, amorphous chalcogenide materials have received
much attention and have been thoroughly studied due to their
photo-induced intriguing modifications in various properties, such
as large non-linearities, high refractive index, and excellent transpar-
ency over the infrared (IR) spectrum.'”'" These materials were very
responsive to photo-induced phenomena when irradiated with a
laser source with photon energy (hv) equal to the band energy of the
material, resulting in structural transformations, optical property
changes, and so on. As a result, they are more appealing for use in
integrated optics, absorption filters, imaging media, and a variety of
other optical components. The laser-induced effect on Ge-Se-Bi
thin films results in an increment in Eg, with PB behavior and
showed the irreversible nature of optical properties, which might be
applicable for optical and integrated optical elements.'” Similarly,
with different exposure times, the Nd:YAG laser (488 nm)
irradiation-induced Ge;Se, 5 thin film showed an enhancement in
the degree of crystallinity with a significant increase in non-linearity,
which makes it suitable for non-linear optical potential devices and
optical memory devices.'~ The Ge-Sb-Se film-based IR mother-
board has been fabricated by using femtosecond laser micromachin-
ing, which showed an impactful reduction in the refractive index and
E, while an increment in the absorption coefficient has been
observed with laser power variation.'* The laser irradiation effect on
AsySessBis thin films having lasing energy equal to band energy
showed structural alteration along with the PD effect because of the
change in the defect states over the band regime.'” Thus, this study
mainly focused on laser irradiation that induced various material
properties with different exposure times.

The Bi-In-Se (V-III-VI) composition is considered an ideal-
ized chalcogenide semiconducting material with applications
including non-linear optics, electrical switching, solar cells, photo-
detectors, and diodes.'™'” Numerous investigations on this ternary
Bi-In-Se system have been done with much attention for their fas-
cinating optoelectronic properties, which lead to new positive and
promising applications of multifunctional chalcogenide frame-
works.'*"” The compositional variation study on Bi,Inss_,Segs thin
films revealed the phase transformation nature for a 15% Bi-doped
film (Bi;sIn,oSeqs) along with greater non-linear susceptibility and
refractive index, compared to other films."” Previously, the investi-
gation of the laser-induced structural and optical properties of the
bilayer Bi/In,Se; thin film revealed a phase transformation along
with high tuning in optical-related parameters.”’ Additionally, the
time evolution study of laser irradiation significantly affects the
kinetics of changes in the film, which provides metastable and per-
manent optical changes. This plays a crucial point in understanding
the basic mechanism and its technological applications. Thus, to
expand the study on laser irradiation-induced tuning of various
properties with a deeper understanding, the current study aims to
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analyze the irradiation-caused changes in various optical, struc-
tural, and morphological aspects due to exposure time variation.

The present study is focused on the investigation of the effects
due to laser irradiation on different properties related to the struc-
tural, morphological, optical, and surface wettability of thermally
evaporated Bi;sInypSegs thin films at different exposure durations (0,
10, 20, 30, 60, and 90 min). The retention of amorphous nature with
the corresponding change in the vibrational level has been observed
from x-ray diffraction (XRD) and Raman analysis. Even after laser
irradiation, the homogeneous and smooth texture of the thin film’s
morphology has been confirmed by the field emission scanning elec-
tron microscope (FESEM), and consecutive elemental analysis with
mapping has been done by energy dispersive x-ray spectroscopy
(EDX) analysis. The reduction nature of transmittance and photo-
darkening behavior of the optical energy gap was observed from the
transmittance data from a UV-Vis-NIR spectrophotometer for
the wavelength range of 750-2500 nm. The hydrophilic nature of the
irradiated laser films has been confirmed through contact angle mea-
surement, which makes them possible applicants for self-cleaning,
antifouling, and antifogging as coating materials.

Il. EXPERIMENTAL PROCEDURES

The well-adopted melt-quenching method is used to prepare
Bi;sInypSeqs bulk alloy. A stoichiometric mixture of In, Bi, and Se
elements with a purity of 99.999% has been taken in a quartz
ampoule which is then vacuum-evaporated. The ampoule was then
heated at a slow heating rate (3-4°C/min) to 500 °C inside the
furnace for 20h with constant rocking to achieve a homogeneous
mixture of the elements. To avoid crystallinity, the melt is quickly
quenched in ice-cold water.

The BijsInyeSess thin films are prepared from the powdered
bulk alloy using a high vacuum coating unit (HINDI-HIVAC Model
12A4D, India) at 107>Torr. The films are deposited on clean
corning glass substrates. The attached thickness monitor maintained
the deposition rate (0.5 nm/s) and thickness (800 nm). The constant
rotation of the substrate gives homogeneous and smooth films.

The laser irradiation of these films is done by using a 532 nm
laser source (~2.33eV) having a laser intensity of 58 mW cm™2
(model—PSU-III-LED, C192055). The incident pump beam was
expanded with a beam expander to cover a larger area of the film
under investigation. The laser beam is focused on irradiating an
area of ~3 mm radius that is mounted on a sample holder. This
study includes laser irradiation on thin films with different time
variations of 0, 10, 20, 30, 60, and 90 min.

The XRD characterization is done with a Bruker D8 Advance
diffractometer through Cu K, (A=1.54 A) as the incident ray,
operating at 30kV voltage and 40 mA current over the angular
range 10°-80° with a step size of 0.3°/s at and a scan speed 10/min.
The Raman study is performed with RENISHAW inVia Raman
Microscopy (model—RE 04) by using a 514 nm argon laser with a
CCD detector over 50-400 cm™"'. FESEM (JEOL, JSM-7601F Plus)
is employed for morphological and elemental analyses, which oper-
ated at around 20-200kV voltage during the process. EDX mea-
surement is done to analyze the elemental distribution of these
samples with the attached EDX system with FESEM using a 20 kV
voltage. The film’s optical transmission data have been recorded
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using a UV-Vis-NIR spectrophotometer (model—V-760, JASCO)
over 750-2500 nm. The contact angle measurement was done using
a contact angle meter (model—Dme-211 Plus).

lll. RESULTS AND DISCUSSIONS
A. Structural study

XRD analysis is an important characterization that provides a
gateway for the study of structural alteration caused by laser irradi-
ation of the sample. Figure 1(a) presents the XRD patterns of laser-
irradiated Bi;sIn,Seqs films with different exposure durations. The
lack of a sharp peak and the presence of broad humps indicate the
non-crystalline nature of the film even after laser irradiation. These
humps are the signature of the polymeric nature of material con-
taining selenium and also indicate the short-range ordering inside
the matrix.””" The presence of two amorphous humps might be
interpreted in terms of the findings of two amorphous phases.

Raman analysis is a chemical method to determine the crystal
phase, molecular interactions, and chemical structure. The vibra-
tional level analysis includes the study of structural rearrangements
and reformations caused by laser irradiation. The Raman spectra of
different time laser-irradiated Bi;sIn,Sess thin films are presented
in Fig. 1(b) which shows various peaks between 50 and 400 cm™".
The spectra comprise four vibrational bands positioned at 68, 95,
127, and 171 cm™, respectively. The former peak at 68 cm™" corre-
sponds to the Aj, vibrational phonon mode of the Bi,Se; phase
vibrational bond,”* while the latter peak at 95 cm™" corresponds to
the In-Se phase.”” The prominent peaks at 127 and 171 cm™" are
related to Eg and Afg modes of the Bi,Se; band.”* Here, the peak
shifting and intensity variation might be due to the change in the
structural level due to laser irradiation.

B. Morphological analysis

FESEM is one of the most used imaging technique for studying
the microstructure and morphology of the material. It is commonly
used in the semiconductor industry to produce two-dimensional
images by generating contrast features on the material surface by

ARTICLE scitation.org/journalljap

differential charging. The surface morphological structure of all
laser-illuminated films with different magnifications is presented in
Fig. 2. The lower magnification FESEM images (over scale 1um) of
0, 30, and 90min laser-irradiated thin films clearly show the
smoothness and homogeneity nature whereas the increase in magni-
fication (inset images over scale 100 nm) showed smooth texture for
30 and 90 min irradiated films and a slightly cracked texture for the
0 min irradiated film. This crack formation in the 0 min irradiated
film might be due to the tensile stress subjected during thermal
evaporation. With the increase in the laser irradiation duration, the
cracks were annihilated by forming a homogeneous and smooth
texture which might enhance the electron transport.”” There is no
evidence of phase transformation observed, which infers that no
structural changes occurred, as confirmed by the XRD spectra. The
images do not show any growth of the particles, which also ensures
the non-crystalline nature of the irradiated thin films.

The EDX analysis of laser-irradiated BijsInyoSess thin film
infers the presence of elements (Bi, In, and Se) in the material
[Fig. 3(a)]. The EDX spectra are taken over different regions of the
thin film and uniformity and homogeneity over elemental composi-
tions are confirmed. The composition of different elements as
obtained for different laser-irradiated films is given in Table I. The
composition of laser-irradiated films with different lasing times
showed approximately 2% error from the calculated values.
Figures 3(b)-3(d) represent the elemental mapping images of the
90 min laser-irradiated Bi-In-Se thin film comprising Bi, In, and
Se elements with merged mapping images presented in Fig. 3(e),
respectively. The mapping images clearly demonstrate the uniform
distribution of the respective elements throughout the sample. For
better clarity over elemental distribution, EDX and elemental
mapping are carried out at a particular thin film region.

C. Optical analysis
1. Linear optical parameters

a. Transmission (T), reflectance (R), and absorption coefficient
(a). The optical property study of thin films emphasizes the
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FIG. 1. (a) XRD pattern and (b) Raman spectra of different time-varied laser-irradiated BijslnySegs thin films.
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FIG. 2. FESEM micrographs of (a) 0, (b) 30, and (c) 90 min laser-iradiated
BissIny0Segs thin films for different magnifications (inset scale: 100 nm).

optimal use of related materials in all modern applications.
Transmission and absorption are the primary focal points for
understanding the material’s optical behavior. The transmittance
and reflectance spectra of different time-varied laser-irradiated
BijsInyeSess films over 750-2500 nm wavelength is shown in
Fig. 4(a). In the transmittance and reflectance spectra, the
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appearance of interference fringes depicts the homogeneous and
uniform nature of irradiated films. The spectral behavior of trans-
mittance for the studied laser-irradiated films is split into three
major regimes: (a) strong absorption (>900 nm), (b) absorption
edge (900-1200 nm), and (c) weak absorption [>1200 nm, over
near-infrared (NIR) regime]. Weak absorption is attributed to the
localized states formed by defects and disorders in the semiconduc-
tor material.”® Irradiated film transmittance is primarily enhanced
and then reduced for the lasing duration, which could be attributed
to the change in the lattice defects and localized states across the
bandgap regime.”” The overall maximum transmission reduced
from 80% (0 min) to 67% for the 90 min laser-irradiated film, par-
ticularly in the NIR region. In the NIR regime, n, the interaction
between free electrons and incident radiation is more due to the
thin film’s large number of free electrons. This interaction might
result in the polarization of light in the films, by causing a promi-
nent change in the transmission spectra. This behavior ultimately
affects the dielectric response of the material. Thus, the overall
reduction with lasing duration might be due to the free carrier
absorption, which is typically useful for high-carrier concentration-
based transparent conductors.”® However, the broad transparency
over the IR region makes these films appealing for fabricating
optical devices such as lenses, fibers, or planar waveguides.
Particularly, the large transparency and less absorption in the far-
and mid-IR regions of these materials could also be potential in IR
optics such as temperature detection, energy management, moni-
toring, night vision, ete.??

The red shifting of the optical absorption edge to a higher
wavelength with lasing duration is observed from the inset of

FIG. 3. (a) EDX spectrum, (b)—(d) corresponding individual elemental mapping of Bi, In, and Se, and (e) the mixed mapping of all elements of 90 min laser-irradiated

Bi15|ﬂ208€65 thin films.
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TABLE I. EDX compositional data for all laser-irradiated Bislny,Segs thin films.
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Sample 0 min 10 min 20 min 30 min 60 min 90 min
Element Cal (at. %) Obs (at. %) Obs (at. %) Obs (at. %) Obs (at. %) Obs (at. %) Obs (at. %)
Bi 15 14.10 14.35 14.64 14.07 14.60 14.29
In 20 19.79 20.39 21.01 20.59 20.68 19.70
Se 65 66.11 65.26 64.35 65.34 64.72 66.01
Total 100 100 100 100 100 100 100

Fig. 4(a). This indicates the red shifting with lasing time, which sig-
nifies the reducing nature of E;. When the incident radiation
energy reaches the forbidden energy value, the absorption value of
the material is sharply increased, indicating the optical absorption
edge, and the corresponding wavelength at the optical absorption
edge known as the cut-off wavelength.”' Here, the absorption edge
appears between 900 and 1200 nm with a more sharp nature and
moves toward the higher wavelength as the lasing duration
increases by defining the photodarkening nature. Similarly, the
absorption behavior of these samples can be measured by the

absorption coefficient (o). This is mainly used in determining
many optical parameters in amorphous films, which define as the
ratio of absorbed radiant energy incident on the semiconductor
material with the material distance toward the propagation direc-
tion.”** It is also related to the electronic transition occurring
between VB and CB, which is determined from the transmittance
(T) using the following relationship:*’

a= G)IHG) o)
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FIG. 4. (a) Optical transmittance and reflectance spectra, (b) absorption coefficient spectra showed the increase in absorption capability with red shifting of absorption
edge, and (c) variation of Tauc's optical energy gap (E) values for different time-varied laser-irradiated BissInzoSegs films.
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TABLE II. The estimated Eg, B'2, E,, and o of different laser-irradiated BisslnzoSess thin films.

Samples 0 min 10 min 20 min 30 min 60 min 90 min
E, (eV) 1.024 1.010 1.002 0.980 0.971 0.945
B2 (cm™'? ev'/?) 640 620 613 607 604 560

E, (eV) 0.228 0.230 0.232 0.247 0.249 0.250
z 0.112 0.110 0.109 0.104 0.103 0.102
E.p 13.39 13.64 13.77 14.42 14.56 14.71

Here, “t” refers to the film thickness (800 nm). The change in “o”
for different irradiated samples is presented in Fig. 4(b). The “o”
value is ~10% cm™" over the visible and near the absorption edge
(NIR region). With increasing wavelength, “o” values dropped after
the absorption edge and showed saturation with a very low value.
This denotes more transparent behavior with a higher wavelength
region. The increase in lasing duration increased the absorption
coefficient and shifted to a higher wavelength IR region, as seen
from the inset Fig. 4(b).

b. Urbach energy (E,) and band energy (Eg). In chalcogenide
materials, a typical absorption edge has been typically classified
into three regions such as weak absorption region, Urbach region,
and Tauc region. The defects near the optical band edge led to
Urbach tails, and the corresponding thicknesses sometimes extend
beyond E,.’* So, the Urbach tail is presented by the absorption
edge region over o< 10* cm™', allowing photon absorption among
the localized tail states and extended band states. According to the
Urbach formula, the exponential behavior of “o” with “hv” repre-
sents the absorption mechanism over the weakly absorbing
regime,””

Y h
a = apefs = Inat = Inag + E—v, (2)
u

where “o,,” is a constant that depends on E,, T, and film thick-
ness, v is the incident radiation frequency, h is the Planck’s
constant, and E, is the Urbach energy, which signifies the width
of the band tail of the localized states in the bandgap. The rela-
tion between In(a) and hv yields a straight line, and “E,” is esti-
mated from the inverse slope of the graph’s linear part,
tabulated in Table II. The “E,” values enhance with the lasing
duration, which signifies an increment in disorders and defects
inside the material due to laser irradiation. These defects and
disorders enhance the localized states over the band region by
reducing the optical energy gap between the valence and con-
duction bands.”® The disorder could be from intrinsic defects
caused by point defects like vacancies, interstitials, or disloca-
tions due to laser irradiation and external factors might be due
to deviation from stoichiomentry.”®

In amorphous semiconductors, according to Urbach, the
band-tail width energy and “o” can be presented as™’

o = pexp ol —E) in other way In o
B KT
— E,
o4 SV =) 3)

KT

where u is the pre-exponential factor, o is the steepness parameter
that presents the broadening of edge, K is the Boltzmann constant,
and T is the absolute temperature. As per the electronic transition
energy, E,=E,+E, where E,=E, represents the allowed direct
electronic transition. Thus, on comparing and rearranging the
steepness parameter () given by’® ¢ = KI 'The steepness parame-
ter mainly contributes toward the electron—phonon interactions,
reflecting the disorder related to the structural and compositional
behavior in the samples. The estimated “c” tabulated in Table II
shows the reduction pattern. The localized states at the lower
energy regions increase “E,” and decrease “c.>’*>"" This reduction
indicated enhancement in the electron-phonon interaction, which
is presented by E._, = 3/26.”” The estimated E._, values are pre-
sented in Table II. It is found that the value of “E._,” enhanced
with the irradiation duration that inversely varies with “c.”

The Urbach and Tauc regions have values of o< 10* and
a>10"cm™, respectively. The Urbach plot is determined by the
linear fit to the transition between defects caused by the localized
states; thus, sub-gap absorption occurs at photon energies less than
the sample’s E,, whereas the Tauc plot is determined by the linear
fit to the main absorption edge.”” Thus, a region corresponding to
the high absorption value where o> 10*cm™" is known as the
Tauc regime, which is used for the determination of the E, of the
material. According to Tauc’s relation,’**

(ahv) = B(hv — E,), (4)

where v is the incident beam frequency. The Tauc parameter is pre-
sented by B'P, which depicts the degree of disorder over the
bandgap regime, and “p” presents the type of transition (direct or
indirect) and the electron-density profile over the valence and con-
duction bands. It characterizes the transition process, p is 1/2 for
the direct allowed transition, 3/2 for direct forbidden, 3 for indirect
forbidden, and 2 for the indirect allowed transition. In crystalline
materials, the fundamental absorption edge is due to the direct
electron transition between the valence and conduction bands
(direct allowed transition, p=1/2). In contrast, in amorphous
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materials, the transition is referred to as non-direct (indirect
allowed transition, p=2) due to the lack of an electronic band
structure in k-space. Here, different irradiated films showed amor-
phous nature confirmed by XRD analysis. Thus, optical transition
in the studied films is due to the indirect allowed transition. The
linear fitting of (ohv)"/? with the “hv” plot gives “E,” from the hor-
izontal intercept along the energy axis, and the slope provides the
Tauc parameter. The estimated “E;” values for different laser-
irradiated films are noted in Table II. The value of “E,” reduces as
the exposure duration enhances [the inset in Fig. 4(c)], which signi-
fies PD behavior. This behavior might be due to the new level addi-
tion near to the valence band as a consequence of the increase in
the exposure period, which leads to the creation of bridges to cross
electrons transmitted from the valence band to the conduction
band. These bridges, also called localized states, have lower energies
than the “E;” value of the corresponding materials.”” In another
way, according to the “density of state model” proposed by Mott
and Davis, the mobility edge is affected by the defects and disorders
in the film."*" The application of external energy inputs (in this
case, laser irradiation) to the material induces modification inside
the material structure through bond breaking, bond angle
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variations, and bond rearrangement, resulting in a change in local
structure in the amorphous network. These atomic rearrangements
produce defects and disorders such as dangling bonds and unsatu-
rated bonds with energy lower than the forbidden gap energy. This
increases the density of localized states while decreasing “E,” and
increasing the probability of transitioning from the band-tail states.
Such behavior has been observed in other studies as well."”~"* The
Tauc parameter (B'?) represents the tailing parameter and inverse
nature with the degree of the disorder. Here, “B"?” shows a
reduced pattern in Table II, which depicts the increase in disorders
inside the system with exposure duration.

c. Skin depth and optical density. Skin depth (8) explains the
penetration of electromagnetic waves inside the thin film where the
incident radiation reduces exponentially. It is derived from the
reciprocal of “a,” ie., 8=1/o. Figure 5(a) depicts the variation of
“8” with hv. With an increase in energy, “3” decreases and becomes
zero after the cut-off energy of 1.3 eV. This value varies slightly
with the lasing time.

The optical density (OD) presents the material’s absorption
ability when exposed to electromagnetic radiation and is calculated
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FIG. 5. (a) Dependent of skin depth and (b) OD upon the hv, increase in (c) extinction coefficient and (d) refractive index upon wavelength for different laser-irradiated

Bi15|n208e65 films.
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by using™ “a” and “t,” OD =OD = a x t, where “t” represents the

film thickness (800 nm). Figure 5(b) illustrates the “OD” variation
with energy which shows a small variation in the “OD” value with
exposure time and saturation at the lower energy region.

d. Refractive index (n) and extinction coefficient (k). The
complex refractive index # = n + ik provides information on the
transmitted electromagnetic wave velocity through the medium.
The real part of # (n) is related to light beam velocity, and the
imaginary part is related to the deterioration of vibrational frequen-
cies of the incident electric field. The interaction between the
medium and the electric field primarily supports the optical prop-
erties of the material.”> The “k” value is calculated by using “a”
and “A” as"*'® k=% The variation of k with A is shown in
Fig. 5(c), which shows a slight increase with different laser exposure
durations and saturates at higher wavelength NIR regimes. Over
the NIR region, “a” is low, and the transmittance is high, so the
dissipation coefficient, “k” is the lowest. Thus, “e” and transmit-
tance are primarily responsible for this behavior.”” Furthermore,
“k” also describes how much energy a light beam loses due to
absorption in the medium through which it passes.”” Tuning of the
“k” value causes a change in the non-linear behavior of the mate-
rial. Furthermore, “k” values approach zero at higher wavelengths,
implying that incident electromagnetic waves easily pass through
the material with negligible loss and decay. Such behavior indicates
that there is no scattering or loss of energy of the incident electro-
magnetic waves in the IR and NIR regions, making them ideal for
IR and NIR optical applications.*

The Swanepoel envelope method is employed for refractive
index (n) estimation for these laser-irradiated films.” According to
this envelope method, the first approximated refractive index “n;”
is calculated for the region of weak and moderate absorption by

n:[N+mkﬂ¥17 )

_ 2 q 23 q . .
where N = 2s [Tg—Tiﬂ] + L “T ” and “T),” are the minimum

and maximum of the transmittance curve at a given wavelength,
«

and “s” is the substrate refractive index (1.51). Following the proce-
dure detailed in the literature,”” the estimated “n” variation is pre-
sented in Fig. 5(d). The “n” decreases as the wavelength increases,
indicating that thin films have normal dispersion behavior. With

increasing laser exposure time, the “n” increased significantly. Such

« »

materials with high “a” values have great relevance for improving
the optical intensity of the material. The observed “n” values range
between 2.2 and 3.1, which could be utilized for designing inte-
grated circuits, ultrafast optical devices, IR sensors, and so on.”’

« »

The opposite trend of “E,” with “n” value follows the Moss relation

« »

Egn4 ~ constant.”’ The change in “k” and “n” values with the lasing

duration affects the electronic polarizability and non-linear proper-
ties of the material. Moreover, both “k” and “n” reduced as the
wavelength increased and enhanced with the lasing duration. This
indicates the reduction of transmittance and an increment in the

scattering centers.*’

e. Dielectric constants and loss factors. Studying the behavior

« »

of “k” in association with “n” in semiconductors provides a good
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understanding of dielectric constants and loss factors.”® Thus, the
real and imaginary parts of the dielectric constants of laser-
irradiated films with different lasing durations were estimated by
using the following equations:*®

& = n® — kK and &, = 2nk. (6)

Here, “e,” and “e,” represent the real and imaginary parts of
complex dielectric constants, which are responsible for electromag-
netic wave dispersion inside the semiconducting material and
energy absorption due to electric dipolar motion. The real part
depicted the slowing of photons as they propagated, while the
imaginary part measured the rate of photon disturbance.”
Figures 6(a) and 6(b) depict the spectral distribution of “e;” and
“e,” for different laser-irradiated films with wavelength. The figures
clearly show that “€,” is many times (ten times) greater than “e,.”
This observation is due to n>> k for the “€,” case, while for the
“e,” case, the low “k” value reduced the imaginary part to below
0.8. Both “e,” and “e,” enhanced with the lasing duration, which
infers the enhancement in the energy dispersion rate of incident
radiation, which led to the reduction in the propagation velocity of
the electromagnetic wave incident on the material.”® The observed
variation of these dielectric parameters showed a good optical
response for laser-irradiated Bi;sIn,Segs thin films. The dissipation
factor of the dielectric loss provides information on the difference
in phase caused by energy loss within the material at a particular
frequency, which is presented as, tan & = &,/g,. Figure 6(c) presents
the spectra of the dielectric loss of all-irradiated films, which show
a reducing trend with lasing duration. At shorter wavelengths, “tan
§” is relatively higher, while it reduces at a wavelength of ~1200 nm
and then enhances with the NIR wavelength region.

f- Dispersion parameters and carrier concentration. The disper-
sion behavior of “n” is investigated using the Wemple-
DiDomenico model, which depicts the change of “n” with incident

photon energy. The “n” is related to hv, E,, and E4 via the follow-
ing relation:™”

EoE, _ E2 — (hv)?
21y 0Ld 2 L 0
(n 1) 7}3(2) ) = (n 1) 7E0Ed
E, (hv)’
=B BE )

Figure 7(a) shows (n®>=1)7" vs (hv)? variation for all laser-
irradiated films. The slope (1/E,Eq) and intercept (E,/E4) of the
straight-line fitting are used to calculate the E, and Eq values. The
dispersion energy (Eq) measures the average interband strength of
an optical transition and is related to various parameters such as
effective valency electrons per anion and coordination number.
However, the WDD gap, also known as oscillator energy “E,,”
defines the distance between the center of gravity of the material’s
CB and VB and, thus, correlates with bond strength. This model
relates three types of energies, such as (i) the effective oscillator
energy E, (average energy gap), (ii) dispersion energy (Ey), and (iii)
incident photon energy. This model mainly relies on the refractive
index of a semiconducting material and its dispersion behavior
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FIG. 6. The spectra of (a) real part (1) and (b) imaginary part (e) of the complex dielectric constant and (c) the tangential loss (tan &) of all laser-irradiated films with dif-

ferent lasing durations.

below the interband absorption edge with wavelength and energy.
Additionally, with reasonable extinction coefficient values, several
studies on the dispersion behavior of semiconducting materials
have been done by using the WDD model.”>"”>* Table III summa-
rizes the estimated dispersion energy values, which showed the
value of “E,” reduced with the exposure time, while “E4” showed
an increment with the same. The reduction in “E,” explains that
the system becomes more relaxed, stable, and rigid with laser irra-
diation.” The obtained values of “E,” behave hormonally with
band energy, ie., approximately satisfy the empirical relation™
E, ~ 2E,. The obtained E,/E, ratio for different irradiated films is
tabulated in Table I1I. Here, the ratio varies from 1.6 to 1.85, which
has been observed in other studies.’’**"

Furthermore, “E;” measures the interband transition intensity.
Thus, with the increase in exposure time, the interband transitions
inside the system enhance. Moreover, an increase in E4 due to an
increase in the lasing duration causes more disturbances or disor-
der in the bandgap region, thereby enhances the localized state
density and, in turn, reduces “Eg.”Sf’ Other than that, it also related
with the other physical parameters of materials, which is expressed
as Eq=PNN.Z,, where the constant “B” has two values such as

Bionic =0.26 £0.03 eV and Pcovatent =0.37 £0.04 eV, “N.” is the
effective coordination number of the cation nearest-neighbor to the
anion, “N.” is the effective coordination number of valence elec-
trons per anion, and “Z,” is the chemical valence of the anion.””
Therefore, the “Ey” enhancement with exposure time might be due
to the enhancement in the values of “N.” and “N,..”

The transition moments of the optical spectra, “M_,” and
“M_3,” evaluated from the obtained “E,” and “Ey,” values by using
the WDD model are given as*

M_
Eg = andEj = .
M_; M_;

Rearranging the above equations as follows:

E
M, = Fd andM_; = . (8)

Table IIT shows the estimated “M_;” and “M_3” enhancement
with laser duration. Both “M_;” and “M_3” rely on “E,” and “Eg,”
since Eq>E,, M_;, and M_; follow the same trend as “Ey.” The
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frequency dielectric constant (e,) and carrier concentration (N/m*) from n? vs A2 plot for different laser-irradiated BissInagSegs films.

oscillator strength of the films can be denoted as f=E,Eq. The
oscillator strength values showed an increment with exposer dura-
tion. Furthermore, the zero-frequency dielectric constant of the
lattice (1) and static refractive index (n,) (where hv — 0) has been
calculated using the following relationship:*’

Eq4 Eq
g =1+ E—Oandn0:1/1+ E—O,SL:(no)z-

The calculated “g;” and “n,” increased with an increase in the
exposure duration as seen in Table III. The variation of “e;” and
“n,” satisfies the trend observed in the refractive index plot
[Fig. 5(d)].

Sellmeier deduced that the “n” at a high wavelength (low hv)
follows the classical dispersion relation and thus obtained the

)

relations for oscillator strength “S,” and wavelength “A,” as
follows:*®

Ay
-5

ng—1
n -1

(10)

where “A,” represents the oscillator wavelength. The variation of
(n®=1)7" with A2 is shown in Fig. 7(b). For S, = (n2-1)/ A2, where
“So” denotes the average oscillator strength, the above Eq. (8)
becomes

1 1 1

2 —1 A28, S

o

(11)

»

Using the slope and intercept of the graph, “S,” and “A,” are
obtained and presented in Table III. It is observed that both “S,”
and “A,” values increased with the lasing duration. “A,” is inversely

»

dependent on “E,” and “S,” is related to “Eg;” therefore, A, o 1/E,.
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TABLE lll. The estimated optical parameters of different laser-irradiated BiysInyoSegs thin films.

Optical parameters 0 min 10 min 20 min 30 min 60 min 90 min
Single oscillator energy (E,) eV 1.77 1.69 1.61 1.57 1.58 1.74
Dispersion energy (Eq) eV 6.08 6.45 6.58 6.72 7.49 10.11
Eo/E, 1.73 1.68 1.61 1.61 1.63 1.85
Static linear refractive index (n,) 2.10 2.19 2.25 2.30 2.39 2.61
The lattice dielectric constant (1) 442 4.81 5.08 5.29 5.73 6.81
The first moment (M_,) 3.42 3.81 4.08 4.29 4.73 5.81
The second moment (M_s) 1.08 1.32 1.57 1.75 1.89 1.92
Oscillator strength (f) 10.80 10.93 10.60 10.53 11.85 17.57
Oscillator wavelength, Ao (nm) 699.59 733.32 771.27 793.12 804.60 815.58
Oscillator strength (S,) nm?*x 107° 7.00 7.08 6.87 6.83 7.68 11.38
High-frequency dielectric constant (er) 6.88 7.25 8.45 9.06 9.69 10.58
Carrier concentration (N/m* x 10**) (Kgm?)™" 7.52 7.73 8.60 9.46 9.63 9.67
Linear susceptibility (™) 0.27 0.30 0.32 0.34 0.37 0.46
Third-order non-linear susceptibility (3 x 107'? esu) 0.94 1.44 1.91 232 3.44 7.80
Non-linear refractive index (n, x 107" esu) 1.68 247 3.19 3.81 5.41 11.26
Optical electronegativity (Mop) 1.87 1.85 1.83 1.82 1.81 1.77
Plasma frequency (o) « 10'%) Hz 7.89 7.70 7.36 7.55 7.18 6.60

Thus, the increment in “A,” is attributed to the decrement in
« »27
E,.

The high-frequency dielectric constant (e;) and the ratio of
carrier concentration per effective mass (N/m*) are calculated by
the given formula:*’

2
2 _ € N\,
= e = e — (41:—) <§)L (12

« »

where the electronic charge is presented by “e,” the number of free
charge carriers is “N,” the free space permittivity is “e,,” the free
charge carrier effective mass is “m,*” and the velocity of light is “c.”
Here, the linear extrapolation of the n* vs A” plot is shown in
Fig. 7(c), which provides the slope value as “N/m*” and an intercept
as “e;” which are tabulated in Table III. The carrier concentration per
unit effective mass was significantly enhanced with the exposure time.

According to Drude’s model, the plasma frequency (®,) is a

fundamental optical parameter that is given by a)f, = <4 gezsw) X,

The obtained “w,” value for these films is tabulated in Table III.
The reduction in “m,” values with increasing exposure time depicts
the modification in the polarization process within the system.’’
“wp” also presents the free electron’s resonance frequency in their
mean position.

2. Non-linear optical parameters

a. Non-linear susceptibility and refractive index. The non-
linear phenomenon mainly emphasizes achieving ultrafast optical
switching devices and has played an important role in modem
optical communication systems with high bit rate signal transmis-
sion. This behavior comes into action when the change in the
material’s polarization response is non-linear to electromagnetic
radiation passing through it. However, material polarizability is

« »

related to the dielectric parameter, which is determined by the “n

«_ »

and “K” of the system. The material’s “n” is linked to its non-linear
property; thus, corresponding changes in the host matrix due to
the application of external energy inputs result in subsequent alter-
ation in the material’s susceptibility. Therefore, materials with high
non-linearity have a lot of potential in soliton propagation in
optical telecommunications, parametric amplification, Raman
amplification, optical processing, and supercontinuum genera-
tion.””*” Moreover, when exposed to a highly intense electric field,
the material no longer polarizes linearly with the applied electric
field, but instead, becomes proportional to the electric field’s multi-
power. Thus, induced polarization (P) is described as a series
expansion of applied electric field (E) and susceptibility () of
dielectrics as follows:*’

P=gyVE+ P+ +..], (13)
where “y"” represents the linear part of polarization and “}®”
and “x®” represent the second-order and third-order non-linear
susceptibilities, respectively. Second-order non-linear susceptibility
vanishes in centrosymmetric media while possessing a non-zero
value in the systems lacking inversion symmetry. Thus, the major-
ity of non-linear effects in amorphous semiconductors, such as
four-wave mixing, third harmonic generation, and non-linear
refraction, are contributed from one single non-zero term, third-
order non-linear susceptibility ()((3)).51 According to Miller’s rule,
the linear and non-linear optical susceptibility (y DY and (x(3)) can
be estimated as follows:***

2 N
W=l 10— Ay
x e x o)

n2 —1\* E,E !
:A(" )—A[ ok 2}, (14)
ar (B2 — (hv)?)
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where “n,” is the static refractive index for hv »> 0 and “A” is a
constant with a value of ~1.7 x 107! (for x(3) measured in esu).
Table II displays the calculated “4P” and “x®” values which
showed improvement in both “)"” and “}®”” as the laser exposure
duration increased. This could be due to the laser-induced local
structural change that increases carrier concentration. Figure 8(a)
depicts the observed “X(S)” with “Eg” variation, which clearly
showed the opposite pattern in “Eg” with “x®” with different expo-
sure durations. “x™” at different wavelength regions show the same
trend as the refractive index, as shown in the inset Fig. 8(b).
Additionally, the change in the refractive index (An) arises
due to the non-linear response of the material, presented by,
An=n, |E|>, where “n,” and “E” are presented as the non-linear
refractive index and applied electric field, respectively.® The
non-linear refractive index of the investigated films has been
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evaluated by using Ticha and Tichy and Miller’s rule given by*>’

n, = . The estimated value of the non-linear refractive index

Lomg®
n,
in esu for different laser-irradiated films is shown in Table IIL
Figure 8(b) presents the “n,” pattern with wavelength for different
exposure time. It increases with the exposure duration, which
might be due to the production of defect states by laser irradiation

that enhances local polarizabilities.”®

b. Non-linear absorption coefficient (B) and figure of merit
(FOM). Chalcogenide semiconducting materials are well recognized
for their two-photon absorption properties. The incident light
interaction with chalcogenide semiconductors with high optical
non-linearity results in a multiphoton absorption process, making
these materials suitable for various photonics devices such as
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FIG. 8. (a) Variation of non-linear susceptibility (x*) and E with exposure time, (b) the change in non-linear refractive index (n;) and ) with wavelength and energy,
and (c) dispersion of non-linear refractive index in S, y and (d) non-linear absorption coefficient @ for these films.

J. Appl. Phys. 133, 063104 (2023); doi: 10.1063/5.0133479
Published under an exclusive license by AIP Publishing

133, 063104-12


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

optical switches, correlators, quantum detectors, and so on. This
two-photon absorption (TPA) is primarily a third-order non-linear
process in which two or a pair of photons are absorbed while elec-
trons are simultaneously excited from the ground to higher energy
states.”” In the context of maximizing the non-linear index of
refraction, minimization in “E,” always favors. The chalcogenide
material medium’s non-linear response to intense light with
photon energies, E,/2 <hv<E,; revealed two-photon absorption
involving interband transitions. This includes the related term, n,,
as well as (m*W7'), which can be written as’’
W=n+yl=n+ % |E|2, where “n” is the linear refractive index,
“I” denotes intensity, “E” is the strength of the applied optical field,
and “n,” gives the rate at which the refractive index is enhanced
with increasing optical intensity. According to Sheik and Bahae,
“n,” and “y” are interconvertible accordingly,”’

(esu) 407

y(s) =2 (15)

0

Here, C is the speed of light and n, is the static linear refractive
index. Figure 8(c) presents the dispersion of “y” for these films.
Here, the observed “y” is 20-30 times greater than silica
(y~2.7x107* m*/W) which signifies the potentiality of these
laser-irradiated films for photonic devices.

Additionally, according to Mizrahi et al,”” non-linear absorp-
tion (B) also played an essential role in selecting optical materials
for photonic applications. Reportedly, a high value of “B” eventually
leads to a higher “n” and “y,” which diminishes the substantial lim-
itations upon the applicability of non-linear optical materials.
Thus, the non-linear absorption coefficient (B.) can be calculated

as follows:””

Eg

3100 \/2_1{(@) - 1}%

B(v) = cm/GW. (16)

n2E3 [Zh_v:| ’
2| E,
Figure 8(d) represents “B” as a function of incident photon
energy. “B” primarily showed a much lower value, then with the
increase in hv, “B” increases. Furthermore, the increase in lasing
time results in a decreased pattern, which could be due to a change
in the concentration of the defect. Both “B” and “y” have been uti-
lized to estimate the figure of merit (FOM), which played an essen-
tial role in effective non-linear device selection for improved device
performance. Therefore, the expression of FOM is given by’ """

FOM = # (17)

The estimated FOM in these films is in the order of 10° over
the energy range of 0.7-1.12 eV. However, the requirement for the
effective operation of a particular material as a device at a specific
wavelength must be less than 1 (FOM < 1).”'

c. Optical electronegativity. The ability of positive radicals of
atoms to attract electrons of the same material to form ionic bonds

ARTICLE scitation.org/journalljap

is represented by optical electronegativity. Duffy evaluated optical
electronegativity using the static refractive index as follows:””

1/4
Nopt = (nQ) , where “C” is a constant with a value of 25.54. In the

non-linear media, “n” plays a very much important role in the elec-
tronic polarizability of ions and local fields inside the materials.
This direct relation between “ngp,.” and “n” established an influen-
tial impact of “ngy” in the non-linear phenomenon. Table III
shows that the estimated “nop:” values decrease with increasing
lasing duration. Such inverse relation hints toward the change in
the nature of bonding in the material with laser irradiation. This
decrease is due to its inverse relationship with “n.” The slight
change in the nop, values could also be due to the covalent nature

of the system.”’

D. Surface wettability study

Surface wettability is an essential measurement of the liquid’s
ability to interact with the solid surface. It measures the level of
wetting when the solid and liquid phases interact with each other.
It contributes to the material’s surface attributes and performs
many essential tasks in printing and coating applications. This
surface wettability is measured by a contact angle which is defined
as the significance of free energy thermodynamic equilibrium
within the solid-liquid-vapor phase. When the liquid droplet—
here, water—is deposited on the solid surface as in Fig. 9(a), it will
form a contact angle depending on the interfacial tension between
liquid and vapor (ywv), solid and vapor (ysy), and the solid and
liquid  (ysw). Thus, according to Youngs equation,
Ysv = Ywv €08 6; + Ygy, where angle 6. is formed by the solid
surface and tangent of the droplet and is called the “contact
angle.”’® The contact angle is an indicator of surface wettability
and has been widely adopted in the industrial field as an evolution
method of surfaces. A lower contact angle (8 < 90°) signifies greater
wettability (hydrophilic), whereas a higher contact angle (6 >90°)
infers lower wettability (hydrophobic). Figures 9(b)-9(d) show one
droplet of water (1 ul) over the surface of 0,30, and 90 min laser-
irradiated thin films. It is clearly observed from Fig. 9 that the
contact angle of all the presented films is lower than 90° thus,
these films have hydrophilic nature. The hydrophilic nature

Tangent

6. > 90° (Hydrophobic) Vapor
6, < 90° (Hydrophilic)

0 min

6., = 81.9°

90 min

6., = 84.8°

FIG. 9. (a) Schematic presentation of contact angle, water contact angle
images of (b) 0, (c) 30, and (d) 90 min laser-irradiated BissInyoSegs thin films.
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observed in the 0 min irradiated film is greater (lower contact
angle) than that of 30 and 90 min irradiated films. The difference
in surface wettability might be due to the difference in the surface
roughness of these films. Since the composition of all samples is
identical, the effect of surface tension on these samples is negligible.
Therefore, here, surface roughness plays a dominant role than
surface tension in surface wettability determination. Furthermore,
according to the Cassie-Baxter model, the significance of surface
roughness over surface wettability can be explained by less air trap-
ping between liquid and solid on the smooth surface compared to
the rough one. Therefore, due to the hydrophilic nature of 0, 30,
and 90 min laser-irradiated films, the water droplets spread more
efficiently over a large surface area of the film, minimizing dust,
dirt, and fouling accumulation on the surface. Moreover, the lower
contact angle showed a larger surface area between solid and liquid,
which depends on surface-free energy and surface morphology.
Thereby, all the films could be used in various applications such as
self-cleaning, antifouling, and antifogging as coating materials.”’
The hydrophilic nature of SnSe thin films having E, of 0.9-1 eV
increased with Se content and acts as a suitable material for
coating.”” The hydrophilicity observed in case of ion-irradiated
Cu,InSnS, thin films having a bandgap between 1.4 and 0.9 eV
showed potential for photocatalysis and self-cleaning applications.”®
Similar hydrophilic behavior in the case of a CdSeq¢Tey 4 thin film
having E, 1.4 eV favors to enhance electrode/electrolyte interfacial
contacts for better photoelectrochemical cells.”

The surface-free energy of the material defines the behavior of
the surface and interface during the wetting and adhesion pro-
cesses. The surface-free energy (y) of different laser-irradiated films
was calculated using the following expression:””

¥, (1 4 cos 0)?
Yy=—"""""

1 , (18)

where v,, is the surface tension of water having a value of
71.99 mN/m. The estimated values of y for all the films were 23.42,
22.02, and 21.40 mN/m, respectively. Similarly, surface adhesion is
considered as another crucial parameter in the phenomenon of
wetting the solid surface. By definition, adhesion signifies molecu-
lar attraction among the solid surfaces in contact. The binding
strengths among the water droplets and the thin film surface were
determined by the work of adhesion (W), by using Young-
Dupre’s equation,”” given by

Wy = 7,/(1 + cos 6), (19)

where Wy is the work of adhesion among the solid and liquid sur-
faces and v,, is the liquid and air interfacial surface tension. The
obtained Wy, for all the films was 82.13, 79.63, and 78.51 mN/m,
respectively.

IV. CONCLUSION

The current work investigated changes in the optical, morpho-
logical, and structural properties of laser-irradiated Bi;sInyoSess
thin films with different irradiation times. The retention of the
amorphous nature and smooth surface texture, even after laser
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irradiation, did not show much structural modification. The broad
transparency and less absorption over the IR region make these
films appealing for IR optics such as temperature detection, energy
management, monitoring, night vision, etc. The films showed pho-
todarkening behavior with irradiation time due to creating more
defects and disorders over the band edge region by reducing E,.
Both the extinction coefficient and refractive index enhanced with
the lasing duration, also indicating an increment in the scattering
centers. The improvement in refractive indices has great signifi-
cance in improving the optical intensity of the material and could
possibly be used to design integrated circuits, IR sensors, ultrafast
optical devices, etc. The real and imaginary dielectric constants
enhanced with the lasing duration, while the tangential loss showed
a reverse pattern. The increase in exposure duration enhances the
interband transition, which might be due to the enhancement in
the carrier concentration and the presence of more defect states
with irradiation-induced bond breaking and rearrangements. The
non-linear susceptibility and refractive index enhanced 9 times
with the exposure time from 0 to 90 min. The non-linear absorp-
tion coefficient showed a higher magnitude with time, making
these samples more appealing for non-linear device applications.
The hydrophilic nature of the laser-irradiated films makes them
possible for applications such as self-cleaning, antifouling, and anti-
fogging as coating materials.
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