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ctronic properties of In/Te bilayer
heterostructure upon annealing at different
temperatures: surface wettability and photo
response study for photonic and solar cell
applications†

P. Priyadarshini, Prabhukrupa C. Kumar and Ramakanta Naik *

The current study depicted the influence of annealing temperature on In/Te bilayer thin film of 350 nm

synthesized by thermal evaporation method. The interfacial diffusion of In into Te sites at different annealing

temperatures (100 °C, 150 °C, 200 °C, 250 °C) modified the structural as well as the electro-optical

response of the films. The structural study showed the appearance of an orthorhombic In4Te3 peak with

annealing. The surface texture showed the particle nature with homogeneous distribution with annealing

temperatures. The cross-sectional view of the bilayer and annealed film confirmed the formation of In/Te

film with a total thickness of 350 nm. Surface mapping images confirm the homogeneous and uniform

elemental distribution. The transmission was enhanced with annealing and showed broad transparency over

the NIR region, making them suitable for IR device applications. The enhanced optical bandgap with

annealing due to induced local structural changes reduced the optical parameters, such as refractive index,

dielectric constant, and nonlinear susceptibility. The surface wettability measurements showed an enhanced

hydrophobic nature with annealing. The variation of photocurrent with respect to voltage showed an ohmic

nature, with enhancement from nA to ∼mA with annealing. Such alteration opened new ways to be used in

solar cells, photodetectors, and photonic device applications.
1. Introduction

Multilayer and bilayer thin lms have been studied extensively
for designing different optoelectronic devices such as optical
reectors, solar cells, computer disks, and photodetectors.1–4

The intermixing among the layers in such multilayers and
bilayer structures have profound technological signicance.
Different post-energy treatments on such thickness-dependent
layers inuence the materialistic properties due to diffusion
among different layers. In this scenario, chalcogenide bilayer
lms are well known for creating a new type of nanocomposites
that exhibited attractive optical and transport properties.5 For
example, the effect of layer thickness and annealing tempera-
ture on In/Se bilayer lm showed phase transition and incre-
ment in photocurrent absorption coefficient. This In/Se lm
structure is good as an absorber layer in hybrid solar cells.6 The
annealing of Ag/In2Se3 bilayer lm led to the appearance of
AgIn5Se8 phase formation with an increment of optical bandgap
due to phase transitions.7 Similarly, Sb/Ag2Se bilayer lm with
hysics, ICT-IOC, Bhubaneswar, 751013,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
annealing reduced bandgap with transition from hydrophobic
to hydrophilic nature in surface wettability study.8 In/Te bilayer
lm with thickness variation exhibited In2Te3 and In2Te5 pha-
ses. The grain size enhancement and bandgap energy reduction
with lm thickness have been observed.9 Similarly, in the aspect
of dielectric and AC conductivity study, InTe bilayer lms
showed enhancement in capacitance with an increase in
frequency at all temperatures. Such increment in capacitance
might be attributed to charge carrier blocking at electrodes;
thereby, the AC conduction is done by electronic hopping.10

In this aspect, the binary alloys from the III–VI group form-
ing the chalcogenide semiconductors like Ga2Se3, In2Te3, InSe,
In2S3, In2Se3, and so on have been largely studied for their
useful applications as absorber layers in photovoltaic and
photodetector applications.6,11 Indium telluride (InxTey) with
direct bandgap energy is used in switching devices, pressure
transducers, and gas sensors. There are various stable InxTey
phases, like In2Te3, InTe, In4Te3, In3Te4, In7Te10, and In9Te11,
with structural alteration in terms of a and b phase. The In4Te3,
a P-type analogous of N-type In4Se3, exhibits anomalous
thermal conductivity and is suitable for thermoelectric candi-
dates in the mid-temperature regime. This material possesses
an intrinsic narrow bandgap (<1 eV) and high photoelectronic
output for infrared photons.12,13 It also exhibited strong
RSC Adv., 2024, 14, 12897–12910 | 12897
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anharmonicity in the low optical and acoustic regions. Such
behavior originates from nonbonding and antibonding In4

valence electrons with their neighbours.14 Several studies
related to this phase have been done.15–17 Li et al. investigated
the anisotropic thermal and optical behaviours of In4Te3 and
In4Se3 using theoretical models. High anisotropic optical
changes were observed in the 0 to 10.0 eV energy range for
In4Te3.15 Su et al. studied In4(Se1−xTex)3 in the doping aspect
and concluded that negative magnetoresistance signicantly
enhanced with doping. The optical bandgap of In4Se2.7Te0.3
(0.55 eV) lies slightly higher than In4Se3 and In4Te3.17

Thermal annealing is a unique process in inducing crystalli-
zation and facilitating interdiffusion among layers. It is a process
that modies the material's surface texture with time at different
temperatures. The relaxation condition of the material to its
equilibrium state is faster by this thermal annealing process than
the relaxation offered by conventional room temperature.18Owing
to its technological aspects, the effect of annealing on optical,
electrical and structural behaviours of chalcogenide lms has
been investigated by several authors.19–21 Thus, by considering this
aspect, In/Telms were annealed at different temperatures for the
diffusion of In into Te to tune the optical, structural, morphology,
and electronic properties.

The current work on bilayer In/Te heterostructure lm
annealed at various temperatures was studied for its structural
change by Raman and X-ray diffraction (XRD). The contact
angle measurement provides the surface wettability nature
while the photo current–voltage response was recorded from
the source measuring unit (SMU). The optical properties change
was noticed from the UV-Visible data while the elemental
conrmation was done by energy dispersive X-ray analysis
(EDX). The lm surface structure change due to annealing was
imaged from a eld emission scanning electron microscope
(FESEM).
2. Synthesis and characterization
procedure

The bilayer In/Te lms of ∼350 nm thickness were prepared on
clean glass substrate from 99.999% pure In and Te from Sigma-
Aldrich by thermal evaporation method (Hind HiVac Smart
Coat: 3.0 coating unit). Prior to deposition, the glass substrate
was cleaned properly with diluted HNO3, aqueous NaOH, and
distilled water. The substrates were dried at 100 °C inside a hot
air oven. The bottom layer, Te, was deposited with a thickness of
300 nm, and then the In layer was sequentially deposited over it
with a thickness of 50 nm under a 10−5 Torr vacuum at room
temperature. So, the total thickness of the bilayer lm was
∼350 nm, as monitored by the crystal thickness monitor. In situ
quartz crystal thickness monitor monitored the thickness of the
bilayer lm. The prepared lms were annealed at 100 °C, 150 °
C, 200 °C and 250 °C for 1 h in vacuum oven presented in
Scheme 1(a) having pressure 10−3 Torr, and the temperature
gradient during annealing was ∼3–4 °C h−1.

The structural study for the pristine In/Te and annealed
lms has been carried out using XRD (Bruker D8 Advances) with
12898 | RSC Adv., 2024, 14, 12897–12910
Cu Ka (wavelength = 1.54 Å) as the source and operating voltage
at 30 kV and current of 40 mA. The scanning range was 20°–60°
at a glancing angle of 1° and step size of 0.02° s−1, and scan
speed of 1° min−1. The corresponding changes related to
vibrational bonds have been analyzed by Raman spectral study
(Horiba Raman spectrometer) by using a 632 nm He–Ne laser.
The optical properties were studied by the JASCO-770 UV-Vis-
NIR spectrophotometer, covering the wavelength range of
1200–2500 nm with a spectral resolution of 1 nm. The
morphological analysis and determination of constituent
element composition were performed by using JEOL, JSM-
7601FPLUS FESEM with an attached EDX setup. The photo
response studies of the lms were conducted using the Keithley
2450 SMU. The surface wettability was tested using a DME-211
Plus contact angle measurement unit, which determines how
effectively a liquid spreads or beads up on a surface and
conrms the hydrophilic or hydrophobic nature of the lms.
2.1 Photo response measurement

The photo response measurement of all the thin lm samples
was conducted by using Keithley 2450 SMU. For electrode
purposes, the high-quality silver paste with an electrode area of
1 mm2 and a distance of 4 mm is applied at the edge of the
sample aer surface cleaning for conducting. The use of silver
paste is very simple and shows good performance for electrical
measurement. The prepared devices were carefully mounted on
a sample holder for the measurement at room temperature (in
Scheme 1(b)). A 9Wwhite LED light has been employed in order
to cover the whole visible spectrum for illumination purposes.
The light was illuminated through the exposed square of area
5 mm × 5 mm. The Keithley 2450 SMU was used for photo-
current measurement by varying voltage from −5 V to +5 V with
step size 0.03 V at illumination conditions. The I–V measure-
ments at four different spots were conducted to avoid
measurement artifacts from the electrodes, and results are still
inconsistent, indicating good electrode uniformity for I–V
measurements. For each thin lm sample, photocurrent
measurements were carried out repeatedly for each of the ve
cases to conrm the consistent nature of the devices in this
proper experimental setup. In order to create an isothermal
condition and avoid direct heating of the sample due to the
illumination, the sample was kept at an illumination distance
of 15 cm used in our experiment.
3. Results and discussion
3.1 Structural analysis

Fig. 1(a) presents the In/Te lms XRD pattern both in as-grown
and annealed form. The prominent diffraction peaks at 23.03°,
27.56°, and 38.34° correspond to the (100), (101), and (012)
planes of the hexagonal crystal system of tellurium (Te). In the
as-grown bilayer lm, the thickness of Te lm is 300 nm, and In
layer thickness is 50 nm. The greater thickness of tellurium
compared to indium led to the dominant Te peaks, so no peaks
corresponding to indium (In) have been observed. Such
behaviour has been observed in other literature.22,23
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The schematic presentation of In/Te bilayer thin film (a) annealed at 100 °C, 150 °C, 200 °C and 250 °C, (b) photo response
measurement setup.
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Additionally, small peaks at 32.94°, 40.47°, 43.42° and 49.71°
presented the In4Te3 orthorhombic crystal system having
planes (520), (110), (122) and (332), respectively. However, with
annealing, such signicant peak shiing is observed except
peak at 27.56° to 27.31°, which corresponds to the In4Te3
orthorhombic crystal system. Such shiing to a lower angle
might be due to the annealing-induced lattice expansion. The
average crystallite size, number of crystallites per unit area,
dislocation density, and strains in lattice were determined from
the XRD data by the Scherrer equation and related formula
given by;24

Crystallite sizeðDÞ ¼ 0:9l

bcosq
(1a)

Here, full-width half maxima (FWHM) b is in radians, wave-
length of Cu Ka-line (l = 1.54 Å), Bragg's angle is q. The struc-
tural broadening is calculated as;25

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
bexp

�2 � ðbstdÞ2
q

(1b)

where bexp and bstd refer to the integral X-ray peak prole width
of the sample and the standard silicon reference. The other
associate structural parameters of the lms were evaluated as,26
Fig. 1 (a) XRD (b) Raman data for as-grown and annealed In/Te bi-layer

© 2024 The Author(s). Published by the Royal Society of Chemistry
Lattice strainð3Þ ¼ bcotq

4
; (1c)

Dislocation densityðdÞ ¼ 1

D2
; Nc ¼ d

D3
(1d)

Here ‘d’ represented thickness of lm (∼350 nm). Table 1
presents the calculated structural parameters and its error
values that show the slight enhancement of crystallite size with
annealing condition. This is possibly for the coalescence of
grains in the sample. The sufficient heat energy through
annealing is enough to enhance the interaction at the interface
of In/Te bilayer lm. Thus, the intense In4Te3 binary phase
became more prominent with the appearance of smaller related
peaks with temperature. This interaction led to more hetero-
polar In–Te bonds formed by breaking homopolar Te–Te bonds
from the interface to the material medium. Therefore, disorder
and defect reduction occur inside the band structure system by
enhancing the bandgap. In another way, thermal annealing
causes diffusion of one component in a bilayer lm across the
interface to increase, resulting in layer intermixing and the
formation of more phases, as well as increased crystallinity of
the material. Such small changes in average crystallite size
ed thin film.

RSC Adv., 2024, 14, 12897–12910 | 12899
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Table 1 Structural parameters for annealed In/Te bilayer films

Samples D (nm) d (nm−2) 3 Nc (nm
−2)

As-grown 21.98 � 0.05 0.0021 0.0054 0.0329
100 °C annl 22.23 � 0.04 0.0020 0.0053 0.0318
150 °C annl 23.64 � 0.09 0.0017 0.0052 0.0264
200 °C annl 24.37 � 0.02 0.0016 0.0051 0.0241
250 °C annl 25.26 � 0.08 0.0015 0.0046 0.0216
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could be attributed to a variety of factors, including the
coherent volume of diffraction peaks, the thickness of the
polycrystalline lm, or the size of the grains. The lm thickness
is the same across all samples.27 The crystalline peaks that
appeared in the annealed bilayer lm had almost the same
coherent volume of diffraction peaks as the as-grown lm.
However, with annealing, some small intensity extra peaks
appeared, as well as a signicant shi in the major peaks. This
results in such a small change in crystallite size. On the other
way, the strain in lattices and dislocation density is reduced by
ensuring crystallinity enhancement. The annealing results in an
increase in the grain boundary and reduces the lattice disloca-
tion. The Nc value is reduced with temperature due to local
structural change and crystallinity growth.

The room temperature Raman spectra analysis for both
annealed and as-grown In/Te bilayer lm were recorded in the
range of 100–300 cm−1 and presented in Fig. 1(b). It showed two
strong prominent peaks at 118 and 138 cm−1, corresponding to
A1 and E2 modes of Te–Te vibration.28,29 These two peaks are
consistent with annealing at different temperatures. However,
these peak intensities are slightly varied with temperature,
possibly due to the annealing-induced structural modica-
tion.30 The Raman spectra are deconvoluted and analysed by
Fig. 2 FESEM images of (a) as-grown, (b) 100 °C, (c) 150 °C, (d) 200 °C,

12900 | RSC Adv., 2024, 14, 12897–12910
Gaussian contours with linear background subtraction, pre-
sented in Fig. S1(a)–(e),† to further study the structure of lms.
The deconvolution of as-grown Raman spectra showed the
contribution from three individual peaks, in which primary two
prominent peaks ascribed to A1 and E2 modes of Te–Te vibra-
tion. The intensity and sharpness of these peaks in all samples
are contributed to the greater thickness of Te layer. The addi-
tional individual broad peak positioned at 154 cm−1, contrib-
uted to the Eg phonon vibration of the In–Te bond.31,32 However,
the increase in the annealing temperatures clearly showed the
increment in the broadness and intensity of this peak. This
might be due to the annealing-induced diffusion, which results
in the formation of more In–Te bonds, and this satised the
XRD study.
3.2 Morphological study

The morphology of annealed and as-grown lms is presented in
Fig. 2. The FESEM images clearly showed the particle nature
with homogeneous distribution. All the presented lms showed
a similar nature with not much changed surface morphology.
However, the increased annealing condition led to the forma-
tion of small nanosheets on the surface. Such strong depen-
dency of the surface morphology on annealing primarily affects
the physical properties of the thin lm. Morphological analysis
of thin lms becomes evenmore important in the perspective of
bandgap and resistivity and for potential applications. The
source of this structural difference might be factors of nucle-
ation mechanisms, synthesis methods, crystal lattice stresses
and activation energy.33 The particle size distribution for all
lms has been presented in Fig. 3. It showed a slight
enhancement in the size with annealing, which was also
observed from the XRD data of increased average crystallite size.
The images clearly denote that all the lm surfaces are well-
(e) 250 °C annealed In/Te bilayer thin films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Histogram showing the distribution of particles in films.
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coated structures. As the annealing temperature enhanced, the
grains tend to agglomerate with each other to form bigger
grains,6,9 which supported the XRD results.

The EDX spectra for 150 °C annealed In/Te bi-layered lm is
presented in Fig. 4(a), conrming the presence of In and Te
elements. The spectra have been taken over different regions to
ensure homogeneity and uniformity over elemental composi-
tions. The data presented in Table 2 for the elemental% in
different conditions of the In/Te lm clearly indicates the
uniformity in elemental composition. Fig. 4(b)–(d) presents the
150 °C annealed lm elemental mapping of In, Te, and both.
Fig. 4 (a) EDX spectra and Elemental mapping of (b) In, (c) Te, and (d) m

© 2024 The Author(s). Published by the Royal Society of Chemistry
The EDX and mapping have been taken at the same position for
better elemental distribution clarity.

Interface morphology of double-layered thin lm as-grown
and aer annealing is presented in Fig. 5. Fig. 5(a) presents
the as-grown In/Te bilayer structure with distinguishable layers
showing the non-diffusion before annealing. The cross-
sectional image shows the In layer (top layer) thickness as
∼39 nm while the Te layer (bottom) as ∼311 nm. The columnar
growth of each layer is preferred in this case by stacking of
adatom while lm preparation. Fig. 5(b) presented a 250 °C
annealed sample, which showed one layer with a thickness
∼350 nm. The annealing results in the diffusivity of the layers,
erged mapping of 150 °C annealed In/Te thin film.

RSC Adv., 2024, 14, 12897–12910 | 12901
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Table 2 Elemental data of as-grown and annealed In/Te thin films

Sample In/Te bilayer thin lms

Temp. As-grown 100 °C 150 °C 200 °C 250 °C

Element Cal (at%) Obs (at%) Obs (at%) Obs (at%) Obs (at%) Obs (at%)

In 14.28 14.11 14.22 13.90 14.25 14.29
Te 85.72 85.89 85.78 86.10 85.75 85.71
Total 100 100 100 100 100 100

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 2
:5

7:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which leads to the formation of a single layer. Moreover, the
lm becomes semicontinuous, which might be during sample
deposition. This inhomogeneous nature mainly contributed to
the small grains formed over the surface34 as observed from the
SEM micrographs (Fig. 2(a)).
3.3 Optical properties

Fig. 6(a) infers the transmittance of both annealed and as-grown
In/Te lms over 1200–2500 nm wavelength. The transmission is
found to be increased signicantly for 200 °C, and 250 °C
enhanced lm, which could be due to the change in lattice
defects concentration and localized state change over the gap
region.35 In/Te bi-layered lm showed greater transparency over
the NIR range, which might be due to the free electron inter-
action with incident photons that led to a change in the
polarization of light. Such interaction is responsible for the
change in transmission over the IR region, which makes the
material suitable for different IR applications such as IR lenses,
bers, and waveguides, including energy management,
temperature detection, andmonitoring, etc.36,37 The blue shi of
absorption edge (towards lower wavelength) with annealing
indicates the enhancement in the bandgap. The absorption
edge of these lms appeared between 1200–1800 nm. Fig. 6(b)
shows the reectance spectra of the lms where the intensied
reectance peaks over the full IR region are observed. It showed
a marked blue shi with annealing with the appearance of
multiple reectance peaks, which resulted from diffraction
among different layers.

The absorption capability of a material is depicted by one
optical parameter, namely, absorption coefficient (a). This
Fig. 5 Interface morphology of (a) as-grown (b) 250 °C annealed In/Te

12902 | RSC Adv., 2024, 14, 12897–12910
parameter mainly plays a role in calculating the other related
optical constants like bandgap, extinction coefficient (k), and
skin depth (d). The electronic transition between valence and
conduction band also depends on ‘a’, which is estimated
by using transmission and lm thickness of the material as
given by38

a ¼
�
1

t

�
ln

�
1

T

�
(2)

Here, the lm thickness is denoted as ‘t’, which is∼350 nm. The
change of ‘a’ with ‘l’ is presented in Fig. 6(c). The a values are of
the order of 104–105 cm−1 over the IR range. However, it has
been observed that the ‘a’ reduced aer the optical absorption
edge, which signies greater transparency at high wavelength
range. The absorption coefficient showed a reduced pattern
with annealing temperature.

The a $ 104 cm−1 regime is known as a high absorbance
region, where conduction and valence band transition occur. It
is also known as the Tauc region, which generally helps to
estimate the bandgap energy, Eg, given by;39

(ahn) = B(hn − Eg)
m (3)

Here, symbols like n, h are having their usual meaning of
frequency and Planck constant. The exponent ‘m’ determines
the nature of transition occurring in the sample called as
transition factor. It also signies the electron-density prole
over valence and conduction bands. It is having different values
like 1/2 and 3/2 for direct allowed and direct forbidden transi-
tion. The m = 2 and 3 refer to the indirect allowed and
forbidden transition case. The so-called Tauc parameter is
films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Transmission, (b) reflectance (c) absorption coefficient variation with wavelength, (d) bandgap variation estimated by Tauc relation.
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denoted as B, whose numerical value presents the degree of
disorder in the bandgap regime. According to Mott and Davis's
model, the crystalline material's fundamental absorption edge
includes direct allowed transition, and amorphous material
includes indirect allowed transition. The studied material
showed a proper crystalline nature conrmed by the XRD
pattern, so here m = 1/2 has been considered for the bandgap
estimation. The change in (ahn)2 vs. hn is shown in Fig. 6(d),
where the linear tting of the data points led to the estimate of
the optical bandgap. The slope determines the Tauc parameter
‘B’ and the intercept on X-axis measures the ‘Eg’, value. The
estimated Eg and B2 values for both lms are presented in
Table 3. The Eg showed an increasing trend with annealing
temperature. This increase in Eg is for annealing-induced
Table 3 Estimated optical entities for as-grown and annealed In/Te thin

Optical parameters As-grown 100

Optical bandgap (Eg) in (eV) 0.491 0.49
Tauc parameter (B2 × 1010) (cm−2 eV−2) 1.893 1.87
Static linear refractive index (n0) 4.140 4.12
High-frequency lattice dielectric constant
(3N = n0

2)
17.146 17.05

c(1) in esu 1.285 1.27
c(3) × 10−10 esu 4.643 4.53
n2 × 10−9 esu 4.225 4.13
Optical electronegativity 1.575 1.57

© 2024 The Author(s). Published by the Royal Society of Chemistry
change in the density of defect states over the forbidden gap
region. Annealing is a well-known post-energy treatment that
provides sufficient thermal energy for bond breaking, rear-
rangements, and reformations, resulting in the local structure
change inside the matrix. Thus, this local structure change
eliminates defects such as vacancy, interstitials, and dangling
bonds.40,41 This reduced the concentration of localized states
enhanced the bandgap width. The band-tailing Tauc parameter
presents the disorder magnitude inside the system. The value is
decreased with annealing, as found in Table 3. The increase in
bandgap with top layer Se diffusion into the bottom As2S3
nanolayered lm structure is due to the bond rearrangements
with light energy and formation of new bonds of Se with As.42

The decrease in strain due to the atomic motion of In into Te
films

°C annl 150 °C annl 200 °C annl 250 °C annl

6 0.517 0.524 0.530
7 1.852 1.8251 1.769
9 4.081 4.066 4.053
0 16.659 16.534 16.428

7 1.246 1.236 1.228
3 4.107 3.977 3.871
6 3.791 3.685 3.598
7 1.581 1.583 1.584

RSC Adv., 2024, 14, 12897–12910 | 12903
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sites and change in local bonds to form In4Te3 phase brings
down the absorption coefficient like the case of Se/As2S3 bilayer
structure.

The skin depth (d) is the path distance where the incident
radiation intensity is reduced to 1/e value during its movement
inside the sample. It is calculated as 1/a, i.e., reciprocal of a.36 The
change of ‘d’ as a function of energy is presented in Fig. 7(a),
which shows the reduction of dwith hn. The thermal energy input
led to an increase in the skin depth in the bilayer lm. Similarly,
the material's optical density (OD) is related to the absorption
ability of the material during its exposure to electromagnetic
radiation. It is estimated by the product of absorption coefficient
and lm thickness,43 i.e., OD = a × t. Fig. 7(b) presents the OD
variation with hn, which changes like a.

The refractive index is a crucial entity that plays a vital role in
device fabrication and gives information related to transmitted
electromagnetic wave velocity through the medium. It is
generally presented by ~n = n + ik. The real part is denoted as ‘n’
while the imaginary part is associated with ‘k’. The real part
relates to the light beam velocity propagating through the
medium, and the imaginary part relates to the deterioration of
the light beam while traversing. The value of ‘k’ was estimated

from a and l as given by,44 k ¼ al

4p
: The estimated k as a func-

tion l is shown in Fig. 7(c), which depicts a reduction with
annealing temperature. The k is reduced and saturates at higher
Fig. 7 Variation of (a) skin depth, (b) optical density as a function of ene

12904 | RSC Adv., 2024, 14, 12897–12910
l over the IR region. This behavior generally contributed from a,
as a is low and transmission is high at higher wavelength, so the
‘k’ is lowest. It also means that there is no loss of incident
radiation at the IR region, making it suitable for IR applications.
The change in ‘k’ also tends to affect the nonlinearity of the
material.

The refractive index (n) at hn / 0, namely static refractive
index (n0) can be estimated for all synthesized samples from the
‘Dimitrov and Sakka empirical formula’,45

n0
2 � 1

n02 þ 2
¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi�
Eg

20

�s
(4)

The estimated values of n0 for all samples by considering
bandgap values are given in Table 3. The estimated amount
showed an enhancement with the increase in annealing. Simi-
larly, the real dielectric constant has been evaluated by using
the relation, 3L = (n0)

2. The estimated real dielectric constant is
presented in Table 3, which shows the same pattern as the static
refractive index.

The nonlinear concept contributed to application in modern
optical communication systems, ultrafast optical switching
devices, optical telecommunication, parametric amplication,
supercontinuum generation, optical processing, Raman
amplication, etc. This behavior occurs while the polarization
rgy, and (c) extinction coefficient for different In/Te films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the material responds in a non-linear manner toward elec-
tromagnetic waves falling on it. The linear polarization is lost in
case of high-intensity radiation interaction on the sample, and
in that case, polarization varies with the multi-power of electric
eld. This modies the induced polarization (P) vector by series
expansion in terms of applied electric eld (E) and susceptibility
(c) as follows,46

P = 30[c
(1)$E + c(2)$E2 + c(3)$E3 +.] (5)

with linear polarization as ‘c(1)’ and the rest parts contributed to
nonlinear response. However, for centrosymmetric media, the
2nd order nonlinear susceptibility becomes zero due to absence
of inversion symmetry. So, the major contribution towards
nonlinear phenomena are governed by the 3rd order nonlinear
susceptibility (c(3)) in many semiconducting materials. The
values of both c(1) and (c(3)) was calculated as,47,48

cð1Þ ¼ n0
2 � 1

4p
and cð3Þ ¼ A

�
cð1Þ�4 ¼ A

�
n0

2 � 1

4p

�4

(6)

with ‘A’ as constant factor of ∼1.7 × 10−10 and no as the static
refractive index. Table 3 infers the reduced value of both ‘c(1)’

and ‘c(3)’ upon annealing condition. Such changes could be for
the homogenization and polymerization due to annealing
which led to local change in structure. This brings down the
carrier concentration. The increase in ‘Eg’ with simultaneous
decrease in c(3) is shown in Fig. 8 at different annealing
temperatures.

The quantity Dn (change in refractive index) originates from
the nonlinear response as given by Dn = n2jEj2, where ‘n2’ as
nonlinear refractive index and ‘E’ as applied electric eld.49 The
n2 for the as-grown and annealed lms were
determined through Ticha and Tichy and Miller's formula

by,43,48 n2 ¼ 12pcð3Þ

n0
and tabulated in Table 3. It is reduced with

annealing, for the decrease in defect states by annealing that
reduced local polarizabilities.50 The electronegativity of the as-
grown and annealed bilayer lms has been estimated as,
Fig. 8 Change in Eg and c(3) with annealing temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
hopt ¼
�
C
n0

�1=4

with ‘C’ as a constant (C = 25.54). It showed

increment order with annealing, which might be due to an
increase in the interaction at the interface of the bilayer lm.
3.4 Surface wettability

The tuning of material surface by controlling the surface
wettability is crucial for a lot of applications. For practical
applications, both hydrophilic and hydrophobic materials are
particularly desirable.51 Here, the annealing-induced surface
wettability change for all samples is presented in Fig. 9. The
measurements showed that all lms showed a hydrophobic (qc
> 90°) nature in Table 4; however, the hydrophobic nature
enhanced with annealing. The contact angle measurement
directly relies on the materials the local inhomogeneity, surface
morphology and various chemical composition present in the
sample texture. Here, annealing led to change the surface
composition by interdiffusion among In and Te which might be
a possible reason of such transition. However, the dominant
effect for such surface wettability change mainly comes from
the surface roughness variation induced by the annealing
process. The increase in the hydrophobicity proves the rough
and less compact of the material surface. Wenzel and Cassie–
Baxter's models described the connection between surface
morphology and wettability. Wenzel's model (cos qw = rw cos q)
demonstrates the wettability of rough surface composed of
small voids that inhibit water molecules and present strong
adhesive forces between the water droplet and coatings.52

Conversely, as per Cassie–Baxter model, the air trapping
between the liquid and solid surface affects the surface rough-
ness. For smooth surface, the air trapping between liquid and
solid is less whereas it is more for the rough surface.53 Hence,
the rough surface observed from FESEM images (Fig. 2) mainly
contributed to the hydrophobic nature. The observed increase
in the contact angle attributed to the increase in the particle size
and surface roughness, and reduced water absorption due to
increased crystallinity during annealing. According to previous
reports, with the annealing, the increment of contact angle of
deposited bilayer also credited to the varying crystallinity.52

Here, water droplets spread over less area of the lm surface,
which will be an eligible candidate for self-cleaning and coating
for solar cells, and photodetector device applications to improve
durability.54,55

The surface free energy (g) of these as-grown and annealed
In/Te thin lms was calculated by,56

g ¼ gwð1þ cos qÞ2
4

(7)

with gw = 71.99 mN m−1 (surface tension of water). The
observed g values are presented in Table 4. It showed an overall
enhancement in surface energy. It played a signicant part to
known interfacial behavior during adhesion and wetting.
Similarly, surface adhesion (Wsl) is calculated by following
Young–Dupre's equation, given as,57

Wsl = gw(1 + cos q) (8)
RSC Adv., 2024, 14, 12897–12910 | 12905
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Fig. 9 Contact angle images of all studied samples.

Table 4 Work of adhesion and surface energy for the investigated
films

Samples
qc
(degree)

Surface energy
(g)

Work adhesion
(Wsl)

As-grown 103 57.16 128.30
100 °C annl 106 51.18 121.41
150 °C annl 111 40.63 108.16
200 °C annl 114 47.20 116.58
250 °C annl 116 69.95 141.93

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 2
:5

7:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with Wsl as the work of adhesion between the liquid and solid
surfaces, and gw as the surface tension between liquid and air
interface. The estimatedWsl is given in Table 4, which infers an
Fig. 10 Photo response of (a) all samples at light condition, photocurrent
annl film.

12906 | RSC Adv., 2024, 14, 12897–12910
increment with annealing. It provides details on the molecular
attention among solid surface and water drops. The annealing
led to an increase in the binding strength between the lm and
water drop surface. Such change in surface wettability could be
for surface roughness variation induced by the annealing
process.

3.5 Photo response study

Fig. 10 represents the photo response curve of In/Te thin lms
annealed at different temperatures. The white light of 9 Watt
has been employed with Keithley 2450 Unit over −5 V to 5 V
range with a step size of 0.01 at room temperature. For con-
ducting contact, a little amount of silver paste is layered at the
two parallel edges of the lms. The current variation with
of (b) as-grown (c) 100 oC annl (d) 150 oC annl (e) 200 oC annl (f) 250 oC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Resistance evaluation from current–voltage plot for (a) as-grown (b) 100 oC annl (c) 150 oC annl (d) 200 oC annl (e) 250 oC annl film.

Table 5 Estimated resistance values for all studied films

Samples As-grown 100 °C annl 150 °C annl 200 °C annl 250 °C annl

Resistance (U) 0.481 × 109 0.298 × 105 0.169 × 105 0.158 × 105 0.135 × 105
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respect to voltage showed an ohmic nature. However, from
Fig. 10(a) the photocurrent enhanced from nA to ∼mA by
increasing in annealing temperature. This might be due to the
reduction of defects and disorder inside the system. Annealing
provides sufficient thermal energy for bond breaking, rearrange-
ments, and reformations, resulting in elimination of defects
inside thematrix by allowing the easy ow of electron through the
medium.58,59 Generally, the high crystallinity with uniform grains
improves the photo response in any semiconducting materials.
Here, enhancement in crystallite size with annealing might be an
important factor for increment of photocurrent. Additionally, the
annealing induced electronic changes inside the lm brings
tuning in response of the charge carries at applied elds.
Consequently, change in electronicmoments improves the carrier
mobility and conductivity of the material.59 Such behavior has
also been observed in other literature.58–60 There is no signicant
change observed in the repeated I–V data of the thin lm samples
(Fig. S2(a)–(e)†). This shows high consistency nature of the all-thin
lms under light conditions, emphasizing the suitability for
device applications.

Furthermore, the resistance of all lms has been estimated
from the inverse slope of the current–voltage plot (Fig. 11). It
showed strong dependency over annealing temperature. The
estimated resistance values are presented in Table 5. It showed
a reduction of resistance inside the system with annealing,
which might be due to lessening the defect state's density,
which reduces the recombination and enhances the
mobility.61,62
© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

In the present study, In/Te bilayer thin lms were sequentially
deposited by the thermal evaporation method, having a total
thickness of 350 nm. The bilayer as-grown thin lms were ther-
mally annealed at distinct temperatures. The detailed structural
study done by XRD and Raman spectroscopy showed the devel-
opment of In4Te3 orthorhombic phase with higher annealing
temperatures. The formation of particle structure was conrmed
frommorphological study with the increment of particle size with
annealing. The cross-section of the lm showed the distinct layers
before annealing and intermixed with annealing. The trans-
mission is enhanced with the reduction in the optical bandgap.
This might be due to the annealing-induced diffusion at the lm
interface, which caused local structural changes. The nonlinear
susceptibility and refractive index were reduced with annealing.
The hydrophobicity is conrmed for all lms, which can be an
eligible candidate for self-cleaning and coating for solar cells and
photodetector device applications to improve durability. The
photocurrent variation with voltage conrmed ohmic nature with
an increment from nA to ∼mA with annealing. These modica-
tions opened pathways for solar cells, photodetectors, and
photonic device applications.
Data availability
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