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Improvement of hydrophilicity and optical
nonlinearity in a Te/In,Ses bilayer heterostructure
film by annealing at different temperatures for
optoelectronic applicationst
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Group llI-VI semiconductor materials have unique properties for photodetector and optoelectronic
devices. The present work is based on the formation of Se—In-Te alloys from the bilayer Te/In,Ses het-
erostructure by annealing at various temperatures. The heterostructure and its conversion to a layer alloy
were verified from the cross-sectional view taken by FESEM. The surface morphology shows a reduction
in nanoparticle size with annealing temperature. EDX confirmed the In, Se, and Te existence in the film
structure. The existence of different phases of In,Ses and Te was found from the structural investigation
through XRD and HRTEM. The increase in crystallinity and decrement in dislocation density influenced
the optical properties of the film by reducing the transmittance by 50% and increasing the extinction

Received 23rd September 2024, coefficient upon annealing. The optical density increased with a decrease in optical bandgap upon

Accepted 15th November 2024 annealing, thus increasing the refractive index. The hydrophilicity nature increased to a super hydrophilic
one at a high annealing temperature. The %" value increased from 1.164 x 107° to 1.680 x 107 ° esu,

and the nonlinear refractive index enhanced from 1.244 x 107° to 1.721 x 10~° esu upon annealing. The
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1. Introduction

Group III-VI-based semiconducting In-Se chalcogen-based
compounds are the leading applicants for various solid-state
devices like phototransistors, optoelectronic, photodetectors,
and thermoelectric ones.'™ The addition of another chalcogen
element like Te into the In-Se matrix makes it more applicable
in various ways such as photovoltaics, electrical switching, and
phase change memory applications.”® The inclusion of such a
dopant turns acts as a chemical modifier by bringing the
disorder (compositional) that leads to the change in the elec-
trical properties of chalcogenides.” Metal doping in chalcogen-
ides bring numerous changes in their properties and is useful
for various optoelectronic applications.® The substitution of Te
into In-Se lowers its bandgap, which is appropriate for solar
cell absorbing material. The thermal as well as electrical switch-
ing behavior of Segs_,Te;4In, compounds is suitable for elec-
tronic devices. Among these, SegoTe4Ins comes out to be the
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change in photoconductivity upon annealing is very useful for visible light photodetection.

fastest phase-change material. It has an I, value of 1.3 mA as
the memory-switching current threshold and 49.2 V as the
threshold voltage.® The indium-added Se-Te films of the
Se;s_,Te,sIn, system are good for optical disk making.9 The
existence of ion-covalent bonds in Seg,Te,,_,In, films increases
the thermal conductivity and thermal diffusivity.'® In,(Te;_,.
Se,); is a layered compound from the Aj'B} family with a
disordered structure and cation vacancies. The ion irradiation
on such films forms defects inside the films and leads to
enhanced electrical transport properties for better thermoelec-
tric performance.'’ The annealed In;eSe,oTey, thin films
showed an increase in crystallinity with In,Te; and In,Se;
phases that increased the energy gap and reduced the refractive
index upon annealing. The tuning in the optical characteristics
of InjoSesoTe,o films is used for non-linear optics.'> The
electrons and holes are localized in the InSe and InTe layers
for the InSe/InTe van der Waals heterostructure. It shows
intrinsic type-II band alignment. The conversion from type-II
to type-I band alignment makes it suitable for light-emitting
devices. The flexibility of such two-dimensional InSe/InTe vdW
heterostructure paves the path for future optoelectronic
devices.” The electronic excitation in Iny(Teg.04S€0.06); N-type
films improves the material for better thermoelectric
performance.'* The systematic increase in current with tem-
perature in In,(Te;_,Se,); films indicates its semiconducting
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nature. Such films have low activation energy, which is suitable
for phase change memory applications."®

There are various ways to prepare the In-Se-Te composite
films, like conventional melt quenching and thermal evapora-
tion methods. However, the diffusion of dopant into the host
matrix also forms ternary compounds through external energy
sources like ion irradiation, laser annealing, and thermal
annealing.’®*® Light-induced Te diffusion onto As,S; film
reduces the optical bandgap by forming different homopolar
bonds. Such changes are because of the change in the density
of states and disorder in the system.'® The solid solution of As-
Se-Te forms from the Te/AssoSeso bilayer structure upon irra-
diation with near-band-gap laser light. This solid solution has a
reduced band gap in the diffused region with an increase of
density of states at the band edge.’* Among these methods,
thermal annealing is considered the low-cost, easy, and safe
way for the dopant introduction into the host materials. The
annealed films have larger nonlinear parameters like refractive
index and 3rd-order nonlinear susceptibility, which makes
them suitable for phase-change material-based optoelectronic
applications.>" The formation of a mixed phase of In/Se and
In,Se; after 300 °C annealing makes the film a polycrystalline
one with a reduced bandgap of 2.82 eV.”* The Bi inclusion into
the In,Se; layer forms Bi,Se;, BisSe;, and BiSe phases at the
interface. The op, Gelect, and refractive index changed signifi-
cantly and were found suitable for making multifunctional
optoelectronic devices.>® The Ag/In/Ag/In multilayer stack upon
annealing forms the AgInSe, and impurity Ag,Se phases. The
resulting alloy behaves like an n-type conduction mechanism
with reduced resistance and increase in temperature. The newly
formed AgInSe, from Ag/In/Ag/In multilayer is suitable as an
absorbing material for solar cell devices.** Therefore, thermal
annealing plays a pivotal role in bringing the desired changes
in the sample as per requirement.

The annealing temperature influences the Te diffusion into
Ni, which affects the reaction product. The penetration depth of
Te increases as the annealing temperature is enhanced from
500 °C to 1000 °C. The obtained surface reaction product comes
out as NiTeyq, (NizTe,) or a mixture of NiTegeo.>> The for-
mation of CdTe;_,S, ternary compound at the CdTe-CdS inter-
face is due to the Te interdiffusion into the CdS layer through
post-thermal annealing.*® Similarly, the formation of CdS, _,Te,
through Te diffusion into the CdS layer resulted in a band gap

Glass substrate

Scheme 1 Schematics of Te/In,Ses film and annealing procedure.
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less than that of CdS. This caused an increase in light absorp-
tion in the window layer with a reduction in the J,. of the
device.”” The carrier concentration changed with a reduction in
thermal conductivity by keeping the structure and composition
the same in Te evaporated annealed samples. Looking at the
importance of Te inclusion into various host matrices, the
current investigation lies in the diffusion of Te into In,Se;
films at various annealing temperatures (100 °C, 150 °C, 200 °C,
and 250 °C). The structural, optical, and morphology changes
are dependent on the annealing temperatures. The optimized
parameters were determined through various experimental
techniques on these films.

2. Film preparation and
experimental characterizations

2.1. Te/In,Se; film preparation

The bilayer Te/In,Se; film structure was prepared from high
purity (99.999%) Te and In,Se; powders purchased from Sigma
Aldrich. The bottom In,Se; layer of ~800 nm was grown on the
glass substrate (cleaned one) by the thermal evaporation
method at a 0.5 A s™* deposition rate. The deposition chamber
was under a vacuum of 10> torr. The thickness of the layers
was monitored through a thickness controller. The substrate
holder was on continuous rotation by a slow-speed motor for
uniform and smooth film deposition. The same procedure was
repeated for the deposition of the Te layer of ~20 nm on the
prepared In,Se; film layer. The schematic diagram of the film
structure and annealing of the films are shown in Scheme 1.

2.2. Experimental characterizations

Cross-sectional field emission scanning electron microscopy
(FESEM) (JEOL-SEM-7601F) was used to verify the formation of the
bilayer structure. The cross-sectional view was captured at an
operating voltage of 30 kV at a high vacuum. FESEM was used
to image the surface morphology of the films after different
annealing treatments. Te, In, and Se in both annealed and as-
grown films were verified from energy dispersive X-ray (EDX)
analysis. The EDX unit also used elemental mapping, which
presents the uniform spreading of different elements. The mor-
phology and structural changes were further confirmed through
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Te/In,Se;

Glass Substrate

Scheme 2 Schematic for /-V measurement of the films.

high-resolution transmission electron microscopy (HRTEM, JEM-
2100-HRTEM) pictures.

The planes corresponding to the different phases present in
the sample were mapped using selected area electron diffrac-
tion pattern (SAED). TEM was conducted on the 250 °C
annealed film. Structural modifications were investigated using
a Brucker-D8 advance X-ray diffraction (XRD) unit. The Cu-K,
source (1 = 1.541 A) was employed as the X-ray source. Data was
collected at a step size of 0.02° s~ with a glancing angle of 1°
from 10° to 70°. Raman spectroscopy was done using a HORIBA
Raman spectrometer (1024 x 256 OE) with a 632 Helium-Neon
nm laser source and a CCD detector for taking data from 50-
500 cm~'. A UV-visible spectrophotometer from JASCO V-770
was employed to record the transmission data between 1200-
2500 nm with a resolution of 0.5 nm. Various theoretical
formulas were used to evaluate linear-nonlinear optical factors
from the transmittance data. A DMe-211 Plus contact angle
meter was employed to take the data at a temperature of 25—
27 °C with 25-35% relative humidity. The 1 pL liquid droplet
was formed at the end of the syringe, which was brought in
contact with the film surface. The static image was recorded
just after the withdrawal of the syringe within 3 s by a charge-
coupled device (CCD) camera. The presented data is based on
4-6 repetitions. The Keithley 2450 Source Measure Unit was
used to measure the current over —10 to 10 V at a 0.03 V step
size. The readings were taken multiple times to reproduce the
measurement. A 9-W white LED bulb was used to take the
photo response under light-dark conditions (Scheme 2).

3. Result analysis

3.1. Surface morphology by FESEM, EDX, and TEM study

The Te/In,Se; bilayer film structure is viewed from the cross-
sectional FESEM (Fig. 1) images. The as-grown and annealed
film thicknesses are well observed from the layer structure. The
as-prepared Te/In,Se; film has a thickness of ~789 nm for the
bottom In,Se; layer, while the top layer Te has a thickness of
~29 nm, as shown in Fig. 1a. The Te top layer was not uniform
due to the small thickness value deposited within a short time
duration. The thickness of the 250 °C annealed film is shown in
Fig. 1b, which offers a single layer resulting from intermixing
the two layers with heat energy. The film thickness remains

170 | Mater. Adv., 2025, 6, 168-183
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Fig.1 Cross-sectional FESEM image of Te/In,Ses (a) as-prepared (b)
250 °C annealed film.

nearly the same (slight reduction of ~3 nm) after annealing,
which infers that there is no change in the thickness of the film
with heat treatment in this case. Heat treatment may improve
the film microstructure due to intense crystalline growth with-
out affecting the film thickness.

The elemental mapping technique gives valuable data on the
composition and uniformity of the film. Fig. 2 illustrates the In,
Se, and Te mapping of the as-deposited film. The presence of
every element has been confirmed, and the elemental mapping
of the thin film sample demonstrates the homogenous distri-
bution of all three elements inside the film. The elemental
mapping for the 250 °C film is presented in Fig. S1 (ESIY).

Fig. 2 shows the EDX spectra for the as-deposited Te/In,Se;
film, which have prominent peaks that refer to the existence of
different elements. The intensity versus energy plot represents
the shell energies of the material components. The small peaks
near 0.277 keV are for carbon (C). This was taken during
imaging for charge correction. The peaks near 1.34 keV belong
to the Se-atoms. The In and Te peaks are located near 3.35 keV
and 3.91 keV, respectively. Another small In peak is located near
0.5 keV. Extra low-intensity Au peaks are found at 2.132 keV, which
was used for coating the samples during imaging process. Fig. S2
(ESIt) presents EDX spectra for Te/In,Se; films annealed at 100,
150, 200, and 250 °C. The elemental composition, both atomic and
weight%, is presented in Table S1 (ESIt).

FESEM is a salient tool that plays a crucial role in the
characterization of films, offering valuable insights into their
structure, morphology, and properties. Fig. 3(a—e) depicts the
FESEM images of both the as-prepared and annealed thin films
at a 100 nm magnification. The images demonstrate the con-
sistency of the films. The morphology of the films were found
to be nanoparticles, which remained unaltered even after
increasing the annealing temperature from 100 °C to 250 °C.
The FESEM images of all the samples (both as-prepared and
annealed) at a 1 pm magnification are presented in Fig. S3(a—e)
of the ESL.{

The average particle sizes for all the films have been calcu-
lated and illustrated in Fig. 4. It comes out to be 77, 84, 87, 89,
and 93 nm for the as-prepared and 100, 150, 200, and 250 °C
annealed thin films, respectively. The nanostructured particle
size was found to increase with annealing temperature, demon-
strating surface modification during annealing. This increase
in particle size due to annealing might be attributed to thermal
expansion, whereby the increase in annealing temperatures

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of Te/In,Ses films at different conditions at 100 nm.

leads to an augmentation in the kinetic energy of atoms. The
variation in particle size of the as-prepared as well as annealing
temperatures is given in Fig. S5 (ESIt).

TEM study of the material gives good insight into the
morphology and structural properties. Fig. 5 represents the
TEM images of the 250 °C annealed Te/In,Se; thin films.
Fig. 5(a—c) presents the TEM images for the thin films at various
scale ranges. Fig. 5(d) illustrates the HRTEM image, which
confirms the presence of various phases such as (1 0 0) and
(2 0 1) of the Te phase with the d-spacing values in the range of
3.79 A and 1.95 A, respectively. Similarly, other planes such as
(1 04)and (1 0 10) confirm the In,Se; phases with d-spacing of
3.19 A and 2.24 A, respectively. Fig. 5(e) confirms the presence
of the (1 0 10) plane of In,Se; with a ‘@ value of 2.24 A. The
SAED pattern of the annealed thin film is illustrated in Fig. 5(f),
which confirms the existence of two In,Se; planes, (1 0 4) and
(1 0 10), agreeing with the XRD results. The TEM image,
HRTEM image, and SAED pattern of the as-prepared thin film

© 2025 The Author(s). Published by the Royal Society of Chemistry
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has also been illustrated in Fig. S4 (ESIt). Fig. S4(a) and (b)
(ESIt) illustrates the TEM images of the as-prepared Te/In,Se;
thin film sample at 50 and 100 nm respectively. Moreover, the
HRTEM image of the sample has been depicted in the Fig. S4(c)
(ESIY). Furthermore, the SAED pattern of the sample has been
shown in Fig. S4(d) (ESIT). It can be clearly understood that no
significant changes occurred to the morphology of the films. In
both as-prepared and annealed cases, the morphology can be
observed to be nanoparticles, confirming the FESEM results.
The intense (1 0 4) plane further supports the In,Se; phase,
which can be observed from Fig. S4(c) (ESIT).

3.2. XRD and Raman analysis

The XRD pattern of Te/In,Se; films at different conditions is
illustrated in Fig. 6(a). In the current report, Te is deposited
over the In,Se; in the 20 nm range. The as-grown and annealed
films show both In,Se; and Te phases. For the as-grown film,
the peaks appeared near 28.16°, 40.46° and 42.76° correspond

Mater. Adv., 2025, 6,168-183 | 171
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Fig. 4 Particle size distribution of Te/In,Ses films at different conditions.
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Fig. 5

to the In,Se; rhombohedral phase (ICSD: 01-072-1470), which
corresponds to the (1 0 4), (1 0 10) and (0 1 11) planes. Other
peaks appeared around 22.87°, 49.67°, 63.45° and 65.82° corres-
ponding to hexagonal Te phase (00-001-1313), representing the
(100), (201), (210), and (211) planes, respectively. A similar
pattern is observed for 100 °C, 150 °C, and 200 °C annealed
films, with an increment in the peak intensities. However,
for the 250 °C annealed thin films, various smaller intensity
peaks appeared around 28.96°, which corresponds to the In,Se;
phases of the material. This enhancement in the peak intensities
and formation of new peaks after annealing confirms the
increment in the crystallinity of the material. Since annealing
provides the energy required for atomic rearrangement, it
might improve the crystalline structure of tellurium. Te
atoms consequently become more structured, which increases

172 | Mater. Adv., 2025, 6, 168-183
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(a)—(c) TEM images, (d) and (e) HRTEM images, and (f) SAED pattern of the 250 °C annealed Te/In,Ses thin films.

crystallinity and produces intense diffraction peaks.*® There are
several methods used for the calculation of different structural
parameters of the thin films. In the current study, Scherrer’s
formula and Williamson-Hall’s method have been adopted to
analyze the structural behavior of the material. From Scherer’s
observation, the structural parameters were calculated from the
relations,>’

Crystallite size (D) = % (1a)
Lattice strain (¢) = @ (1b)
. . . 1

Dislocation density () = — (1c)

D?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) XRD pattern and (b) Williamson—Hall plot (c) Raman spectra of as-prepared and annealed Te/In,Ses thin films.

Number of crystallites per unit surface area (N.) = oy

(1d)
where ‘) is the CuK, line wavelength (1.54 A), and 0 is Bragg’s angle.
p represents the full width at half maximum (FWHM). The esti-
mated parameters are listed in Table 1. XRD analysis uses the
Williamson-Hall (W-H) method to retrieve data regarding the strain
and size of crystalline materials. This is especially helpful when
describing materials that are polycrystalline or nanocrystalline. The
X-ray diffraction peak broadening is related to both crystallite size
and microstrain, as per the Williamson-Hall formula.
The total broadening is written as*°

ﬂtotal = ﬁsize + ﬁstrain (Za)

with fi,. as the crystallite size broadening and fgain as broad-
k

ening for strain. The Scherrer equation, f,. = Dcost

Table 1 Estimated structural parameters of as-prepared and annealed Te/I

The macro strain-induced XRD peak broadening is given by
PBstrain = 4 tan 0.
now,

ﬁtotal = D— +4etan0

cos 6 (2b)

or,

Prota COS 0 = 4esin 6 + % (2¢)
The W-H plot for the Te/In,Se; films is shown in Fig. 1(b). It is
evident from eqn (2c) that the crystallite size is determined by
calculating the inverse of the intercept by kA, while the slope (¢)
represents the lattice strain. The structural parameters were deter-
mined using both methods, which are provided in Table 1. An
elevation in annealing temperature typically leads to a notable

n,Ses thin films

Scherrer’s method

Williamson-Hall plot

Structural parameters D (nm) &(x 10 %) S(mm ?) x10° N, (mm®) D(mm) &(x10 %) S(mm ) x10° N (nm?)
Asp 19.11 5.94 2.73 0.11 18.14 5.23 3.03 0.13
100 °C 19.84 5.21 2.54 0.10 19.26 5.01 2.69 0.11
150 °C 26.20 4.90 1.45 0.04 24.51 4.69 1.65 0.05
200 °C 44.80 7.84 0.49 0.09 42.16 6.08 0.56 0.01
250 °C 48.54 8.56 0.42 0.07 46.89 9.26 0.45 0.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
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augmentation in the crystallite size of the material. This phenom-
enon often involves the amalgamation of smaller particles into
larger ones. As the temperature rises during annealing, the crystallite
size increases. This is because fewer defects exist, which encourages
grain growth and improves crystallinity.>' The underlying cause of
internal stress in thin films predominantly stems from lattice
defects, such as dislocations, as well as lattice mismatches with
the substrate. Annealing process releases internal stresses in the thin
film, which lowers defect concentrations and lattice distortions. The
unit cell dimensions may change as a result of compositional
changes caused by annealing, such as the addition or removal of
Te atoms or Se vacancies. Furthermore, the lattice spacing is
impacted by the material’s thermal expansion. The crystallite size,
micro strain, and lattice parameters of the annealed thin films can
be strongly influenced by the lattice mismatch between the Te and
In,Se; layers as well as interactions with the sample holder during
the annealing process. The strain induced at the two materials’
contact as well as potential outside stresses during annealing are the
causes of these effects.*” As the annealing temperature rises, there is
a gradual decrement in dislocation density within the sample,
leading to a discernible enhancement in the average strain. Addi-
tionally, an intriguing observation surfaced: each parameter derived
from the Williamson-Hall plot exhibited values lower than those
calculated using Scherrer’s formula.*®

Raman spectroscopy is a powerful technique for analyzing
materials by looking at their molecular vibrations. The peaks

View Article Online
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are assigned to specific vibrational modes based on their
wavenumbers and symmetry properties.** The Raman spectra
of the material are shown in Fig. 6c in the range of 50-
600 cm . Different vibrational modes have been identified at
124,210, and 248 cm ™. The 124 cm™ " peak can be attributed to
the A;; mode, which is only due to the vibrational motion of Te
atoms.>® The satellite peak at 210 cm ™' refers to an E-type
vibration of InSe. The E-type vibration of InSe provides a
specific vibrational mode where the atoms within the crystal
lattice vibrate symmetrically along the axis parallel to the lattice
plane.?® Furthermore, the Raman peak at 248 cm ™" refers to the
optical phonon mode due to the vibration of the In and Se ions
along the direction of light propagation within the thin film.*”

3.3. XPS study

A prominent surface analysis method for examining the funda-
mental composition and chemical bonding of materials is XPS.
In XPS, the environment encompassing an element, such as its
chemical bonding and oxidation state, is reflected in the
element’s core-level binding energy. The purpose of the
measurement was to obtain data about the different kinds of
bonds that are present in the film. The XPS spectra of the as-
prepared and 250 °C annealed Te/In,Se; thin film have been
demonstrated in Fig. 7. The high-resolution XPS spectra of In
3d, Se 3d, Te 3d, and the survey spectra have been shown in
Fig. 7(a-d) respectively. The binding energy values of as-
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Fig. 7 XPS spectra of (a) In 3d, (b) Se 3d, and (c) Te 3d (d) survey spectra of as-prepared and 250 °C annealed Te/In,Ses thin film.
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prepared In 3d at 444.55 eV and 452.09 eV correlates to the In
3ds/, and In 3d;,,, respectively, which is shown in Fig. 7(a). This
corresponds to the peak-to-peak parting of 7.54 eV. It can be
observed that the binding energy has shifted slightly towards
higher energy in the 250 °C annealed thin film.*® Similarly, the
Se 3d core level peak for the as-prepared thin film has been
found to have a binding energy of 54.75 eV, which correlates to
the Se 3ds,, as shown in Fig. 7(b). The intensity increased for
the annealed thin film compared to the as prepared,
which signifies the Se-Se homopolar bond density.>* Mean-
while, the Te 3d core level peaks are found at binding
energies of 575.28 eV and 585.63 eV, corresponding to Te 3ds,
, and Te 3d;,, respectively. This has been illustrated in
Fig. 7(c). The peak at 575.28 eV corresponds to the existence
of Te*”, while the peak at 585.63 eV confirms the orbital
bonding of Te, which enhances the other elements.*® Addition-
ally, the survey spectra have been shown in Fig. 7(d) in the 0-
1200 eV range. The Te 3d, In 3d, and Se 3d peaks that originate
from the Te/In,Se; thin films are apparent in the XPS survey
spectra. The corresponding oxidation state and shift in the
material after annealing also revealed the formation of the Te/
In,Se; thin film. Since XPS provides comprehensive informa-
tion about the elemental composition and chemical state, it
will help in understanding of thin film formation. Therefore,
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3.4. Linear optical parameters from UV-visible study

3.4.1 Transmittance, absorption, and extinction coefficient.
The optoelectronic parameters of the films depend on the
primary data of transmittance and absorbance of the sample.
The type of interaction of the incident electromagnetic wave and
semiconducting film dictates the shape of the optical spectra.
The transmission window for the studied film is found to be
between 1500 nm and 2500 nm, as shown in Fig. 8a. The bilayer
Te/In,Se; film is found to have 60% transmission at 2500 nm
wavelength, which gradually decreases upon annealing. The
interdiffusion of Te into the bottom In,Se; layer decreased the
transmission by creating more scattering centers, and thermal
annealing induced increased crystallites, as seen from the XRD.
The transmission significantly reduced to ~8% for the 250 °C
annealed film. Such reduction in transmission indirectly
increased the absorption power of the film, as seen in Fig. 8b.
The absorption edge’s move to a higher wavelength region upon
annealing is noticeable, which indicates a decrement in the
optical bandgap.

The absorption coefficient («) value is evaluated from the
primary transmission data (7) and by considering the thickness
of the film (d) as determined from the cross-sectional FESEM in
the equation®'

these XPS results infer the formation of the thin film and the 1 1 1 3)
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Fig. 8 (a) Transmission (b) absorption coefficient (c) extinction coefficient of the Te/In,Ses film.
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The ‘o’ value is within the range of 10™* ecm™" along the
entire range of the wavelength. The annealed films have higher
‘e’ values than the as-prepared Te/In,Se; film.

The bond rearrangements occur with the breaking of weaker
bonds and converting them into saturated ones upon thermal
annealing. Such a process is responsible for the atomic and
molecular reconfiguration inside the film.*> The increased
scattering centers due to annealing caused a light loss in the
film and are evaluated by the optical quantity extinction
coefficient (k). The traveling electromagnetic wave inside the
film attenuates with length, and its intensity changes with the
absorption of light. This is expressed as an absorption index.

oA . . .
The calculated k = in value varies with annealing temperature

in an increased pattern, as shown in Fig. 8(c). The presence of
high amounts of unsaturated bonds and defects in the chalco-
genide material, are accountable for localized states. The heat-
ing of the films annealed out those unsaturated defects and
created more saturated bonds. The localized state density is
reduced by the decreased concentration of unsaturated defects,
which affects the refractive index (n) and & values. The increase
in ‘¢’ with annealing is because of the change in density as ‘k’ is
related to surface defects and disorder, which arise from Te
diffusion into the In,Se; layer.*’

3.4.2 Optical density (OD), skin depth (4), and bandgap
(Eg). Optical density measures the absorbed light by the film and
is evaluated by o x d with ‘@ as film thickness. The variation of
OD with wavelength is represented in Fig. 9a. The OD value
decreased gradually with increase in wavelength, which suggests

8
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a normal dispersion behavior. Upon an increase in temperature,
the OD value is enhanced with the annealing temperature. The
increased value of OD at the IR region with annealing leads to
increased material concentration, leading to lower transparency,
as found in Fig. 8a. Such an increase also shows the carrier
mobility increment, thus reducing the E, value.**

Skin depth measures the penetration length of the incident
wave through the film. The point where the amplitude turns
into 1/e times its original value is measured as the ‘¢’. It is
evaluated as the reciprocal of the absorption coefficient as 6 = 1/
o. The decrease in ¢ value with annealing is presented in
Fig. 9(b). The ¢ value also depends on the film conductivity,
which is also discussed in the next section. In the present case,
the bandgap is reduced with annealing, which supports the
decrease in skin depth with annealing. The observed decrease
in the ‘0’ value at specific wavelength regimes allows it to make
different multimode optical fibers.**

The band gap of semiconducting materials depends on
absorption strength and is dominated at a higher absorption
region with ‘¢’ more than 10* cm ™. The dependence of the ‘@’
with photon energy follows the Tauc rule as,*®

ahv = B(hv — Eg)* (4)
The band tailing parameter ‘B’ is called the Tauc parameter,
which measures the structural randomness in a semiconduc-
tor. The exponent ‘2’ decides the transition modes in the
semiconductors. If z = 2 or z = 1, and fits well to the experi-
mental data, then it is indirect and direct allowed transition,
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Fig. 9 (a) Optical density (b) skin depth (c) bandgap of the Te/In,Ses film.
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respectively. In the current study, z = 1 fits well with the data, thus
showing the directly allowed semiconductor. Fig. 9(c) demon-
strates the annealing-induced bandgap variation at different tem-
peratures from the host material. The calculated values from the
linear fitting are presented in Table 2. The bandgap changed from
0.865 to 0.747 eV at 250 °C annealing. The particle size/density of
defect states increase might be accountable for the reduction in
band gap by annealing.”” The average particle size (D) increased
with annealing, as found from XRD analysis. A decrease in E, with
annealing is interpreted as inducing crystallization in semicon-
ducting films. The Tauc parameter reduced on annealing, thus
inferring the change in the defect state density.

The % of E, change (%E,) is taken as an optical entity to
study the significant change in Te/In,Se; films after thermal
annealing.*®

% Eg = Eo = Ee 09 (5)
Ego
where E, and E, are the band gaps for as-deposited and
annealed films. The % of E, change of the annealed film varies
from 5.08%, 8.43%, 11.21%, and 13.64% for 100, 150, 200, and
250 °C, respectively. This change in the % E, of the material
confirms that there is a significant change in the optical proper-
ties of the film. Hence, annealing brought alteration in the
optical parameters, which enabled it for various applications.
3.4.3 Static refractive index, high-frequency dielectric con-
stant, optical electronegativity. The estimated E, value of the
films is used to evaluate the static refractive index (n,) for Te/
In,Se; thin films by Dimitrov and Sakka relation®’

2
ny- — 1 E,
— 1o/t 5
e +2 20 (52)

The evaluated value is found to be improved on annealing as
presented in Table 2. The improvement in n, value with a
decrease in E, is satisfied by Moss's relation, i.e., Egn4 >~
constant.”® The ‘n,’ values show the increasing nature of
annealing. The modified Moss relation led to the relation.

495

nv = e
Eg

(5b)
with a ‘&’ value of 95 eV. The relation which is applicable for
materials below the bandgap values of 4 eV is developed by
Ravindra as™'

ng = 4.084 — [0.62 X Eg] (5¢)

Table 2 Calculated optical parameters of Te/In,Ses thin films

Optical parameters Te/In,Se; 100 °C 150 °C 200 °C 250 °C
E% (direct) ev 0.865 0.821 0.792 0.768 0.747
B*(x 10" em™2ev >  3.37 3.24 2.72 269  2.51
no 3.524 3.578 3.616 3.648 3.677
o 12.425 12.806 13.075 13.309 13.523
nE,Bt 1.640 1.634 1.630 1.626 1.623
x 0.909 0.941 0.961 0.980 0.997
1 (x 10710 esu) 1.164 1.327 1452 1568 1.680
n, (x 107° esu) 1.244 1.397 1.513  1.619 1.721

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This formula has limitations for very high and very low
bandgap materials.

The oscillator theory-based model for low bandgap material
was formulated by Herve-Vandamme®?

y 2
=1+ )
E.+B

here, the value of A is 13.6 eV and B is 3.74 eV. Tripathy
established an empirical relation® for a wide range of frequen-
cies which is given as

(5d)

ny=1.73 x [1 +1.9017 x e (©-239%F)] (5€)
The values of the refractive index obtained from various
models are shown in Fig. 10a, which shows the inverse varia-
tion with bandgap values.
The estimated high-frequency dielectric constant (&., = 1),
enhanced by annealing, which measures the electrical polariz-
ability of the compound is shown in Table 2. The optical

1/4
electronegativity by Duffy relation,> n,, = (—) , with A =
no

25.54 gives information about the attractiveness of a radical or
atom to electrons to form an ionic bond. The evaluated values
gradually decrease from 1.640 (as-prepared) to 1.623 upon
annealing at 250 °C (Table 2). The small change of 1.03% shows
the stability of the annealed films on optical electronegativity.

3.5. Nonlinear optical parameters

The high nonlinear optical susceptibility possessed by the
chalcogenide-based compounds makes them important for
nonlinear optics. Metal chalcogenides have interesting applica-
tions as sources for coherent light, materials with higher
conversion efficiency, infrared nonlinear optical materials,
ultrafast switching, electro-optic modulators, and more.>* The
optical polarization (P), which depends on the electric field
intensity (E), establishes a relation as

P=;WE+ Py (6a)
It contains both linear and nonlinear terms and is expressed
in the power series form like

P= e[y VE + yPE? + y9E + ] (6b)
The first term is the linear polarization that contains ‘™.
The other terms contribute to nonlinear response towards the
materials.’® The absence of inversion symmetry leads to the
zero value of »® (2nd order nonlinear susceptibility) for cen-
trosymmetric compounds. So, the measure contribution from
7® (3rd order nonlinear susceptibility) to the nonlinear beha-
vior of the semiconducting materials. The %) is an important
entity for nonlinear optics. It plays a pivotal role in stimulated
Raman scattering, four-wave mixing, third harmonic genera-
tion, two-photon absorption, self-phase modulation, as well as
cross-phase modulation.’” The 3 is dependent on the linear
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71 by static refractive index (n,) as®®

2 4
O = A(X(l)>4: y (no - 1/)
4n

n02 -1

(6¢c)

with () = and ‘A’ = ~1.7 x 10~ '°. The obtained values

T
of ‘4" and *¢®” using static refractive index are presented in
Table 2. It is observed that the as-prepared Te/In,Se; film
possesses ‘) as 1.164 x 107! esu, which increased to
1.68 x 107" esu for the 250 °C annealed film. Such change is
due to enhancement in ‘4" on annealing. The increase in 7
and y is due to the effect of polymerization and homogeniza-
tion by annealing. It leads to local structural change. The
refractive index of a material is related to the nonlinearity, so
the susceptibility is changed due to the inclusion of metal into
the host matrix. The variation of ‘E,’ and 7 for different films is
illustrated in Fig. 10b at different annealing conditions. The
SegsTe;oIns film has y and »® values as 0.208 and 0.407 x
10~"* esu, whereas the present sample shows a higher value, as
mentioned in Table 2.>° The nonlinear refractive index (1,) is
dependent on the incident ray intensity and ultimately is asso-
ciated with the 7 value. It is calculated by the relation,*’

~ my®
i

n (Gd)
The calculated value of ‘n,’ varies from 1.244 x 10 ° esu to

1.721 x 10~° esu for the Te/In,Se; film and 250 °C annealed

film. The obtained n, and 7 values are more as compared to

silica, which has potential applications in many nonlinear
optical devices.®® The obtained nonlinear parameters of the
annealed films are good for various nonlinear optical devices.

3.6. Surface wettability study

Surface wettability is generally determined by contact angle
analysis. It is a function of surface physicochemical properties,
including surface functional groups, surface roughness, surface
charges, and surface free energy. Contact angle measurement is
a simple stand-alone method that provides information on
surface tension, hydrophilicity, hydrophobicity, and interaction
energy.®’ The contact angle is an important surface quantity in
determining the wetting capability of the film surface. It is of
more importance to surface science for its fundamental aspects
and applications. Generally, the nature of the surface is deter-
mined by its adhesion related to wetting. The evaluation of the
degree of interaction between liquid and solid surfaces in
contact measures the surface wettability. Such quantity is
evaluated by contact angle measurement, and the measured
angle is termed as contact angle (0,). For the surface with high
wettability nature, the 0, is very small (<90°), and such quality
is called a hydrophilic nature. For the surface with low wett-
ability, the contact angle is generally very high (>90°), which is
termed a hydrophobic surface.

From Fig. 11, 0, = 88°, which shows the hydrophilic nature
of the as-prepared film surface. However, upon annealing the
Te/In,Se; film at 100 °C, the 0, value was reduced to 85°. There
is a gradual decrease in the 0, value that infers the increased

Fig. 11 Contact angle pictures of Te/In,Ses thin films.
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Table 3 Contact angle data of Te/In,Ses thin films

Sample 0, (degree) Pse (MN M) Wy (mN m™)
Te/In,Se; 88 19.275 74.502
100 °C 85 21.271 78.264
150 °C 39 56.841 127.936
200 °C 33 60.844 132.365
250 °C 28 63.809 135.553

hydrophilicity by the film surfaces. The 250 °C annealed film
shows 6, = 28°. So, it can be concluded that the hydrophilicity of
the films increases with annealing, therefore increasing surface
wettability. Hence, the ability to spread increases as the annealing
temperature increases. This is explained by Wenzel’s theory, which
states that the hydrophilicity of an inherently hydrophilic surface
improves when the material is made rougher.®” The surface energy
7sc) is evaluated by the equation 7y, = yy, (1 + cos 0)*/4. Here, the

View Article Online
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surface tension of water, 7, = 71.99 mNm ™ ~.%* The “y.. values for
the annealed film increased, as shown in Table 3. It infers an
increase in hydrophilicity with annealing. The Young-Dupre’s
relation, Wy = 7, (1 + cos),® presents the strength of binding
between water droplets and solid surfaces. The adhesion between
the solid and liquid surfaces is Wy which is enhanced by annealing
(Table 3). The hydrophilic surfaces are helpful for biofilm
formation.®* For a super hydrophilic film, the condensed layer of
water molecules on the surface reduces the interactions between
the surface and bacterial cells. Ivanova et al. showed that the
Gram-positive and negative bacteria are killed by the hydrophilic
black silicon with nano protrusion. So, the hydrophilicity shown by
the higher annealed film can be used for antibacterial activity and
the formation of good biofilm. The hydrophilic surfaces are used
for biomedical applications. The increase in the wettability of the
surface is suitable for manufacturing materials suitable for bio-
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medical applications.® A super-hydrophilic film surface is effec-
tively used for anti-fogging and self-cleaning applications. The
improved hydrophilicity after coating in electrospun nanofiber is
useful for filtration applications.®®

3.7. Photo-response study

The I-V characteristics of In,Se;, a compound semiconductor, are
crucial for understanding its electronic properties and potential
applications. When a voltage is applied across a material like
In,Se;, the resulting current-voltage relationship can reveal impor-
tant information about its conductivity, carrier mobility, and other
electrical behaviors.®” Typically, the I-V characteristics of In,Se;
exhibit nonlinear behavior, indicating its semiconductor nature. At
low voltages, the current rises slowly as carriers begin to overcome
the energy barriers present within the material. As the voltage
increases, the current increases exponentially, demonstrating the
onset of carrier injection and multiplication processes. This
exponential increase is characteristic of semiconductor
behavior.®® Annealing Te/In,Se; heterostructures can influence
their electronic properties by altering the interface structure, and
carrier transport mechanisms.® In the current case, the illumina-
tion light gradually decreased the photocurrent with the increase
in the annealing temperature. A similar pattern was also observed
for the dark condition. Fig. 12(a and b) represents I-V character-
istics at light and dark conditions of the studied thin films.

The electrical conductivity is found to have increased with
positive applied voltage, and the opposite trend is seen for the
negative voltage. The electron migration from the valence to the
conducting bands is the root cause of such changes with bias
voltage. The curves, which are crossing during the increase and
decrease of voltage, could be associated with the defect that
disturbs the conducting lines.”® The light current for the as-
prepared material remains in the range of mA only. This shows
a good photoconductivity of the material. The individual plots
for all the investigated films are represented in Fig. 13(a-e).
This clearly shows the enhanced light current and decreased
dark current for all samples. The resistance of all the films was
evaluated from the linear fitting of the I-V curve and taking the
inverse of slope (V/I). The values vary from 6.33 kQ,
7.80 kQ,11.71 kQ, 37.52 kQ, and 41.55 kQ for the as-prepared
and annealed thin films, respectively, as shown in Fig. S6 (ESIT).
The increase in the resistance value clearly shows support for the
enhanced current values of the as-prepared film.

4. Conclusion

The thermally evaporated Te/In,Se; bi-layer heterostructure
films, upon annealing at different temperatures like 100, 150,
200, and 250 °C, showed prominent changes in their structural,
optical, electronic, morphology, and surface wettability proper-
ties. The bilayer heterostructure and its intermixing upon
annealing were verified from the cross-sectional FESEM view
and the surface morphological changes through FESEM images
upon annealing. The EDX mapping showed the uniform dis-
tribution of the atoms in the films. The increased crystallinity
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was obtained from the XRD, which showed an increase in
average crystallite size from 19.11 nm to 48.54 nm upon
annealing. The lattice strain increased, and dislocation density
decreased upon annealing. The phases present in the film were
identified in the HRTEM study and the microstructural
changes were seen through the change in Raman intensity.
The significant decrease in transmittance increased the absor-
bance, optical density, and extinction coefficient while decreasing
the skin depth with annealing temperatures. The bandgap
reduction by 13.64% wupon 250 °C annealing influenced
the refractive index, which increased. The change is due to
the increase in crystallite size and the density of defect
states. The dielectric constant increased with a decrease in optical
electronegativity with annealing. The increase in refractive index
value increased the 3rd-order nonlinear susceptibility value from
1.164 x 107 esu to 1.680 x 10~ '° esu. The enhancement in
the hydrophilicity of the annealed films is good for biomedical
and self-cleaning applications. The annealing-induced modifica-
tions in the photocurrent are useful for various optoelectronic
applications.
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