
7640 |  Mater. Adv., 2022, 3, 7640–7654 © 2022 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2022,

3, 7640

Tuning the nonlinear susceptibility and linear
parameters upon annealing Ag60�xSe40Tex

nanostructured films for nonlinear and photonic
applications†

Subhashree Das,a D. Alagarasan,b S. Varadharajaperumal,c R. Ganesanb and
R. Naik *a

The current study focuses on the annealing-induced changes in the structural, non-linear/linear optical,

and surface morphological characteristics of nanostructured Ag60�xSe40Tex (x = 0, 5, 10, and 15%) films.

The increase in crystallinity with annealing at 150 1C and 200 1C signifies the structural modifications in

films, as observed by XRD and Raman analyses. Lattice shifting with Te doping was also investigated by

high-resolution transmission electron microscopy. The changes in the size and surface morphology of

particles were verified by field emission scanning electron microscopy. The compositional confirmation

and agglomeration of particles in the prepared film were checked via energy-dispersive X-ray

spectroscopy. Te doping in the film was also confirmed by X-ray photoelectron spectroscopy. The

reduction in the optical bandgap and increase in the Urbach energy of the films upon annealing were

calculated from the UV-visible data. The increase in the refractive index with the annealing temperature

modified the other linear parameters such as oscillator energy, volume, and surface energy loss

function. The skin depth decreased and the extinction coefficient increased with annealing. The increase

in the optical density value is good for the film to be used as a solar cell absorbing layer. The increase in

the non-linear optical properties, such as the first- and third-order susceptibility, and non-linear

refractive index, upon annealing is useful for nonlinear optical and photonic applications.

1. Introduction

Chalcogenide semiconductors have truly been used as multi-
purpose materials to fabricate various technical devices such as
IR detectors, electronic and optical switches, optical recording
materials, and optical storage devices.1–5 Although they show
numerous unique phenomena, they have the ability to control
and change their properties upon exposure to external treat-
ments such as thermal annealing,6 laser irradiation,7 or g-
radiation,8 and swift heavy ion irradiation.9 Thermal annealing
induces crystallization in chalcogenide semiconductor materi-
als. The amorphous to crystalline phase transition due to
annealing also exhibits large optical absorption changes,
enabling the chalcogenide semiconductors to be used in optical
storage applications. Due to the technological importance,

various studies have been conducted on the effect of annealing
on the chalcogenide materials for many optoelectronic devices
and other non-linear applications.10–12 Nanostructured thin
films are always in demand for their excellent optical and
electrical properties with tuneable sizes. The sizes of these
nanostructures are highly related to the confinement of charge
carriers inside the materials, which play a vital role in
the fabrication of optoelectronic devices.13 The thermal anneal-
ing effect on Ga11Se77Ag8 chalcogenide thin films shows the
amorphous to polycrystalline transformation along with a
decrease in the optical bandgap.14 Similarly, the optical proper-
ties of Se85Te10Bi5 thin films after the thermal treatment above
the glass transition temperature exhibit a phase reversal
behaviour.15

Selenium (Se)-based materials are mostly preferred due to
their numerous applications such as optical switching and
xerography.16 Although pure amorphous Se has a high viscos-
ity, its short lifetime and low stability restrict its applications.
To avoid all these difficulties, various other elements such as
In, Sb, Sn, Ag, and Bi are alloyed with it.17–21 Among all these
additives, silver is one of the most promising elements to be
used for potential electronic applications. Silver-containing
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chalcogenide materials are susceptible to ions and are excellent
ionic sensors.22 However, the silver selenide (I–VI) alloy forms a
special semiconductor that exhibits enhanced behaviours such
as high carrier density, good metal-like properties, and higher
mobility of ions.23,24 In this report, the studied materials
possess unique nanostructure properties to cause irreversible
structural damages and produce higher conductivity for nano-
materials. Moreover, a binary silver selenide is also used as a
nanostructured material for various sensing devices due to its
low dimensionality. In spite of mild toxicity, silver-containing
materials have also been used for solar cell applications and
some of biomedicine applications.

Moreover, the binary Ag–Se system is alloyed with other
chemical compounds to increase their sensitivity toward the
material’s electrical, structural, non-linear, and linear optical
properties. Ag–In–Se thin films prepared by an electron beam
deposition method undergo a drastic change in both optical
and structural properties when subjected to thermal annealing
at 200 1C and 400 1C.25 Upon intense exposure to light,
Ag10Se70Sb10 thin films show a higher photo-conductivity and
make them eligible for a sensor device.26 Since tellurium
provides rich photosensitivity, a smaller aging effect, and less
oxidation in the air, it is considered as a potential element for
many chalcogenide thin films. The addition of Te increases the
machinability and composite strength of the Ag–Se system.27

Agx(Se80Te20)100�x ultra-thin films prepared via thermal eva-
poration and annealed below the glass transition temperature
(328 K) show structural transformation with an enhanced
bandgap upon increase in doping concentrations.28 For some
chalcogenide thin films, the annealing effect at various tem-
peratures has showed an increase in conductivity due to the
tunnelling of carriers in the localized states.29 Some of the Te-
based materials doped with magnetic materials show diverse
properties after a thermal treatment.30 For Ge–Fe–Te chalco-
genide semiconductor thin films, the annealing process
induced a phase transition in their magnetic behaviour by
changing their crystal structure and a decrease in the transpar-
ency of the film.31 The Sn–Sb–S films annealed at different
temperatures have showed higher photoconductivity within a
specific range of wavelength.32 In the case of Ga15Se79In6 and
Ga15Se81In4 thin films, laser irradiation and thermal annealing
revealed amorphous to crystalline phase transition and other
significant changes in their optical behaviour for photovoltaic
applications.33 Photo-induced changes due to 532 nm laser
illumination on Ge12Sb25Se63 amorphous chalcogenide thin
films have showed an increase in the bandgap, which supports
photobleaching.34 Laser-induced Sb10S40Se50 chalcogenide thin
films exhibit a decrease in the optical bandgap, chemical
disorder, and enhanced grain size.35 Apart from this, several
chalcogenide-based nanostructured materials play a crucial
role in light-emitting devices and optoelectronic applications.
Many structural changes have been achieved by the heat treat-
ment of nanostructured materials such as 1D Cu2ZnSnS4(CZTS)
nanorods get transformed from the nanosphere by the anneal-
ing process.36 Similarly, by thermal annealing, CZTS nano-
cubes prepared by a sol–gel method changed to nanorods

without involving any toxic chemical and high vacuum.37 Ge–
Te nanoparticle thin films prepared by the sputtering method
possess optical properties in the range of infrared to ultraviolet
and also produce phase transition from amorphous to
crystalline.38 These phase transition materials are primarily used
in numerous optical and random-access memory devices and also
have wide applications in computing and photonic devices.
Various other kinds of nanomaterials have been grown in the
thin-film form to produce different nanostructures such as
nanorod heterojunctions, nanosheets, and nanoparticle nano-
heterostructures.39,40 The physical properties of (Se70Te30)100–xAgx

(0.0 r x r 8.0) ternary glassy alloys show an increase in cohesive
energy and average bond strength with a covalency parameter of
490%. The compositions are stable glass formers and may be
used in the infrared system.41 The rate of enhancement of
transmittance is higher in the infrared regions for Ag2(Se.3Te.7)
thin films and quantum confinement and other factors lead to an
increase in the band gap, and beyond a specific thickness, the
annealing effect becomes dominant and the band gap is con-
tinuously lowered.42 From the previous studies, it has been seen
that the incorporation of Te into the Ag–Se system alters different
linear and non-linear properties of the material for various optical
device-related applications.43 The Ag–Se–Te ternary system is an
important thermoelectric material system, and typically, it shows
the best thermoelectric performance at low temperatures. How-
ever, some studies suggest that they can also be used at higher
temperatures in the range between 200 and 400 1C.44,45 In this
regard, we tried to prepare the nanostructured Ag–Se–Te films by
doping Te in the Ag60Se40 binary matrix and induced annealing at
temperatures of 150 1C and 200 1C. The Ag–Se–Te system shows
good structural, morphological and high non-linear properties.
After external energy treatment, it induces various structural,
optical as well as morphological changes in it which will enable
its future application as an efficient and stable material for many
thermoelectric and optoelectronic devices.

The present work investigates the optimization of structural
and optical properties of the thermally annealed Ag60�xSe40Tex

(x = 0, 5, 10, and 15%) thin films. The crystalline nature of the
studied thin film was verified by X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM),
and the corresponding changes in the chemical bonds were
confirmed by Raman spectroscopy. Similarly, the composi-
tional and surface morphological alterations were observed
using an energy-dispersive X-ray (EDX) spectrometer attached
to a field emission scanning microscope (FESEM). The further
confirmation of Te doping was done by X-ray photoelectron
spectroscopy (XPS). Essential parameters such as linear and
non-linear optical properties were calculated from the data
taken by UV-Visible spectroscopy using different formulas.

2. Experimental procedure
2.1. Sample preparation

The bulk samples of Ag60�xSe40Tex (x = 0, 5, 10, and 15%) were
synthesized by properly mixing highly pure (99.999% Sigma
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Aldrich) Ag, Se, and Te chemicals via a melt quenching process.
A sealed ampoule containing the constituent chemicals was
heated at B3–4 1C min�1 till 1000 1C inside a furnace and was
held for 24 h. The homogeneity of the sample was maintained
by the continuous rotation of the ceramic rod inside the
furnace using a low-speed motor. The sudden quenching of
the heated ampoule was done using ice-cold water. The films of
B800 nm were prepared from the bulk samples by a thermal
evaporation process using a HINDI-HIVAC Model 12A4D coat-
ing unit. A cleaned corning glass was used as the substrate,
which was first dipped in hydrogen peroxide (H2O2) and further
treated with trichloroethylene, acetone, and methanol in an
ultrasonic bath. The coating of the film was done at a deposition
rate of 0.5 nm s�1 under 10�5 torr vacuum. The prepared films
were annealed at 150 1C and 200 1C for 2 h under the pressure of
10�3 torr with a temperature gradient of B5 to 6 1C h�1.

2.2. Sample characterization

The structural study of the annealed Ag60�xSe40Tex films was
conducted using a Bruker D8 Advanced XRD system with CuKa

radiation. The data are taken in the range of 101–901 at a scan
speed of 11 min�1 with a step size of 0.021 s�1 and a grazing
angle of 11. The Raman data were recorded using a LabRAM HR
Raman system in the frequency range of 100–400 cm�1 using
an argon laser source and a CCD detector in the backscattering
mode. The concentration of different elements in the film was
checked by EDX, which is attached to the FESEM unit (Carl
Zeiss Ultra 55). The surface scanning is done over a 1 � 1 cm2

sample size at 3–4 positions at a 2 � 10�7 torr vacuum. The Te
doping was observed by XPS (Axis Ultra, Kratos Analytical, UK)
measurements. The core-level XPS spectra were recorded using
Al Ka X-rays (1486.6 eV) with the vacuum of 2 � 10�9 torr. The
scanning was performed at various portions of the sample to
reproduce data. The required charge correction has been done
with a C 1s binding energy (BE) of 284.6 eV. The calibration
factor was used for the correction in the original binding energy
(BE) data. The phase identification and inter planar distance of
the two annealed Ag60�xSe40Tex thin films were confirmed
using a HRTEM (JEM-2100 Plus, Japan). The values were

calculated from the HRTEM images obtained using the Image
J software. The transmission data of the films were recorded
using a Bruker Optics (IFS66v/S UV-Vis spectrometer in the
wavelength range 500–1100 nm). Optical quantities such as
absorption coefficient, extinction coefficient, bandgap and
optical density were determined using different formulas. The
refractive index (n), real and dielectric constant (e1 and e2) and
loss factor were also calculated from the transmission data. The
linear parameters were used to evaluate the third-order
susceptibility (w(3)) and nonlinear refractive index (n2).

3. Result analysis and discussions
3.1. Structural study (XRD and Raman spectroscopy)

The XRD graph of Ag60�xSe40Tex annealed films is shown in
Fig. 1(a) and various peaks are observed for the studied films.
The structural changes confirmed the crystalline nature of the
samples after annealing at both the temperatures, i.e. at 150 1C
and 200 1C respectively. The peaks observed at 23.461 (110) and
41.021 (211) correspond to the orthorhombic phase of Ag2Se
(ICSD Card: 01-071-2410). The peaks observed at 29.031 (101)
and 42.371 (012) represent the hexagonal phase of selenium
(ICSD card: 01-081-1824), which appeared in all the annealed
thin films. The rare peak for a higher tellurium content of the
film appeared only at 44.751, and this revealed a rhombohedral
phase of AgTe3 (ICSD Card: 01-076-2328).

Various structural quantities such as crystalline size, dis-
location density, and the number of crystallites per unit surface
area are important to get enough information about the struc-
tural transformation that occurred in the films. The average
crystallite size was calculated from the XRD prominent peaks
using the Scherrer’s equation:46

Crystallite size ðDÞ ¼ 0:9l
b cos y

(1)

where l, y, and b are the wavelength, Bragg’s angle, and full
width at half maximum (FWHM), respectively. The calculated
crystallite size was found to be changing upon annealing, as

Fig. 1 (a) XRD graph showing the change in the peak intensity. (b) Temperature-dependent Raman spectra of the annealed Ag60�xSe40Tex films.
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shown in Table 1. Due to the annealing process, the enhanced
grain size increased the crystallite size.

The dislocation density (d) and the number of crystallites per
unit surface area (Nc) of the films were evaluated as follows:47

Lattice strain ðeÞ ¼ b cot y
4

;

Dislocation density ðdÞ ¼ 1

D2

Nc ¼
d

D3

(2)

where ‘d’ is the film thickness. The estimated structural quan-
tities for the annealed films are presented in Table 1. Due to the
annealing process, several aggregations occurred and the crys-
tallites per unit area were found to be enhanced with higher
annealing.

There is a shift in the XRD pattern of the annealed film,
which brings a lattice shift in the crystal. The enlarged view of
the (110) plane peak shows the shift of the peak position of the
Te-doped films as compared to the undoped Ag60Se40 film.
These data are given as supporting document S1 for the manu-
script (ESI†). This shift is reflected in the lattice spacing ‘d’
value, which was found from the HRTEM picture.

As stability is one of the important criteria, we performed
the structural study (XRD) of the material after keeping it in air
for a long period of time. Ironically, the result remains almost
the same as before for the 0% Te, 5% Te and 10% Te films.
However, there is some change in the intensity of the 15% Te
film after aging. Therefore, the material shows almost good
stability at ambient temperature also. This confirms the mate-
rial’s applicability in various optoelectronic fields for a long
time. We present the comparative XRD pattern of the previous
and present observation (AG-after aging) to show the stability of
the materials as supporting document (S2, ESI†).

Structural information such as chemical bonds and atomic
arrangements are the key entities to get a detailed view of the
studied samples. Raman spectroscopy is an essential experi-
mental technique for the study of different vibrational modes
in films. The spectral investigation of annealed films is shown
in Fig. 1(b). The 229 cm�1 peak in the graph might be due to the
existing trigonal Se crystallites for selenium.48 This peak inten-
sity reduced with the increase in the annealing temperature for
a higher Te dopant in the Ag–Se–Te system. The obtained peak
at 165 cm�1 refers to Te–Te homopolar bonds and its intensity
increased with the annealing temperature.49 Similarly, the peak
found at 205 cm�1 might be the signal of the Ag–Se vibrational
mode.50

3.2. Morphological and compositional study (EDX, XPS,
FESEM and TEM)

The presence of different chemical elements with percentage is
noticed from the peaks seen in the EDX, as shown in Fig. 2(a
and b) insets. The elemental composition was found to be
within 3% variation from the pristine composition, as shown in
Table 2. FESEM is an essential tool for analyzing the grain size,
surface morphology, etc., for various thin films. Fig. 2(a and b)
illustrate the shape and variations of the particles due to the
annealing process for various compositions. There is no such
change in grain or particle size for the Ag–Se host matrix by
annealing at higher temperatures. They almost exhibit similar
particle sizes with small variations. With the increase in the Te
concentration, there is a drastic change in the shape and size of
particles after annealing. The FESEM pictures of Ag55Se40Te5

thin films showed nano-rod-like particles, and their size
increased with the annealing temperature.

Similarly, the grain size of the Ag50Se40Te10 thin film
increased as compared to the Ag55Se40Te5 thin film. However,
a 10% Te thin film at 150 1C exhibits an increased particle size
than the thin film annealed at 200 1C. For the higher Te
content, i.e., Ag45Se40Te15 thin film, the particle size increased
at 200 1C. This growth in the grain size and disappearance of
small grains after annealing show a decrease in the disorders
with high tellurium concentrations.51 Fig. 3 shows the particle
size histogram of the films annealed at 150 1C and 200 1C.

XPS analysis

The Te 4d peak is absent in the 0% Te (Ag60Se40) 200 1C
annealed film, whereas the Te 4d peak is clearly observed at
40.4 eV for the 15% Te (Ag45Se40Te15) 200 1C annealed film
(Fig. 4). This indicates Te doping in the Ag60�xSe40Tex film. The
Se 3d peak at 54.91 eV and Ag 4p peak at 63 eV are present in
both the 0% Te and 15% Te 200 1C annealed films, respectively.
There is a small peak shift along with the decrease in the
intensity of these two peaks with Te doping. The decrease in the
intensity of Se 3d and Ag 4p peaks is due to the development of
the Te 4d peak.

TEM analysis

The phase identification and inter planner distance of the two
annealed Ag60�xSe40Tex thin films were confirmed by high-
resolution transmission electron microscopy (HRTEM) (JEM-
2100 Plus, Japan). The values were calculated from the HRTEM
images obtained using the Image J software. Transmission
electron microscopy is one of the important tools for calculat-
ing the structural and morphological parameters of the

Table 1 Structural quantities of the studied Ag60�xSe40Tex films

Structural parameters

0% Te 5% Te 10% Te 15% Te

150 1C 200 1C 150 1C 200 1C 150 1C 200 1C 150 1C 200 1C

Average crystallite size (nm) 15.23 24.51 11.10 22.99 13.38 13.31 11.69 14.04
Dislocation density, d (nm�2) 0.0043 0.0016 0.0081 0.0180 0.0055 0.0056 0.0073 0.0050
NC (nm�2) 0.0100 0.0060 0.0110 0.0050 0.0090 0.0092 0.0110 0.172
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material under study. Fig. 5(a and b) represent the HRTEM
images of the 200 1C annealed Ag60Se40 and Ag45Se40Te15 thin
films, respectively. Both the figures show the Ag2Se phase with
hkl value (110) of the studied film. For the 0% Te film, the d
value is 3.681 Å, which changed to 3.695 Å for the 15% Te film.
Such change of 0.014 Å in the d value is due to the lattice
shifting in the crystal, which is in good agreement with the XRD

pattern obtained from the structural analysis. This shifting is
due to the annealing at higher temperatures, which causes an
increase in crystallinity also.

3.3. Optical property study

3.3.1. Transmission (T) and absorption coefficient (a) ana-
lysis. The transmittance spectra of the annealed Ag60�xSe40Tex

Fig. 2 (a) FESEM image and the EDX picture of Ag60Se40 and Ag55Se40Te5 thin films annealed at 150 1C and 200 1C. (b) FESEM images and EDX (inset)
pictures of Ag50Se40Te10 and Ag45Se40Te15 films annealed at 150 1C and 200 1C.
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(x = 0, 5, 10, and 15 at%) films in the wavelength range of 500–
1100 nm are shown in Fig. 6a. The transmittance value is
reduced with the increase in Te content for higher annealing
temperatures. The reduction in T% with annealing is due to the
crystallization of the film structure by increasing the crystallite
size with annealing, as observed from the XRD study. It is also
observed that the absorption edge moves towards higher l
(redshift), i.e. to a lower energy region. The absorbing ability
of the material is defined as the absorption coefficient (a). The
amount of radiation absorbed by the material from the incident

electromagnetic radiation is a function of the film thickness
and the incident energy (hn), which is related as follows:52

a ¼ 1

d
log

1

T

� �
(3)

where ‘d’ is the film thickness. Fig. 6b represents the plot
between a and l, and the obtained a value is of the order of
104 cm�1. It illustrates that the a value decreased with the
annealing temperature. This decrease in the a value for the
studied samples indicates the higher growth of crystallites due
to annealing. Some of the chalcogenide materials also possess
higher absorbance in the order of 104 cm�1 and are also used as
brilliant materials for solar cell applications.

3.3.2. Optical bandgap (Eg), Tauc’s parameter (B2) and
Urbach energy (Eu). Bandgap plays a very significant role for
semiconducting material in deciding various optoelectronic
applications. The energy gap value was calculated from a and
the incident photon energy (hn) in the strong absorption region
(a Z 104 cm�1), which is known as Tauc’s formula:53

ahn = B(hn � Eg)p (4)

where Eg, B and p are the optical bandgap, Tauc parameter and
exponent factor respectively. The Tauc parameter depends on
the transition probability, whereas the p value decides the type
of electronic transition. Depending on the transition mode, ‘p’
has different values such as p = 1/2 (direct allowed), 2 (indirect
allowed), 3/2 (direct forbidden) and 3 (indirect forbidden)
transitions.

The accurate fit of the experimental results for p = 1/2 of the
annealed Ag–Se–Te films using eqn (4), i.e., the change in (ahn)2

with hn is shown in Fig. 6c. This indicates that the direct
allowed transition occurred in the films. The slope from the
linear fitting of (ahn)2 and hn plot gives the Tauc parameter and
the intercept gives the optical bandgap energy. The calculated
bandgap value for the annealed films reduced with the increase
in annealing temperature, which is shown in Table 3. This
reduction in the bandgap values is due to the structural
transformation by annealing. Similar kinds of behaviors were
observed by many researchers.54,55 The Tauc parameter for the
Ag60Se40 host matrix increased with the annealing temperature.
However, the other thin films exhibit the opposite behavior as
shown in Table 3.

However, the absorption mechanism in the weakly absorb-
ing region (a o 104 cm�1) is governed by the exponential
relation known as the Urbach’s rule. The absorption of photons

Table 2 Composition of different Ag60�xSe40Tex (x = 0, 5, 10, and 15 at%) annealed thin films at 150 1C and 200 1C temperatures

Sample Ag60Se40 Ag55Se40Te5 Ag50Se40Te10 Ag45Se40Te15

Temp. 150 1C 200 1C 150 1C 200 1C 150 1C 200 1C 150 1C 200 1C

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

Ag 60 57.95 57.85 55 52.86 52.55 50 49.13 49.16 45 44.68 44.58
Se 40 42.05 42.15 40 42.52 42.70 40 41.25 41.07 40 41.12 41.10
Te 0 0 0 05 04.62 04.75 10 09.62 09.77 15 14.20 14.32
Total 100 100 100 100 100 100 100 100 100 100 100 100

Fig. 3 Particle size distribution histogram of films.

Fig. 4 XPS core level spectra of (a) Ag60Se40 and (b) Ag45Se40Te15 thin
films annealed at 200 1C.
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between the localized states and extended band states depends
on the Urbach energy. The exponential Urbach relation is
expressed as follows:56

aðhvÞ ¼ a0 exp
hv

Eu

� �
(5)

where Eu and a0 are the Urbach energy and a constant respec-
tively. The Eu value was obtained from the reciprocal of the
slope of the straight-line fitting of ln(a/a0) vs. energy (hn). The
evaluated ‘Eu’ value is presented in Table 3, which shows an
increasing nature with the temperature. Due to the heat treat-
ment, crystallites broke down into smaller size crystals, which

results in an increase in the surface dangling bonds in the thin
films. The concentration of localized states increased with the
increase in the surface dangling bonds for which the localized
states widened.28,57 Such widening of localized states decreased
the bandgap of the film.

3.3.3. Extinction coefficient (k), skin depth (d) and optical
density (OD). The absorbing power of the film is also expressed
by extinction coefficient (k), which is due to the interaction of
the incident electromagnetic wave with the material. The value

was estimated from the a value by,58 k ¼ al
4p

. The variation

between ‘k’ and ‘hn’ is given in Fig. 7a, which infers the increase
in k with annealing at high temperatures. It confirms the

Fig. 5 HRTEM images of (a) Ag60Se40 and (b) Ag45Se40Te15 thin films annealed at 200 1C.

Fig. 6 (a) Transmission spectra of the annealed Ag60�xSe40Tex films. (b) Change of a with l for different annealed films. (c) Evaluation of direct bandgap
of the studied annealed films.
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higher absorption power of the sample and its potential use in
many optoelectronics storage devices. A similar behavior has
also been seen in nanostructured SnS thin films, where SnS
thin films were deposited by varying the substrate tempera-
tures. Due to this increasing behavior of extinction coefficients,

these nanostructure materials are also used in photo-detection
devices.59

Similarly, the optical density (OD) is a necessary linear
parameter, which is related to the change in a and is expressed
as OD = a � d, where ‘d’ is the film thickness. The plot between

Table 3 Calculated optical parameters of annealed Ag60�xSe40Tex thin films

Optical parameters

0% Te 5% Te 10% Te 15% Te

150 1C 200 1C 150 1C 200 1C 150 1C 200 1C 150 1C 200 1C

Optical bandgap (Eg) eV 1.82 � 0.01 1.73 � 0.02 1.66 � 0.01 1.59 � 0.01 1.51 � 0.02 1.46 � 0.01 1.43 � 0.01 1.34 � 0.02
Tauc parameter (B2) cm�2 eV�2 (B2 � 1010 esu) 6.32 7.13 7.95 6.85 7.38 6.21 5.88 4.24
Urbach energy (eV) 0.734 0.644 0.648 0.695 0.383 0.398 0.410 0.612
Dispersion energy, Ed (eV) 0.32 0.36 0.29 0.31 0.25 0.20 0.22 0.24
Oscillator energy, E0 (eV) 2.15 2.13 1.93 1.79 1.69 1.60 1.57 1.52
First moments of optical spectra (M�1) 0.149 0.170 0.151 0.173 0.152 0.124 0.141 0.162
Second moments of optical spectra (M�3) 0.032 0.037 0.040 0.054 0.052 0.048 0.057 0.070
Static refractive index (n0) 1.0722 1.0820 1.0729 1.0831 1.0735 1.0798 1.0812 1.0854
Oscillator strength f (EdE0) 0.696 0.777 0.564 0.555 0.439 0.322 0.349 0.376
Static linear dielectric constant (eN) 1.148 1.170 1.151 1.173 1.152 1.124 1.141 1.162
High-frequency dielectric constant (eL) 1.04 1.66 1.75 2.14 1.67 2.10 3.29 3.16
Carrier concentration (N/m*) � 1039 kg�1 m�3 2.16 3.69 2.87 2.83 2.57 3.02 4.66 3.95
Non-linear refractive index (n2 � 10�16 esu) 1.198 2.025 1.237 2.083 1.279 1.801 1.910 2.331
First-order nonlinear optical susceptibility,
w(1) in esu

0.0119 0.0136 0.0120 0.0137 0.0121 0.0132 0.0134 0.0141

Third-order non-linear susceptibility
(w(3) � 10�18 esu)

3.409 5.815 3.525 5.988 3.644 5.161 5.481 6.719

Optical electronegativity (ZOpt) 2.2091 2.2041 2.2088 2.2035 2.2085 2.2053 2.2045 2.2024
Plasma frequency (op � 106) Hz 2.44 2.53 2.17 1.95 2.10 2.03 2.02 1.89

Fig. 7 (a) k vs. hn plot for the annealed Ag60�xSe40Tex films. (b) Optical density vs. wavelength for annealed Ag60�xSe40Tex thin films. (c) Plot between d
vs. hn for the annealed Ag60�xSe40Tex films. (d) Change in n with l for the annealed films.
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the OD and l is presented in Fig. 7b, which shows the
decreased value of OD with the increased annealing tempera-
ture. Skin depth (d) is defined as the reciprocal of ‘a’ and
attributes to many optical properties, the density of the film,
and other microstructure of the films. The skin depth was
evaluated as d = 1/a, and the skin depth was found to be more
with annealing, as shown in Fig. 7c.

3.3.4. Linear refractive index (n), oscillator and dispersion
energy ((E0, Ed)). The refractive index (n) describes the spectral
distribution of the material at different wavelengths from
which many essential linear and non-linear parameters are
evaluated by using the value of ‘n’. The ‘n’ value of the material
is being evaluated by using the following relation:60

n ¼ 1

T
þ 1

T � 1

� �1=2

(6)

where ‘T’ is the transmission percentage. The ‘n’ vs. wavelength
graph is given in Fig. 7d, that shows the increase in refractive
index with the annealing temperature. This is also observed in
many nanostructured thin films, which made them potential
candidates for the application of various photonic and non-
linear applications.

The single effective model (SEO) was used to evaluate the
dispersion energy and oscillator energy (Ed and E0) by using the
optical data. The static refractive index (n0), dielectric con-
stants, the moments M�1 and M�3, etc., were evaluated from
these two parameters. The dispersion relation using these

parameters is expressed as follows:61

n2 � 1 ¼ EdE0

EdE0 � ðhvÞ2

which is rewritten as

ðn2 � 1Þ�1 ¼ E0
2 � ðhvÞ2
E0Ed

¼ E0

Ed
� ðhvÞ

2

E0Ed
(7)

These energies give enough knowledge about the material’s
overall band structure, which is required for various applica-
tions in the optoelectronic field. The E0 and Ed values were

calculated from the slope
1

E0Ed

� �
and intercept

E0

Ed

� �
values of

the plot between (n2 � 1)�1 and (hn)2, as shown in Fig. 8a. The
estimated values are listed in Table 3, which shows the decrease
in E0 with the annealing temperature, whereas the Ed value
increased with the annealing temperature except for the
Ag50Se40Te10 thin film.

Based on the SEO model, the zero-frequency dielectric
constant (eN) and the static refractive index (n0) of the annealed
thin film were calculated using the equations:62

e1 ¼ 1þ Ed

E0
and n0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ed

E0

r
(8)

The eN value decreased and the n0 value increased with the
annealing temperature, which are given in Table 3. The oscil-
lator strength is one the important parameters obtained from
the WDD model and is calculated by taking the product of E0

Fig. 8 (a) E0 and Ed evaluation. (b) Calculation of N/m* and eN. (c) Real dielectric constant (er). (d) Imaginary dielectric constant (ei) with wavelength plot
of Ag60�xSe40Tex films.
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and Ed, i.e. f = E0Ed. The obtained ‘f’ value is given in Table 3,
and it is seen that its value increased for the Ag60Se40 and
Ag45Se40Te15 thin films, whereas the value for other two films
decreased with annealing.

The first-order (M�1) and third-order optical moments (M�3)
were determined from the dispersive energy values of the
annealed thin films:63

E0
2 ¼M�1

M�3
and Ed

2 ¼M�1
3

M�3

On rearranging the above-mentioned equations,

M�1 ¼
Ed

E0
and M�3 ¼

M�1
E0

2
(9)

The obtained values of M�1 and M�3 are shown in Table 3 and
both the values increased with the increase in the annealing
temperature. However, for the 10% Te thin film, they behave
exactly in the opposite way, i.e. decreased with the annealing
temperature.

3.3.5. High-frequency dielectric constant (eL), carrier
concentration (N/m*) and plasma frequency (xp). The dielectric
constant is a dynamic parameter of the material, which is used
for different practical applications. The high-frequency dielec-
tric constant (eL) was obtained using the following equation:64

n2 ¼ eL �
e2

4p2c2e0

� �
N

m�

� �
l2 (10)

The plot between n2 vs. l2 is shown in Fig. 8b and was used to
evaluate the value of N/m* and eL which are listed in Table 3.

The
N

m�

� �
and eL increased with the increase in annealing. The

N/m* depends on the internal microstructure of the films. With
annealing, the crystallinity increased for which the N/m* value
increased with annealing.

According to Drude’s theory, the carrier concentration
N

m�

� �

of the material is related to the plasma frequency (op) using the
following expression:65

N

m�
¼ e0e1

e2

� �
op

2

which is rearranged to

op ¼
e2

e0e1

� �
N

m�

� �1=2

(11)

For the Ag60Se40 thin film, the op value exhibits an increased
value with the annealing temperature but for the rest of all it
decreased with a higher annealing temperature.

3.3.6. Complex dielectric constant, loss factor, volume and
surface energy loss function and optical electronegativity (gOpt).
For electrical applications of the semiconducting materials,
many parameters directly depend on the dielectric properties,
and to a large extent, it also depends on the electronic proper-
ties of the material. The dielectric property depends on the
bandgap which is modified by the electromagnetic radiation
through the film. The dielectric properties of the material are
linked with dissipation energy and storage. The complex
dielectric is defined as66 e = e1 + ie2, where e1 = n2 � k2 and
e2 = 2nk are the real and imaginary parts respectively. The term
e1 is related to the dispersion of the electromagnetic wave
propagation within the film and causes for the damping of
the electromagnetic wave through materials. However, e2 is

Fig. 9 (a) Loss factor with the wavelength and the change in (b) VELF and (c) SELF for annealed Te-doped Ag60�xSe40Tex thin films.
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associated with the energy absorption from electric field due to
the dipole motion and provides necessary information regard-
ing the disruptive rate of the wave inside the material. The
variation in e1 and e2 with wavelength is shown in Fig. 8c and d,
respectively.

The ratio of e2 to e1, i.e., the loss factor was estimated from

the relation67 tanðdÞ ¼ e2
e1

.

The power loss due to an oscillation of dipoles in a dis-
sipative medium is also known as the dissipation factor (tan d).
Fig. 9(a) represents the variation between the loss factor and
the incident photon energy. The tangent loss exhibits an
increasing nature with the wavelength for the increased Te
concentration.

The VELF and SELF are directly related to e1 and e2 as
follows:68

VELF ¼ e2
e12 þ e22

SELF ¼ e2
e1 þ 1ð Þ2þe22

(12)

The VELF and SELF values of the films were calculated, and the
plot between the energy loss functions and wavelength is
presented in Fig. 9b and c.

The ability of the positive radicals of atoms of any material
to attract the electrons to form the ionic bonds is called optical
electronegativity (ZOpt). It can be estimated for any solid mate-
rial using the equation69

ZOpt ¼
C

n0

� �1=4

(13)

where C = 25.54, which is a constant. The obtained value of optical
negativity is tabulated in Table 3, and it exhibits a decreasing
nature with the increase in the annealing temperature.

3.4 Nonlinear optical study

3.4.1. First (v(1)) and third (v(3))-order nonlinear suscepti-
bility. When the material is reacted with the non-linear med-
ium, the polarization no longer behaves linearly with the
associated electric field. The non-linearity plays and responds
differently with varying electric fields. The high-intense electric
field modifies the non-linear parameters upon falling on the
films. Various material-dependent entities such as bond length,
electronic polarizability, and nuclear interaction are dependent
on the non-linear properties in chalcogenide films. The first
non-linear susceptibility and third-order non-linearity were
evaluated using the Miller’s formula:70,71

wð1Þ ¼ ðn0
2 � 1Þ
4p

and wð3Þ ¼ A
ðn02 � 1Þ4
ð4pÞ4 ¼ A wð1Þ

� �4
(14)

where ‘n0’ is the static refractive index at hn- 0 and A = 1.7 �
10�10 esu. It is observed that the third-order non-linear
susceptibility increased with annealing at higher temperatures
and also it is more with a higher Te content. A similar behavior
is also seen in some reports, where the non-linear susceptibil-
ities exhibit an enhanced behavior with the increase in the

annealing temperature.65,72,73 Non-linear susceptibilities are
mainly due to the pure electronic effects of the material and
most transparent materials provide non-linearity from anhar-
monic terms of the polarization of bound electrons. For many
chalcogenides, the non-linear susceptibility value is in higher
order than that of several oxide glasses. Meanwhile, due to the
non-resonant third-order susceptibilities of chalcogenide mate-
rials, these are considered promising elements for optical
switching and other related applications.74 Further by increas-
ing the annealing temperature, there is also increase in crystal
defects, resulting in higher polarization. Additionally, lone pair
electrons also contribute to enhancing polarization and made
the chalcogenide material promising for potential use in var-
ious optical device applications.47 As tellurium possesses a
larger radius than that of sulfur and selenium, it exhibits a
higher polarizability than the other two. This leads to an
increase in non-linear susceptibilities with the increase in the
tellurium content.

Chalcogenide materials are the adopted candidates for
middle and infrared second-order non-linear optical materials.
Several chalcogenide based materials are used to produce large
optical nonlinearity with good efficiency.75 Other halogen-rich
chalcogen materials show pronounced non-linear optical beha-
viors due to their chiral property.76 These materials are also
used for the infrared nonlinear optical applications and mostly
produce high-performance nonlinear optics. The Sn10Br10S2

chalcohalide material exhibits a phase-matchable behavior
with various particle sizes with a bandgap around 2.56 eV.
Annealed In15Sb10S15Se60 thin films show a higher value of non-
linear susceptibilities than the studied films and might be used
for photonic applications.77 The obtained value of the studied
annealed Ag–Se–Te thin films shows non-linear susceptibilities
in a greater order, hence proving its applicability in various
optoelectronic fields.

3.4.2. Nonlinear refractive index (n2). As non-linearity is
one of the important parameters for many potential optical
applications, the value of the nonlinear refractive index plays a
vital role in it. Depending upon the value, it can be considered
for efficient use in the optoelectronic field such as capacity
communication systems and optical glass fibers.78 Moreover,
depending upon the empirical relation of the Miller rule,79 the
non-linear index of refraction (n2) was calculated from the static

refractive index (n0) by the relation n2 ¼
12pwð3Þ

n0
. The calculated

n2 values are listed in Table 3. It was found that the non-linear
refractive index of the studied films decreased with the doping
content. However, its magnitude increased with the annealing
temperature.

Non-linear refractive index signifies the concept of self-
refraction. The glasses having a n2 value greater than zero
exhibit a particular behaviour, where the beams propagating
through the material show periodic self-focusing rather than
diffracting the beam in the glass.80 Another study of thermally
annealed TlInS2 nanostructured thin films reports a higher
value of the non-linear refractive index of order 10�10 esu and
exhibits an increased pattern with thermal treatments.81
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4. Conclusion

The present report infers increase in the crystalline nature in
Ag60�xSe40Tex films by annealing at 150 1C and 200 1C. The XRD
study revealed the structural transition with the increase in
crystallite size and the decrease in the dislocation density of the
films with Te% and annealing temperature. The decrease in
transmittance and increase in the optical absorption coefficient
with annealing temperature is observed from the UV-visible
data. The significant increase in the refractive index brings
more freedom in designing multifunctional nonlinear optical
devices. The change in the direct optical bandgap is explained
on the basis of density of defect states and degree of disorder.
The skin depth decreased and the extinction coefficient
increased with annealing. The plasma frequency decreased
due to the increase in the carrier concentration. The increase
in the optical density value is good for the film to be used as the
solar cell absorbing layer. The annealing temperature also
significantly influences the oscillator energy, VELF and SELF.
The w(3), n2 value increased with annealing, whereas the optical
electronegativity decreased. The plasma frequency decreased
due to the increase in the carrier concentration. The change in
these linear and nonlinear parameters is useful for nonlinear
optical device applications. The enhanced value of non-linear
parameters is also a consequence of the structural modification
induced by the thermal annealing process. Meanwhile, by using
different bandgap materials, various nanostructures can be
made to form nanojunctions, which are mostly used for differ-
ent sensor devices. Due to the low dimensionality of chalco-
genide materials, such kind of ternary nanostructures are also
used for different thermoelectric applications and the presence
of silver made them more valuable candidates for electrical
applications.
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