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The present work shows the effect of annealing conditions on the linear and nonlinear optical properties of

two-year-old thermally evaporated 800 nm As40Se50Ge10 thin films. The aging effect in this film is clearly

noticeable as compared with the old observation. The two-year-old films were annealed at different

temperatures like 373, 413, 453 and 493 K for 1 h. The optical parameters were calculated from the

optical transmittance and reflectance spectra measured at normal incidence of light by spectrometer in

the 500–1000 nm range. The linear refractive index (n) and extinction coefficient (k) were decreased

with annealing temperature. The observation reveals the increase in optical band gap with increase in

annealing temperature while the width of the tail in the gap has an opposite behaviour. The oscillator

energy, dispersion energy, dielectric constant, the loss factor, and optical conductivity were discussed in

detail. The nonlinear refractive index and optical susceptibility were calculated by using Miller's formula

which decreased with annealing temperature. The changes in both linear and nonlinear optical

parameters with annealing temperature showed that annealing temperature can be considered as

a useful factor for controlling the optical properties of As40Se50Ge10 chalcogenide films which could be

the candidate for numerous photonic applications. The structural study was done by X-ray diffraction

and Raman spectroscopy.
1. Introduction

Chalcogenide thin lms have attractive optical properties like
linear and nonlinear refractive index, 3rd order optical suscep-
tibility, broad range of transparency and low phonon energy.1,2

However, the nonlinear refractive index makes them play an
important role in optical switching, light amplication, super
continuum generation etc.3–5 The tuning of such optical prop-
erties of chalcogenide thin lms can be done with various
processes like doping of elements, thermal annealing, laser
irradiation, ion irradiation, etc.6–10 Out of these techniques,
thermal annealing is considered a simple way to bring about
changes in the structural, optical and electrical properties in
such types of materials. The surface morphology along with the
interior of the material is being modied with temperature and
time. Thermal annealing accelerates the relaxation of the lm
into its equilibrium state since the room temperature relaxation
time for non-annealed lms has been reported to be very high.11
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Heat treatment or annealing is a more useful method to detect
the changes in physical properties that are triggered by the
structural relaxation in the materials.12

The chalcogenide materials show aging effect which is
observed in its structural as well as optical parameters.13,14 The
aging effect showed both photodarkening and photorefraction can
be possible only in aged As–S–Se glasses while they are prevented
in freshly annealed one.15 The physical aging becomes slower with
year and it is very difficult to identify the completion of physical
aging aer long years.16 The main reason for the physical aging in
chalcogenide materials is the thermodynamic instability and
excess free enthalpy below their glass transition temperature (Tg).
However, with time, the structure relaxes towards a more ther-
modynamically stable state.17,18 The aging process brings changes
to the structural, mechanical, thermal and optical properties of
glassy lms thus understanding the aging process is essential to
both fundamental glass science and practical applications
involving glassy materials.19

The phenomenon of physical aging in chalcogenide glasses
has attracted a substantial attention because of new prospects
for chalcogenide-based optoelectronics.20 The reason is that
chalcogenide obtained in thermodynamically nonequilibrium
state as frozen supercooled liquid owing to conventional melt-
quenching route21 aspire with time to a more energetically
favourable state, changing their exploitation parameters. The
RSC Adv., 2020, 10, 26675–26685 | 26675
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optical property control of chalcogenide thin lms is necessary
for technological applications that requires a better under-
standing of their network structure. The assessment of a natural
physical aging effect on their optical and morphological char-
acteristics could be detrimental for a variety of optics and
photonics applications. So, we have tried to observe the various
changes in the 2 years old As40Se50Ge10 thin lms due to aging
process upon thermal annealing.

Coming to the importance of the material prospective, the As–
Se–Ge system is having a wide range of glass formation that
enables tuning of the properties of the materials over a wide
range.22 For this unique property, As–Se–Ge based thin lms are
widely used in various acousto-optic devices,23 infrared trans-
mitters, waveguides for supercontinuum generation24 and optical
switching bres.25 As–Se–Ge lms showed good changes in optical
band gap and refractive index on annealing.26 The As–Se–Ge lms
possess better photostability with zero photorefraction in the
relaxed states.27 The Ge15As24.5Se60.5 lm upon continuous illu-
mination showed photoinduced effects which is used for wave-
guide fabrication.28 The optical nonlinearity in As–Se–Ge system is
100 to 1000 times more than of Si based glasses which is thus
useful for optical components that have signicant improvement
in device performance.29 The 100MeV Ag ion irradiation on As–Se–
Ge system modied the structural as well as optical parameters
which becomes useful candidate for optical components with low
optical loss and ultra-fast optical response time.30 Also, the thin
lms of Ge–As–Se family have attracted considerable interest
because of the changes in their structure and electronic properties
observed under thermal treatment and illumination.31,32 In our
previous report, we had shown the inuence of Ge addition on the
optical properties of As40Se50Ge10 thin lms.33However, the tuning
of linear and non-linear optical constants in thermally evaporated
As40Se50Ge10 lm by annealing at different temperature including
both below and above Tg is not yet investigated. The Tg for the As–
Se–Ge system varies between 150 �C to 200 �C approximately with
low value of Ge%.34 The nonlinear refractive index and 3rd order
optical susceptibility tuning at different annealing temperature is
being investigated in the present work.

The main aim of the present work is to measure the linear
optical parameters (absorption coefficient, extinction coefficient,
optical band gap, oscillator energy, dispersion energy, refractive
index, optical conductivity) and nonlinear optical constants (3rd

order optical susceptibility, nonlinear refractive index) etc. of
As40Se50Ge10 thin lm w. r. t the annealing temperature. The old
thermally evaporated lm was annealed at different temperatures
such as 373 K, 413 K, 453 K (below Tg) and 493 K (above Tg) which
were characterized by various experimental techniques. The single
oscillator Wemple–DiDomenicomodel was utilized to evaluate the
oscillator energy and the dispersion-energy. The important
nonlinear parameters were evaluated by using the semi empirical
Miller's formula using the linear parameters.

2. Experimental details
2.1. Sample preparation

Two years old thin lms of As40Se50Ge10 with 800 nm thickness
were annealed at different temperatures 373, 413, 453 and 493 K
26676 | RSC Adv., 2020, 10, 26675–26685
under vacuum of 10�3 torr respectively for 1 h. The thin lm was
deposited on glass substrate by thermal evaporation method
using the Hind-High vacuum coating unit (HIND-HIVAC Model
12A4D) from bulk As40Se50Ge10 sample two years ago. The
vacuum of the system was maintained at 5 � 10�5 torr and the
glass substrate was maintained at room temperature by cooling
system. The substrates were rotated very precisely during the
deposition process to obtain a homogenous, uniform and
smooth lm. The crystal thickness monitor attached to the
coating unit was used to measure the thickness of the lm and
the rate of deposition was kept at 0.5 nm s�1.
2.2. Characterizations techniques

The optical transmittance (T) and reectance (R) spectra were
recorded by the UV-Visible spectrometer (Bruker Optics (IFS66v/
S) within the wavelength range 500–1000 nm. In the UV-Vis
spectrometer, before starting the experiments, the reference
samples (BaSO4) showed zero absorption which was carried out
through the baseline correction and auto zero options available
with the control soware. The optical bandgap was calculated
by using straight line tting in the linear portion of the curve by
origin soware and the standard error was calculated from the
tting data by soware itself with R value as 0.99. X-ray
diffraction technique (Bruker D8 Advance) was used to
examine the amorphous/crystallinity nature of aged and
annealed lms. The diffractometer has a Cu–Ni lter of Ka-
radiation of wavelength 1.5418 Å. The measurements were
taken at 40 mA current and 40 kV voltage with a scan speed of
1� min�1, a step value of 0.02� in 2q range of 10�–80� at a grazing
angle of 1�. Corundum was used as a reference in the XRD
measurements before taking measurements of our samples. To
ensure the presence of elements in the lm, energy-dispersive
X-ray spectroscopy (EDAX) was done for the lms and attach-
ment facility of the eld emission scanning electronmicroscope
(FESEM) was used to acquire the corresponding surface
morphological picture. The scan was done at an accelerating
voltage of 20 kV and 40 mA of emission current with sample
exposure of 1 cm2 size at a pressure of 2 � 10�7 torr. The scan
was taken at various positions 3–4 times in order to avoid the
errors. To get more information regarding its structural data,
Raman spectroscopy measurements were performed (LabRAM
HR system) by the use of 514.5 nm argon laser with a CCD
detector in backscattering mode in a range of 50–400 cm�1. The
Raman spectra were calibrated using the 520 cm�1 line of
silicon thin lm. Aer calibration, 3–4 measurements were
taken for the same sample at different positions for same time
intervals (40 seconds) to minimize the systematic error.
3. Results and discussion
3.1. Linear optical properties

Transmittance (T) and reectance (R). Fig. 1 represents the
transmittance T(l) and reectance R(l) spectra of the investigated
lms of As40Se50Ge10 at various annealing temperatures. It is clear
from the spectra that these spectra could be divided into two main
spectral regions (1) high absorption region of wavelength # 675 nm
This journal is © The Royal Society of Chemistry 2020
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(2) transparent region of wavelength $ 675 nm. The transmitting
power measures the penetration of the electromagnetic waves inside
the lm that is useful for photonic applications. It is observed from
Fig. 1 that the transmittance relatively increased for the annealed
lms as compared to the as-prepared aged lm. The maximum
transmittance for the as-prepared aged lm is�68%which increases
to a maximum value of �76% for the 493 K annealed lm. The
increase in transmittance is due to the reduction of surface scattering
as seen fromother studies.35,36This also indicates the relaxation in the
annealedlms. The reectance spectra showed opposite trend as that
of the transmittance which is small in magnitude.

The systematic interference pattern at higher wavelength is
due to interference between lm surface and the substrate
which indicates the homogeneity and smoothness of the
lms.37,38 The high absorption region shows the blue shi
(towards lower wavelength/higher energy) that indicates the
increase in bandgap with annealing.
3.2. Absorption coefficient (a)

The optical absorption spectra are used to evaluate the
absorption coefficient, optical bandgap, disorder parameter,
band tail width and nature of transition involved in the lm.
The absorption edge refers to the split-up energy between the
lowest of the conduction band and the highest of the valance
band that gives the optical band gap. The transmittance,
reectance and thickness of the lm are related to the absorp-
tion coefficient by the relation39,40

T y (1 � R)2e�at (1)

which on simplication gives

a ¼
�
1

t

�
ln

 
ð1� RÞ2

T

!
(2)

The increase in annealing temperature decreased the
absorption co-efficient as shown in Fig. 2. The obtained
absorption coefficient is of the order of 104–105 cm�1, which
Fig. 1 Transmittance and reflectance spectra of the studied films.

This journal is © The Royal Society of Chemistry 2020
agrees well with the results reported by others and it decreased
with wavelength. This indicates that aer the absorption edge,
the lm becomes more transparent and the light wave can
propagate faster and easier.
3.3. Extinction coefficient (k)

The extinction coefficient (k) of the studied lms was calculated by
using the relation involving absorption coefficient and wavelength41,42

k ¼ al/4p (3)

The constant k represents thematerial ability for polarization is
shown in Fig. 2 (inset). The k value increased with photon energy
(hn) and decreased with annealing. The decrease of k is due to the
decrease in carrier concentration43 and decrease in density of
defect states as k is related to the surface defects and disorder.44
3.4. Optical band gap (Eg) and Tauc parameter (B1/2)

The optical energy gap (Eg) and nature of band transition was
obtained in the high absorption region (a $ 104 cm�1) by Tauc
relation45

(ahn ¼ B(hn � Eg)
m (4)

where B is a parameter that depends on the transition proba-
bility (Tauc parameter), h and n are the Planck's constant and
frequency of the incident photon. The value of ‘m’ determines
the mechanism of optical absorption whose value is 1

2 for direct
allowed transition and 2 for indirect allowed transition.46,47 The
linear tting of the data points of the linear portions by takingm
¼ 2 shows the indirect allowed transition in the lm. The plot of
(ahn)1/2 vs. hn gives a straight line and the x intercept gives the
optical band gap as shown in Fig. 3. The estimated values of Eg
are presented in Table 1 which clearly shows the increased value
for the annealed one as compared to the as-prepared one. The
as-prepared Eg value (1.85 eV) is also more than that of the 2
year-old same lm whose value was 1.66 eV.31 This clearly shows
the aging effect on the studied As40Se50Ge10 lm. The annealed
lm at 493 K possess Eg value of 1.97 eV which is 0.12 eV more
than the as-prepared one. The systematic increase of Eg with
Fig. 2 Absorption and extinction coefficient of the studied films.
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annealing is a result of the decrease of defects which forms the
localized states in the band gap according to Davis Mott
model.48 The heat energy supplied to the lm annealed out the
defects by converting the homopolar bonds to heteropolar one
thus reducing the defects and the degree of disorder.

As�AsþGe�Geþ Se� Se!kT Ge� SeþAs� Se (5)

So, the reduction in the density of defects reduce the width of
the localized states and thus increased the Eg for the annealed
lms like other studies.49,50

The measure of disorder (B1/2) value was obtained from the
slope of the tting in eqn (4). The Tauc parameter increased
with annealing infers the decrease in disorder as B1/2 is inversely
proportional to disorder.51

The absorption coefficient (a) in the lower absorption region
depends exponentially on photon energy (hn) by Urbach relation.52

aðhnÞ ¼ a0 exp

�
hn

Eu

�
(6)

where a0 is a constant, and a is the absorption coefficient, h is
Planck's constant and Eu is the Urbach energy. By plotting
a graph between ln(a/a0) on the y-axis vs. (hn) on the x-axis and
then the straight-line tting to the curve gives the slope as (1/
Eu). The inverse of the slope gives the value of Urbach energy
that represents the degree of disorder in amorphous mate-
rials.53 The calculated values are presented in Table 1 which
shows that the Eu decreased with annealing temperature which
infers to the decrease in defect states in the localized region.
The decrease of Eu and increase of Eg with annealing tempera-
ture (Fig. 4) can be attributed to the decrease of the degree of
disorder that results in the decrease of the band tailing, and
consequently an increase of the band gap.9,54
3.6. Linear refractive index (n)

The linear refractive index (n) was calculated from the trans-
mittance and reectance spectra by using inverse synthesis
Fig. 3 Variation of (ahn)1/2 with hn for the studied films.

26678 | RSC Adv., 2020, 10, 26675–26685
method55,56 as shown in Fig. 5. It is clear from the gure that n
decreases with the increase of wavelength. This result is
attributed to the decrease of absorption coefficient with wave-
length indicating the normal dispersion behaviour of the
studied lms. In addition, the refractive index decreased with
annealing temperature that proves the established Moss rule
which states Egn

4 � constant.57 The increase in Eg value is
accompanied by the decrease of refractive index.58
3.7. Optical conductivity (sopt)

The optical conductivity (sopt) is an important parameter to get
knowledge about the electronic state in the material with the
help of absorption coefficient and refractive index.59 The optical
conductivity of a material is expressed as,

s ¼ anc

4pk
(7)

where a, n and k are the absorption coefficient, linear refractive
index and extinction coefficient respectively. Fig. 6 shows the
variation of the optical conductivity vs. wavelength for the as-
prepared and annealed lms. From the gure, one can infer
that, the optical conductivity decreased with increasing wave-
length and also decreased with increasing annealing tempera-
ture. The decrease in sopt with annealing is due to the decrease
in absorption coefficient and decrease of localized states and
defects by annealing temperature.60
3.8. Dielectric constants and loss factor

The complex dielectric constant (3* ¼ 31 � i32) is considered as
an intrinsic property of the material which is to be determined
to understand the optical properties. The real (31) and imagi-
nary (32) part of the dielectric constant (3*) are related to the
optical constants as

31 ¼ n2 � k2 and 32 ¼ 2nk (8)

The real part represents the dispersion (how much the
electromagnetic wave slows down) in the material whereas the
imaginary part gives the dissipative rate of the wave (how
a dielectric material absorbs energy from an electric eld due to
dipole motion).61,62 The variations of the dielectric constants 31
and 32 versus energy (hn) are shown in Fig. (7a and b). Both of 31
and 32 increases with the energy while they decrease with
increasing annealing temperature. This behaviour is in accor-
dance with the value of a and k. The ratio of imaginary part to
real part gives information about the dissipation factor (tangent
or loss factor) as given by

tan d ¼ 32

31
(9)

The dissipation factor tan(d) measures the loss-rate of power
of a mechanical mode, such as an oscillation, in a dissipative
system. Fig. 8 shows the plot of tan(d) against hn for the as-
prepared and annealed lms. It is clear that tan(d) increases
with increasing photon energy and decreased with annealing
temperature.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Optical parameters of the studied films

Sample As40Se50Ge10 Bandgap (Eg) in eV
B1/2 in
cm�1/2 eV�1/2

Urbach energy
(eV) Eo (eV) Ed (eV)

Oscillator strength
(f)

As-prepared 1.855 � 0.001 418 � 3 0.213 3.62 14.28 51.69
373 K 1.872 � 0.001 439 � 2 0.201 3.71 15.24 56.54
413 K 1.894 � 0.001 464 � 1 0.189 3.74 17.73 66.31
453 K 1.925 � 0.002 489 � 2 0.164 3.82 18.27 69.79
493 K 1.976 � 0.002 517 � 1 0.138 3.91 18.97 74.17

Fig. 4 Variation of Eg with Eu for the studied films.
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3.9. Dispersion parameters-oscillator energy (Eo) and
dispersion energy (Ed)

The Wemple–DiDomenico single oscillator model was used to
study the dispersion behaviour of refractive index which is
expressed by the relation,63

n2ðhnÞ ¼ 1þ EdEo

Eo
2 � hn2

(10)

where Eo is oscillator energy and Ed is the dispersion energy that
measures the average strength of inter band optical transitions.
Fig. 5 n vs. l plot of the studied films.

This journal is © The Royal Society of Chemistry 2020
Fig. 9 shows the graph between (n2 � 1)�1 vs. (hn)2 from which the

straight-line tting gives the intercept
�
Eo

Ed

�
and slope (EoEd)

�1.

The value of Eo and Ed were calculated from the slope and intercept
and tabulated in Table 1. The Eo and Ed value increased with
annealing temperature as shown in Table 1. Since, Eo is considered
as an average of theEg, our result shows Eoz 2Eg. The increase in Eo
shows the increase in inter band transition. Also, it corresponds to
the distance between the centre of gravity of the valence and
conduction bands. The increase inEd with annealing temperature is
due to the increase of diffusion of atoms to the interstitial sites.64

The oscillator strength of the lms is given by the relation65

f ¼ EoEd (11)

The values of oscillator strength are presented in Table 1 which
indicates the increase of strength with annealing. The static refrac-
tive index of all the studiedlmswas obtained by using the equation

n0
2 ¼

�
1þ Ed

Eo

�
(12)

The obtained values of n0 are listed in Table 2.
3.10. High frequency dielectric constant and carrier
concentration

The calculated values of refractive index were used to nd the
high frequency dielectric constant (3N) and carrier concentra-
tion (N/m*) according to the relation9
Fig. 6 Variation of sopt with l at various annealing temperature.

RSC Adv., 2020, 10, 26675–26685 | 26679
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Fig. 7 The variation of (a) real (31) and (b) imaginary (32) parts of dielectric constant.
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31 ¼ n2 ¼ 3N �
�

e2N

4p2C230m*

�
l2 (13)

where 31 the real part of the dielectric constant, e is charge of
electron, N is the free charge carrier concentration, 30 is the
permittivity of free space, m* is the effective mass of charge
carrier and c is the velocity of light. The graph between n2 vs. l2

is shown in Fig. 10 in which the linear tting gives the value of
3N as intercept and the slope gives the value of N/m*. The
calculated values of 3N and N/m* for the as-prepared and
annealed lms are presented in Table 2. It shows that the 3N

values increased whereas the carrier concentration decreased.

3.11. Nonlinear optical properties

3rd order nonlinear susceptibility (c(3)). The nonlinear effects
play a signicant role in chalcogenide lms as the response of
the material depends nonlinearly on the strength of the electric
eld. The origin of the optical nonlinearity in chalcogenide
materials is due to the nuclear interactions with ap and its effect
Fig. 8 Variation of tan(d) vs. photon energy (hn) for the studied films.

26680 | RSC Adv., 2020, 10, 26675–26685
on bond lengths. The importance of c(3) lies on its dependence
on linear refractive index which in turn applied to the frequency
conversion and optical switching devices.66

Ticha and Tichy67 combined the Miller's rule68 with that of
the Wemple–DiDomenico single effective oscillator model for
the estimation of c(3) since Ed and Eo are related to the chem-
istry of a material.

According to Miller, the relation between the linear suscep-
tibility c(1) and nonlinear susceptibility c(3) is given by

c(3) y A(c(1))4 (14)

where A ¼ 1.7 � 10�10 (c measured in esu).
The linear optical susceptibility for chalcogenide glasses in

the rst approximation is given by the relation

c(1)¼ (n2 � 1)/4p (15)

By using eqn (15) in eqn (14) we can write
Fig. 9 (n2 � 1)�1 vs. (hn)2 plot of the studied films.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Optical parameters of the studied films

Sample 3N N/m* � 1056 (m�3 kg�1) n0 c(3) (�10�11 esu) at hn ¼ 2.03 eV n2 (�10�10 esu) at hn ¼ 2.03 eV

As-prepared 5.123 3.552 2.22 5.38 9.2
373 K 5.472 2.861 2.26 2.47 4.18
413 K 5.621 1.925 2.39 2.34 3.66
453 K 5.813 1.685 2.40 2.08 3.24
493 K 5.921 1.014 2.41 1.63 2.51

Fig. 10 n2 vs. l2 plot of the studied films.

Fig. 12 Variation of n2 with hn at various annealing temperature.
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c(3) y A(n2 � 1)/4p (16)

The obtained values of c(3) vs. hn is plotted in Fig. 11 which
shows the decrease of c(3) with annealing temperature and
increase with photon energy. The value of c(3) at 2.03 eV is
presented in Table 2.

It is noticed that the value of c(3) decreased with increase in
annealing temperature that infers the changes in material struc-
ture. The reason is that annealing process increases the homoge-
nization and polymerization due to increasing rates of chemical
reactions among the fragments. The lone pair orbitals present in
Fig. 11 c(3) vs. hn at various annealing temperatures.

This journal is © The Royal Society of Chemistry 2020
chalcogenides can be easily polarized which generally play an
important role in nonlinear effects in chalcogenide glasses.

3.12. Nonlinear refractive index (n2)

The nonlinear refractive index (n2) is related to the third-order
susceptibility c(3) and static refractive index (n0) by the
Miller's generalized relation which is given by

n2 ¼ 12pcð3Þ

n0
(17)

The variation of n2 with photon energy is shown in Fig. 12
and its value at 2.03 eV is presented in Table 2. The n2 value
decreased with annealing temperature like decrease in linear
Fig. 13 XRDpatterns of as-prepared and annealed As40Se50Ge10 thin films.
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Fig. 14 EDAX picture of as-prepared and 493 K annealed thin film.
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refractive index. Due to the decrease in homo-polar bonds, the
probability of variety of defects in gap states decreased and this
leads to the decrease in nonlinearity upon annealing. The
reduction of n2 and c(3) upon annealing is useful for solid state
laser and UV nonlinear materials.69

3.13. X-ray diffraction study

Fig. 13 represents the X-ray diffraction patterns of as-prepared and
annealed As40Se50Ge10 lms at 373, 413, 453 and 493 K. There exists
one broad hump between 20–35� and small hump between 10–20�

which conrms the amorphous structure of the lms. The anneal-
ing induces no structural change as cleared from XRD pattern.

3.14. EDAX and SEM analysis

The presence of As, Se and Ge in both as-prepared and annealed
lms were checked by EDAX as shown in Fig. 14. The different
Fig. 15 FESEM picture of as-prepared and annealed thin films.

26682 | RSC Adv., 2020, 10, 26675–26685
peaks correspond to the respective elements and composition
of different lms is nearly same and within 3% error from the
calculated value.

The FESEM pictures of as-prepared and annealed As40Se50-
Ge10 lms are shown in Fig. 15. It is clear from the gures that
the lms are homogeneous and smooth as we have taken
precautions to form homogeneous and uniform lm by
constant rotation of the substrate while preparing the lm. The
differences in the images can be visible due to the annealing
process. However, there is not much change in the structure
except the lm at 493 K which shows fragmentation.
3.15. Raman analysis

The Raman spectroscopy gives required structural information
of the material in terms of chemical bond and atomic
arrangement. The Raman spectra for the as-prepared and
This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Raman spectra of as-prepared and annealed thin film.
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annealed lms are shown in Fig. 16 in which the as-prepared
lm contains peaks at 193 cm�1, 230 cm�1 and 249 cm�1. The
peak at 193 cm�1 corresponds to A1 mode, which is n1

symmetric stretching vibration mode of Ge–Se bonds in GeSe4/2
corner-sharing tetrahedral unit.70 It can be seen that with
annealing, the intensity of this peak increased which shows the
increase of Ge–Se heteropolar bonds as suggested in eqn (5).
The broad main vibrational band at 230 cm�1 is assigned to the
As–Se vibration of symmetric stretching of pyramidal structural
units of AsSe3/2.71 This peak is also found to be more intense
than the as-prepared one upon annealing which infers the
increase of As–Se bonds. The peak at 249 cm�1 corresponds to
the Se–Se bonds in Se8 ring like or chain like structures.72 This
peak is found to be diminished with annealing which shows the
reduction in Se–Se homopolar bonds. The change in intensity
and peak shiing in these lms clearly shows the annealing
effect.
4. Conclusion

The study reports the thermal annealing effect on the optical
parameters of the lms. The transition in these lms is indirect
allowed type and the band gap increased with annealing is due
to the decrease in density of defect states in the localized region.
The decrease in disorder with annealing resulted the increase in
band gap. The dispersion and nonlinear parameters are found
to be sensitive to the annealing temperature. The linear
refractive index and extinction coefficient decreased while Eo
and Ed values increased thus increasing the oscillator strength.
The 3N values increased whereas the carrier concentration
decreased. The c(3) and n2 decreased with annealing that is
useful for solid state laser and UV nonlinear materials. The
decrease in optical conductivity with annealing is due to the
reduction in defect states. The dielectric loss factor decreased
with annealing. No structural change was found from the XRD
study while the Raman shi conrmed the homopolar to het-
eropolar bond transformation.
This journal is © The Royal Society of Chemistry 2020
Conflicts of interest

There are no conicts of interest for this manuscript.

References

1 B. J. Eggleton, B. Luther-Davies and K. Richardson,
Chalcogenide photonics, Nat. Photonics, 2011, 5, 141–148.

2 C. Quémard, F. Smektala, V. Couderc, A. Barthelemy and
J. Lucas, Chalcogenide glasses with high non-linear optical
properties for telecommunications, J. Phys. Chem. Solids,
2001, 62(8), 1435–1440.

3 A. Zakery and S. R. Elliott, Optical properties and
applications of chalcogenide glasses: a review, J. Non-Cryst.
Solids, 2003, 330, 1–12.

4 A. Seddon, Chalcogenide glasses, a review of their
preparation, properties and applications, J. Non-Cryst.
Solids, 1995, 184, 44–50.
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