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Abstract
The present work reports the amorphous-crystalline phase transformation in ther-
mally evaporated  As50Se50 thin films upon annealing at below  Tg (423 K) and above  Tg 
(523  K). The structural transition was probed by XRD, Raman and X-ray photoelec-
tron spectroscopy. The composition and surface morphology were probed by EDS and 
FESEM techniques. The transmittance and reflectance spectra over the wavelength range 
500 nm–1200 nm were used to deduce the optical parameters. The various optical param-
eters of the as-prepared and annealed  As50Se50 thin films were estimated and discussed in 
terms of density of defect states and disorders. The indirect optical energy gap decreased 
for the 423 K annealed film and abruptly increased for 523 K annealed film as compared 
to the as-prepared film. The Swanepoel envelope method, WDD model, and Sellemeire 
postulates were employed for the analysis of refractive index, static refractive index, oscil-
lator energy, dispersion energy, oscillator wavelength and dielectric constant. The changes 
in the linear and nonlinear properties showed opposite behavior for the two annealed films. 
The non-linear refractive index and 3rd order susceptibility were found to be increased for 
423 K annealed film and decreased for the 523 K annealed film. The optical as well as the 
electrical conductivity changed with annealing and the electrical susceptibility increased 
for 523 K annealed film. The tunable optical properties can be applied for several optoelec-
tronic applications.
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Graphical abstract
The amorphous to crystalline structural transformation occurred at annealing above Tg. 
The 3rd order susceptibility was found to be more at 423 K annealing and less at 523 K 
annealing.

Keywords Thin films · Annealing · Optical parameter · Refractive index · Nonlinear 
refractive index · 3rd order nonlinear susceptibility

1 Introduction

The amorphous to crystalline transition in amorphous chalcogenides forms the basis of 
information encoding used for rewritable discs (Zhang et al. 2019). The peculiar sensitive 
property of amorphous-crystalline and reversible phase transformation makes it suitable 
for optical recording medium (Frumar et al. 2007). The most disorder state to order state 
transition suits these materials for high resolution display and high-density information 
storage devices (Ovshinisky and Fritzsche 1973). Such chalcogenide materials are defined 
as a type of amorphous isotropic one having glass transition and relaxation time ~  103  s 
(Tammama et  al. 2020). They are basically in non-equilibrium state in their as-prepared 
condition due to the sudden quenching process (Nordman et al. 1998). The various charac-
teristic parameters should be in their stable form while using them for various applications 
which can be done by thermal annealing at different temperatures (Sahoo et  al. 2020a), 
bombarding with energetic ions (Behera et  al. 2020), laser irradiation (Aparimita et  al. 
2020a), gamma and X-ray irradiation (Sharma et al. 2020) and many other suitable tech-
niques. The chalcogenide thin films switched locally by means of structural, optical and 
electrical parameters upon such treatments and found important applications in optoelec-
tronic devices, solar cells, infrared detectors, optical biosensors, low loss waveguides, opti-
cal switches, fibers and many more (Manivannan and Noyel Victoria 2018; Purohit et al. 
2015; Xu et al. 2014; Zhai et al. 2016; Anne et al. 2009; Sojka et al. 2012). The reason 
behind such numerous applications of these materials lies in their linear-nonlinear opti-
cal, thermal, structural, electrical properties like high IR transmission, low phonon energy, 
large nonlinear susceptibility etc. (Eggleton et al. 2011; Zakery and Elliott 2003). The chal-
cogenide films have large nonlinear optical behaviour than the oxide counterpart due to the 
presence of heavy chalcogen atoms that have vibrational bonding at low energy. Among 
these, Se based films show high transparency, strong non-linear properties and reversible 
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phase transformation (Lencer et al. 2008). In particular, As-Se alloys have found signifi-
cant applications due to their large change in nonlinear as well as linear optical properties 
because of the available double lone pair electrons (Adam and Zhang 2013).

Thermal annealing on the films plays an important role in modifying their structural, 
morphological and optical properties. The selection of the annealing temperature depends 
on the characteristic glass transition temperature  (Tg) and crystallization temperature  (Tc) 
of that particular material. The  Tg is the lower limit for inducing crystallization after which 
the amorphous material starts to crystallize (Tripathi et al. 2016). The reduction in struc-
tural defects and increase in crystallinity upon amorphous-crystalline phase transformation 
by thermal annealing resulted strong optical and structural changes in such films (Darwish 
and Ali 2017). The changes in various properties like the decrease in  Eopt by annealing 
due to phase transition in  Se85In15−xZnx thin films is an important feature specifically for 
optical recording memory (Srivastava et al. 2018). The electrical conductivity and optical 
bandgap tuning in  BixIn25-xSe75 films on annealing caused due to phase reversal phenom-
ena (Sharma et al. 2013). The optical reflectivity and creation of rippled surface occurred 
upon annealing near  Tg in the As-Se film that depends on the As concentration (Tsvetkova 
et  al. 2004). Similarly, the increase in annealing temperature with duration leads to the 
transformation of structural properties by the formation of  AsSe3 pyramidal units with low 
surface roughness (Zou et  al. 2012). Annealing near  Tg results in the polymerization of 
the structure through the conversion of homopolar bonds to heteropolar bonds. The linear 
optical properties of  As2Se3 was increased due to annealing near its  Tg (Charlie et al. 2011). 
The annealing of  As50Se50 film at temperature 423 K (near its  Tg) enhanced the concentra-
tion of heteropolar bonds over homopolar ones thus making it more homogeneous surface 
(Siokou et al. 2006). The thermal annealing reduced the structural and electronic defects 
in the PLD based  As50Se50 films (Kalyva et al. 2007). The lack of systematic study on the 
tailoring of the nonlinear and linear optical properties of  As50Se50 film by annealing below 
and above  Tg encouraged us for the present study.

The present study is focused on the analysis of both nonlinear and linear optical param-
eters of  As50Se50 thin film annealed at both below and above its  Tg that caused amorphous-
crystalline phase transformation. The annealing was done at 423 K (below  Tg) and 523 K 
(above  Tg) on the thermally evaporated  As50Se50 film. The X-ray diffraction (XRD), Raman 
spectroscopy were done for structural investigation while UV–Visible spectroscopy was 
done for optical property study. The obtained linear parameters were used to derive the 
nonlinear constants by using the semi empirical Miller’s formula. The various linear and 
nonlinear optical parameters were calculated for these two annealed films and compared 
with the as-prepared one.

2  Experimental work

2.1  Sample preparation

The bulk  As50Se50 sample was prepared by conventional melt quenching method by mixing 
high purity (99.999% Sigma Aldrich) As and Se elements at proper stoichiometric amount in a 
quartz ampoule. The ampoule was sealed under high vacuum and put inside the furnace which 
was under a temperature of 900 °C at the heating rate of 3°–4° C/min. The 900 °C condition 
was maintained for 24 h. The ampules were constantly shaken during heating in order to get 
a homogeneous mixture. The rapid quenching of the melt was done in ice-cold water and the 
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bulk  As50Se50 sample was collected after breaking the quenched ampoule. The thin film was 
prepared on the glass substrate from the bulk  As50Se50 sample in thermal evaporation method 
by using the vacuum coating unit (HIND-HIVAC Model 12A4D). The evaporation was done 
at room temperature with an evaporation rate of 5 Å/s at a vacuum of 2 ×  10−5 Torr. The film 
thickness was ~ 800 nm as observed from the attached quartz crystal monitor. The as-prepared 
thin film was annealed at 423 K (below  Tg) and 523 K (above  Tg) respectively for 2 h.

2.2  Experimental techniques

In order to investigate the structural transformation due to annealing, the XRD was done for 
the as-prepared and annealed films by Cu-Kα radiation (λ = 1.54 Å) in Bruker D8 Advance 
machine. The data were recorded with a scan speed of  1◦  min−1, a step value of 0.02° in 2θ 
range of 10°–90° at a grazing angle of  1°. The Raman spectroscopy was done (LabRAM HR 
system) by 514.5 nm argon laser with a CCD detector in backscattering mode in the range 
of 50  cm−1–400  cm−1. The presence of constituent elements such as As and Se was checked 
by Energy-dispersive X-ray analysis (EDS) and corresponding surface morphology of the 
films was taken by Field emission scanning electron microscope (FESEM). The scanning was 
done for 1  cm2 film area size by 20 kV voltage and 40 mA emission current at a pressure of 
2 ×  10−7 Torr. The data was taken 3–4 times at different portions of the film to minimize the 
errors. The optical analysis was done from the reflectance and transmittance data recorded 
by UV–Vis Spectrometer (IFS66v/S) in 500  nm–1200  nm wavelength range at room tem-
perature. The information about different chemical bonding modifications in the as-prepared 
and annealed film was recorded in X-ray photoelectron spectroscopy (XPS) (Axis Ultra, Kra-
tos Analytical, UK) measurement. The required core level XPS spectra were taken by Al  Kα 
X-rays (1486.6 eV) under a vacuum of 2 ×  10−9 Torr. Due to the insulating nature of the pre-
pared glassy films, the required charge correction was done with the recorded C1s binding 
energy (BE) as compared to the standard C1s of 284.6 eV (Barr and Seal 1995; Naik et al. 
2009). The original BE data correction was done by using the calibration factor. The scan was 
performed at different positions of the films to reproduce the data.

3  Results and discussion

3.1  Structural analysis

3.1.1  (a) XRD study

The as-prepared and 423 K annealed  As50Se50 film showed amorphous structure as shown 
in Fig. 1. The small humps appeared at different θ values are due to the glass substrates 
used for film preparation (Pradhan et al. 2018). However, when the film was annealed at 
523 K, the corresponding structure transformed from amorphous to crystalline as shown in 
Fig. 1. The phases like  As2Se3, As, Se grown upon annealing above  Tg and the crystallite 
size  (Dhkl) was estimated using the well-known Scherrer’s equation (Patterson 1939)

where � , � , � are the wavelength of Cu Kα (1.54 Å), Full width half maxima (FWHM) and 
Bragg angle respectively. The calculated crystallite sizes of different phases are presented 

(1)Crystallite size (D) =
0.9�

� cos �
(� in radian)
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in Table 1. It was observed that the film structure was maximum converted into  As2Se3 
phase whose average crystallite size becomes 20.43 nm upon annealing above  Tg.

The dislocation density (δ) which is defined as the length of the dislocation lines per 
unit volume of the crystal (Aparimita et al. 2020b), the lattice strain of the different phases 
( � ) and number of crystallites per unit surface area (N) were evaluated and presented in 
Table 1 (Abd-Elnaiem et al. 2020a).

3.2  (b) Raman analysis

Figure  2 presents the Raman spectra for the as-prepared and annealed films that show 
peaks at different wavenumbers. The peak located at 221  cm−1 is due to the As-Se vibra-
tion of pyramidal  AsSe3/2 symmetric stretching units (Němec et al. 2005). However, there 
is a shoulder peak at 241   cm−1 which is assigned to the vibrations of AsSe structural 
units (Kudryashov et al. 2019). The intensity of these two peaks increased for the 423 K 

Fig. 1  XRD patterns of the as-
prepared and annealed thin films

Table 1  XRD parameters for the 523 K annealed film

2θ Phase hkl Plane Crystallite size 
(D) in nm

Dislocation density 
(δ) ×  1015(/m2)

Strain (ε) ×  10−4 N( /nm2)

14.48 As2Se3 (200) 19.51 2.627 2.377 0.108
16.21 As (0 0 2) 18.7 2.859 2.850 0.122
27.72 As2Se3 (0 2 1) 18 3.086 5.181 0.137
29.94 As2Se3 (4 0 0) 19.2 2.712 5.792 0.113
32.61 Se (1 0 1) 15.4 4.216 6.708 0.219
35.01 As2Se3 (1 3 1) 23.31 1.841 5.140 0.063
48.35 As2Se3 (2 5 0) 22.13 2.041 8.053 0.073
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annealed film while it decreased for the 523 K annealed film. Also, the position of these 
peaks shifted upon annealing which confirms the structural transition due to annealing at 
below and above  Tg. There is another low intensity peak at 462   cm−1 which may be for 
Se-Se vibrational bonds whose intensity increased for 423 K annealed film while it disap-
peared at 523 K annealing. Similarly, the low intensity peak appeared at 1100  cm−1 disap-
peared for 423 K annealing but developed for the 523 K annealing.

4  Composition and surface morphology study

The constituent As and Se elements of both as-prepared and annealed films was verified by 
EDS picture as shown in Fig. 3. The respective peaks correspond to different elements and 
the corresponding film composition is approximately same and within 4% error as com-
pared to the calculated value as given in Table 2.

The FESEM pictures taken at 200 nm scale for the as-prepared and annealed  As50Se50 
thin films are shown in Fig.  4. The pictures show the homogeneous and smooth nature 
of the films. The annealing induced phase transformation is visible in FESEM images in 
which amorphous like surface was observed in the 423 K annealed film and appearance 
of crystallites in the 523 K annealed film. The average particle size of the tiny particle was 
found to be ~ 20 nm which is nearly same as that of the average size as calculated from 
XRD data.

5  Optical properties study

5.1  Linear optical parameters

5.1.1  Transmittance (T) and Reflectance (R)

The optical transmission is the property of the film that relates transmitting power of the 
electromagnetic energy through it. This parameter is accounted for numerous applications 

Fig. 2  Raman spectra of the as-
prepared and annealed thin films
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Fig. 3  EDS picture of as-prepared and annealed thin films

Table 2  Composition of 
as-prepared and annealed 
 As50Se50 films

Sample Asp-As50Se50 423 K annealed 523 K annealed

Element Wt.% At. % Wt.% At. % Wt.% At. %

As L 42.65 43.94 41.95 42.32 42.28 43.01
Se L 57.35 56.06 58.05 57.68 57.62 56.99
Total 100.00 100.00 100.00 100.00 100.00 100.00

Fig. 4  FESEM picture of as-prepared and annealed thin films
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in the field of optoelectronic devices. The reflectance and transmittance spectra of as-pre-
pared and annealed films are shown in Fig. 5.

The observed oscillatory fringes in the transmission spectra over 700  nm–1150  nm 
wavelength range indicates the smoothness and homogeneity of the films (Naik et al. 2017). 
The transmittance curve could be divided into two regions (1) high absorption region of 
wavelength ≤ 700 nm (2) transparent region of wavelength ≥ 700 nm. The transmittance for 
all the films increased with wavelength but different for different films. The transmittance 
of the 423 K annealed film increased to a maximum value of 62% which is reduced to 59% 
for the 523 K annealed film.

The absorption edge shifts towards the longer wavelength side (redshift) for the 423 K 
annealed film whereas it shifts towards lower wavelength region (blue shift) for 523  K 
annealed film as compared to the as-prepared film. The reflectance of the 423 K annealed 
film decreased whereas it increased for the 523 K annealed film as compared to the as-
prepared film. The opposite behavior in the transmittance and absorption edge for the two 
annealed films are in accordance with the phase transformation phenomena.

5.1.2  Absorption coefficient (α)

The absorption coefficient (α) is an important optical parameter that signifies the absorp-
tion intensity of light while passing through a material. It also has a significant relation 
with the bandgap and band tailing parameters of the amorphous system. It is being evalu-
ated by using T and R values of the thin films by using the formula (Aparimita et al. 2018);

where t is the thickness of the film. The behavior of α for the three thin films with wave-
length is shown in Fig.  6 in which α value increased for the 523  K annealed film and 

(2)� =
1

t
ln
(1 − R)2

T

Fig. 5  T and R spectra of the 
studied films
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decreased for the 423 K annealed film. As the film structure was converted into a crystal-
line one, the α value increased than that of the amorphous one (Ho et al. 2013).

5.1.3  Extinction coefficient (k)

The extinction coefficient (k) measures the loss of light that got absorbed or scattered per 
unit volume and also represents the material ability for polarization. The value of k was 
calculated from its dependence on α and λ using the relation which is given by (Behera 
et al. 2019);

Figure 6 (inset plot) represents the behavior of k with the energy of incident radiation 
(hν) which shows that the k value is more for the 523 K annealed film and less for the 
423  K annealed film. Such changes in the k value leads to change in non-linear optical 
properties of the materials (Gad et al. 2020).

5.1.4  Optical density (OD)

The ability to absorb the electromagnetic radiation is measured by another optical param-
eter called as optical density which characterizes the propagation of electromagnetic radia-
tion through the material system that can be used to manufacture several optoelectronic 
devices. The optical density is the product of absorption coefficient and the film thickness 
(Hassanien and Akl 2015).

The OD value decreased with wavelength up about 700 nm and then saturated and such 
abrupt decrease is almost the wavelength of absorption edges of the studied film (Fig. 7). 
The OD value is more for the 523 K annealed film than that of 423 K annealing which is 
due to the higher value of absorption coefficient.

(3)k =
��

4�

Fig. 6  α and k of the studied 
films



 D. Sahoo et al.

1 3

197 Page 10 of 25

5.1.5  Skin depth (δ)

The skin depth which is also called as penetration depth (δ) is the reciprocal of absorp-
tion coefficient. This is related to the exponential behavior of the amplitude of the electro-
magnetic waves after overpassing the film thickness (Habubi et al. 2012). Figure 7 (inset) 
shows that the skin depth decreased for 523 K annealed film whereas increased for 423 K 
annealed film. Furthermore, the skin depth dramatically decreased near to zero value for 
all the films with energy of radiation. The skin depth is related to the optical bandgap  (Eg) 
which influence the optical conductivity.

5.1.6  Optical bandgap  (Eg) and Tauc parameter  (B1/2)

The optical bandgap  (Eg) of the studied films was calculated by using the Tauc relation 
(Tauc 1974)

where B represents Tauc parameter and ‘m’ is related to the type of electronic transition 
responsible for optical absorption and electron density in both valence and conduction 
band. The different values of ‘m’ such as ½, 2, 3/2 and 3 are for direct allowed, indirect 
allowed, direct forbidden and indirect forbidden transitions respectively (Mott and Davis 
1979; Sahoo et al. 2020b). We have calculated both the direct and indirect allowed bandgap 
since the film structure transformed from amorphous to crystalline one.

Figure 8 represents the variations of (αhv)1/2 vs incident energy (hv) of the as-prepared 
and annealed thin films (inset shows (αhv)2 vs hv) from which energy bandgap  (Eg) was 
obtained from the X-intercept. The direct and indirect bandgap values are presented in 
Table 3 which shows that the band gap decreased from 1.58 eV (as-prepared) to 1.55 eV 
for 423 K annealed film and increased to 1.71 eV for the 523 K annealed film. This was 

(4)�hv = B
(

hv − EOpt
g

)m

Fig. 7  Variation of OD with λ of 
the films
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due to the amorphous to crystalline transformation after annealing above  Tg. The direct 
bandgap values also showed similar variation in the two annealed films as compared to the 
as-prepared one.

The reduction of the bandgap upon annealing below  Tg can be explained through the 
Mott and Davis model (Mott and Davis 1979). According to this model, annealing causes 
break down of weaker bonds to form surface dangling bonds which are responsible for 
the formation of localized states in the bandgap region. These localized states form band-
tail, which decreases the optical bandgap like other studies due to annealing effect (Atyia 
and Hageb 2016; Aparimita et al. 2019). However, the increase in  Eg value for the 523 K 
annealed film is due to the amorphous to crystalline transition that caused reduction of the 
defect states and increase in structural ordering as noticed from the  B1/2 values. The surface 
dangling bonds along with some saturated bonds were gradually annealed out by forming 
more heteropolar bonds than homopolar ones upon annealing at 523 K. Thus, the decrease 
of homopolar bonds decreased the density of localized states which consequently increased 
the optical bandgap (Abbady et al. 2020; Behera et al. 2017a).

The degree of disorder  (B1/2) was obtained from the slope of the fitting from Fig.  8 
which is shown in Table 3. The Tauc parameter decreased for 423 K annealed film and 
increased for 523 K annealed film that showed the increase in structural ordering in 523 K 
annealed film.

5.1.7  Urbach Energy (Eu)

The exponential behavior of the absorption edge in the low ‘α’ region is represented by 
Urbach relation (Urbach 1953)

where α0 is a constant and  Eu represents Urbach energy which was calculated from the 
inverse of slope from the straight-line fitting for ln(α/α0) vs (hv) graph. The Urbach energy 

(5)�(hv) = �0e
hv

Eu

Fig. 8  Bandgap calculation for 
the studied films
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measures the width of the tails of the localized states in the band gap region and also meas-
ures the degree of disorder in the film. The value of  Eu is more for the 423 K annealed film 
and less for the 523 K annealed film (Table 3). The increase of  Eu for 423 K annealed film 
decreased the  Eg value whereas the decrease in  Eu for the 523 K annealed film increased 
the  Eg value respectively (Moustafa et al. 2019; Panda et al. 2019).

5.1.8  Linear refractive index (n)

The Swanepoel’s envelope method (Swanepoel 1983) was used to estimate the first approx-
imation refractive index  (n1) in the region of weak and moderate absorption according to 
the equation;

where N = 2S
(

TM−Tm

TMTm

)

+
(

S2+1

2

)

where  Tm and  TM are the minima and maxima of 
transmittance at a particular λ and ‘S’ represents refractive index of glass substrate 
(1.51). By following the procedures as detailed in Ref.54, the actual refractive index of 
the films at different λ was calculated and shown in Fig. 9 (inset). In order to extract the 
complete behavior of ‘n’ for the entire wavelength region, the well-known Cauchy func-
tion n(�) = B + A

/

�2 was used in which A and B are the Cauchy’s constant. The depend-
ence of ‘n’ for the entire wavelength range is shown in Fig. 9 in which decrease of n 
values with wavelength is attributed towards the normal dispersion of the studied films. 
The refractive index increased for 423  K annealed film and decreased for 523  K 
annealed film from the as-prepared film which is in accordance with the Moss rule i.e., 

(6)n2
1
=
[

N +
(

N2 − S2
)1∕2

]

Table 3  Optical parameters of the studied films

Optical parameters As-prepared 423 K annealed 523 K annealed

Bandgap  (Eg) eV (indirect) 1.58 1.55 1.71
Bandgap  (Eg) eV (direct) 2.02 2 2.09
Tauc parameter  (B1/2)  cm−1/2  eV−1/2 584 553 621
Urbach Energy  (Eu) meV 164 183 131
Dispersion or strength energy,  Ed (eV) 23.01 24.66 20.74
Single oscillator energy  Eo (eV) 3.60 3.63 3.58
The first moments of the optical spectra,  M-1 6.391 6.793 5.793
The second moments of optical spectra,  M-3 0.493 0.515 0.452
Static refractive index  (n0) 2.718 2.791 2.606
High frequency dielectric constant ε∞ =  n0

2 7.387 7.789 6.791
Oscillator strength f =  E0Ed 82.836 89.515 74.249
Dielectric constant of the lattice (εL) 9.05 9.33 8.34
Carrier concentration N/m* 9.36 ×  1038 7.90 ×  1038 9.47 ×  1038

Oscillator wavelength, λo (nm) 345.1 340.5 346
Oscillator strength  (s0)  nm2 5.37 ×  10−5 5.87 ×  10−5 4.83 ×  10−5

3rd order nonlinear susceptibility (χ3) at 1.99 eV 4.22 ×  10−11 6.39 ×  10−11 2.71 ×  10−11

Nonlinear refractive index  (n2) at 1.99 eV 6.13 ×  10−10 8.61 ×  10−10 5.86 ×  10−10
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 Egn4 ~ constant (Moss 1950) and studied by other researchers in different films (Aly 
et al. 2009; Behera et al. 2017b).

5.1.9  Single oscillator energy (E0) and Dispersion energy (Ed)

The dispersion behavior of refractive index was studied by using the Wemple-DiDo-
menico (WDD) single effective oscillator model (Wemple and DiDomenico 1971) 
which gives an inherent physical explanation of the measured parameters by fitting the 
experimental data.

where E0 , Ed  refers to oscillator and dispersion energy respectively. Figure 10 shows the 
graph between 

(

n2 − 1
)−1 vs (hν)2 from which the straight-line fitting gives the intercept as  

E0

Ed

 and slope as(E0Ed)
−1. The  E0 and  Ed values were calculated from the slope and intercept 

which are given in Table  3. The  E0 is also known as an average of the energy gap that 
describes the information regarding the overall band structure of the system which is com-
pletely different from  Eg., but there exists an empirical relation between  E0 and  Eg, i.e. 
 E0 ≈2Eg (Tanaka 1980). However, in our case, the  E0 value is not exactly double of the  Eg 
values. The dispersion energy  (Ed) signifies the oscillator strength that is related to the inter 
band optical transition of the system. The  E0 and  Ed values increased for the 423  K 
annealed film and decreased for the 523 K annealed film. The increase in  Eo shows the 
increase in inter band transition whereas the increase in  Ed is due to the increase of diffu-
sion of atoms to the interstitial sites. This behavior is similar to the behavior as shown by 
the optical energy bandgap.

The first order and third-order moment of optical spectra i.e.,  M-1 and  M-3 were cal-
culated from  E0 and  Ed values by using the WDD model.

(7)n2 − 1 =
E0Ed

E2
0
− (h�)2

Fig. 9  n vs λ plot of the studied 
films
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The values of  M-1 and  M-3 are presented in Table 3 which infers that the moments of 
optical spectra increased for 423 K annealed film and then decreased for 523 K annealed 
film. These two optical moments are related to the effective dielectric constant and effec-
tive number of valence electrons in thin films.

The value of dielectric constant (ε∞) as well as static refractive index  (n0) was evaluated 
by using the formula (Behera et al. 2019);

The calculated ε∞ and  n0 values for the three films are listed in Table 3 which shows the 
increase of these two parameters for the 423 K annealed film and decreased value for the 
523 K annealed film. The oscillator strength of the films which is defined as the product 
of  E0 and  Ed (El-Nahass et al. 2007) are presented in Table 3 that shows the increase of 
strength for the 423 K annealed film and decreased for 523 K annealed film.

5.2  High‑frequency dielectric constant (εL) and carrier concentration (N/m*)

The real part of dielectric constant (εL) and the ratio of carrier concentration per effective 
mass (N/m*) were calculated by plotting  n2 with λ2 (Fig. 11) through the given equation.

where ε0 is the permittivity of free space,  m* is the effective mass of the free charge carri-
ers and c is the velocity of light. The εL contributes to the polarization process inside the 
material (El-Nahass et al. 2014). The linear fitting gives the value of εL as intercept and the 
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Ed

E0
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E2
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0
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0

)
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Fig. 10  (n2−1)−1 vs (hν)2 of the 
films
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value of N/m* was calculated from the slope which are presented in Table 3. The value of 
N/m* first decreased for 423 K annealed film and increased for 523 K annealed film. How-
ever, the εL value increased for 423 K annealed film and decreased for 523 K annealed film. 
The εL and N/m* depends on the internal microstructure of the films.

5.2.1  Oscillator wavelength (λ0) and strength of oscillator (S0)

The Sellmeier model for classical dispersion relation at low frequency is given by (Wemple 
and DiDomenico 1970),

The straight-line fitting of the graph between (n2 − 1)−1  vs (�)−2 as shown in Fig. 12 
gives 1

s0�
2
0

 as its Y-intercept and 1
s0

 as its slope. The values of oscillator wavelength ( �0 ) and 
oscillator strength ( s0 ) are shown in Table 3 which shows the opposite behavior between 
the two annealed films.

5.3  Optical conductivity (σopt) and electrical conductivity (σelec)

The electronic state in the materials can be obtained from the optical conductivity (σopt) as 
well as electronic conductivity (σelec) which are expressed as (Abd-Elnaiem et al. 2020b),

The value of σopt decreased with increasing wavelength but increased with annealing tem-
perature as shown in Fig. 13. The increase in σopt with annealing is due to the increase in 
absorption coefficient and increase in refractive index by thermal annealing. However, the 
σelec was found to be increased with wavelength and decreased with annealing temperature 

(11)(n2 − 1)−1 =
1

s0�
2
0

−
1

s0�
2

(12)�opt =
�nc

4�
, �elec =

�nc
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Fig. 11  n2 vs λ2 plot of the 
studied films
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(Fig. 14). The high absorption power of the 423 K annealed film is the reason for the increase 
in electrical conduction with decrease in optical bandgap and vice versa.

5.4  Electrical susceptibility (χc)

The electrical susceptibility is a dimensionless quantity that gives the degree of polarization of 
the dielectric film on application of applied electric field. This affects the electrical permittiv-
ity of the film with other phenomena like capacitance of the capacitors to the speed of light. 
The χc value is associated with the optical parameters such as ‘n’ and ‘k’ by the relation (Pat-
terson and Bailey 2018).

(13)�c =
1

4�

[

n2 − k2 − n2
0

]

=
1

4�

[

�r − n2
0

]

Fig. 12  (n2−1)−1 vs 1/λ2 plot of 
the studied films

Fig. 13  Variation of optical 
conductivity vs λ
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The variation of χc value vs incident energy (hν) for the three films is shown in 
Fig.  15. The electrical susceptibility increased with energy value and also increased 
with annealing temperature. This indicates that the films under study have the ability to 
polarize the electric field.

5.5  Dielectric constants and loss factor

The complex dielectric function  �∗ =r +ii gives the information about the dielectric 
properties of the solid materials. The real part ( �r ) measures the decrease in speed of 
light inside the material whereas the imaginary part ( �i ) measures the amount of energy 
absorbed in the dielectric material due to dipole motion. Overall, the parameter �r is 
related to dispersion, whereas �i is related to the electromagnetic wave in the dielec-
tric medium (Tsang et al. 2004). The two parameters are related to the linear refractive 
index (n) and extinction coefficient (k) by the relation (Hafiz et al. 2013).

Fig. 14  Variation of electrical 
conductivity vs λ

Fig. 15  Variation of χc vs energy 
of incident radiation of the three 
film
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The variation of �r and �i with incident energy for different films are given in Fig. 16 
(inset). The �r is more than that of the �i and the value of both the parameters increased 
with energy. However,�r is more for the 423 K annealed film than that of 523 K annealed 
film and the imaginary part showed opposite change for the two-annealing temperatures. 
The dielectric loss factor tan ( � ) which measures the loss rate of the power of a mechani-
cal mode is calculated by the ratio of �i to that of �r . From Fig. 17, it was observed that 
the loss factor increased with increasing photon energy and also increased with annealing 
temperature.

5.6  Non‑linear optical parameters

5.6.1  3rd order non‑linear Susceptibility (χ (3))

The nonlinearity appears when there are sufficiently high intensity incident energy falls on 
the film which alter the properties of the system. This nonlinearity expresses itself through 
the polarization of the material system. Furthermore, the amorphous chalcogenide system 
possesses a higher value of the optical non-linear susceptibility which helps to manufacture 
several non-linear optical devices (Sharma et al. 2014). Ticha and Tichy (Ticha and Tichy 
2002) combined the Miller’s rule (Wayne 1969) with Wemple–DiDomenico single effec-
tive oscillator model for the estimation of χ(3) since Ed and Eo are related to the chemistry 
of the material. According to Miller’s principle, it can be expressed as,

where A is a constant which is equal to 1.7 × 10−10 esu. The variation of χ(3) vs hν for the 
three films is shown in Fig. 18 which depicts the increasing value with incident energy and 
the χ(3) increased for the 423 K annealed film whereas it decreased for the 523 K annealed 

(14)�r = n2 − k2 and �i = 2nk
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Fig. 16  Variation of �
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film. The calculated χ(3) values for the three films at 1.99 eV is tabulated in Table 3. Such 
changes in the susceptibility due to annealing can be explained by homogenization and 
polymerization. The presence of lone pair orbitals in chalcogenides makes them polarized 
easily and play an important role in nonlinear effects also (Ravindra and Srivastava 1980).

5.6.2  Non‑linear refractive index (n2)

According to Miller’s relation, the non-linear refractive index  (n2) can be written in terms 
of χ(3) which has the form;

The obtained results are shown in Fig. 19 which indicates the increase in ‘n2′ for the 
423 K annealed films and decreased for 523 K annealed film like χ(3) and linear refractive 

(16)n2 =
12��3

n0

Fig. 17  Variation of tan(�) with 
hν for the films

Fig. 18  Variation of χ(3) with 
energy of the films
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index (n). This increase in nonlinearity upon annealing below  Tg indicates an increase in 
different defect density states which can be explained through an increase in polarization 
of the system. The high values of non-linear parameters make these annealing induced thin 
films as diffraction free and suitable for non-linear devices. Due to the increase in struc-
tural order, the number of various defects in gap states decreased which leads to the reduc-
tion of nonlinearity for 523 K annealed film. The reduction of  n2 and χ(3) upon annealing 
at 523 K can be useful for UV nonlinear materials and solid state laser(Dong et al. 2018).

6  X‑ray photoelectron spectroscopy (XPS) analysis

The XPS is a surface analytic technique from which the information about different bond-
ing can be obtained from the core-level analysis. The alterations in chemical bonding are 
often realized through correlation with chemical shifts in the XPS binding energies of key 
elements from their core-level spectra. Though the survey spectra consist of various core 
level and Auger spectra, we have selected the As 3d and Se 3d core level peaks for the 
analysis. The peak position of the As 3d core level peak for the as-prepared film was at 
42.90  eV which shifted to 42.61  eV upon annealing at 423  K and to a higher value of 
43.01  eV upon annealing at 523  K. Also, the intensity of the peak increased for 423  K 
annealed film and decreased for 523 K annealed film as compared to the as-prepared film 
Figs. 20 and 21

The Se  3d5/2 core level peak for the as-prepared film was at 54.61 eV which shifts to 
54.73 eV upon annealing at 423 K and to a lower value of 54.48 eV upon annealing at 
523  K. The  Se3d3/2 peaks which generally occurs at higher energy values than Se  3d5/2 
peak is at 55.2 eV for the as-prepared film that shows shift to 55.36 eV upon 423 K anneal-
ing and to 54.87 eV upon 523 K annealing. Also, the intensity of the peak increased for 
423 K annealed film and decreased for 523 K annealed film as compared to the as-prepared 
film. Since the electronegativity of Se (2.55) is greater than the electronegativity of As 
(2.18), so, the BE of Se shifts to higher values upon 423 K annealing due to the formation 
of more Se–Se homopolar bonds (Li et al. 2002) and the reverse change is due to the for-
mation of more heteropolar bonds.

Fig. 19  Variation of  n2 with 
energy for the films
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7  Conclusions

The structural transition from amorphous-crystalline upon annealing above  Tg was noticed 
from the XRD and Raman data. The FESEM picture also showed the formation of crys-
tallites in 523  K annealed film. Both linear and nonlinear optical parameters showed 
opposite changes for 423 K and 523 K annealed films. The  Eg value decreased for 423 K 
annealed film whereas it increased for the 523 K annealed film which is discussed in terms 
of density of defect states and disorder value. The value of n,  n2 and χ(3) increased for 
the 423 K annealed film and decreased for the 523 K annealed films whereas carrier con-
centration and oscillator wavelength showed opposite changes. The degree of disorder in 
the film altered as noticed from  B1/2 and  Eu. The skin depth increased and optical den-
sity decreased for the 423 K annealed film which showed opposite change for the 523 K 
annealed film. The  Ed and  Eo increased for the 423 K annealed film which decreased for the 
523 K annealed film. The σopt increased while σelec decreased for the 523 K annealed film 
while the opposite behavior was noticed for the 423 K annealed film. The χc was found to 

Fig. 20  As 3d core level peak of 
the films

Fig. 21  Se 3d core level peak of 
the films
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be more for 523 K annealed film than that of 423 K annealed film. The real and imaginary 
parts of dielectric constant along with dielectric loss also showed opposite changes for the 
two annealed films. The XPS core level peak shifting showed the similar type of changes 
as that of the optical one. So, we have observed both increase and decrease in the optical 
parameters for the two annealed films. Such type of dual changes in the film at two dif-
ferent temperatures can be used for fabrication of various optical devices based on their 
requirement.
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