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a b s t r a c t

Thin films of Se87.5Te10Sn2.5 were prepared by vacuum thermal evaporation technique.

Various optical constants were calculated for the studied composition. The mechanism of

the optical absorption follows the rule of direct transition. It was found that the optical

energy gap (Eg) decreases from 2.26 to 1.79 eV with increasing the annealing temperature

from 340 to 450 K. This result can be interpreted by the Davis and Mott model. On the other

hand, the maximum value of the refractive index (n) is shifted towards the long wavelength

by increasing the annealing temperature. In addition, the high frequency dielectric constant

(εL) increased from 31.26 to 48.11 whereas the ratio of the free carriers concentration to its

effective of mass N/mn decreased from 4.3 to 2.09 (�1057 (m�3 Kg�1)). The influence of

annealed temperature on the structure was studied by using the X-ray diffraction (XRD) and

scanning electron microscopy (SEM). The XRD studies show that the as-deposited films are

amorphous in nature, but the crystallinity improved with increasing the annealing tempera-

ture. Furthermore the particle size and crystallinity increased whereas the dislocation and

strains decreased with increasing the annealing temperature. SEM examination showed that

the annealing temperature induced changes in the morphology of the as-deposited film.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chalcogenide glasses are of special interest due to their

broad applications in modern electronics, optoelectronics,

integrated optics, electro-photography, solar cells, electrical

and optical memory devices etc. [1–4]. Among the amor-

phous chalcogenide alloys mostly selenium (Se) based mate-

rials are preferred due to its commercial use. Moreover, its

device applications like switching memory and xerography

etc., made it attractive. But, the pure Se has a short life time

and low sensitivity [5] although is characterized by high

viscosity sensitivity. The problem can be overcome by alloy-

ing seleniumwith some impurities such as Ge, Te etc., which

in turn gives high crystallization temperature and small

aging effects as compared to pure Se glass [6].

Recently, it has pointed out that Se–Te has some advan-

tages over amorphous Se as far as their use in xerography is

concerned [7] and the addition of Se to Te alloy improves the

corrosion resistance [8]. The Se–Te alloys are found to be

useful from the technological point of view if these alloys are

thermally stable with time and temperature during use.

However, thermal instability leading to crystallization is

found to be one of the drawbacks of these alloys. Hence

attempt has been made to improve the stability of Se–Te by

the addition of third element [9]. The addition of third

elements such as Sn to the binary chalcogenide Se–Te system

produces stable glassy alloys [10–12]. The insertion of the

third element expands the glass forming area and also

creates compositional and configurational disorder in the

system. It is observed that the addition of the third elements

helps in getting cross-linked structure thus increasing the
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glass transition and crystallization temperatures of the

binary alloy [11]. There are some characterization studies

on several glasses of this Se–Te–Sn system [7,12–17].

This work presents the results of some experimental

observation on the effect of heat treatment on structural

and optical properties of Se87.5Te10Sn2.5 films. Scanning

electron microscopy (SEM) and X-ray diffraction were used

to determine the structural changes for the studied com-

position under different conditions. The effect of thermal

annealing on optical properties is interpreted according to

the density of states model in amorphous materials

proposed by Mott and Davis [18].

2. Experimental technique

Bulk Se87.5Te10Sn2.5 was prepared by the melt-quench

technique. Appropriate amounts of high purity (99.999%)

Se, Te and Sn (from Sigma-Aldrich) were weighted (5 g

total weight) according to their atomic percentage. The

weighted elements were placed into a quartz glass

ampoule and sealed under vacuum of 10�4 Torr. The

sealed ampoule was heated in Heraus programmable tube

furnace (type R07115), the heating rate was approximately

3–5 K/min. The temperature was kept at 1100 K for 24 h.

The ampoule was manually stirred for realizing the homo-

geneity of the composition. After that, the ampoule was

quenched in an ice-cooled water. Thin films were prepared

by thermal evaporation under vacuum of 10�5 Torr using

Edwards E 306 coating system. A constant evaporation rate

(3 nm/s) was used to deposit the films. The evaporation

rates as well as the films thickness were controlled using a

quartz crystal monitor (FTMS). The film composition was

checked using the energy-dispersive spectroscopy (EDAX)

technique. The atomic percentage ratio of the films are

very close to their initial bulk specimen.

The glassy nature of as-prepared as well as the crystal-

line phase structures for annealed samples was identified

using a Philips diffractometer type 1710. DTA experiments

were carried out on the as-prepared powder sample by

using a Perkin-Elmer DTG-60 under non-isothermal con-

ditions. The surface morphology of the films was exam-

ined using scanning electron microscopy (SEM) Technique

Jeol (JSM)-T 200 type. The values of the glass transition

temperature (Tg), the onset crystallization temperature (Tc)

and the peak crystallization temperature (Tp) were deter-

mined with accuracy 71 K using the microprocessor of

the thermal analyzer. In order to determine the absorption

coefficient α and the optical constants of the films as a

function of the incident light wavelength, the transmit-

tance T(λ) and reflectance R(λ) were recorded at room

temperature using a double-beam spectrophotometer

(Shimadzu uv-2101 combined with pc).

3. Results and discussion

3.1. Structural analysis

A typical DTA traces at different heating rates for

Se87.5Te10Sn2.5 chalcogenide glass in the temperature range

from room temperature to complete crystallization or even

melting temperature are shown in Fig. 1. Three characteristic

phenomena are clearly observed in the studied tempera-

ture region. The first one represents the glass transition

region characterized by an endothermic region at the glass

transition temperature (Tg). The second one is associated

with the crystallization process specified by exothermic

peak. The third one is the melting region represented by

endothermic reactions. Furthermore, Fig. 1 shows that

both the glass transition (Tg) and the crystallization tem-

perature (Tc) shifted to higher temperatures with increas-

ing the heating rates.

In order to determine the crystalline phases for the

annealed Se87.5Te10Sn2.5 thin films, the X-ray diffraction

pattern of films were analyzed. Fig. 2 shows XRD pattern of

the as-deposited and annealed Se87.5Te10Sn2.5 films. The

absence of sharp structural peaks in these patterns con-

firmed the amorphous (glassy) nature of the sample.

However, thin films annealed for 30 min in N2 atmosphere

at 380, 400, 425, 450 and 475 K for half an hour showed a

polycrystalline structure indicating an amorphous to crys-

talline phase transition. The analysis of the XRD patterns

for all annealed samples as shown in Fig. 2 show that the
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Fig. 1. A typical DTA thermo-gram at different heating rates for

Se87.5Te10Sn2.5.
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Fig. 2. X-ray diffraction pattern for Se87.5Te10Sn2.5 for as-deposited and

annealed films at different temperatures for half an hour.
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dominant crystalline phases are Se and Se Te Sn. When

annealing temperature was further increased to 400 K, the

Se and Se Te Sn peaks showed a much greater intensity

increase with increasing annealing temperature which

indicates a considerable increase in the volume fraction

of the two crystalline phases. The average particle size (D)

of the annealed samples was calculated from the XRD

patterns according to Scherrer0s equation [19]

D¼
kλ

β cos θ
ð1Þ

where k is a constant approximated to unity, its value is

related to the particle shape, θ is the diffraction angle, λ is

the X-ray wavelength used, β is the width at half max-

imum intensity (FWHM). The calculated D values using

Eq. (1) for the annealed samples are listed in Table 1. On the

other hand, the dislocation density (δ) is defined as the

length of the dislocation lines per unit volume of the

crystal and is given by (δ)¼1/D2. Furthermore, the strain

value (ε) is calculated from the following relation [19]:

ε¼
λ

D cos θ
� β

� �

1

tan θ
ð2Þ

The deduced δ and ε are listed in Table 1. It is observed that

the strain and dislocation density decrease whereas parti-

cle size for Se Te Sn and Se phases increases with

increasing the annealing temperature, which indicates

the improvement in crystallinity of the films. These results

are in agreement with the previous work [20–22].

The morphology of the studied composition after

annealing at different temperatures for half an hour. The

samples were coated with gold before SEM examination to

study the surface morphology. The scanning micrograph of

the annealed Se87.5Te10Sn2.5 composition are shown in

Fig. 3(a,b). The microstructure for the annealed samples

at 425 K are shown in Fig. 3(a). The surface morphology

showed the appearance of a homogeneously distributed

dendrite crystalline phase embedded in the glass matrix.

Further increase of the annealing reveals that the amount

of the transformed crystalline phase increased and the

crystallized particles increase in size. This results are in

good agreement with the results obtained by XRD. The

photomicrograph in Fig. 3(b) shows the surface micro-

structure of the annealed sample at 475 K for half an hour.

A polycrystalline structure in cylindrical shape embedded

in an amorphous matrix is observed. Some of these

crystallized particles are interconnected and others are

isolated. The crystallites are dispersed homogeneously and

occupy most of the structure.

3.2. Absorption coefficient

The spectral distribution of transmittance (T) and

reflectance (R) as a function of the wavelength for as-

prepared and annealed Se87.5Te10Sn2.5 films are shown in

Figs.4 and 5. It is observed that the transmittance has a

maximum and reflectance has a minimum in the range

700–1200 nm. The maximum and minimum may be

correlated to each other. In general, it could be noted that

the transmittance decreases with increasing the annealing

temperature but reflectance shows opposite behavior to

this in the transmission spectrum. The optical absorption

coefficient (α) was computed from the experimentally

measured values of transmittance T(λ) and reflectance R

(λ) according to the following relation [23]:

α¼
1

d
ln

ð1�RÞ2

T

" #

ð3Þ

where d is the film thickness.

Fig. 6 shows the dependence of the absorption coeffi-

cient (α) on the incident photon energy (hυ) for as-

deposited and annealed Se87.5Te10Sn2.5 films. It is observed

that the values of the absorption coefficient increase with

increasing both photon energy and annealing temperature.

In chalcogenide glasses, a typical absorption edge can

broadly ascribed to either the three processes (i) residual

below-gap absorption, which originates from defects and

impurity, (ii) Urbach tail which is strongly related to the

structure randomness of the films and (iii) interband

absorption, which determined the optical energy gap.

In the high absorption region (α4104 cm�1), a para-

bolic relation can be applied [24,25]

α¼
c

hυ
ðhυ�Eg Þ

r ð4Þ

where c is a constant depending on the transition prob-

ability, Eg is the optical energy gap of the materials and r is

a value depending on the nature of the transition. For a

material having one kind of transition, the value of r is 1/2

or 2, for allowed direct or indirect and 3/2 or 3 for

forbidden direct or indirect transitions, respectively. The

dependency of (αhν)1/r on photon energy was plotted for

Table 1

The crystallite size (D), strain (ε), and dislocation density (δ) of annealed Se87.5Te10Sn2.5 for half an hour at different temperatures.

Phase Ann. temp. (K) Crystallite size, D, (nm) Strain, ε�10�3 Dislocation density, δ�1015 (m�2)

Se 380 10.62 36.6 8.86

400 11.94 32.7 7.01

425 15.03 26.1 4.42

450 21.93 17.8 2.07

475 22.29 17.5 2.01

Se Te Sn 380 17.13 18.5 3.4

400 21.49 14.7 2.1

425 18.8 16.8 2.8

450 22.95 13.8 1.8

475 25.54 12.4 1.5
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different values of r and showed that the transition has a

direct allowed nature for the studied composition. It can

also be concluded that the relation (4) can be written as

ðαhυÞ2 ¼ A ðħω –EgÞ ð5Þ

The linear relationship between (αhν)2 and hυ for as-

deposited and annealed films shown in Fig. 7, confirms

direct band gap transition in Se87.5Te10Sn2.5 films. These

results are in a good agreement with the previous work

[22,26]. The intercept with the x-axis gives the direct

optical energy gap Eg. The optical energy gap Eg decreases

with increasing the annealing temperature as shown in

Fig. 8. As the annealing temperature was increased, the

Fig. 3. (a,b) SEM micrographs for annealed Se87.5Te10Sn2.5 for half an hour (a) annealed at 425 K and (b) annealed at 475 K for half an hour.
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Fig. 4. Spectral dependencies of the transmittance T for as deposited and

annealed Se87.5Te10Sn2.5 films.
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crystallite size increased and the strain value decreased,

which leads to decrease in the optical energy gap [27,28].

In the exponential edge region, the absorption coeffi-

cient is governed by Urbach0s relation [29]

α¼ αoexpð
hυ

Ee
Þ ð6Þ

where α0 is a constant and Ee is interpreted as the width of

the tails due to localized state in the forbidden gap.

Therefore, plotting the dependence of the ln α versus hυ

gives a straight line as shown in Fig. 9. The inverse of the

slope gives the band tail width (Ee) of the localized states.

The effect of annealing temperature on Ee for Se87.5Te10
Sn2.5 thin films are shown in Fig. 8. It is observed that Ee
increases with increasing the annealing temperature. The

decrease in the optical energy gap Eg and the increase of

localized states tail Ee with the annealing temperature

have been successfully analyzed on the basis of the theory

proposed by Mott and Davis theory [18]. The thermal

annealing above the glass transition temperature Tg is

known to be important in including crystallization in

semiconducting chalcogenide glasses [30]. The decrease

in the optical energy gap Eg and the increase of localized

states tails Ee with the annealing temperature can be

interpreted by assuming the production of the surface

dangling bonds around the crystallites [31] during the

process of crystallization. It has been suggested by many

authors [31,32] that nearly ideal amorphous solids crystal-

lize under heat treatment and that in the process of

crystallization dangling bonds are produced around the

surface of the crystallites. Further heat treatment causes

the crystallites to break down [33] into smaller crystals

thereby increasing the number of surface dangling bonds.

These dangling bonds are responsible for the formation

of some types of defects in highly polycrystalline solids.

As the number of dangling bonds and defects increase with

the increase in annealing temperature, the concentration

of localized states in the band structure also increases

gradually. Hence the heat treatment of the films causes an

increase in the energy width of localized states thereby

reducing the optical energy gap.

On the other hand, the values of refractive index (n)

and extinction coefficient (Kex) have been calculated using

the following relations [34,35]:

R¼ ðn�1Þ2þK2
ex

h i

=½ðnþ1Þ2þK2
ex� ð7Þ

Kex ¼
αλ

4Π
ð8Þ

where R is reflectance or reflectivity. The spectral depen-

dence of the refractive index (n) and extinction coefficient

(Kex) on the wavelength for as-prepared and annealed

Se87.5Te10Sn2.5 thin films are shown in Fig. 10(a,b). The

values of (n) have a maximum value (nmax) at wavelength

λc which is shifted towards longer wavelength as the

annealing temperature increased as shown in Fig. 10(a).

Furthermore, the extinction coefficient (Kex) decreases

with increasing the wavelength. In general the values of

(n) and (Kex) increased with increasing the annealing

temperature as shown in Fig. 10(a,b). This type of trend

has also been observed for thin films of various other

semiconductors [36–39]. The increase of (n) and (Kex) with

increasing annealing is caused by an increase in the

particle size with annealing temperature [40].

For a better understanding of the optical properties of

the as-prepared and annealed films, it is necessary to

determine some optical constants such as real (ε1) and

imaginary (ε2) parts of dielectric constant for as-deposited

and annealed Se87.5Te10Sn2.5 films, which have been calcu-

lated using the relations [41]

ε1 ¼ n2�K2
ex and ε 2 ¼ 2 n Kex ð9Þ

The variation of these two parameters with the wave-

length is shown in Fig. 11(a,b). On the other hand, the two

parameters of the dielectric constant for Se87.5Te10Sn2.5

films increase with increasing the annealing temperature.

The dispersion of the refractive index (n) was analyzed

using the concept of the single oscillator and can be

expressed by the Wimple–Didomenico relationship [42]

n 2�1¼
EdE0

E20�E2
ð10Þ

where E0 is the oscillator energy and considered as an

average energy gap, Ed is the dispersion energy which

measures the average strength of the interband optical

transitions and E is the photon energy.
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By plotting of (n2�1)�1 versus (hυ)2 shown in Fig. 12,

the dispersion parameter Ed and E0 can be obtained. The

values of Ed and E0 can be directly determined from the

slope and intercept with the vertical axis. The obtained

values of Ed and E0 for the typical Se87.5Te10Sn2.5 thin films

are listed in Table 2. It is observed that the values of Ed
and E0 nearly increased with increasing the annealing

temperature. In our case it is found that E0EEg which is

in good agreement with the relation of Ticha and Tichy

[43]. In general, the increasing Ed and E0 with the anneal-

ing temperature could be attributed to increase the rate of

diffusion of atoms of the films with increasing the anneal-

ing temperature. The increase in the diffusion rate with

increasing temperature gives more number of atoms at

interstitial sites, thereby leading to impurity type scatter-

ing centers [22,43,44].

Furthermore, in order to calculate the high frequency

dielectric constant εL we have further analyzed the data of

refractive index dependence on photons energy or wave-

length via two procedures. The first procedure includes the

contribution of free carriers and the lattice vibration

modes of dispersion. In this procedure, the relation

between the lattice high frequency constant (εL) and

refractive index (n) is given by the following relation [45]:

n2 ¼ εL �
e2

4 Π2c2ε0

� �

N

mn

� �

λ2 ð11Þ

where e is the electronic charge, c is the light velocity, ε0 is

the vacuum permittivity (8.854�10–12 F/m), N is the

charge carrier concentration and mn is the effective mass

of charge carrier. From the linear plot of n2 versus λ
2 as

shown in Fig. 13 for the studied composition, the lattice

dielectric constant εL and the ratio of N/mn for as-prepared
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and annealed films can be determined. The values of these

two parameters with annealing temperature are given in

Table 2. It can be seen that the lattice dielectric constant εL
increases and the ratio N/mn decreases with increasing the

annealing temperature. This behavior was observed in

many chalcogenide glasses. In general, it can be concluded

that high frequency dielectric constant εL and the ratio N/mn

are related to the internal microstructure.

The second procedure for calculating ε1 is based upon

the dispersion arising from the bound carriers in an empty

lattice. In this procedure ε1(¼n1
2
) can be calculated by

applying the following classical dispersion relation using

the single term Sellmeir oscillation [46]:

n2
1�1

n2 �1
¼ 1�

λ0

λ

� �2

ð12Þ

where n1 is the long wavelength refractive index and λ0 is

the average oscillator wavelength. Plots of (n2�1)�1

versus λ
�2 for Se87.5Te10Sn2.5 thin films are given in

Fig. 14. Values of ε1 was calculated according to Eq. (12)

and listed in Table 2. It is noticed that the values of εL are

greater than those ε1. This behavior can be attributed to

the increase in the free carrier concentration [47].

4. Conclusions

From the above results and discussion the following

conclusion can be made: the X-ray analysis showed that the

as-deposited films have an amorphous nature. Annealing the

as-deposited Se87.5Te10Sn2.5 films under nitrogen gas showed

amorphous to crystalline transition. Furthermore, the average

particle size increased whereas the dislocation and strains

decreased with increase in annealing temperature. The

values of optical band gap (Eg) were found to decrease

from 2.25 to 1.75 eV with an increase of annealing tem-

perature from 340 to 450 K. The values of refractive index

(n) is shifted towards longer wavelength as the annealing

temperature increased, while the extinction coefficient

(Kex) decreased with increasing the wavelength. On the

other hand, the high frequency dielectric constant (εL)

increases whereas N/mn decreases with increasing the

annealing temperature.
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