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Abstract The melt-quenched Sn10Sb20Se70 sample in the

bulk form was used to prepare films on well-cleaned glass

substrates by thermal evaporation method. The activation

energy for glass transition (apparent) and crystallization

has been analyzed by using the Kissinger formulation. The

X-ray diffraction study shows the crystallization of Sb2Se3

phase in the major proportion as compared to the SnSe2

phase. The SEM images film of the show the appearance of

spherical globules upon annealing below the glass transi-

tion temperature. The effect of annealing temperature on

the electrical and optical properties has been studied. A

linear fit between DE and Eo is observed, indicating the

validity of Meyer–Neldel rule with the change in the

annealing temperature.

Introduction

Chalcogenide glasses are very promising materials because

of their potential applications in infrared (IR) optics,

optical memories, inorganic photoresists, and anti-

reflection coatings, etc. [1]. For infrared applications, the

material should have large optical transmission window,

low material dispersion, low light scattering, and long

wavelength multiphonon edge well above the desired IR

wavelength along with good thermal, mechanical, and

chemical properties. Recent interest in these materials is to

investigate new IR material for CO2 laser power trans-

mitting optical fibers [2]. The transmission window of Ge–

Sb–Se glasses limits their utility for CO2 laser application

[3], which had the multiphonon absorption edge at about

16 lm. The occurrence of micro-crystallization during the

fiber drawing results in the inhomogeneous optical fibers

with loss in the signal due to scattering. To decrease the

transmission losses to meet the commercial requirements,

new materials were investigated to shift the multiphonon

edge to longer wavelengths by several micrometers and

also to enhance the thermal and mechanical properties.

The glass formation with the addition of heavier mass

elements in chalcogen reduces the optical gap, conse-

quently shifting the transmission window to longer

wavelengths. The addition of Sn increases the glass tran-

sition temperature, crystallization temperature, anti-

crystallization stability, and chemical durability, and shifts

the multiphonon absorption edge to longer wavelengths

[2]. Our recent work [4, 5] shows that the Sn addition

inhibits crystallization, while more addition leads to fur-

ther crystallization. The results indicate better thermal

stability with large glass transition temperatures for the

Sn10Sb20Se70 chalcogenide glass [5]. Therefore, the present

study reports the thermal studies, structure and the effect of

thermal annealing on the surface morphology of glassy

films. Also, the effect of thermal annealing at different

temperatures on the optical and electrical properties has

been reported.

Experimental details

Bulk glass of Sn10Sb20Se70 was prepared by conventional

melt quenching technique as described earlier [4].
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Differential scanning calorimetric (DSC) studies were

carried out using Perkin Elmer (DSC/TGA/DTG, Pyris

Diamond) instrument at different heating rates. Approxi-

mately 15 mg of the powdered sample with 10 mg of

alumina powder as reference were taken in Al pans for

each DSC runs. The temperature and energy calibrations of

the instrument are performed using the well-known melting

temperature and enthalpy of high purity indium. All the

DSC scans were performed in a flowing N2 atmosphere.

Thin films have been prepared on to well-cleaned glass

substrates kept at room temperature by thermal evaporation

method at a pressure less than 10-5 mbar [5]. The thick-

ness of the films was measured by the Tolansky

interference method and found to be 350 nm. The

annealing of the pristine samples (powdered and thin films)

have been performed in a running vacuum *10-5 mbar. A

Philips X-ray diffractometer type-1710 was used to char-

acterize the pristine and annealed samples. The surface

morphology and composition analysis of the as prepared

and annealed films was carried out on scanning electron

microscope (Philips XL30 ESEM system with EDAX

attachment) operated at 20 kV. The secondary electrons are

collected for the surface morphology, while X-rays pro-

duced through the electron beam impact for the

composition analysis are taken in the present study. The dc

conductivity measurements were carried out in the tem-

perature range 253–343 K in a running vacuum of

*10–4 mbar. The current was measured using a digital

picoammeter (DPM-111, Scientific equipment, Roorkee).

The Al electrodes (electrode gap *2 mm) in co-planar

geometry were deposited by thermal evaporation for elec-

trical measurements. The optical transmission spectrum

was recorded at room temperature using a UV–VIS spec-

trophotometer in the wavelength range 500–1,100 nm.

Results and discussions

Thermal properties

Figure 1 shows the DSC scans of Sn10Sb20Se70 glassy

semiconductor at different heating rates. It is observed that

the glass transition temperature (Tg) and peak crystalliza-

tion temperature (Tp) increases with the heating rate. The

lowering and broadening of the melting endotherm occurs

with the heating rate. The glass transition temperature is

424.1 K and onset of crystallization temperature is 514.3 K

at 10 K/min heating rate. Further, the X-ray diffraction

patterns of powdered bulk samples as pristine, annealed

below Tg and at peak crystallization temperature were

compared and are shown in Fig. 2. These results show that

the sample (a) and (b) are X-ray amorphous, while

annealing at peak crystallization temperature shows the

crystalline nature for the sample (c). The formation of

crystalline globule could be attributed to the large differ-

ence in the average bond energy of the constituent phase’s,

viz. Sb2Se3 and SnSe2 as Sn forms the strong bonds. The

percentage crystallinity for the as-prepared glass sample

Fig. 1 DSC thermograms for amorphous Sn10Sb20Se70 glasses at

heating rates (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, (f) 40, (g) 50 K/min

Fig. 2 X-ray diffraction patterns for pristine sample (a), annealed at

393 K (b) and annealed at 550 K for 1 h for Sn10Sb20Se70 chalcogenide

glass
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was calculated from the heat evolved and heat absorbed

during the crystallization and melting of the material,

respectively. The heat evolved/absorbed at 10 K/min

heating rate is 26.7 and 28.4 mJ/mg for the crystallization

and melting peaks, which is found to be 0.38% for this

glassy sample.

The difference DT = Tc - Tg, representing the resis-

tance to devitrification or thermal stability of glasses [6],

has been found to be 90.2 K. The dependence of Tg on

heating rate could be discussed by using the empirical

relationship proposed by Lasocka as: Tg = A ? B lna,

where A and B are constants for a given glass composition

[7]. Figure 3 shows a plot of Tg vs. lna for Sn10Sb20Se70

glassy semiconductor and the points could be best fitted to

a straight line. Using the slope and intercept values, the above

equation becomes: Tg = (3792.2) ? (13.8 ± 0.2) lna. The

value of B depends on the cooling rate employed in the

preparation and is the indicator of the response of the con-

figurational changes within the glass transition region to the

heating rate [8]. The apparent activation energy for glass

transition Et is calculated using the Kissinger equation [9]:

ln ða=T2
g Þ ¼ �Et=RTg þ constant ð1Þ

where R is the gas constant. Figure 4a shows a linear

variation of ln(a/Tg
2) vs. 1/Tg for the investigated glass. From

the slope of the straight line, the value of Et is found to be

100.2 ± 0.4 kJ/mol. From the heating rate dependence of

Tp, the activation energy for the crystallization process is

calculated using the Kissinger equation as [9]:

ln ða=T2
p Þ ¼ �Ec=RTp þ constant ð2Þ

The value of Ec was obtained from the straight line plots of

ln(a/Tp
2) versus 1,000/Tp as shown in Fig. 4b. The value of

Ec deduced as above is found to be 107.3 ± 0.4 kJ mol-1.

Surface morphology

The surface morphologies of the pristine and annealed

films (annealing temperature, Ta = 400 K) are shown in

the Fig. 5a and b, respectively. The SEM micrograph

shows a decrease in the surface roughness upon annealing,

Fig. 3 Variation of Tg with heating rate for Sn10Sb20Se70 glassy

samples

Fig. 4 The plots of (a) ln(a/Tg
2) with 1,000/Tg and (b) ln(a/Tp

2) with

1,000/Tp for amorphous Sn10Sb20Se70 chalcogenide glass
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while the 3D spherical globule appears in the amorphous

matrix. The inset image in Fig. 5b shows the magnified

image of one such globule for the annealed sample. The

comparison of the SEM and XRD patterns suggests that

these small globules might be the Sb2Se3 phase, as of its

higher affinity toward the crystallization in the bulk glass

samples.

Electrical conduction

The annealing of the pristine samples was carried out at

333, 363, and 393 K well below the glass transition

temperature and the effect of the nucleation of crystallites

on the electrical conduction has been investigated. The

room temperature (303 K) conductivity is found to

decrease with the increase in the annealing temperature

(Table 1). The electrical conductivity of the thin films of

Sn10Sb20Se70 (pristine and annealed) as a function of

temperature is shown in Fig. 6. It has been observed that

the dark conductivity increases linearly with temperature in

the range 253–343 K and follows the Arrhenius equation:

r = ro exp (-DE/kT), where ro is the pre-exponential

factor, DE is the dc activation energy, k is the Boltzmann

constant, and T is the absolute temperature. From the slope

and intercept on the y-axis of lnr versus 1,000/T curves, the

values of DE and ro were calculated for all the samples.

The value of ro may distinguish whether the dominant

conduction process is in the extended states or in the

localized states. For extended state conduction, the value of

ro lies in the range 103–104 S cm-1, whereas for the

hopping conduction in the localized states the value of ro is

much smaller than this range [10]. As shown in Table 1,

the value of ro for pristine sample is 8.9 9 103 S cm-1

and with annealing temperature the value of ro decreases to

0.2 9 103 S cm-1 for sample annealed at 393 K. Thus,

annealing does not change the dominant conduction pro-

cess, which remains in the extended states for Sn10Sb20Se70

sample.

The small values as reported elsewhere [5] may be due

to the electrode (Ag-electrode) or thickness effect, the

exact details of which will be investigated in the future.

The decrease in the value of ro is much higher for the

annealing temperatures near the glass transition tempera-

ture. Generally, annealing reduces the concentration of the

dangling and unsaturated bonds, which allow the structure

to relax to a state closer to the equilibrium, thereby

reducing the density of defect states. Mohamed et al. have

attributed the increase in bulk roughness with annealing

temperature to the grain growth and the stresses, which

built up in the film during heating and subsequent cooling

[11]. A decrease in the surface roughness occurs with the

nucleation of crystalline Sb2Se3 globules in the amorphous

matrix have been observed in the SEM micrographs. This

increases the surface dangling bonds and unsaturated

defects associated with these structures and thus leads to an

increase in the density of defect states in the present sys-

tem. Thus, there is an increase in the scattering centers and

Fig. 5 The SEM micrographs for the pristine (a) and annealed at

393 K (b) for 1 h for amorphous Sn10Sb20Se70 chalcogenide glass.

The inset picture in Fig. 4b shows the enlarged image of the spherical

globule in the amorphous matrix

Table 1 Dependence of some

electrical and optical parameters

on the annealing temperature for

Sn10Sb20Se70 film samples

Sample E0 (eV) B-1 (910-3 cm eV) rRI (910-5 S cm-1) DE (eV) r0 (910-3 S cm-1)

Pristine 1.13 1.84 8.89 0.49 8.9

Ta = 333 K 1.11 1.82 5.97 0.45 1.2

Ta = 363 K 1.09 1.79 5.27 0.42 0.5

Ta = 393 K 1.05 1.62 5.17 0.41 0.2
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dangling bonds with annealing resulting in an increase in

the density of defect states in the mobility gap.

The observed variation in ro can further be understood

in terms of its variation with the DE, known as Meyer–

Neldel rule. This rule is found to obey in various thermally

activated phenomena, e.g., kinetics (hopping) and ther-

modynamics (number of carriers in the band state) in

amorphous semiconductors, condensed matter physics,

chemistry, biology, and geology [5, 12, 13]. This rule

correlates ro and DE as: ro = roo exp (DE/EMN), where

EMN is the Meyer–Neldel characteristic energy and roo is

the prefactor, which is treated as the microscopic conduc-

tivity in these semiconductors. The plot of lnro and DE (not

shown here) can be best fitted to a straight line. The slope

and intercept yields the values of EMN * 23.2 meV and

roo * 5.6 9 10-6 S cm-1 for this glass. These values are

found to be in good agreement with the published data [5,

12]. The validity of the MN-rule and obtained activation

energies tells about the exponential distribution of tail

states near the mobility edge as proposed by Roberts [14].

Thus, the major contribution of the conduction process

does not come from the region of the Fermi level but more

likely from these tail states. Hence, ro does not have a

same value with annealing temperature, since position of

these tail states are strongly influenced due to annealing.

Therefore, the value of ro cannot be treated as microscopic

conductivity but roo can be. The small values of the pre-

factor can be attributed to the interlayer potential barriers,

which restrict the motion of charge carriers in chalcogenide

glasses [12].

Optical properties

The effect of thermal annealing on the optical properties

was investigated by studying the transmission spectra for

the pristine as well as for the annealed films. A decrease in

the transmittance for the annealed films was observed. The

decrease in the transmittance upon annealing was consid-

ered due to the nucleation of scattering centers or crystal

growth (crystallization of Sb2Se3 as spherical globules) in

the bulk of the material, however, the surface roughness

decreases. The analysis of optical transmittance data has

been used to discuss these features. In the high absorption

region (a C 104 cm-1), involving indirect interband tran-

sitions between valence and conduction bands, a follows

the relation: a = B(hm - Eo)2/hm, where Eo is the optical

energy gap and B is an energy independent constant, which

is a measure of the extent of band tailing [10]. Linear plots

of (ahm)1/2 versus hm are shown in Fig. 7. The optical gap

(Eo) was calculated by taking the intercept on the energy

axis and the value of B was calculated from the slope of the

plots. The values are summarized in Table 1. An inverse

relation between these two parameters has been observed.

According to Mott and Davis [10], the width of the

localized states near the mobility edge depends on the

degree of disorder and the defects present in the amorphous

structure. The unsaturated bonds along with the saturated

ones are present in the deposited film. These unsaturated

bonds are responsible for the formation of defects,

responsible for the localized states in the mobility gap of

amorphous solids. Generally, annealing leads to a decrease

in the density of these defect states due to thermal

Fig. 6 Plot between lnr versus 1,000/T for pristine and annealed

Sn10Sb20Se70 films
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Fig. 7 The plots of (ahm)1/2 versus hm for the pristine and annealed
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relaxation and hence an increase in the optical gap of the

material. In the present case, the decrease in the optical gap

with annealing may be due to the nucleation of scattering

centers. A decrease in the optical gap after annealing with

the decrease in the thickness in the Ge based films has been

reported [15]. Similar behavior has also been observed in

Cu–Ge–Te and Ge–As–Te thin films and was attributed to

the increase in the number of surface dangling bonds

associated with the growing crystallites [16, 17]. These

dangling bonds are probably responsible for the formation

of some type of defects in the highly polycrystalline solids.

As the number of dangling bonds and defects increase with

annealing temperature, the concentration of localized states

in the band structure increases gradually thereby reducing

the optical gap.

It can be easily seen from the Table 1 that the difference

between DE and Eo decreases with the annealing temper-

ature with large difference for the sample annealed near the

glass transition temperature. Since DE is not equal to half

of the optical gap (Eo/2), the Fermi level is not located near

the center of the gap. The observed change in the properties

with annealing temperature can be interpreted in terms of

the amorphous-crystallization transformation. During this

transformation, thermally induced crystalline phase grows,

which increases the density of surface dangling bonds

associated with crystallites in the films matrix and causes a

decrease in the electrical conductivity and consequently, a

decrease in the activation energy for conduction. A shift in

the Fermi level toward the valence band edge is observed

with increase in annealing temperature. Annealing near the

glass transition temperature results in the structural relax-

ation of the glassy network with consequent refinement of

the gap states. The decrease in the conductivity observed

thus can be due to the nucleation of the crystallites in the

present system. Similar decrease in the properties has also

been observed with annealing in Ge–Sb–Se system [18].

Conclusions

The calorimetric studies of the as prepared Sn10Sb20Se70

glasses at different heating rate have been performed. The

optical transmission, optical gap, and dc activation energy

has been found to be annealing temperature sensitive. The

nucleation of spherical globules of Sb2Se3 with the

annealing near the glass transition temperature has been

reported. The observed properties have been explained by

considering the increase in the disorder with the nucleation

of globular crystallites in the amorphous matrix.
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