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ABSTRACT

The effect of heat treatment on the optical and electrical properties of Ge;5SbioSe;s and Ge,sSbioSegs
thin films in the range of annealing temperature 373-723 K has been investigated. Analysis of the
optical absorption data indicates that Tauc’s relation for the allowed non-direct transition successfully
describes the optical processes in these films. The optical band gap (Eg*") as well as the activation
energy for the electrical conduction (AE) increase with the increase of annealing temperature (T,) up to
the glass transition temperature (Tg). Then a remarkable decrease in both the EgP* and AE values
occurred with a further increase of the annealing temperature (T,>T;). The obtained results were
explained in terms of the Mott and Davis model for amorphous materials and amorphous to crystalline
structure transformations. Furthermore, the deduced value of EgP" for the Ge,sSbigSess thin film is
higher than that observed for the Ge;5Sb;oSe7s thin film. This behavior was discussed on the basis of the
chemical ordered network model (CONM) and the average value for the overall mean bond energy <{E)>
of the amorphous system Ge,Sb1oSeqo_x With x = 15 and 25 at%. The annealing process at T, > T results
in the formation of some crystalline phases GeSe, GeSe; and Sb,Ses as revealed in XRD patterns, which

confirms our discussion of the obtained results.

Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Chalcogenide glasses are well known for their IR-transmitting
characteristics [1]. They exhibit a wide range of photo-induced
effects accompanied by significant changes in their optical
properties, which enable them to be used as an optical recording,
imaging media [2] and absorption filters [3]. Studying the optical
and electrical properties of amorphous materials has achieved
great attention due to their interesting technological applications
[4,5]. The common feature of these glasses is the presence of
localized states in the mobility gap as a result of the absence of
long-range order as well as various inherent defects. The optical
properties of amorphous solid are determined by the structural
bonding between neighboring atoms. The structural bonding is
not highly stable and several factors [6] such as heat treatment,
incident light and electric field are found to induce the transition.
Physico-chemical and optical properties of the Ge-Sb-Se system
were studied elsewhere [7-10]. Also, the elastic properties [11],
the thermal analysis [12] and the compositional effects on the
optical and thermal diffusivity of bulk Ge,SbsSegs_ glasses have
been studied [13]. Furthermore, the effect of Sb content and heat
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treatment on the optical [14,15], electrical and thermal properties
of Ge,oSb,Sego_x has been investigated [16].

The heat treatment process plays an important role in inducing
crystallization in amorphous semiconductor and chalcogenide
thin films [17]. Crystallization of chalcogenide films due to the
annealing of these films at temperatures (T,) higher than its glass
transition temperature (Tg) is accompanied by decrease in the
value of the optical band gap (EgP") and the activation energy for
electrical conduction (AE) [18,19], while the contrary was
observed by annealing these films at temperatures less than or
equal to the glass transition temperature [20-23]. The aim of this
work is to study the effect of annealing process on the optical and
electrical properties of Ge;5SbqoSe7s and Ge,sSbipSegs thermally
evaporated films.

2. Experimental details

Amorphous Ge;sSbigSess and Ge,sSbpSegs bulk samples were
prepared from Ge, Sb and Se elements of high purity (5N) by the
usual melt quench technique. Thin films of these chalcogenides
were prepared by thermal evaporation onto cleaned glass
substrates. The thermal evaporation process was carried out in a
coating system Denton Vacuum (DV-502A) at a pressure of
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approximately 1 x107°Torr. The temperature of the substrates
was kept at room temperature during the deposition process. The
film thickness was controlled using a thickness monitor Denton’s
model DTM-100. The chemical compositions of Ge;sSboSe;s and
Ge,sSbipSegs films were checked by using energy dispersive X-ray
spectroscopy (EDXS). The X-ray diffraction (XRD) patterns for the
as-deposited and annealed films were carried out by using an X-
ray diffractometer (Philips type 1710 with Cu as a target and Ni as
afilter, 2 = 1.5418 A). The calorimetric measurements were carried
out by using a calibrated differential scanning calorimeter DSC
(Shimadzu 50) with an accuracy of 0.1 K, keeping a constant flow
of nitrogen to extract the gases generated during the crystal-
lization reactions, characteristic of chalcogenide materials. About
15 mg powdered samples were introduced into aluminum pans
and scanned over the temperature range 300-750K at continuous
heating rates of 10 K/min.

The optical transmittance and reflectance for the as-deposited
and annealed (under vacuum approximately 2.66 x 10> Torr)
Ge 5SbipSe;s and Ge,s5SbqpSegs thin films have been measured at
the wavelength range 400-900nm using the Shimadzu 2101
UV-Vis. double beam spectrophotometer. The refractive index (n)
and extinction absorption coefficient (k) were computed through
the fitting of the obtained spectra to the exact expressions for the
transmittance and reflectance of the multi-large structure given

by
IT(n, k,d, 1) — Texp(2)1> = (AT)? (1)

IR(, k, d, 2) — Rexp()I* = (AR)? (2)

where T (n, k, d, 2) and R (n, k, d, A) are the calculated values of T
and R using Murman'’s exact equations [24,25], Texp(4) and Rexp(4)
are the experimental measured values of T and R, respectively, k is
the extinction coefficient and n is the refractive index. The
absorption coefficient (o) for the investigated films was calculated
using the well-known expression (« = 4nk/4), and then the values
of the optical band gap EgP" were obtained from the intercept of
(«hv)'/? versus hv at («hv)'/? = 0, according to Tauc's relation for
the allowed non-direct optical transition [26,27].

(«hv)'? = B(hv — Egpt') 3)

where B is the parameter that depends on the transition
probability and Eg”* is the optical energy gap. Finally, the
electrical measurements were carried out by evaporating two
gold planer electrodes (14 x 1 mm?), using a conventional circuit
involving a digital Keithley 617C electrometer.

3. Results and discussion
3.1. XRD and DSC analysis

Table 1 shows the calculated and measured chemical composi-
tions of Geys Sbqg Se;s and Ge,sSbqpSegs thin films. The estimated
average precision was approximately 3% in the atomic fraction of
each element.

Table 1
Spectral distribution for the constituent elements for Ge;sSbioSe;s and
Ge,sSbpSegs thin films

Specimen Nominal composition at% EDS results at%

Ge Sb Se Ge Sb Se
Gey5SbioSe7s 15 10 75 15.02 9.95 75.03
GeysSbpSegs 25 10 65 25.03 9.93 65.04

XRD patterns have been investigated to obtain more informa-
tion about structural changes, which are produced as a result of
the annealing process of Ge,SbigSegg_x (x = 15 and 25 at%) thin
films at different temperatures in the range 348-670K (see Figs. 1
and 2). It is clear from these two figures that the as-deposited
films are amorphous (Figs. 1a and 2a). Annealing of the as-
deposited films for 2h at a temperature 500K for GesSbioSes
and 630K for Ge,sSbipSegs films shows few crystalline peaks of
relatively low intensity, as shown in Figs. 1b and 2b. Further
increase of annealing temperature to 550 and 680K for both the
films increases the peaks’ intensity of crystalline phases (GeSe,
GeSe, and Sb,Ses) as shown in Figs. 1c and 2c. Fig. 3 shows the
DSC thermograms for Ge;sSbqoSess and Ge,sSbipSegs chalcogen-
ide glasses recorded at a uniform heating rate 10 K/min. As shown
in this figure, there is a very small single endothermic peak. This
peak is attributed to the glass transition temperature (Tg), which
represents the strength or rigidity of the glass structure. Also,
there is an exothermic peak originating from the amorphou-
s—crystalline transformation. The exothermic peak has two
characteristic points: the first is the onset temperature of
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Fig. 1. X-ray diffraction patterns for (a) as-prepared, (b) annealed at 500K and (c)
annealed at 550K for Ge;5SbqeSe7s thin films.
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Fig. 2. X-ray diffraction patterns for (a) as-prepared, (b) annealed at 630K and (c)
annealed at 680K for Ge,sSbqoSegs thin films.
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Fig. 3. DSC thermograms for the as-prepared Ge;sSbioSe;s and Ge,sSbioSess
chalcogenide glasses recorded at 10 K/min.

crystallization (T.) and the second is the temperature correspond-
ing to the maximum crystallization rate (T,,). The glass transition
temperature (Ty) is 445 and 503K for the two compositions,
respectively. It is clear from Fig. 3 that the increase of Ge content
results in an increase of the value of T due to the increase of
orderness and the lowering entropy of these glasses, while the
crystallization peak temperature decreases with increasing Ge
content.

3.2. Optical and electrical properties

The measured transmission (T) and reflection (R) spectra for
Ge,Sb1pSego_x (x = 15 and 25 at%) thin films are shown in Fig. 4a
and b for the as-deposited and annealed films in the temperature
range 348-568 and 373-668 K for Ge5SbgSe;s and Ge;sSbgSegs
films, respectively. It can be seen from these two figures that for
both the transmission and the reflection process, there is an
opposite behavior with the variation of wavelength (or incident
photon energy). Also, the optical transmission for Ge,SbipSego_x
(x =15 and 25at%) thin films increases (i.e., blue shift of the
optical absorption edge) with increasing annealing temperature
up to the glass transition temperature (T,<T;) followed by a
remarkable decrease (i.e., red shift of the absorption edge) due to
further increase of annealing temperature (i.e. T,>Ty).

3.2.1. Effect of annealing on the optical band gap (E") and
activation energy for electrical conduction (AE)

Fig. 5a and b represents the plots of («hv)'/? versus (hv) for the
as-deposited and annealed films. It is observed that Tauc’s relation
[26,27] for the allowed non-direct transition successfully de-
scribes the optical absorption process in these films. The
extrapolation of the linear portion of Tauc’s plots to («hv)'/2 =0
yields the values of the non-direct optical band gap (E""). Fig. 5¢
shows the dependence of Eg”" on the annealing temperatures for
Ge,Sb1pSego_x (x = 15 and 25 at%) thin films. From this figure, one
can observe that the optical band gap shows a slight increase with
an increase in annealing temperature (T,) if T, < Ty, then EgP" starts
to decrease remarkably, where T, > T,.

It is well known that the optical and electrical properties of
amorphous materials strongly depend on the short-range order in
the amorphous state and the defects associated with it. According
to the Davis and Mott model [28] for amorphous materials, the
width of the localized tail states near the mobility edges of the
band gap depends on the degree of disorder and the density of
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Fig. 4. (a) Transmittance and reflectance spectra for the as-prepared and annealed
Gey5SbyoSezs thin films. (b) Transmittance and reflectance spectra for the as-
prepared and annealed Ge,sSboSegs thin films.

defects present in the amorphous state. In particular, it is known
that unsaturated bonds together with some saturated bonds, such
as like dative bonds [29], are produced as a result of an insufficient
number of atoms deposited in the amorphous films [30]. Street
et al. [31] proposed that thermally evaporated films are partially
chemically disordered due to the presence of a large number of
homo-polar bonds, whereas bulk glassy samples are chemically
ordered. Furthermore, Hesegawa et al. [32] showed that the
unsaturated bonds are responsible for the formation of localized
tail states in the band gap. The presence of a high concentration of
these states is responsible for the decrease of Eg”" in the as-
deposited films. This transformation is accompanied by an
increase in grain size; therefore, the drastic effect of crystalline
phases on optical gap can by explained as a result of the
production of surface dangling bonds around the crystallites
[33] during the crystallization process. Further increase of
annealing temperature results in the breaking up of the formed
crystallites into smaller crystallites, thereby increasing the
number of surface dangling bonds responsible for the formation
of some types of defects. These defects lead to the decrease of
both the EgP* and AE values. The initial increase in the band gap
due to the annealing of as-deposited films of Ge,SbioSego_x glass
at temperatures T, < T can be explained in terms of the density of
the states model proposed by Mott and Davis [23] for amorphous
materials. During thermal annealing, the unsaturated defects are
gradually annealed out, producing a large number of saturated
bonds [32]. These, in turn, reduce the density of localized states in
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Fig. 5. (a) The plots of («hv)'/? vs. hv for the as-prepared and annealed Ge,5Sb;Sess thin films. (b) The plots of («hv)!/? vs. hy for the as-prepared and annealed Ge,sSb;oSegs
thin films. (c) The effect of the annealing temperature on the optical band gap for Ge;5SbjpSe;s and Ge,sSbigSegs thin films.

the band structure and consequently increase in the values of both
EgP“ and AE. The observed decrease of both EgP" and AE for
Ge,SbipSego_x films where the annealing temperatures were
higher than the glass transition temperature (T,>T,) can be
explained as a result of amorphous to crystalline transformation.
The three crystalline phases GeSe, GeSe, and Sb,Se; were revealed
due to the annealing process as shown in Figs. 1¢ and 2c. These
figures show that the amount of crystalline phases in
Ge,SbipSego_x films increases with increase in the annealing
temperature. These results are in a good agreement with many
authors [15,16,34-36] and XRD patterns confirm our point of view
concerning the annealing effects on the values of both the EgP"
and AE for these films.

Furthermore, it was found that, EgP" for Ge,sSbioSess is larger
than EgP" for Ge;sSbqoSes films. This behavior can be explained in
terms of the chemical ordered network model and (CONM) or the
overall mean bond energy <(E) of the Ge,SbgSegp_x system. (i)
The shift of the average coordination number z =24 for
GesSbqpSess glass to z=2.6 for stoichiometric composition
Ge,sSbipSegs of the Ge,SbigSegg_x system (where the deviation
parameter (r) of stoichiometry equals 1 [37]) results in the
increase of heteropolar Ge-Se bonds (long chains) at the expense
of homopolar bonds (short chains); consequently, the value of the
overall mean bond energy <E)» of the system increases, since the

energy of the Ge-Se single bond (55.2 kcal/mol) is greater than its
value for the Se-Se single bond (44.04kcal/mol); thereby EgP"
increases. (ii) It is found that the increase of Ge content leads to an
increase in the average coordination number (z) and glass
transition temperature T, as shown in Fig. 3. This increase of Tg
results in lowering the entropy, i.e. decreasing the degree of
randomness accompanied by the increase of EgP'; (iii) According
to the topological model [38], transition of an elastical (polymeric
glass) 2D structure at z = 2.4 for GesSboSe;s to a more rigid 3D
order network structure (amorphous solid) may be one of the
reasons affecting the value of E3”".

Fig. 6a and b represents the experimental dc conductivity
In(o(T)) versus T~ for amorphous Ge;5Sb;oSe;s and Ge,s5SbqoSegs
films of thickness 200nm at the temperature range 300-723 K.
From these figures it is observed that the behavior exhibits one
type of thermally activated conduction in this temperature range
according to the well-known equation:

AE
a(T) = o, €Xp~ <m)

where ¢, is the pre-exponential factors including the charge
carriers mobility and density of localized states, K is the
Boltzmann's constant, T is the absolute temperature and AE is
the corresponding activation energy, which is a function of

(4)
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Fig. 6. (a, b). The plots of In(s) versus 1000/T for the as-prepared and annealed Ge;sSbipSe;s and Ge,sSbioSess thin films respectively and (c) the activation energy for
electrical conduction (AE) as a function of the annealing temperature (T,) for Ge 5SbioSe;s and Ge,sSbipSegs thin films.

electronic energy levels of the chemically interacting atoms in the
glass and hence the energy gap. Fig. 6a and b shows that the dark
conductivity o(T) decreases with the increase of the annealing
temperature up to T, This decrease in o(T) is accompanied by a
slight increase in AE (Fig. 6¢). At T, > Tg, the conductivity increases,
accompanied by a remarkable decrease in AE values with the
increase of the annealing temperature. This effect of the annealing
process on the values of AE is similar to that observed for EgP;
(explained above), since AE is dependent on the EgP". The
mechanism suggested to explain the conductivity in the range
of temperature 300-723K is based on the thermally dependent
model of Mott and Davis [23], involving the presence of localized
states originating from lack of long-range order and extending
into the mobility gap, such that each of them activates the
motion of carriers with a given range of temperature. The
observed behavior of dc conductivity can be explained in
terms of one of the two mechanisms: (i) the excitation of
charge carriers into the extended states and (ii) the excitation of
carriers into localized states near the band edges. The calculated
values of EgP%, AE and o, for the as-deposited and annealed
films indicate that the first mechanism is most likely to explain
the conduction process in Ge,sSbioSegs and Ge;sSbioSess films
[22,23].

4. Conclusions

The effect of heat treatment on optical and electrical properties
of Gey5SbioSe;s and Ge,sSbioSegs thin films has been investigated
in the range of annealing temperature 373-723 K. It was found
that the allowed non-direct transition successfully describe the
optical processes in these films. Both the optical band gap (EgP")
and activation energy (AE) were increased with increasing
annealing temperature (T,) up to the glass transition temperature
(Ty) and hence remarkable decrease in the values of (EgP") and
(AE) occurred with further increasing of annealing temperature
(T.>Tg). This behavior was explained in terms of the Mott and
Davis model for amorphous materials and amorphous to crystal-
line structure transformations. The annealing process at T,>Tg
results in the formation of some crystalline phases GeSe, GeSe,
and Sb,Ses revealed in the XRD patterns, which confirms our
discussion of the obtained results for the effect of heat treatment
on optical band gap (Eg”") and (AE).
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