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EFFECT OF ANNEALING ON THE ELECTRICAL AND OPTICAL
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Thin film of CusGaz;Teq, system has been prepared by using thermal evaporation
technique with 45 nm thickness .The electrical conductivity assessment has been carried
out on this film in the temperature range of 300- 425 K. The film has been annealed at
323, 348, 373, 398, 423 and 453 K under vacuum for 3 hr. The temperature dependence of
the electrical conductivity for all annealing temperatures has been recorded and discussed
.The results were analyzed in order to establish the activation energy of each state. With
the increase in the annealing temperature the film undergoes phase transition to the
crystalline state. The optical properties of CusGas;Teq, system have been studied as a
function of annealing temperature. The results showed that the optical transitions in the
wave length range (200- 1100) nm are direct transitions where the values of E, are
decreased with increasing annealing temperature, i.e., the absorption edge shifts toward a
higher wavelength or a lower energy. The optical constants k, n, € and g, of the film at
different temperatures are influenced by the heat treatment.
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1. Introduction

Amorphous chalcogenide films have potential and current application in optical memories,
photonics crystals and optics. Optically or electrically recorded memories are currently ‘hot’
scientific topics. In recent years, efforts are being made to develop chalcogenide-based rewritable
optical memories [1]. The optical properties of amorphous semiconductors have been the subject
of many recent papers. It is well known that the optical gap of amorphous semiconductor alloys
strongly depends on their compositions. The study of the optical constants of materials has been
interesting for many reasons. First, the use of materials in optical fibers and reflected coating
requires accurate knowledge of their optical constants over wide ranges of wavelength. Second,
the optical properties of all materials are related to their atomic structure, electronic band structure
and electrical properties [2]. The structural bonding between the neighbors determines the optical
properties, such as absorption and transmission of the amorphous material. The general features of
the density of states of amorphous solids can be obtained from the model proposed by Mott and
Davis [2,3]. Thermal processes are known to be important in inducing crystallization in
semiconducting chalcogenide glasses. Crystallization of chalcogenide films is accompanied by a
change in the optical band gap. Separation of different crystalline phases with thermal annealing
has been observed in ternary glasses .The effect of thermal annealing is interpreted on the basis of
amorphous crystalline transformation [1].
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In the present work we determine the activation energy, optical band gap, absorption
coefficient (a), refractive index (n) and extinction coefficient (k) for CusGas;Tes, thin film
annealed at different temperatures (323,348,373,398,423 and 453 K). The optical properties were
determined by using transmission and reflection data spectra in the wavelength range 200—1100
nm.

2. Experimental

The compound was prepared in bulk form by the melt quenching method. A mixture of
highly pure components Cu, Ga, and Te (99.999%) in their stoichiometric ratio were weighted and
placed in evacuated silica tube under vacuum 10° Torr (at the national research center). The
ampoule was heated in a rotating furnace and raised gradually up to 1200 C” and then kept at this
temperature for 24 hrs to ensure a high degree of homogeneity. The melt was quenched in ice
water to obtain the film in the bulk form. CusGas;Tes, thin film with thickness 45 nm has been
obtained by thermal evaporation onto ultrasonically glass substrate by using Edward E 306 coating
unit under vacuum 10 ° Torr with low deposition rate (at the National Center for Radiation
Research and Technology). The thickness has been controlled by crystal oscillator monitor
(Moaxtek TM-200). The composition of the film was analyzed by EDAX which showed that the
ratios of the elements of the film are in good agreement with the bulk as shown in Fig. 1. X-ray
diffraction investigations were carried out to identify the structure of the obtained materials in bulk
and thin film form before and after annealing at 453 K. The annealing was carried out under
vacuum 107 Torr for 3 hrs at different temperatures (323,348,373,398,423 and 453 K). The
structural properties of the evaporated CusGaj;Tes, thin film were investigated by X-ray
diffraction (using Xpert ProPan analytical diffractometer instrument with copper CuK, radiation
(A=1.54 A)). The X-ray diffraction pattern was obtained in the range 10°-90° (20, 0.02°/step
increments). The electrical conductivity was recorded for thin films as a function of temperature in
the range 300-425 K. This step was repeated after each annealing temperature. The normal
incidence and absorption spectra of the thin film at different temperatures were measured in the
range 200-1100 nm by using a double beam spectrophotometer (Shimadzu model UV-160A). All
optical measurements were performed at room temperature. The obtained absorption data against
incident light wavelength were used to calculate the optical energy gap and optical constant.

Fig.1. EDAX analysis of the composition of CusGass;Tes; thin film
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3. Results and discussion
3.1 structure properties

The optical properties of CusGas;Teq, film being annealed for different temperatures T,
were studied in this work. The XRD analysis showed that the structure of the film changed from
the amorphous state in the as-deposited film to a partial crystalline phase in the annealed film at
453 K as indicated in Fig. 2. The values of the d-spacing of the annealed film at 453 K are
compared with the international data calculated from ICSD using POWD-12++ [1997] card
number 79-20331. Table 1 shows this comparison which indicates matching with CusGas;Teg,
phase.
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Fig.2 a,b the XRD pattern of as-deposited and annealed CusGas;Teg; thin film at 453 K, respectively.

Table 1. the d-spacing of the CusGasz;Tes; annealed thin film at 453 K.

No Intensity d-spacing ICSD data Matching Phase
1 100 3.463 3.467 79-2331 CuGaTe,
2 25 2.1167 2.12 79-2331 CuGaTe,
3 19 1.810 1.8146 79-2331 CuGaTe,

3.2 Electrical conductivity

The D.C conductivity was recorded as a function of temperature in the range 300-425 K.
The D.C conductivity dependence on temperature was measured after each annealing temperature
according to the Arrhenius equation [1]

—-AE
0=0,exp —— ey)
B

where 6 is the pre-exponential factor, AE; is the activation energy and Kp is the Boltzmann
constant. The thermal activation energy of the films was determined from the s of In 6 versus
1/T plots of equation 1 as shown in Fig. 3. It can be seen that the conductivity increases with the
annealing temperature and shows two slightly straight lines indicating two temperature regions,
the low temperature region from 300-352 K, and high temperature region from 352-453 K .The
calculated activation energies of each regions as a function of annealing temperature are shown in
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Fig. 3. The relation between Ln o and 1/T of CusGaz;Tes; thin film at different annealing temperatures.
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Fig. 4. The relation between the activation energy and annealing temperature in high and
low regions of CusGasz;Tes; thin film

3.3 Optical properties

The normal incidence transmission and absorption spectra of the thin films were
measured. All optical measurements were performed at room temperature in the range 200—1100
nm by use of a double beam computer-controlled spectrophotometer. The transmission and
reflection measurements were used to compute the optical energy gap and the optical constants
such as refractive index n, real and imaginary parts of the dielectric constants (g, and g;) and the
extinction coefficient k as expressed in the following relations[5-7].
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The wavelength dependence of optical transmittance of the investigated film is shown in
Fig. 5. When the annealing temperature is increased from 348 K to 453K, the film with
polycrystalline structure exhibited low transmittance due to scattering and reflection of light at the
grain boundaries [8]. The reflection of the annealed film increased with the annealing temperature
from 348 to 453 K as indicated in Fig. 6.
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Fig. 5. The wavelength dependence of optical transmittance of CusGajs;Teg, thin film at
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6. the wavelength dependence of optical reflection of CusGajss;Teg; thin film at

different annealing temperatures

Fig.7. shows the spectrum of extinction coefficient k for the films after different T,
treatments. The k values decrease until 1.4 eV. At this energy, k was found to have nearly the
same value for all annealed films. Then, it increases as the energy is raised. A similar behavior is
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noticed for n ,&; and &,. Their values decrease until 1.75, 1.7 and 1.6 eV respectively. At these
energies n ,g; and gy were found to have the nearly same reading for all annealed films. Then their
values increase as the energy increases.
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Fig.7. Variation of K, n, ¢, and &; with hv of CusGas;Teqs; thin film at different annealing temperatures
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The absorption coefficient (o) is related to the incident photon energy (hv) by the
following equation [9]

ahv:A(hv—Eg)r (6)

where A is a constant, E, is the band gap, r is the index indicating the type of the transition. The
values of r for allowed direct, allowed indirect, forbidden direct and forbidden indirect transitions
are 1/2, 2, 3/2 and 3, respectively. CusGas;Teg, is direct band gap material, so putting r = 1/2,
equation 6 can be rewritten as

ahv:A(hv—Eg)% (7)

The optical band gap E, can be obtained from the plot of (ahv)? versus hv, as shown in
Fig. 8. It can be observed that E, decreases from 2.85 to 2.15 eV by increasing the annealing
temperature from 323 to 453 K as shown in Fig.9 and Table 2.
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Fig.8. The optical band gap E, obtained from the plot of (ahv)’ versus hv of CusGas;Tes thin film at
different annealing temperatures.
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Table 2.

summary of the estimated values of E,, Ey, E;and E, at each annealing
temperature of CusGas;Teg; thin film

Annealing E, (eV) E.(eV) E, (eV) Eq4 (eV)

temperature
R.T 2.85 .022 - -
323 2.83 .033 - -
348 2.8 .041 2.75 15
373 2.76 .044 2.71 13.8
398 2.7 .057 2.65 11.7
423 2.39 .062 2.54 10.5
453 2.15 .083 2.4 9

As we see, the values of the energy gaps lie in the visible light, that is, For most
semiconductors, gaps often lie in the range from 1 to 3 eV ( in the visible regions of the spectrum)

[2].
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It has been noticed that, during annealing, the direct optical energy gap and electrical
activation energy decrease and the width of localized states tails increases with the annealing
temperature. These results can be interpreted by assuming the production of surface dangling
bonds around crystallites during the process of crystallization. It has been suggested by many
authors[1] that nearly ideal amorphous solids crystallize 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 breakdown [1] 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 the highly polycrystalline solids. As the number of dangling
bonds and defects increase with increasing the 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 and causing a rapid increase in the electrical conductivity, and consequently, a decrease in the
electrical activation energy for conduction.|1]

In amorphous, as in crystalline materials, some useful information can be deduced from
absorption edge measurements. Even though, in such materials the edge is less sharp than in
crystals. For many amorphous materials, an exponential dependence of the absorption coefficient
on photon energy hv is found to hold over wide range and takes the form [10-12]

a(w)=a,exp(hw/E,) (®)

where a, is a constant, h is the reduced Planck’s constant and E. is an energy which is sometimes
interpreted as the width of the tail of the localized states in the normally forbidden band gap. These
are associated with the disorder of amorphous systems. The relation was first proposed by
Urbach[11] to describe the absorption edge in alkali halide crystals at high absorption levels. The
relation has been found to hold for many amorphous or glassy materials. Fig.10 shows the plot of
In o vs photon energy. The values of E. in equation 8 were calculated from the slopes of the
straight lines of these curves near absorption edge, and are given in Table 2. From Table 2 it is
clear that the width of the tail of the localized states increases with annealing temperature, which
means reduction of the mobility gap. This agree well with the observed decrease of activation
energy [10].

According to a single-oscillator model (Wemple -DiDomenico model [13]), the relation
between the refractive index, n, and photon energy, hv, can be written as follows [8,13]

be
n :{H%} 9)
E; —(hv)

where h is the Planck’s constant, v is the frequency, E, is the oscillator energy and E4 is the
dispersion energy or the oscillator strength. The parameters of W—D, E4 and E, are related to the
chemistry of the material that is E,4 is related to an ionicity, anion valency, coordination number,
and E, is related to some bond energy or bond gap, or band gap [14,15]

By plotting (n* — 1)" against (hv) and fitting a straight line as shown in Fig.11, E, and E,
can be determined directly from slope, (EoEd)_l, and the intercept E(/Eq, on the vertical axis. The
oscillator energy, E,, is an “average” energy gap and is related to the optical band gap, E,, in close
approximation by Ey = 2E,[8]. In our case we find Ey = E, which is in good agreement with the
relation of Ticha and Tichya [14]. Table 2 summarizes the estimated values of the oscillator
parameters, Eo, Eq and E,.

4. Conclusions

Thin films were prepared by the thermal evaporation technique. The characteristic
conductivity of CusGas;Teq, thin film annealed at different temperatures (323,348,373,398,423



316

and 453 K) was investigated as a function of operating temperature .The results showed that the
conductivity increases with increasing annealing temperature due to transformation of the
amorphous film to the crystalline state. The optical constants (refractive index n, absorption
coefficient o, and extinction coefficient k) of CusGas3Teq, thin films were determined by simple
straightforward calculation using transmission and reflection spectra at different annealing
temperatures. The direct optical energy gap E, and electrical activation energy E. decrease and the
width of localized states tails increases with increasing the annealing temperature. The single
oscillator parameters were calculated and discussed in terms of the Wemple-DiDomenico model.
The results have shown that band gap energy E,, oscillator energy E,, and dispersion energy Eq are
strongly dependent on the annealing temperature.
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