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Abstract

Various samples of Ge;Se1—, system have been prepared for z = 0.05, 0.15 & 0.25 in an evacuated
quartz tube. Thin films of Ge;Se;—, film have been prepared via a thermal evaporation method with 350
=+ 5 nm thickness and rate deposition 6 nm/s. The alloy structure and thin films have been examined by
X-ray diffraction (XRD). Atomic absorption spectroscopy (AAS) was used to examine the concentration
of the composite elements (Ge and Se).

The d.c and a.c conductivity of Ge,Sei_, thin film have been studied as a function of Ge content =
and annealing temperature within the range 303-448 K.

Our results showed that the dc conductivity o of thin Ge,Sei_, films increases with increasing
Ge content and decreases with increasing annealing temperature T,. Electrical activation energy FE,
decreases with increasing = values and increases with increasing annealing temperature.

The a.c conductivity increases with increasing x values. The exponent s in the relation g4.. x w?,
and which determines the transfer mechanism, decreases with increasing x and T,. While the electrical
a.c activation energy E,, increases with increasing = and T, and at frequencies f = 102, 10*> and 10° Hz.
The relaxation time 7 and polarizibility « have been measured from the cole-cole plot for z = 0.05 at
T, = 303, 398 and 448 K, with the finding that the relaxation time and polarizibility decreased with
increasing Ty,.
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1. Introduction

Amorphous semiconductors have been extensively studied over the five past decades, because of their
interesting fundamental properties and wide commercial application, especially in the solar cell technology
for terrestrial uses [1]. The most important applications of amorphous semiconductors are now in the field of
optics, the interest being chiefly from either their infrared transmitting properties or the many photo-induced
effects they exhibit. They have potential uses in integrated optics, optical imaging and optical data storage.

The GezSe;—, system belongs to IV-VI compound semiconductors. Such a system is now considered
among the most important chalcogenides glasses, and their thin films are widely used in many technological
applications, such as switching and memory devices and image sensors [2, 3].

Tremendous number of studies have investigated the electrical and optical properties of this mixed system,
but there is no research into the a.c conductive properties of Ge,Se;_,. The present research concerns the
characterization of the d.c and a.c conductivity with an eye towards photovoltaic applications.
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2. Experimental

Alloys of GegSe;_, system & = 0.05, 0.15 and 0.25 have been prepared in evacuated fused silica tubes.
The Ge,Sej_, thin films deposited via the thermal evaporation method at a deposition of rate 6 nm/s to
350 = 5 nm thickness.

The structure of the alloys and films were examined via X-ray diffraction (XRD) as well as using atomic
absorption spectroscopy (AAS) to examine the composite concentration of elements, Ge and Se.

For the d.c conductivity measurement, the Ge;Se;_, thin films were deposited on glass substrate with
a 0.1 cm distance between two Al electrodes. Digital Electrometer Keithley 616 was used for current and
voltage measurement. For a.c measurements the Ge,Se;_, thin films were prepared in sandwich configuration
between two Al electrodes. We used a HP-R2C unit, models 4274 and 4275 A, and a multifrequency LCR
meter to generate a.c current in the frequency range 102-10° Hz . All prepared films were annealed at 303,
348, 398 and 448 K for 30 min.

3. Results and Discussion

Structure and Composition

The Ge,Sej_, thin films were studied under XRD in order to get an idea about the structural changes
induced by heat treatment at different T, with different Ge content. The heat treatment was at 303, 348,
398 and 448 K. It is observed that Geg.155€9.s5 and Geg.o5Seg.75 thin films kept their amorphous structure
at all the studied annealing temperature. The one exception was Geg g5S€eg.95 thin film; it is amorphous at
T, = 303 K, but acquired a polycrystalline structure at T, = 348, 398 and 448 K, a conclusion that can be
inferred from Table 1, which compares in the values of the diffraction angles, d and miller indices between
the alloy and thin films of the Geg.g5Sig.95 System.

Table 1. Shows the results of XRD for Geg.o55€0.95 alloy and thin films at different Ty,

Geg 055€q.95 alloy Geg.055€0.95 thin films
T, = 348K T, = 398 K T, — 48 K

20 (deg) | d (A%) | DKl g rqe ST (A%) | TRl | 20 (deg) | 4 (A°) | Kl | 26 (deg) | d (A°) | T
533 | 3.817 | 211 | 239 | 3.720 | 211 | 240 | 3.705 | 211 237 | 3.753 | 211
595 | 3.027 | 220 | 30.1 | 2.066 | 040 | 312 | 2.866 | 130 | 20.8 | 2.093 | 012
35.75 | 2.511 | 026
136 | 2.075 | 025
150 | 2014 | 125

Atomic absorption spectroscopy (AAS) has been used to examine the amount or concentration of the
elements Ge Se in the alloys by depending on the atomic absorption of the standard elements of these
elements. The results of this spectroscopy gave the concentration of the elements as shown in Table 2.

Table 2. Illustrates the composition of alloys determined by AAS.

Theoretical Experimental
concentration concentration
of elements % | of elements %
Ge Se Ge Se
Geg.o55€0.95 | 0.05 0.95 0.054 | 0.946 100
Geg.155€0.85 | 0.15 0.85 0.147 | 0.853 100
Geg.o55€g.75 | 0.25 0.75 0.242 | 0.758 100

Alloy Total %

D.C Conductivity

Figure 1 shows the variation of In o vs. 10%/T for Ge,Se;_, thin films at various Ge content z =
0.05, 0.15 and 0.25. It can be observed from this figure that there are two stages of conduction throughout
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the heating temperature range (with exception for Geg g55ig.95 at T, = 348, 398 and 448 K). Geg o5 Sip.95
has only one stage of conduction because this film has crystallized within this range. The two different
mechanisms of conduction are not unfamiliar in amorphous materials and have been discussed in detail by
Mott and Davis [4]. At a higher temperature range (375-473 K) the conduction mechanism of this stage is
due to carriers excited into the extended state beyond the mobility edge, and at intermediate temperature
(303-375 K) the conduction mechanism is due to carriers excited into the localized states at the edge of the
band and hopping at energy close to localized state near the conduction band. From this figure one can
observe that the d.c conductivity at room temperature ogp decreases with increasing T, from 303 to 448 K,
and with Ge content from 0.05 to 0.25. For varying T, from 303 to 448 K the orr of Geq.055i0.95 decreases
about one order of magnitude, 6.47 x 1077 to 5.58 x 1078 (ohm-cm)~!; and for Geg.15Si0.85, orT decreases
about three times, 2.9 x 1077 to 1.12 x 1077 (ohm-cm)~; whereas for Geg.25Sig.75, orr decreases by one
order of magnitude 2.37 x 107° to 6.79 x 1075 (ohm-cm)~!; (see the inset of Figure la, b, ¢). Also, we
can observe that there are two activation energies for amorphous thin films E,; at the lower temperature
range 303-375 K and E,2 at higher temperature range 375-473 K . E,2 increases with increasing annealing
temperature from 303 to 448 K, as shown in the inset of Figure 1la, b, ¢ and Table 3 , for Geg g55ig.95; Fq2;
increases from 0.98 eV at T, = 303 K to 1.24 eV at T, = 448 K; and for Gey 155ig.85, Eq2 increases from
0.95 eV to 1.16 eV; and for Geg.25Sig.75, Eqo increases from 0.9 eV to 1.13 eV. We interpret these results as
the annealing processes reduces the density of dangling bonds and removes the voids as well as reducing the
variation in atomic bonds between the neighbors.
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Figure 1. In o vs. 103/T for thin Ge,Sei_, films with various annealing temperatures and Ge content. The inset

shows op.r and E, vs. T,.

Figure 2a, b, ¢, d shows the behaviour of conductivity in Ge,Se;_, thin films prepared at room temper-
ature and annealed. We observe that for x = 0.05 to = 0.25 oy increases by two orders of magnitude
from 1.28 x 1077 to 2.06 x 1075 (ohm-cm)~! at T,= 303K and 1.11 x 10~7 to 1.97 x 10~ (ohm-cm)~?
at T, = 348 K, as shown in the inset of Figure 2a & b. Figure 2¢ and 2d show o gy increases three orders
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of magnitude from 6.96 x 1078 to 1.31 x 1075 (ohm-cm)~'at T, = 398 K and 5.64 x 1078 to 1.21 x
1075 (ohm-cm)~! at 448 K, respectively. This is due to the change in the localized states, structure and
composition of films as well as to the rearrangement of atoms on the surface of the substrate, yielding fewer
defects [5].

Table 3. The values of Eq1, Eq2 at a given T, for different x in the Ge,Sel — x thin films.

Annealing temperature (K)
p ; ¢ 303 | 348 | 398 | 448
ercentage o —
Ge content Activation energy (eV)
Eal Ea2 Eal Ea2 Eal Ea2 Eal Ea2
b) 0.081 | 0.98 - 1.15 - 1.22 - 1.24
15 0.073 |1 0.95 | 0.081 | 1.11 | 0.083 | 1.14 | 0.095 | 1.16
25 0.07 { 0.90 | 0.08 | 1.02 | 0.08 | 1.11 | 0.09 | 1.13
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Figure 2. In ¢ vs. 10*/T for thin Ge,Sei_, films with various Ge content and annealed at (a) 303 K, (b) 348 K,
(c) 398 K, (d) 448 K. The inset indicate or.7 and Eq vs. z.

The change in the electrical conductivity with temperature shows that there are two activation energies
for all x values and to a certain range of temperatures, conductivity decreases with increasing x values as
shown in Table 3; except for = 0.05, where it has two activation energies at room temperature, but has one
activation energy for films annealed at 348, 398 and 448 K. The conductivity can be attributed to a transfer
of charge carriers from the Fermi level to either the valence or conduction bands through the mobility gap
[6]. From Table 3 and the inset of Figure 2a, b, ¢ and d, we can find the activation energy decreases with
increasing x. It may be attributed that the increasing in Ge content leads to saturate the dangling bonds,
then reduced in density of state that occurred at Fermi level .

These values of activation energies are in near agreement to the values found by Shimizu et al. [7], Nang
et al. [8], Kumar et al. [9], and Vodenebarov et al. [10], but differ from the results found by Katti et al. [11]
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and Mehra et al. [6] because of the difference in preparation conditions. The data concerning the decreasing
activation energy with increasing Ge content are in agreement with results found by Nang et al. [8].

A.C Conductivity

Because of the absence of sufficient studies into the behaviour of a.c conductivity o, . of Ge,Se;_, system
with various Ge content, we have comprehensively examined the dependence of conductivity on annealing
temperature, frequency and temperature.

In this part of the study we report the frequency, temperature, annealing temperature and Ge content
dependence on the o, . relaxation time and polorizability of Ge,Se;_, thin films in the frequency range
102-10° Hz and with Ge content over the range 0.05-0.25.

Figures 3 and 4 show the variation of o, . with frequency, in amorphous and crystalline states with
various Ge content 0.05-0.25 in Ge,Se;_, thin films and at various T, 303—448 K. The o, . for all samples
increases for frequencies above 200 Hz. In this case, the conductivity is proportional to w?®, which means that
0q.c dominates at higher frequencies in the range 200 Hz—100 kHz. From the relationship [12] s = %,
we evaluated exponent s and we observed its value was greater than unity for x = 0.05 and = 0.15 and T,
= 303 K, as shown in Table 4. Such a case was discussed by Elliott (1987) [12] for chalcogenides like GeSes
and As;Tes. The exponent fit with correlated barrier hopping CBH model by Elliott (1977) [13] from which
a.c conduction occurs between two sites over the barrier separating between them as DYD™ defect center in
the band gap.
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Figure 3. Variation of In o,.. with In w for thin Ge,Se;_, films annealed at different T;, and x.

Figure 5 shows the temperature dependence of o, . for the three values of Ge content, showing an
exponential relation between conductance and inverse temperature for each Ge content for Ge,Se;_, system
and T, = 303 K . This behaviour was the same for all annealing temperatures.
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Figure 5. Variation of In o¢otq; with 10% /T for thin Ge;Se1—, films with various Ge content and frequency.

We can observe that there is a weak temperature dependence of o, . at low temperature in the temper-
ature range 303-375 K, but for higher temperature within the range 375-473 K we can observe that the
conductivity increases more rapidly. As we have already mentioned such behaviour was the same for all the
samples of Ge,Se;_, at f = 102, 102 and 10° Hz and T, 303, 398 and 448 K. From Figure 6 we observed
that orr increases with frequency, while activation energy E, decreases with frequency at each value of
x, as listed in Table 4. We can also note that E, decreases rapidly from the d.c value with decreasing
temperature as well as with increasing frequency; such results comply with the theory of Correlated Barrier

Hopping (CBH). These results are in a good agreement with those reported for chalcogenide compounds
[14].
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Figure 6. Variation of o,.. and E, vs. frequency for thin Ge,;Se1_, films at T, = 303 K.

Generally, the o, decreases with increasing T}, where o,.. decreasesd from 3.58 x 10719 (ohm-cm)*1
to 1.69 x 1071% (ohm-cm)~! for z = 0.05 (see Figure 3a) and it decreased from 2.78 x 1071° (ohm-cm)~? to
1.02 x 1071% (ohm-cm)~! for = 0.15 (see Figure 5b). On the other hand, o, . decreased about five times,
ie. 7.23 x 10711 (ohm-cm)™! to 1.25 x 107! (ohm-cm) ™!, for the x = 0.25 (see Figure 3c).

It is obvious that annealing has a great effect when Ge content is 0.25, but a low are limited effect content
of 0.15. This is because the annealing process reduces the defect states near the Fermi level [15]. It is also
obvious that there is an increase in F, with the increase of T,, as shown in Table 4, for the same reason.
We conclude from the behaviour of o, . as mentioned above, that exponent s decreases with T, as can be
seen from the values listed in Table 4.

We examined the effect of Ge content on o,.., and show the results in Figure 4. It is clear that o, .
decreases with increasing z in the Ge,Se;_, thin films. The value of the exponent factor s decreases with
increasing . These results can be attributed to the high concentration of Ge which lead to the occurrence
of localized states at the band edges.

We suggest that the correlated barrier hopping (CBH) model is the most consistent mechanism to describe
the behaviour of all the investigated films and that the associated potential barriers are separating defects
states in the films.

Among the important information provided by studying o, is the processing of the moment of the
electrical charges that yield polarization which represents the rate of shifting the positive charges to move
towards the electrical field, away from negative charge carriers.
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Table 4. Lists the values of the a.c conductivity o.., exponent s, activation energy F,, for the indicated frequencies
at a given annealing temperature for different x concentration in the Ge,Sei_, thin films.

Annealing temperature (K)
Percentage 303 398 448
of Ge Ga.c (RT) E, (eV) E, (eV) E, (eV)
content " S 10° 10° 10° S 10° 10° 10° S 10° 10° 10°
ohm-em Hz Hz Hz Hz Hz Hz Hz Hz Hz

5 3.4 x 1019 1.26 | 0.610 | 0.343 | 0.299 | 0.87 | 0.631 | 0.382 | 0.341 | 0.73 | 0.664 | 0.384 | 0.351
15 2.78 x 10~ ° | 1.07 | 0.691 | 0.386 | 0.304 | 0.75 | 0.721 | 0.460 | 0.364 | 0.69 | 0.731 | 0.483 | 0.371
25 8.4 x 10 1T 0.89 | 0.732 | 0.511 | 0.351 | 0.72 | 0.903 | 0.601 | 0.366 | 0.56 | 0.913 | 0.612 | 0.374

The relation between the imaginary part of the permitivity ¢; as a function of the real part of permitivity
er for Geg.g55€9.95 thin films is shown in Figure 7a, b, ¢ and is known as a cole-cole diagram. The thin film
was annealed within the range 303448 K and the values of the polarization « of these samples are listed
in Table 5; « also represents the angle between the center of the circle of the cole-cole diagram and the
intersection point with the x-axis (am/2) and is called the loss angle.
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Figure 7. Variation of imaginary dielectric constant with the real dielectric constant for thin Geg.osSeo.95 film at
different annealing temperature.

From Table 5 we can see that a for z = 0.05 decreases with increasing T, which inturn increases the
thermal energy of the lattice, and eventually transfers this energy to the free carriers, where the electrons
are remote from the holes under the effect of the electric field. This means that the thermal energy which
the charge carriers acquire transfers to kinetic energy, helping them in undermining the effect of the built-in
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field via polarization. Some electrons and holes go back to their places or recombine before applying the
electrical field. Therefore, T, lessens the polarization value.

The relaxation time 7 has been calculated practically for the samples through drawing cole-cole diagram
and through measuring €, (the static dielectric constant) at frequency w = 27 f and dielectric constant € at
w = oo and apply the relation e - £50/2 = WmaxT, Where wmax represents the highest frequency and 7 is the
relaxation time which corresponds to the lower value for resistance.

Table 5. List the value of (a: polarization) and (7: relaxation time) at different annealing temperatures for
Geo.055e0.95 thin films.

Annealing temp. (K) ! 7 (sec)
303 0.255 | 6.05 x 10~*
398 0.233 | 3.38 x 10~*
448 0.155 | 2.68 x 10~*

From Table 5 we observe that 7 decreases with increasing Ty, due to the increasing velocity of the charge
carriers; and the disappearance of localized states will increase the scattering factor of charge carriers leading
to shorter mean free paths. This result is consistent with previous mentioned data that dc conductivity
decreases with Tp,.

4. Conclusions
The most important conclusions of this study could be stated as follows:

1. The structure of Ge,Se;_, alloys for x = 0.15 and 0.25 was amorphous whereas the alloys of x = 0.05
was of polycrystalline structure.

2. The structure of thin Ge;Se;_,, films for x = 0.15 and 0.25 was amorphous when annealed within the
range 303-448 K. However, Geg g55€p.95 thin films were amorphous, at T, = 303 K and crystallized at
T, within the range 348-448 K.

3. The d.c conductivity increases with increasing x within the range (0.05-0.25) of Ge,Se;_, thin films,
while the activation energy decreases.

4. The d.c conductivity decreases with increasing T, within the range (303-448) K, whereas the activation
energy increases.

The a.c conductivity decreases with increasing x and Ty .
The exponent s decreases with increasing x and Tj.

The a.c activation energy increases with increasing 7T, and z for f = 102, 10% and 10° Hz.

© N o o

The relaxation time and polarizibility for Geg.g55€9.95 film decreases with increasing T, .
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