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InzTes thin films were prepared by thermal evaporation technique. The
composition of the films is checked by energy dispersive X-ray analysis. X-ray
analysis showed that the as-deposited In,Tes films as well as films annealed
at temperatures < 473 K have crystalline structure. The ac conductivity
0ac(w), the dielectric constant e; and the dielectric loss ez of InyTes films
were studied in the temperature range 303-373 K and in the frequency range
100 Hz-100 kHz. The ac conduction activation energy AFE,(w) was found to
be 0.065 eV for the as-deposited films. The ac conductivity was found to obey
the relation oac(w) = Aw®, where s is the frequency exponent. The obtained
temperature dependence of s is reasonably interpreted by quantum mechani-
cal tunneling model. Both the dielectric constant e; and the dielectric loss &2
increased with temperature and decreased with frequency in the investigated
range. The frequency and temperature dependencies of o,c(w), €1, and &2
for the annealed samples have the same behavior as that for the as-deposited
samples. However, values of oac(w), €1, and ez measured at any frequency

. and temperature increased with annealing temperature up to 473 K. It was
found also that AE.(w) decreased with annealing temperature.

PACS numbers: 72.20.-, 77.55.4+1

1. Introduction

Although many recent works have dealt with A}!BY! compounds with
A = Ga, In, Tl and B = S, Se, Te, their properties remain rather confusing.
These compounds have mainly zinc-blende and wurtzite structures with tetrahe-
dral [1] bonding. They are the simplest types of defective structures in which some
of the crystallographically equivalent sites are only partially occupied and that the
lattice has vacant sites [2]. The presence of a large number of defects destroys the
periodicity of the lattice and distorts the crystal field. Therefore, the semiconduct-
ing properties of these materials should be strongly affected by annealing which
increases the degree of ordering and hence affects their physical properties.
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In,Tes is a member of the above-mentioned compounds, has two phases (o
and ) [3-6]. B-phase has a zinc-blende structure [7] which is characterized by
a completely random distribution of the metal ions in their sublattice. It can be
transformed to the ordered state (a-phase) as obtained by Kosevich et al. [8].
Zahab et al. [9] have shown that an appropriate annealing of InyTes films leads
to a polycrystalline S-phase with a preferred orientation in the [111] direction.
Several authors investigated the electrical properties of InyTes thin films [9-13].
Papers on the ac conductivity and the dielectric properties of InyTes are rare.

Measurements of ac conductivity of chalcogenide semiconductors have been
extensively used to interpret the conduction process in these materials. For the
mechanism of the ac conductivity, the quantum mechanical tunneling (QMT)
model was proposed by Pollak and Geballe [14] to interpret impurity conduction
in n-type silicon.

~ This work is aimed to investigate the temperature and frequency dependence
of the ac conductivity and the dielectric properties of IngTez thin films of different
thicknesses. Also, the effect of annealing at different temperatures on these prop-
erties has been investigated. The results are discussed on the base of QMT theory
of ac conductivity.

2. Experimental technique

In,Tes was synthesized [13, 15] by direct fusion of stoichiometric amounts of
indium and tellurium (purity 99.999%) in an evacuated sealed silica tube
(10~% Torr). Thin films with different thicknesses of InyTes were obtained by
thermal evaporation of the investigated composition onto cleaned glass substrates.
X-ray diffraction technique was used to investigate the structure of the investi-
gated films, using Philips PM 8203 diffractometer. The chemical composition of
the obtained films was checked by energy dispersive X-ray analysis (EDX) using
scanning electron microscope (Joel 5400). For dc and ac measurements, films were
sandwiched between two Al electrodes. The resistance (R) was measured using
an electrometer (Keithley model 616). The dc conductivity og4c is related to the
electrical resistance by the relation

oac = d/RA, (1)
where d is the thickness of the film and A is the cross-sectional area. The dielectric
constant ¢, the dielectric loss €, and the ac conductivity o,. were measured
using programmable automatic RCL meter (Philips PM 6304) which measures
the impedance Z, the capacitance C and the loss tangent (tané) directly. The
dielectric constant ¢; (real part of the dielectric constant) was calculated using
the relation [16] '

€1 = C:,,-d/é‘oA, (2)
where C, is the capacitance of the sample, A is the cross-sectional area of the
parallel surfaces of the sample and ¢ is the permittivity of the free space. The
dielectric loss €, (imaginary part of the dielectric constant) was calculated using
the relation [17]

€9 = €1 tan 6, (3)
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where § = 90° — ¢; ¢ is the phase angle. The ac conductivity oac(w) is determined
by the relation [17]

a'ac(w) = Utot(w) — Odc,

where oyot(w) is the total conductivity which is calculated from the relation

Teot(w) = %%, (4)

where Z is the total impedance of the sample.

3. Results and discussion
3.1. Frequency and temperature dependence

The frequency and temperature dependence of the ac conductivity o,c(w),
the dielectric constant €;, and the dielectric loss g5 were studied for InyTes thin
films of different thicknesses 170-300 nm, in the frequency range 100 Hz—-100 kHz
and in the temperature range 303-373 K to understand the conduction process in
the InyTes system.

The variation of the ac electrical condugctivity with the frequency of InyTes
thin film of thickness 170 nm as an example is shown in Fig. 1 for several fixed tem-
peratures. It is clear from the figure that oac(w) increases linearly with increasing
frequency according to the equation [17]

Oac(w) = Aw?, (5)

where s is the frequency exponent, and w — the angular frequency. Values of s
were calculated from the slopes of the linear lines of this figure. It is clear also
from the figure that s is independent of the temperature in the investigated range,
and it was found that s = 0.67.

Figure 2 shows the relation between the ac conductivity oac(w) and the
temperature at different fixed frequencies of Ins Teg thin film of thickness 240 nm. It
is clear from this figure that o,c(w) increases linearly with the absolute temperature
according to the well-known equation

o = opexp [-AE,(w)/kT], (6)

this suggested that the ac conductivity is a thermally activated process. The ac
conduction activation energy AFE,(w) is calculated for different frequencies from
the slopes of these lines. There is no significant variation in the value of AE,(w)
and this means that AF,(w) is frequency independent, its average calculated value
was found to be 0.065 eV.

The QMT model [18] predicts a linear temperature dependence of oac(w)
and the exponent s is almost equal to 0.8 and increases slightly or independent of
the temperature which is given by [17]

S=1-4/In(1/wm), (7

where 79 is a characteristic relaxation time. This means that our experimental
results agree with the QMT model, so the frequency dependence of oac(w) for
InsTes can be explained in terms of QMT model.
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Fig. 1. Frequency dependence of ac conductivity oac(w) for the as-deposited In;Tes

film at different constant temperatures with thickness 170 nm.

Fig. 2. The ac conductivity 0ac(w) dependence on the temperature at different fixed

frequencies of the as-deposited InTes film of thickness 240 nm.

According to QMT model, the ac conductivity oac(w) is related to the den
of states N(E) at the Fermi level by the following equation [19]:

Tac(w) = (7/3)[N(Er))?kTe?a~5 In(vpn /w)]?,

sity

(8)

where T is the temperature, N(Er) — the density of defect states at the Fermi

energy EF, vph is the phonon frequency and a~! — the spatial extent of]
localized wave function. By assuming vpn = 1012 s™! and o~! = 10 A& [9],

the
the

density of states is calculated. The calculated values of N(Er) of InyTeg thin ffilm
of thickness 170 nm as an example at different temperatures are listed in Table. It
is clear from Table that N(Eg) has values in the order of 10!° eV~=! ¢cm~3 which

decreases with the frequency and increases with the temperature.
The variation of the dielectric constant €, with the frequency at diffe;

ent

constant temperatures for InsTes film with thickness 220 nm as an example is
shown in Fig. 3. The dielectric constant ¢; decreases with increasing frequency.

This decrease is more sharp at lower frequency and higher temperature and

can

be attributed to the fact that, at low frequencies, 1 for polar material is due to

the contribution of multicomponents of polarizability [20, 21] (electronic, io
orientational and interfacial polarizability). When the frequency increases,
dipoles will no longer be able to rotate sufficiently rapidly, so €; begins to decre

nic,
the
case

approaching a constant value at high frequencies. This value is due to interfacial

polarization and is typical of nonpolar material.

It is clear also from Fig. 3 that the dielectric constant ¢ increases withJ the

increase in temperature for all the investigated range of frequency. The increa:

e in
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TABLE

The dependence of the density of states N (Er) on the frequency, working temperature
and annealing temperature.

Frequency N(Er) x 10*° [eV~! cm™3]
[kHz] Measuring temperature [K] Annealing temperature*
303 | 313 | 333 | 343 | 363 | 373 | As-deposited | 423 K | 473 K
0.1 5.10 [ 5.30 | 5.45 | 5.75 | 6.00 | 6.10 4.00 4.96 | 5.90
0.4 3.95|4.03 (4.10 | 4.20 | 4.28 | 4.42 3.90 490 | 5.63
1 3.75 | 3.77 | 3.80 | 3.90 | 3.97 | 4.15 3.87 4.82 | 5.50
4 3.27(3.30(3.32|3.43|3.60|3.72 3.70 4.60 | 5.06
10 3.08(3.153.13|3.17|3.22|3.35 3.45 420 | 4.63
20 2.8812.91(2.95]|3.00(3.04]|3.10 3.30 4.03 | 4.50
100 2621278270 |2.75| 2.8 | 2.92 3.20 3.70 | 4.00

*N(FEp) of annealed films was calculated at working temperature of 303 K.
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Fig. 3. The dielectric constant &; dependence on the frequency at different constant

temperatures for the as-deposited InaTes film of thickness 220 nm.

Fig. 4. The dependence Inez vs. Inw for the as-deposited InpTes film of thickness
220 nm at different constant temperatures; the inset shows the temperature dependence
of the calculated values of m for the same film.

€1 with the temperature is more clear at lower frequencies and can be attributed
to the fact that the dipoles in polar material cannot orient themselves at low
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temperatures and the orientation of dipoles is facilitated when the temperature is
raised which increases the value of the dielectric constant ;.

The variation in the dielectric loss €2 as a function of temperature and fre-
quency is similar to the results obtained for the dielectric constant ¢, but the
decrease in €3 with the frequency is higher at low temperature. This is clear from
Fig. 4 which represents the relation between the dielectric loss €5 and the frequency
at different constant temperatures as In(ez) vs. In(w) for a thin film with thickness
220 nm as an example according to the relation [22]

gy = Aw™, (9)

where A is a constant. The power m was calculated from the negative slopes of
the obtained straight lines of Fig. 4 for different temperatures and is represented
as a function of temperature in the inset of Fig. 4. It is shown that m decreases
linearly with the increase in temperature.

It is also clear from Fig. 4 that the dielectric loss €2 increases with tem-
perature. This increase is more clear at higher frequencies and can be explained
by Stevels [23] who divided the relaxation phenomena into three parts: conduc-
tion losses, dipolar losses and vibrational losses. At low temperatures, conduction
losses have minimum value since it is proportional to ¢/w and ¢ increases with
increasing temperature, so the conduction losses increase which increases the value
of dielectric loss €.

3.2. Effect of annealing

To illustrate the effect of annealing on the ac electrical conductivity and the
dielectric constants €1,€s of InsTez thin films, several films of InsTez with dif-
ferent thicknesses were annealed at the temperature 373, 423, and 473 K for four
hours. X-ray diffraction patterns indicate that InsTes thin films annealed at 423 K
and then at 473 K have a polycrystalline structure and the degree of crystallinity
increases by increasing the annealing temperature as shown in Fig. 5. During
the process of annealing, the atomic orientation to the planes of the as-deposited
In; Tez becomes easier and besides, more reflecting planes appear indicating poly-
crystalline growth associating the full crystallinity of the investigated films. Results
of careful analysis for this pattern together with JCPDS card no. 33-1488 indicates
polycrystalline nature of 8-In,Tes. The composition of the annealed investigated
films was checked by energy dispersive X-ray (EDX) spectroscopy and it was found
to be the same as that of the as-deposited films.

For annealed films of different thicknesses, no distinguishable changes in the
ac electrical conductivity, dielectric constant €, and dielectric loss 5 were observed
for films annealed at 373 K in comparison with the as-deposited films. However,
the films annealed at 423 and 473 K show significant variation. The variation of
ac conductivity with the annealing temperature is shown in Figs. 6 and 7.

Figure 6 shows the frequency dependence of oac(w) for film annealed at
423 K, then at 473 K (t = 300 nm) as an example. It is clear from this figure
that at any frequency, oac(w) increases with increasing the annealing temperature
and the same results are obtained for all measuring temperatures. The calculated
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Fig. 5. X-ray diffraction pattern of InpTes thin films (a) as-deposited, (b) annealed at
423 K, (c) annealed at 473 K.

Fig. 6. Frequency dependence of ac conductivity oac(w) measured at room temperature
for InaTes thin film of thickness 300 nm annealed at different temperatures.
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Fig. 7. Temperature dependence of the ac conductivity for InyTes film of thickness
300 nm annealed at 423 K at different fixed frequencies.

Fig. 8. Frequency dependence of the dielectric constant €; measured at room temper-
ature for InpTes film of thickness 300 nm annealed at different temperatures.

values of s show that it is independent of the thickness, measuring and annealing
temperature, and have the same values as that of the as-deposited films.
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The temperature dependence of o5c(w) for IngTes film with thickness 300 nm
annealed at 423 K is shown in Fig. 7 at different constant frequencies. It is clear
from this figure that oac(w) for the annealed films increase linearly with increasing
temperature according to Eq. (8). The calculated values of AE, (w) are found to be
independent of the thickness and frequency in the investigated range. Its average
value is found to be 0.054 ¢V and 0.043 eV for films annealed at 423 and 473 K
respectively and this means that AE,(w) decreases with increasing the annealing
temperature and this is due to the increase in the degree of crystallinity to a more
ordered state by annealing. It is also clear from Fig. 8 that ¢ac(w) increases with
the increase in frequency.

The calculated values of N(Er) for films annealed at 423 and 473 K are listed
also in Table. It is clear that N(EF) increase with the annealing temperature at
any frequency. .

The change of the dielectric constant €; and the dielectric loss €2 with the
annealing temperature is shown in Figs. 8 and 9 which show the frequency depen-
dence of the room temperature ¢; and g3 for InyTes films with thicknesses 300
and 240 nm respectively annealed at different temperatures. It is clear from these
figures that £; and €2 increase with annealing temperature at any frequency and
decrease as the frequency increases. This is also attributed to the increase in the
degree of crystallinity.
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Fig. 9. Frequency dependence of the dielectric loss &2 measured at room temperature
for IpzTea film of thickness 240 nm annealed at different temperatures.

In conclusion, the data of ac conductivity and dielectric properties for as-
-deposited and annealed In;Tes films can be explained on the basis of the QMT
models which assumed that carrier motion occurs through quantum-mechanical
tunneling between localized (defect) states near the Fermi level.
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