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Electrical conductivity of SegpxTesSnsIng (x = 0, 3, 6 and 9) glassy systems was
studied employing impedance spectroscopic technique in the frequency range 100 Hz
to 1 MHz and in the temperature range 308-388 K. The DC conductivity (oq4.) at
each temperature was evaluated from the low frequency plateau region for all the
samples under investigation. The bulk conductivity for each sample was also evaluated
from Nyquist impedance plots. The semicircle shape of Nyquist plot exhibit dipolar
nature of samples. The activation energy for glassy, amorphous and crystalline region
from the Arrhenius plot of the DC conductivity and bulk conductivity was evaluated.
From the results it is found that activation energy varied from 0.091 to 0.194 eV in
glassy, 0.686 to 0.002 eV in amorphous and 0.215 to 0.503 eV in crystalline region.
The activation energy (AE) from DC conductivity and bulk conductivity found to be
close in corresponding regions. The pre-exponential factor was also calculated for
all three regions. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4929577]

. INTRODUCTION

Chalcogenide glasses are semiconductor materials which have a wide variety of applications in
electronic industry. The physical properties like structural, electrical, optoelectronic, etc. of materials
can be controlled by altering their chemical compositions. The electrical properties of selenium (Se)
based chalcogenide glasses have received attention because of its successful applications.'~'® Due
to unique reversible transformation properties amorphous Se has wide commercial applications.'!
But, pure Se has disadvantages owing to its short lifetime and low photosensitivity. To overcome
these problems certain additives (e.g. Te, Sn, In, Sb etc.) are used to prepare binary glassy systems.
These binary glassy systems have greater hardness, higher photosensitivity, higher crystallization
temperature and smaller ageing effect as compared to pure amorphous Se.'? The various physical
properties of binary glassy system further can be enhanced by adding a third element as a chemical
modifier. These physical properties can be more precisely tuned by adding fourth element in ternary
glassy system. Therefore, quaternary glassy system is of vast importance. In this regard, the studies
of various physical properties of chalcogenide glasses have become significant.

The various workers have synthesized and studied different physical properties of quaternary
glassy systems.'322 The glass transition and crystallization kinetics of Seqgo.xTesSnsIn, system were
studied by our group and results are published elsewhere.?*?! The thermal transport properties of the
discussed system are also studied.?
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The electrical and dielectric properties of chalcogenide glasses are of great importance and had
been studied by various workers.>*~*° To the best of our knowledge electrical and dielectric properties
of this system are not yet been studied. In the present study, we measured the electrical conductivity
of Segg.xTesSnsIn, (x = 0, 3, 6 and 9) glassy systems in the frequency range 100 Hz - 1 MHz and
temperature range 308-388 K. The dependence of electrical conductivity with concentration as well
as frequency and temperature are discussed. The bulk conductivity is evaluated from impedance plots.
The activation energy AE is evaluated from the Arrhenius plot of the DC conductivity as well as of the
Bulk conductivity and is found to be close in the corresponding region. The pre-exponential factor is
also evaluated and discussed for all the samples under investigation.

Il. EXPERIMENTAL DETAILS

The investigated glasses were prepared from high purity (99.999%) Se, Te, Sn and In elements by
the melting and quenching technique. The alloying elements were weighed according to their atomic
weight percentage and mixtures were put into cleaned quartz ampoules. The ampoules were sealed
under a vacuum of 10~ Torr to prohibit any reaction of alloying elements with oxygen at higher
temperature. The bunch of sealed ampoules was heated in a furnace at the rate of 3-4 K / min, the
temperature was raised up to 1098 K and kept constant for 12 hrs. Throughout the melting process, the
ampoules were frequently shaken to ensure the homogeneity of alloying materials. After the above
said period, the ampoules with molten materials were rapidly quenched into ice-cooled water. The
prepared glassy materials were taken out from the ampoules by breaking them. The amorphous and
glassy natures of prepared samples were confirmed from X-ray diffraction patterns and DSC.2?!
Electrical conductivity measurements were performed employing high frequency digital LCR Me-
ter -Wayne Kerr 6500 P Series in the frequency range 100 Hz to 1 MHz and the temperature range
308-388 K. For this, the samples were pressed into cylindrical pellet forms having diameter 10 mm
and thickness of about 1.0 mm under uniform load of 5 tons using hydraulic press. A pellet was sand-
wiched between two circular silver discs in order to ensure good electrical contact between sample
and electrodes of the LCR meter. This whole assembly of sample and discs is placed between the
electrodes of the LCR meter. The electrical conductance G and dielectric loss tan (&) were measured
at various temperatures and frequencies. The electrical conductivity and impedance parameters were
calculated from measured values of G and tan (9).

lll. RESULTS AND DISCUSSION

To study the variation of electrical conductivity with frequency at different temperature for sam-
ples under investigation, we show conductivity spectra of Seg;TesSnsIns glass as representative plot
in Fig. 1. Other glass samples show similar behavior at different temperatures, moreover, Fig. 2 shows
frequency dependent conductivity for different compositions at temperature T = 308 K. in. From
Fig. 1 and Fig. 2, we can see that each sample has two regions, a frequency independent region in low
frequency regime and a frequency as well as the temperature-dependent region in higher frequency
regime. The frequency independent region in low frequency range can be assigned as DC conductivity
and frequency dependent dispersion region can be assigned to the hopping motion or AC conductivity
of the system. This is well known that DC conduction arises due to random hoping motion of charge
carriers and AC dispersion region arises due to forward backward correlated hoping motion of charge
carriers.’! It is clear from Fig. 2 that DC conductivity initially decreases after incorporation of In in
Se-Te-Sn system at the cost of Se for 3 at wt % of In, again dc conductivity increases with increas-
ing In content. This can be explained on the basis of structural change due to incorporation of In in
Se-Te-Sn glassy system. Usually, accepted structural model for amorphous Se includes two molecular
class,* meandering chains containing helical chains of trigonal Se and Seg ring of monoclinic Se.
The structure of the Se—Te system>> prepared by melting and quenching is regarded as a mixture
of Seg rings, SegTe, rings and Se—Te copolymer chains. The addition of Sn in Se-Te system changes
the structure by forming Sn—Te cubic and SnSe; tetrahedral phase and decreases the proportion of
Seg rings. When In is incorporated in Se—Te—Sn, it satisfies the coordination requirement for making
bonds with Se atoms by forming Sn—Te cubic and SnSe; tetrahedral phase and is probably dissolved
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FIG. 1. The variation of electrical conductivity with frequency at different temperature of Seg;TesSnsIns glass.

in the Se rings.?*>? The formation of ionocovalent bond of In with Se in addition to covalent bond
for higher at wt %(> 3 at wt %) of In may cause further increase in dc conductivity.>®

Further, the onset of cross-over frequency for AC dispersion increases with increasing tempera-
ture for all glasses under investigations. Since, with increasing temperature the probability of random
hopping motion increases, therefore the onset of dispersion region increases with increasing temper-
ature. Fig. 2 depicts that SegyTesSns has almost DC conduction region in observed frequency range.
This happens due to higher cross-over frequency for SeqyTesSns glass, which may be above the high-
est frequency range measured by equipment. It is known that d.c. conductivity arises due to band
conduction and the a.c. conductivity arises due to relaxation processes. Further, d.c. and a.c. conduc-
tivities are due to different mechanisms depending on band gap and defect concentrations.?” Thus,
the onset of cross-over frequency depends on band gap as well as defect concentrations. Also, the
onset of cross-over frequency decreases with In concentration up to 3 at wt %. This decrease may be
due to the increase in no. of defects by incorporation of In in Se-Te-Sn system. However, this cross
over frequency increases with further In addition (more than 3 at wt %) may be due to formation of
ionocovalent bond of In with Se, which may change band gap.
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FIG. 2. The variation of electrical conductivity with frequency for different compositions at temperature T = 308 K.
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FIG. 3. The plots of log(ogc) versus 1000/T for Segp.xTesSnsIng (x = 0, 3, 6 and 9) glassy system.

The frequency dependent conductivity, in present case, can be described in terms of Johnson
power law?® o(f) = 04c + A.f5, where, 04. and A are associated with thermal activation and s is the
frequency exponent.

The DC conductivity (og4.) at each temperature is also evaluated from the low frequency plateau
region for all the samples under investigation. The temperature dependence of DC conductivity for
SegoxTesSnsIng (x =0, 3, 6 and 9) glassy systems is shown in Fig. 3 in Arrhenius representation. The
graphs of log(og.) versus 1000/T, can clearly be divided into three characteristic regions for all sam-
ples. This behavior may be attributed to the phase transformation with temperature. Earlier studies on
these samples®%?! confirm that theses glasses have three regions, (i) glassy region from room temper-
ature to glass transition temperature Ty, (ii) amorphous region from T, to crystallization temperature
T., and (iii) crystalline region from T, onwards. It is clear from the DSC thermograms®*?! of these
samples that as temperature increases each material changes from its glassy state to amorphous state
by absorbing heat around T, and amorphous state to crystalline state by ejecting heat around T.. In
general, solids are found or synthesized either in a crystalline (ordered) state or in an amorphous
(disordered) state. The crystalline solid possesses seven structural forms and possesses long range
order; alternatively, an amorphous solid is neither unique nor clearly defined and possesses short
range order. In amorphous solids, the materials exhibiting glass transition temperature are known as
glassy materials and also called super cooled liquid. All glassy materials are amorphous material, but
converse is not true. The entropy of material in glassy region is less than that in amorphous region.

The DC conductivity o4 can be expressed in these three regions by usual Arrhenius relation as;

Ode = 00eXp.(—AEq4./kT) )

Where, AE,. is the activation energy for DC conduction, k is Boltzman constant, o, is the pre-
exponential factor and T is absolute temperature. The activation energy (AE,.) is evaluated by measur-
ing the slope of straight line in the Fig. 3. All the investigated glasses show three activation energies
corresponding to three conduction regions as shown in Fig. 3. The values of AEq, for different samples

TABLE I. The variation of AEg4. and o, SegpxTesSnsIny (x = 0, 3, 6 and 9) glassy system.

AEg. (eV) 0o(Q lem™)
S. No. Sample Region(I) Region(II) Region(III) Region(I) Region(II) Region(III)
1. SegoTesSns 0.092 0.691 0.215 16.2 x1072 1.51 x10° 0.30
2. Seg7TesSnsIng 0.188 0.994 0.486 22.7x 1072 237 x10° 255.0
3. SegqTesSnsIng 0.200 0.875 0.436 2.61 x1072 6.02 x10'0 85.5
4. Seg;SnsTesIng 0.190 1.022 0.500 1.14 x1072 1.36 x10'0 796.0
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FIG. 4. The plots of Z” (imaginary part of impedance) versus Z’ (real part of impedance) for (a) Seg7TesSnsIns glass at
different temperature, (b) different compositions at temperature T= 308 K.

in different regions are listed in Table I. Also, the values of pre-exponential factor o, for different
samples in different regions are listed in this table I. The activation energy alone cannot decide the
nature of conduction mechanism because of co-existence of conduction in band tails and conduction
in extended states. The pre-exponential factor is an important parameter to decide nature of conduction
mechanism in amorphous semiconductors.>**’ The values of o, for a-Se and Se based chalcogenide
glasses is expected to be of the order of 10* Q~'cm™! for conduction in the extended states.***! The
lower value of 0, (2 or 3 order smaller than above mentioned value) represents the conduction in
localized states present in band tails and still lower value corresponds to the conduction in localized
states near the Fermi level.>**? From the obtained values of AEq4. and o,, it can be observed that
conduction mechanism changes from conduction in band tails to conduction in extended states, again
with increasing temperature conduction comes in band tails.

Bulk conductivity of Segg.xTesSnsIn, (x = 0, 3, 6 and 9) glassy system is evaluated by using the
complex impedance technique.** The measurements were carried out in temperature range 308-388 K
and frequency range 100 Hz - 1IMHz. The plots of Z"" (imaginary part of impedance) versus Z’ (real
part of impedance) for Seg;TesSnsIn; glass are shown in Fig. 4(a). The plots of Z” versus Z’ for other
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FIG. 5. The plots of log(op) versus 1000/T for Segp.xTesSnsIng (x = 0, 3, 6 and 9) glassy system.
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FIG. 6. The variation of bulk conductivity og with In content at three different temperatures (T = 308 K, T =348 K and T
=388 K).

samples have shown similar behavior (not shown in figure). The plots of Z" versus Z’ for different
compositions at temperature T= 308 K shown in Fig. 4(b). The impedance plots for each investigated
sample appear in the form of a semicircle at various temperatures. This results show that all samples
have dipolar nature. The intersection of the semicircle at lower frequency with Z’-axis gives the bulk
resistance (Rp) of the sample. It is also clear from Fig. 4(a) that diameter of semicircle decreases with
the increase in temperature, consequently DC conductivity increases. The bulk conductivity of each
sample at different temperature is calculated by using formula, og = t/(RgA), t = thickness of sample,
A= area of sample and Ry is bulk resistance. The variation of bulk conductivity og with In content
at three different temperature is shown in Fig. 6. At T = 308 K and T = 348 K, o decreases with In
content up to 3 at wt %, after that og increases very slowly with higher concentration of In. Moreover,
at T = 388 K, op decreases with In content up to 3 at wt %, after that o again increases with higher
concentration of In. This result indicates that In concentration above 3 at wt % does not significantly
affect the bulk conductivity in glassy and amorphous region as 308 K and 348 K corresponds to glassy
and amorphous region, respectively; but In affects bulk conductivity at all concentration levels in re-
gion where crystallization just starts. When In is incorporated in Se—Te—Sn system, different phases of
InSe (e.g. InSe, In,Ses, InsSeg, IngSe7) are formed. It is reported that the electrical resistance decreases
up to 10° times of In,Se; thin film in crystalline state.* The drastic decrease in electrical resistance
of InSe phase occurs due to crystallization; therefore, Indium concentration affects bulk conductivity
significantly in crystallization region. The plots of log(og) versus 1000/T for Segy.«TesSnsIn, (x = 0,
3, 6 and 9) glassy system is shown in Fig. 5.
Also, activation energy for bulk conduction is evaluated by using Arrhenius type relation as;

0p = 0,/exp.(—AEg/KT) 2)

Where, AEp is the activation energy for bulk conduction and other symbols has their usual mean-
ings. The values of AEg for different samples are listed in Table II. These values are also having the

TABLE II. The variation of AEg and o, SegpxTesSnsIny (x = 0, 3, 6 and 9) glassy system.

AEg (eV)
S. No. Sample Region(I) Region(II) Region(III)
1. SegpTesSns 0.091 0.686 0.219
2. Seg7TesSnsIns 0.188 1.008 0.489
3. SegsTesSnsIng 0.200 0.879 0.430
4. Seg1SnsTesIng 0.194 0.965 0.503
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same trend as obtained by DC conduction. The values of AEg and AE4. in corresponding regions are
approximately same within experimental error. From this, we can conclude that DC conduction in
investigated glassy system is mainly due to bulk conduction. The other sources of dc conductivity
besides bulk are grain boundary and interface with electrodes.

IV. CONCLUSIONS

Conduction mechanism changes from conduction in band tails to conduction in extended states,
again with increasing temperature conduction becomes in band tails. Semicircle appeared in the
impedance plots show that all samples have dipolar nature. The values of activation energy for bulk
conduction and DC conduction in corresponding regions are approximately same within experimental
error. DC conduction in investigated glassy system is mainly due to bulk conduction.
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