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In the present paper, the samples under investigation Segy , TexSb, (x = 2, 4 and 8) have been prepared by melt-quench
procedure. The structural study has been made using x-ray diffraction (XRD), scanning electron microscopy (SEM) and
energy dispersive analysis of X-ray (EDAX). Semiconducting nature of these glasses has been studied by current-voltage
(I-V) measurements. dc conductivity measurements, linear and non-linear behaviour and observation of Meyer-Neldel rule
have been done at temperature range between 303 K and 333 K in the voltage range upto 200V. From I-V curves, linear and
non-linear behaviour has been investigated. It is evident from the analysis that conductivity is increasing with increasing
temperature. It is also established that Meyer- Neldel rule is obeyed by these glasses.
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1 Introduction

In the field of materials science, the semiconductor
field always remained the field of versatility and
significance. The recent trend of advancing
technology imposed the rigorous requirement of
innovation in semiconductor science. Therefore, the
emphasis also shifts upon the amorphous
semiconductors, especially on the chalcogenide
glasses as these offer a wide-range tailoring of the
thermal, electrical and optical properties. According
to technological applications, these glasses have wide
range of applications in memory switching devices,
thermal imaging, solar cells, photonic crystals and
other photonic applications. In order to explore the
technological applications of the materials, we need to
study its electrical, thermal and optical behaviour.
Amongst amorphous chalcogenide glasses, Se-based
systems are very useful in optical memory switching
rectifiers and photocells due to the observation of
reversible transformation' and hence seem attractive.
However, in pure state, Se-based alloys were found
to be thermally unstable and to have limited
reversibility’. In order to improve the properties
of Se glassy system, various efforts have been made
by the different researchers and the elements such as
Te, Sb, Sn, Pb, Bi have been added. Antimony is a
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good suitable tailoring agent to tune the
physical properties of a material for a particular
technological application. The weaker bond strength
of Se-Sb bonds and steric hindrance introduced by
large size of Sb causes strain and weakens the glass
matrix, which opens the possibility to reduce the gap
between the melting and peak crystallization
temperature and makes it suitable for phase change
materials.

The chalcogenide glasses are gradually becoming
promising materials in scientific research owing to
there are some unusual properties including excellent
chemical stability in aggressive environments, low
phonon energy, high photosensitivity, high thermal
stability, high refractive index, extended infrared
transparency, exclusive chemical durability and
unique nonlinear optical properties along with
potential applications such as x-ray imaging
and photonic applications™. The direct current
(dc) conductivity measurements of amorphous
semiconductors have attracted great deal of attention
to understand the conduction process in these
materials. Thus, the study of electrical behaviour of
these materials is extremely important.

The Meyer-Neldel Rule (MNR), which is also
known as “compensation effect” was established
empirically in 1937*. The MNR is often observed in
an activated process. In semiconductors, electrical
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conductivity is temperature dependent, although the
creation of defect levels influences the spread of
activation energy’. However, at a characteristic MNR
temperature, this process becomes independent of
dopant concentration or activation energy®’. To
analyse the origin of the MNR, various mechanisms
have been proposed. Many researchers attributed that
the MNR is a consequence of disorder effect,
transport mechanism, multi-trapping transport process
etc. within the materials*®®. The most interesting
feature of Meyer-Neldel Rule is that it has been
observed in various materials, including amorphous,
crystalline, liquid semiconductors, polycrystalline,
solid state ion conductors and organic solids, as well
as for wvariety of properties including thermal
crystallization, conductivity, surface desorption,
diffusion and adsorption kinetics. Moreover, MNR is
frequently investigated in disordered materials'. In
most chalcogenide systems, MNR is studied by
activation energy (AE) variation with composition of

glassy system. For this purpose, -electrical
conductivity is evaluated as the function of
temperature. In specific glassy alloys, when

composition varies, (AE) changed; hence the density
of defect states and their distribution with energy
varies with compositional disorder''. The density of
defect states and their distribution determine the
statistical shift, which may be responsible for MNR in
chalcogenide systems. Many researchers have been
reported that AE changes with varying voltage in the
high field region, where the density of defect states
remains unchanged with varying AE". As a
consequence, the MNR is important for the design
and applications of chalcogenide glasses as observed
by various researchers®'.

According to Pichon et al.’”, it could be a
diagnostic tool to quantify the quality of active layer.
In phthalocyanine thin films, Abdul-Wahab"
proposed the use of Meyer-Neldel behaviour for
oxidizing gas detection. Widenhorn et al."* suggested
that in silicon diode, the MNR could be implemented
to describe the temperature dependence of forward
current. In amorphous InGaZnQO, thin-film transistors
(a-IGZO TFTs), Takechi et al'® reported that MNR
combined with an exponential tail-state distribution
model can be implemented to explain the sub
threshold characteristics. In phase change memory
(PCM) devices, lelmini et al.'"® suggested that MNR
can be used to analyse the crystallization and
structural relation. Similarly, the interpretation and
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consequence of MNR for conductivity of a large
number of memory cells of a GeSbTe phase-change
memory alloy is reported by Savransky and Yelon'’.
Moreover, Okamoto et al.'® derived generalized MN
relations in term of Laplace transform.

In the present work, semiconducting nature of Seg.
«TeynSby (x = 2,4 and 8) glassy alloysis studied by
current-voltage (I-V) measurements. dc conductivity
measurements, linear and non-linear behaviour and
observation of Meyer-Neldel rule are investigated at
temperature range between 303 K and 333 K in the
voltage range 0-200V. The structure and surface
morphology are studied by X-ray diffraction (XRD),
scanning electron microscopy and energy dispersive
analysis of X-rays (EDAX) of the investigated glassy
alloys.

The Meyer-Neldel Rule (MN-rule)

In case of a chalcogenide system, the MN-rule
states that the thermally activated dc electrical
conduction (o) obeys the Arrhenius relation:

o = ouerp (—22) ..‘(1)

where AE and o, are activation energy and
pre-exponential factor respectively and kg is the
Boltzmann constant. It has been observed that o, does
not depend on AE for many materials. Taking log on
both sides in equation (1)

i = In (o, exp (- ,fTET)) (2
Ing = Ino, + In (exp (- k%)) ..(3)
Ino = Ing, — kATET ..(4)
Ino = Ina, — (i—i) () (5

This is the equation of straight line like y = mx + c,
where m = —AFE/kg; and Ino, is the intercept.

If logarithm of the conductivity is plotted on the
ordinate against the reciprocal of the absolute
temperature, then a straight line is generated whose
slope is AE/kp and the extrapolated intercept of the
line on the ordinate at 7'= 0 yields the value of Inos,.

We have a contradiction that if equation (1) is
correct, then it would require that o(7) = o, if either
T—o0 or a multiplicity of g, values are found. Thus,

) ..(6)

0o = 0p0€XP (kBTMN
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Op = Oppexp (A—E) ...(7)

Emn

where o, and Eyy = kgTun (Tun denotes specific
temperature) are constants. Fyy and o, are called
as Meyer-Neldel energy and Meyer-Neldel
pre-exponential factor respectively. Here equation (7)
is referred to as a Meyer Neldel relation (MNR).

Shimakawa and Abdel-wahab observed a more
surprising and interesting result while studying the
MNR in different chalcogenide glassy systems. In
case of chalcogenide glasses, they reported a strong
correlation between o,, and Eyn, which can be
expressed as:

Ino,, = a+ BEyn ...(8)

where o and S are constants. This expression
between oy, and E,y is known as “Further MNR”.

2 Materials & Methods

Amorphous Segy, TexSb, (x = 2, 4 and 8) glassy
alloys were obtained using melt-quench procedure
mentioned elsewhere 19. Structural study is carried
out using XRD, SEM and EDAX.

Pellets of the powdered samples with diameter
~10mm and thickness ~<Imm were obtained using a
die by applying a pressure of 5 ton. Each pellet was
coated with silver paste to achieve good electrical
contact between sample and electrode. dc
conductivity measurements of primed samples were
carried out in the temperature range 293 K to 313 K.
A dc voltage of 0-200 V was applied across the
sample for I~V measurements and the resultant
current was monitored with a digital picometer
(Keithley 2611 model). Before completing any -V
measurement, each temperature was given at least 10
minutes of stabilisation time.

2.1 Structural Study

The structure and surface morphology of
Sego_xTeSb, (x =2, 4 and 8) were examined by XRD
technique and scanning electron microscope (SEM)
and elemental composition is verified by EDAX.

2.1.1 X-ray diffraction (XRD)

For XRD analysis of glassy alloy in the bulk form,
the investigated sample were crushed into fine powder
form with a pestle and mortar. The powder technique
was used to obtain XRD patterns of the materials
under study. Figures 1-3 show the X-ray diffraction
pattern of the investigated chalcogenide Segy_,Te,oSb,
(x = 2, 4 and 8) glasses. The absence of any sharp

peak or prominent peak in XRD pattern confirmed the
amorphous nature of chalcogenide glasses under
analysis.

2.1.2 Scanning Electron Microscope (SEM) Measurements
The scanning electron microscope is used to study
the surface morphology and the structure of the
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Fig. 1 — XRD pattern of chalcogenide Ses5Te,,Sb, glass.
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Fig. 2 — XRD pattern of chalocogenide Se;¢Te,Sb, glass.
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Fig. 3 — XRD pattern of chalcogenide Se;,TeySbyg glass.
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materials. Figures 4 - 6 show the SEM images of
Sego-xTexSb, (x= 2, 4 and 8) samples of the series
under study. The irregular edges (Figures 4-6) are
consistent with amorphous nature of these particles.
Scanning electron microscopy is the technique which
is used to study the inhomogeneity in the sample.
There is an indication of the partial phase separation
in the materials due to inhomogeneity in the samples
as observed from the SEM micrographs shown in
Figs (4 - 6).

2.1.3 Energy Dispersive Analysis of X-ray (EDAX)

EDAX is also known as energy dispersive
spectroscopy and can also be abbreviated as EDS,
EDX, EDXS or XEDS sometimes it is termed energy
dispersive X-ray microanalysis (EDXMA) or energy
dispersive  X-ray analysis (EDXA). It’s an
investigative method which is widely employed in
elemental or chemical composition characterization of

p
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Fig. 5— SEM image of chalcogenide Se;sTeyoSby glass.

materials. The sample may be of any form such as
solid thin film, solid powder, liquid sample, even a
pellet etc. Figures 7-9 present the EDAX graphs
followed by chemical composition data for all the
investigated samples. For the compositional analysis,
the constitutional elements Se, Te and Sb has been
taken as reference samples. The composition of the
bulk samples is found to be uniform within the
measurement accuracy of about +2%.

2.2 Electrical Measurements
Current-voltage (I-V) characteristics and dc
electrical conductivity measurements are made for
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Fig. 6 — SEM image of chalcogenide Se,Te,oSbg glass.
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Fig. 7— EDAX analysis of SessTe,,Sb,.
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Sego_ TexSb, (x = 2,4 and 8) pellets. The typical I-V
characteristics are recorded from room temperature to
elevated temperatures up to 333 K. I-V characteristics
show ohmic behaviour in the low voltage range and
this behaviour turns to non-ohmic in the higher
voltage range due to high voltage induced temperature
effects. Meyer-Neldel (MN) rule is also explained for
our present system of chalcogenide glasses.

2.2.1 I-V Measurements
Figures 10-12 show [I-V characteristics for
investigated composition at different temperatures. It is
clear from figure 10 that current is increasing with
applied voltage when temperature is fixed and with
cps/eV
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Total: 72.21 100.00 100.00

Fig. 8 — EDAX analysis of SessTe,oSby.
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Fig. 9 — EDAX analysis of Se;;Te,oSbs.

temperature when applied voltage is fixed. The
behaviour of these samples shows semiconducting
nature and I-V curves show linear behaviour in the
voltage range 0-50 V while at high voltage range, they
deviate from linearity i.e. non-ohmic behaviour is
observed.
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Fig. 10 — I-V measurements of chalcogenide Se;3TeySb, glass.
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Fig. 11 — I-V measurements of chalcogenide Se;¢Te,Sb, glass.
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Fig. 12 — I-V measurements of chalcogenide Se;»Te,Sbg glass.
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Table 1 — Value of resistance (R) and dc conductivity (oy.) for Sego_.Teyo Sb, (x =2, 4 and 8) glasses in ohmic region at

different temperatures.

747

SesgTer0Sb, Ses6Ter0Shy Se;,TeySbg
Temperature Resistance Gc Resistance Ge Resistance Ge
‘0 Q) (Q'em™) Q) (Q'em™) Q) (Q'lem™)
30 2.45%1071° 4.15x10™M 2.73x1071° 3.40x10™" 1.83x10® 2.07x10®
35 2.74x1071° 4.64x10™" 5.98x1071° 7.44x10! 2.55x10°8 2.89x10®
40 3.98x1071° 6.76x10" 1.22x1071° 1.52x10™"! 2.54x10® 2.87x10°
45 7.26x1071° 1.23x1071° 1.74x107 2.16x1071° 3.93x10° 4.44x10°®
50 1.99x1071° 3.38x107"° 2.70x107 3.35x1071° 6.45x10° 7.29x107
55 2.45x1071° 4.15x10"° 3.68x107 4.57x101° 9.04x108 1.02x107
60 1.83x10” 3.10x107"° 5.41x107 6.73x107'° 1.25x107 1.41x107

The slope of I-V plots gives the apparent values for
dc resistance (R). For SegyTexSb, (x = 2,4 and 8)
investigated system, dc conductivity in ohmic region
is evaluated by the relation given below.

%= 5= (5) () (9)

Here L denotes thickness, 4 indicates area of cross-
section, and py represents the resistivity of the
material.

The thickness of the pellets Segy_.TeySb, (x = 2,4
and 8) is 0.15 cm, 0.11cm, 0.10 cm respectively and
the area of cross-section is 1.1304 cm? for each pellet.

2.2.2 Observation of Meyer -Neldel Rule

In case of glassy semiconductors, MN rule is
observed by the variation of activation energy on the
changing the composition of the glassy alloys in a
specific glassy system. The temperature dependent dc
conductivity (oy.) of Sego_,T€20Sb, (x = 2,4 and 8) in the
temperature range of 303 to 333 K is measured
(Table 1). It is found that dcconductivity increases
exponentially over the entire temperature range. Figures
13-15 show the temperature dependence of dc
conductivity forSegy,Te,Sb, (x =2,4 and 8) glasses in
the considered temperature range. dc conductivity varies
exponentially with temperature according to equation (5)
and it can be seen in Ilnoyg. versus 1000/T plots.
Theseplots show thermally activated phenomenon.

Figures 13-15 show that the dc conductivity
increases with the increase in temperature. From the
slope and intercept, AE and o, is calculated. The
values of activation energy and /n o, in the studied
temperature range are shown in Table 2. It shows the
semiconducting nature of the amorphous materials.
The composition dependence of activation energy is
shown in Fig. 16. It is observed from Fig. 16 that the
activation energy is increased from x = 2 to x = 4 but
there is a sharp decrease for x = 8.

Table 2 — Activation energy and /no, for Segg_ Te,oSb,
(x=2,4 and 8) glassy alloys.

Composition AE (eV) Ing, (Q'em™)
SegoTe15Sh, 0.75 4.5464812
SegoTe16Shy 0.83 8.0864103
56’80T6125b8 0.56 4.0271358
2204 "

2254
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Fig. 13 — Temperature dependence of dc conductivity in
SC7gTezosb2.
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Fig. 14 — Temperature dependence of dc conductivity in
Se76Tezosb4.
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Fig. 15 — Temperature dependence of dc conductivity in
SC72Tezosbg.
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Fig. 16 — Composition dependence of activation energy of
chalcogenide Seg.«Te,0Sby (x = 2,4 and 8) glasses.

It is observed that o, is not constant for the series
under study. The value of o, increases as the
activation energy increases for (x = 2, 4 and 8). In
case of x = 8 atomic weight percentage, the value of
o, decreases as the activation energy decreases.
Figure 17 shows the plot between In g, and AE that
Ino, varies exponentially with AE according to
relation given by equation (5) and MN rule is obeyed
in the present system. The slope and intercept of the
line yield Meyer-Neldel characteristics energy
Emn = 14.89 meV and MN pre- exponential factor is
equal to 2.78 x 102 Q' em™ which is close to the given
range of Meyer- Neldel energy and pre- exponential
factor.

8 o L}
74
s 6
o]
=
54
-
4 L]
T ¥ T T T v T v T v T T
0.55 0.60 0.65 0.70 0.75 0.80 0.85

Delta(E)

Fig. 17 — Plot of Ino, versus AE of chalcogenide Seg. Te,oSby
(x =2, 4 and 8) glasses.

3 Conclusion

The glasses of the desired composition i.e.
SegoxTe20Sby (x = 2,4 and 8) were prepared by using
melt quenching technique. To confirm the amorphous
nature of these samples, XRD characterization is
carried out and the absence of any sharp peak in the
XRD patterns of these samples confirm their
amorphous nature. Surface morphology of glassy
alloys is investigated by using scanning electron
microscope (SEM). The irregular edges of the particle
are consistent with amorphous nature of these
particles and inhomogenity in the samples is observed
in SEM micrographs.

For I-V measurements in bulk, pellets of
SegoxTeSbx (x = 2,4 and 8) glassy alloy are prepared.
From I-V curves, linear and non-linear behaviour is
investigated. We have studied dc conductivity, and
Meyer-Neldel rule in the voltage range 0-200 V. It is
clearly evident in these curves that conductivity is
increasing with increasing the temperature which
shows the semiconductor nature of the sample.
Maximum value of dc¢ conductivity is found for x = 8
sample in the investigated composition. The increase
in the conductivity with the increase of Sb content
indicates that the samples may be more useful in
optoelectronic devices.

From Inog. versus 1000/7, we calculate the value
of activation energy. It is found that the plot exhibits
Arrhenius behaviour in the studied temperature range
(303 — 333 k). It is thermally activated phenomenon.
It is also established that Meyer- neldel rule is obeyed
by these glasses. Meyer-Neldel characteristics energy
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Eumn = 14.89 meV and MN pre- exponential factor is
equal to 2.78 x 107 Q'cm™ which is close to the
given range of Meyer- Neldel energy and pre-
exponential factor suggested by Shimakawa and
Abdul — Waheb for chalcogenide glasses.
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