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Abstract. This study is devoted to the investigation of electrical properties of multi-walled carbon nanotube
(MWCNT)-contaminated Cu-Se-Te-In chalcogenide glassy composite in the temperature range 303–373 K and frequency
interval from 1 Hz to 1 MHz. The MWCNT/chalcogenide glass was characterized by means of X-ray diffractometer, field
emission scanning electron microscope, impedance spectroscopy and electrical measurements. Electrical conductivity was
increased by 10–100 times of magnitude by adding 1 and 2 wt% of MWCNT to it, changing the behaviour from insulator
to the semiconductor. This rapid change in the electrical conductivity for carbon nanotube-added glasses is due to the
highly conducting behaviour of carbon nanotubes. The data observed from dc conductivity measurement in the temperature range 303–373 K suggest that thermally activated hopping is the dominant conduction mechanism between
localized states in band tails, which is explained by Mott’s model. The temperature-dependent relaxation phenomenon has
also been examined by a detailed analysis of impedance spectra.
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Introduction

Owing to the growing requirement for portable electronic
devices, electric vehicles and renewable energy-based
systems, it is necessary to explore the development of
energy systems on a large scale. There is a great issue
related to heavy batteries, such as flammable organic
liquid electrolytes and leakage problem [1,2]. So creating
a new novel material for all heavy solid-state rechargeable batteries has become a topic of interest for these
days [3–8]. For all next-generation solid-state energy
storage, switching and sensing devices, the structure of
inorganic glasses provides a suitable path for fast ionic
movement [9–11]. Since the organic polymer or liquid
electrolytes have several issues related to flammability,
poor chemical and thermal stability, and high operational
voltage, the solid-state conductors i.e., solid electrolytes
are good substitutes for liquid electrolytes because these
conductors have several advantages including absence of
leakage, wide electrochemical windows, high thermal
stability over a broad temperature range [3,9]. Amorphous chalcogenide semiconductor materials play a key
role in search of new innovative materials with desired
electrical, optical and thermal properties. Owing to their
chemical and radiation stability and also due to cost

effective development techniques to collect them in bulk
and thin-film form, these chalcogenide materials have
drawn consideration of different technological and scientific groups.
The peculiar feature of chalcogenide glassy composite
is the existence of localized states in the mobility gap due
to the absence of long-range order. Chalcogenide glassy
electrolytes have a wide range of variation of composition to optimize their properties, cost and their conductivities. Therefore, they have a significant role as better
electrolytes in solid-state batteries. Some more problems
like low ionic conductivity and interfacial resistance
developed due to grain boundaries should be solved for
glassy electrolytes. Sulphide solid electrolytes have
already been studied due to low interfacial resistance and
high ionic conductivity ([10–2 S m–1) [3]. Silver-doped
chalcogenides have a very high conductivity of 3.2 9
10–2 S m–1. The ionic conductivity of these chalcogenide
glassy electrolytes could be boosted several times by
adding a small amount of carbon nanotube (CNT) to it
[12].
Since sulphur has better mechanical property than selenide or telluride glasses because they make stronger bonds
with constituents, hence mainly their ionic conductivity is
reported. Therefore, these glasses are favourable for
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practical applications. Ga-Sb-S glasses doped with CsI and
AgI improves the glass-forming ability and also the nonlinear properties of the material [13]. Many researchers
have studied a series of CNT-added chalcogenide glassy
composite, which exhibits high dielectric and ionic conductivity of the material. However surprisingly almost no
report on the investigation of electrical properties of pure, 1
and 2 wt% multi-walled carbon nanotube (MWCNT)/Cu5
Se75Te10In10 glassy composites is available in the literature.
Doping of Te and In makes the glass more attractive
material for new and interesting properties of the material as
expected. Metals (such as Ag, Cu, Li) doped with chalcogenide glasses, and their compounds behave like ionic
conductors or fast ionic conductors (FIC) [14–20]. With this
point of view, we have started the study of Cu5Se75Te10In10
system with MWCNT additives. In this study, we have
impedance spectroscopy to understand the conduction
mechanism and non-Debye-type relaxation phenomenon
under the effect of temperature from 303 to 373 K and ac
from frequency range (1 Hz–1 MHz) on MWCNT/Cu5
Se75Te10In10 containing 1 and 2 wt% CNTs.

2.

Experimental

The melt quench method was used to prepare chalcogenide
glasses. Highly pure raw materials (Cu, Se, Te and In of 5N
purity) is kept in a quartz ampoule having a diameter of 10
mm. The raw composite was heated from room temperature
to 800°C for about 10 h in a rocking furnace. The molten
sample is quenched rapidly in ice-cold water. We have got the
required bulk glass by removing ampoule and crushed into a
fine powder. Crushed alloy is divided into three parts and twopart of Cu5Se75Te10In10 were mixed with 1, 2 wt% MWCNT
and one part was kept as standard material for comparison of
other properties of the material. After that, ampoules were
again sealed under the vacuum and heated up to 600°C for 12
h and quenched in the same manner. Protection and homogeneity of the material are maintained by the duration of
mixing and shaking of the ampoule. The sample was again
finely ground and compressed under the pressure of 5 tons to
form the pellets of diameter 10 mm and thickness of 2 mm.
Pellets were properly smoothened and coated with a silver
paste to avoid poor electrical conductivity. X-ray diffraction
(XRD) verifies the amorphous nature of the synthesized
chalcogenide glass. The data were recorded using CuKa with
a scanning step size of 0.05° in a broad range of 2h Bragg’s
angle. The surface morphology has also been studied using
scanning electron microscope (SEM; NOVA NANOSEM450 model) in the magnification range of 50,0009. The
temperature-dependent electrical properties were studied
using an impedance spectroscopy technique by amplitudephase analyzer solatron 1260A at various frequencies 1 Hz–1
MHz. The amplitude of the input potential used for impedance measurements was fixed at a value of 10 mV for the
system.

Bull Mater Sci
3.

(2020) 43:216

Results and discussion

3.1

Structural and microstructural analysis

Figure 1 shows the XRD pattern of the synthesized
MWCNT/Cu5Se75Te10In10 composite. The absence of a
sharp peak affirms the amorphous nature of the sample.
SEM is an excellent tool used to study the surface morphology of MWCNT/Cu5Se75Te10In10 chalcogenide glass.
The density of nanotubes increases on increasing the concentration of MWCNT, as shown in figure 2a–c. EDX data
attached with SEM confirm the presence of elements copper
(Cu), selenium (Se), tellurium (Te), germanium (Ge), and
carbon (C due to MWCNT) and illustrate the absence of any
unwanted elements.

3.2

ac electrical conductivity

The plot for ac conductivity rac with frequency for asprepared, 1 and 2 wt% MWCNT-contaminated glassy
composites at different temperatures is shown in figure 3a–c.
The ac conductivity rac is frequency independent at low
frequency, as shown in figure 3, which is similar to the dc
conductivity [21]. At higher frequency, the transition from
ac to dc conductivity exhibits the dispersion in power-law
manner at high frequency. The same characteristics have
been observed for other compositions, the increase in
temperature increases the dc conductivity indicating the
thermally induced process due to the increase in the energy
of charge carriers [22].
The change in ac conductivity with varying frequencies
follows the power law at different temperatures. It is the
common feature of all the semiconductors. Jonscher’s [23]
proposed empirical formula is given by
rac ðx; T Þ ¼ AðT ÞxsðT Þ ;

ð1Þ

where the angular frequency of the ac field is represented by
x. Parameter s (0 B s B 1) is temperature-dependent Jonscher’s coefficient, which helps in the determination of the

Figure 1. XRD image of as-prepared, 1 and 2 wt% MWCNTadded Cu5Se75Te10In10 chalcogenide glasses.
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Figure 2. EDX attached with SEM for (a) as-prepared, (b) 1 and (c) 2 wt% MWCNT/Cu5Se75Te10In10 chalcogenide
glassy composites.
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Figure 3. The ac conductivity behaviour for (a) as-prepared, (b) 1 and (c) 2
wt% MWCNT/Cu5Se75Te10In10 chalcogenide glassy composites.
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ac conduction mechanism in the composite. Different
models have been discussed in the literature to explain the
characteristics of s parameter in semiconductors [24,25].
We have calculated s value using the gradient of log rac vs.
log x for all the synthesized composite of the system in the
studied temperature range. Figure 4 shows that s reduces
with the rise in temperature, representing the decrease in the
potential barrier height [26]. Parameter s decreases with an
increase in temperature and it is more pronounced for asprepared Cu5Se75Te10In10 composite, while varies significantly less for MWCNT-contaminated sample. Elliott has
proposed the correlated barrier hopping (CBH) model,
which is correlated with temperature-dependence frequency
exponent s. In the present glassy composite, this is the
suitable model for the ac conduction mechanism. The intersite separation, which is related by coulombic interaction, is
measured as barrier height [27]. According to this model,
when two electrons bounce over a potential barrier D? and
D– at the same time, also called the correlated barrier
hopping of bipolarons, interprets the ac conduction. Bipolaron hopping is the dominating conduction mechanism in
low and intermediate temperature range [28]. Further,
Shimkawa has proposed the concept of correlated barrier
hopping of a single polaron, which is dominating conduction mechanism at high temperature. The thermally excited
D? and D– states produce the neutral defect states D0 and
this conversion is stated as
 
ð2Þ
½Dþ  þ ½D  ¼ 2 D0 :
In which the holes hop between D0 and D– and electrons
hop between D0 and D?. From figure 3b and c, CNT-contaminated glass demonstrate the rise in the value of electronic conductivity as compared with the corresponding
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parameter of the as-prepared composite due to the
reinforcement effect. This effect has been developed by
embedded carbon nanotubes, namely the density of the
composite decreases and the hardness increases [29,30].
The effect of inter-nanotube connections provides the
additional path for the transportation of charge carriers. Cu?
ions can move more freely along or through the nanotube.
3.3

dc electrical conductivity

In figure 5, for the synthesized composite at different concentrations of MWCNT, the plot of dc conductivity with
varying temperatures is shown at different frequencies. The
semiconductor nature of studied glass is observed from the
plot, as it shows that dc conductivity rises with an increase
in temperature. It also illustrates that the thermally activated
process is responsible for the dc conduction mechanism.
The essential activation energy for dc conduction mechanism and the dc conductivity for the synthesized sample
have been evaluated using the Arrhenius equation as shown
[31,32]:


DEdc
rdc ¼ r0 exp
;
ð3Þ
KT
where the constant r0 is a pre-exponential factor for particular glass composition and K is Boltzmann constant. The
calculated value of dc conductivity and activation energy
are given in table 1. From table 1, it is clear that activation
energy decreases with rising CNT concentration. The dc
conductivity increases by 10–100 times of magnitude,
respectively, as compared to present glassy composite. Such
a dramatic change in dc conductivity with 1 and 2 wt% of
CNT indicates the typical insulator to conductor transition.

Figure 4. Deviation of frequency exponent s with temperature for as-prepared, 1 and
2 wt% MWCNT/Cu5Se75Te10In10 chalcogenide glassy composites.
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Figure 5. (a–c) Dependence of dc conductivity on temperature for asprepared, 1 and 2 wt% MWCNT/Cu5Se75Te10In10 chalcogenide glassy
systems at different frequencies.
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Table 1. Calculated values of dc conductivity (rdc) and activation energy (DEdc) at frequency 1000 Hz for pure and MWCNT/
Cu5Se75Te10In10 bulk samples.
Sample
Cu5Se75Te10In10
1% CNT
2% CNT

rdc (ohm-1 m-1)

DEdc (eV)

DEs (eV)

7.31 9 10-4
8.13 9 10-3
5.76 9 10-2

0.109
0.099
0.049

0.317
0.116
0.068

The inter-nanotubes connections increases with increasing
CNT concentration, providing many conductive paths for
movement of charge carriers in the glassy alloy. To avoid
the larger barriers in the glassy network, charge carriers
follow the percolation path [33].

3.4

Impedance spectroscopy

The complex impedance response for the studied composite
with 1 and 2 wt% CNT at various temperatures is shown in
figure 6. It has been observed that each spectrum at different temperatures is indicated by a single semicircle,
which confirms the homogeneity of the sample as well as
the bulk effect [34]. It is also noticed that no residual
semicircles at low frequencies attribute to the electrode
effects. It is also clear from the figure that each depressed
semicircle has a centre beneath the real axis, confirming the
non-Debye-type relaxation [35]. The same characteristics
have been obtained for 1 and 2 wt% MWCNT-added
composite. On increasing the temperature, the radius of the
semicircle representing the resistance of the material
decreases. It indicates the thermally activated conduction
mechanism in the studied composite [36].
The impedance spectra of the prepared amorphous
material can be interpreted in terms of the equivalent
electrical circuit model having a set of parallel resistorcapacitor (RC) elements [37]. In experimental data of
impedance of MWCNT/Cu5Se75Te10In10 of chalcogenide
glassy system, the non-ideal Debye-type behaviour has been
observed for all composites. So, constant phase element
(CPE) has been used in place of the ordinary capacitor, as
shown in figure 7. The CPE is defined as follows [38]:
ZCPE ¼ X 1 ðjxÞy ;

ð4Þ

where X and y are temperature-dependent but frequencyindependent parameters and x is the angular frequency. For
y = 1, the CPE behaves as ideal capacitor (C = X), whereas
for y = 0, CPE behaves as ideal resistor (R = X–1). Therefore, the total impedance of the circuit is as follows:
R
;
Z ðxÞ ¼
1 þ ðjxsÞy

ð5Þ

Figure 6. Nyquist diagram for (a) as-prepared, (b) 1 and (c) 2
wt% Cu5Se75Te10In10 at different temperatures.

where s is relaxation time (s = (RX)1/y) [39] and y measures
the non-ideal behaviour of the composite having a value in
the range (0 B n B1) [38]. A commercially available
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Figure 7. The fitted curve obtained by using parallel resistor and
constant phase element (CPE) shown in black line given in inset
for 2 wt% MWCNT-added Cu5Se75Te10In10 composite.

software EIS spectrum analyzer has been used to fit the
impedance data using an electrical model [40]. It is
observed from figure 7 that there is good agreement
between experimental and theoretical data. All the equivalent circuit parameters at different temperatures are listed in
table 2 with 1% of fitting spectra errors. Bulk resistance
R shows strong temperature dependence. Resistance
decreases with increase in temperature, similar to the case
of semiconductor demonstrating the negative temperature

Table 2.

1

0

coefficient of resistance [41,42]. It is clear from table 2 that
relaxation time decreases with rise in temperature, manifesting the increase in dynamics of material. It also
decreases with increase in CNT concentration [43]. Since
CNT–CNT internanotube percolation network results in
many conductive paths, it reduces the resistance and overall
the relaxation time decreases [44].
The plot for the imaginary part of complex impedances
with frequency for as-prepared, 1 and 2 wt% MWCNTadded Cu5Se75Te10In10 composite at various temperatures
have been shown in figure 8. It is observed that the Z00 value
increases initially the maximum value and decreases
repeatedly with a rise in frequency at various temperatures.
The particular frequency fmax at which each characteristic
curve shows the single peak is known as relaxation frequency. The single relaxation process dominates over the
conduction mechanism is affirmed by a single peak in the
plot [45,46]. As the temperature rises, the peak shifts
towards the high-frequency side. The fmax value is increased
with an increase in the rate of hopping of localized charge
carriers [47]. The temperature-dependent electrical phenomenon has been affirmed by such type of behaviour and
also as the temperature rises, the relaxation time reduces
[35].
The relaxation time is calculated for the present studied
glassy composite using relation s ¼ 1=2pfmax , where fmax
corresponds to the position of Z00 spectra. The calculated
value of relaxation time for all chalcogenide glasses are
listed in table 2. There is good agreement between s
obtained by experimentally fitted data from the impedance
spectra and the relaxation time calculated using the above

Electrical parameters of the impedance analysis for pure, 1 and 2% CNT/Cu5Se75Te10In10 glassy alloys.

CNT content (%)
2
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T (oC)

R (KX)

X (910-10 F)

Y

s = (XR)1/y (ls)

s = (1/2pfmax) (ls)

30
50
60
70
90
100
30
50
60
70
90
100
30
50
60
70
90
100

0.292
0.281
0.137
0.135
0.132
0.129
2.116
1.884
1.504
0.880
0.712
0.544
104.70
64.80
49.00
36.58
18.88
11.09

104.34
120.01
249.61
247.15
251.50
319.77
55.03
67.2
69.06
78.04
95.12
110.21
40.01
45.25
56.12
61.10
69.08
78.21

0.890
0.881
0.876
0.864
0.859
0.843
0.901
0.881
0.871
0.864
0.861
0.850
0.922
0.900
0.898
0.872
0.861
0.850

0.63
0.61
0.57
0.45
0.41
0.40
3.33
2.70
1.98
0.90
0.97
0.71
1004.7
399.9
159.2
63.39
25.23
15.92

0.61
0.56
0.50
0.46
0.44
0.43
2.33
1.59
0.89
0.73
0.61
0.35
216.89
119.22
108.12
64.96
30.36
16.61
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relation. Relaxation time also follows the Arrhenius law
[38]


DEs
s ¼ s0 
;
ð6Þ
KB T
where pre-exponential factor s0 is characteristic time and
DEs is the activation energy. The slope of the linear plot
gives the activation energy as concluded from figure 9. The
obtained value of DEs for as-prepared, 1 and 2 wt%
MWCNT/Cu5Se75Te10In10 are listed in table 1. From the
calculated data for activation energy, it has been noticed
that activation energy required for conduction and relaxation processes are near to each other. Relaxation and
conduction mechanisms are alike in the investigated frequency range [47].

4.

Figure 8. Variation of imaginary part of complex impedance
spectra Z00 with frequency at various temperatures for (a) asprepared Cu5Se75Te10In10, (b) 1 and (c) 2 wt% MWCNT/Cu5Se75
Te10In10 chalcogenide glasses.

Conclusion

It has been investigated that CNT concentration and temperature have a significant effect on electrical properties of
chalcogenide bulk MWCNT/Cu5Se75Te10In10 glassy composite synthesized by melt quenching technique. The
absence of any sharp peaks in the XRD image confirms the
amorphous nature of the system. EDX fix with SEM
approves the presence of CNT in the glassy system. The
study of temperature-dependent dc conductivity affirms
hopping of charge carriers in between localized states is the
thermally activated mechanism. The significant rise in the
value of conductivity is observed for addition of 1 and 2
wt% of MWCNT to the composite (by 10–100 times). This
can be explained based on inter-nanotube connections
resulting in many conductive paths by increasing the CNT
concentration in MWCNT/Cu5Se75Te10In10 system. Change
in ac conductivity with frequency is found to accept the
Jonscher’s universal power law. The calculated value of
Jonscher’s coefficient s recommends the CBH model most
suitable to explain the conduction mechanism. Non-Debyetype relation phenomenon and semiconducting nature
exhibited by MWCNT/Cu5Se75Te10In10 system have been
explained by complex impedance spectra. Contamination of
CNT improves the copper ion transport and conductivity,
which is expected to over tune compelling benefits for
future battery applications. All this makes the CNT-added
chalcogenide glasses a very fascinating material for future
experimental studies.
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Figure 9.
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Variation of log s vs. 1000/T for the glasses of pure and CNT-added Cu-Se-Te-In composites.
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Romčević N Z 2015 J. Mater. Sci: Mater. Electron. 26 1291
[45] Muduli R, Pattanayak R, Kumar S, Kar S K, Kumar P,
Panigrahi S et al 2016 J. Alloys Compd. 656 33
[46] Gopalan E V, Malini K A, Saravanan S, Kumar D S, Yoshida
Y and Anantharaman M R 2008 J. Phys. D: Appl. Phys. 41
185005
[47] Bale S and Rahman S 2012 Mater. Res. Bull. 47 1153

