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Borotellurite glasses with formula 60B2O3�10ZnO�(30 � x)NaF�xTeO2

(x = 0 mol.%, 5 mol.%, 10 mol.%, and 15 mol.%) have been synthesized by
thermal melting. X-ray diffraction (XRD) analysis confirmed that the glasses
were amorphous. The glass density (q) was determined by the Archimedes
method at room temperature. The density (q) and molar volume (Vm) were
found to increase with increasing TeO2 content. The direct-current (DC)
conductivity was measured in the temperature range from 473 K to 623 K, in
which the electrical activation energy of ionic conduction increased from
0.27 eV to 0.48 eV with increasing TeO2 content from 0 mol.% to 15 mol.%.
The dielectric parameters and alternating-current (AC) conductivity (rac) were
investigated in the frequency range from 1 kHz to 1 MHz and temperature
range from 300 K to 633 K. The AC conductivity and dielectric constant de-
creased with increasing TeO2 content from 0 mol.% to 15 mol.%.
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INTRODUCTION

Borate glasses have significant importance as
specialized materials. Their transparency and high
chemical resistance make them useful for various
applications, e.g., in the construction industry, and
optical and chemical technology. Nowadays, they
have potential for use in advanced applications as
vitreous electrolytes in strong-state batteries, in
electrooptic switches and waveguides, as magne-
tooptic materials, in chemical sensors, and as laser
materials.1–6 Addition of tellurite to B2O3 glasses
changes their physical properties through genera-
tion of interesting structural units and decreases
the hygroscopic nature.6–9 The alternating-current
(AC) electrical properties of glasses depend not only
on the mobile ions which cause the direct-current
(DC) conductivity but also on other, relatively
immobile ions, or dipoles, etc., which could form
part of the glassy network. These different mecha-
nisms may, owing to temperature and other condi-
tions, overlap and add to each other, or they may

exist in different parts of the frequency spectrum.9

The aim of this research is to investigate the
structural, electrical, and dielectric properties of
the new borotellurite glass matrix
60B2O3�10ZnO�(30 � x)NaF�xTeO2.

EXPERIMENTAL PROCEDURES

The 60B2O3�10ZnO�(30 � x)NaF�xTeO2 (x = 0
mol/%, 5 mol/%, 10 mol.%, and 15 mol.%) glass
series were synthesized by a thermal melting
technique. This borotellurite glass matrix contain-
ing NaF has high moisture resistance and mechan-
ical strength compared with traditional, alkali
oxyborate glasses.11 The required amounts of
Analar-grade B2O3, ZnO, NaF, and TeO2 were
blended to homogenize the powder, then melted in
a porcelain crucible inside a muffle furnace under
ordinary atmosphere at temperature of around
1150�C for 30 min. The melt was poured into a
cylindrical-shaped stainless-steel mold to obtain
samples with thickness of 2 mm. X-ray diffraction
(XRD) measurements were conducted using a
Philips PW 1373 diffractometer. Glass density (q)
was obtained using the Archimedes method at room(Received November 16, 2015; accepted June 10, 2016;
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temperature using toluene with accuracy of
±0.01 g/cm3. The molar volume (Vm) was evaluated
from the expression

Vm ¼
P

njMj

q
; ð1Þ

where xj is the molar ratio of component j, Mj is its
molecular mass, and q is the mass density.

The DC electrical conductivity (r) for the present
glass samples was measured utilizing a two-probe
holder loaded into an electrical furnace; for good
contacts with the copper terminals, the glass sam-
ples were painted on both sides with silver. A steady
voltage of 300 V was applied between the two
electrodes, and the current was measured using a
Keithley 616 electrometer. The dielectric parame-
ters and AC conductivity (rac) were measured using
a Hioki LCR meter model 3532, as a function of
temperature from 300 K to 650 K at different
frequencies between 100 kHz and 5 MHz. The tem-
perature was measured using a digital temperature
controller equipped with chromel–alumel
thermocouple.

RESULTS AND DISCUSSION

XRD spectra of the prepared glass samples are
illustrated in Fig. 1; no crystalline peaks were
observed, confirming their amorphous nature. The

obtained values of glass density (q) along with the
molar volume Vm values are presented in Table I
and illustrated in Fig. 2. The glass density
increased linearly from 2.52 g/cm3 to 2.74 g/cm3 as
the TeO2 content was increased from 0 mol.% to
15 mol.%. This increase in density with composition
in the glass samples is because the molecular
weight of TeO2 (159.60 g/mole) is larger than that
of NaF (41.988 g/mol). The increase in molar volume
might be due to increase in bond length or inter-
atomic spacing between the atoms, and/or since the
ionic radius of Te atom (2.21 Å) is much greater
than that of Na atom (0.97 Å).10,11 The average
boron–boron separation dB–B was evaluated to
provide further insight into the present glassy
network. As the boron atoms are the central atoms
of BO3/2 and BO4/2

� units, the volume Vm
B corre-

sponding to one mole of boron atoms inside the glass
structure is given by12,13

VB
m ¼ Vm

2ð1 � yBÞ
; ð2Þ

where yB is the B2O3 oxide mole fraction. The
average boron–boron separation dB–B was computed
using the following formula and is recorded in
Table I:

dB�B ¼ VB
m

NA

� �1
3

; ð3Þ

where NA is Avogadro’s number, 6.0228 9 1023

g/mol. The average boron–boron separation values
dB–B increased with increasing tellurium oxide
content, so the glass system demonstrates an
increasing tendency for expansion (less dense glass
network).

The DC electrical conductivity in ionic conducting
glasses at high temperatures14 is observed to follow
an Arrhenius relation,

r ¼ Bexp � Ea

kBT

� �

; ð4Þ

where B is a temperature-dependent preexponential
factor, Ea is the mean electrical activation energy
associated with the jump step during diffusion of
ions in the studied temperature range, kB is the
Boltzmann constant, and T is absolute temperature.
The activation energies for all the studied samples
were evaluated from the slope of log r versus 103/T
curves (Fig. 3). The electrical activation energy, Ea,
was found to increase from 0.27 eV to 0.48 eV with

Table I. Glass composition, density (q), molar volume (Vm), and average boron–boron separation (dB–B)

Sample Glass composition (mol.%) q (g/cm3) Vm (cm3/mol) dB–B (nm)

T0 60B2O3�10ZnO�30NaF 2.5162 24.84 0.372
T5 60B2O3�10ZnO�25NaF�5TeO2 2.6127 26.17 0.379
T10 60B2O3�10ZnO�20NaF�10TeO2 2.6809 27.7 0.385
T15 60B2O3�10ZnO�15NaF�15TeO2 2.7366 29.29 0.393

Fig. 1. XRD patterns for 60B2O3�10ZnO�(30 � x)NaF�xTeO2

glasses, where x is as indicated.
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increasing TeO2 mol.%, as shown in Fig. 4, which
may be due to the decrease in Na+ ion
concentration.

Figure 5 shows frequency-dependent AC conduc-
tivity graphs (ln rac versus ln f) at various temper-
atures for the glass samples with x = 0 mol.% and
15 mol.% TeO2 as typical curves. The AC conduc-
tivity of the present glasses is observed to increase
with frequency, which may be due to the increase of
Na+ mobile ion density.15 The inset shows the
variation of the AC conductivity with temperature
at various frequencies. It is obvious that the AC
conductivity is temperature dependent at low fre-
quency but seems to be independent at high fre-
quency. The frequency dependence of the AC

conductivity complies with Jonscher’s universal
power law15:

r xð Þ ¼ rdc þ Axs; 0< s< 1; ð5Þ
where rdc is the frequency-independent DC conduc-
tivity of the glass sample, A is a temperature-
dependent parameter, x = 2pf is the angular fre-
quency of the applied field, and s is the power-law
exponent, which indicates the degree of interaction
between mobile ions. The frequency dependence of
the conductivity is the sum of the conductivity
owing to diffusion of free charges (DC conductivity)
and the polarization conductivity (AC conductivity)
due to the motion of bound charges. The AC
conductivity curves show a tendency to merge into

Fig. 4. Dependence of electrical activation energy on glass compo-
sition.

Fig. 3. Variation of log r against 103/T for 60B2O3�
10ZnO�(30 � x)NaF�xTeO2 glass.

Fig. 2. Compositional dependence of density and molar volume.
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Table II. Glass composition and s value at different temperatures

s

TeO2 mol.% T = 308 K T = 368 K T = 433 K T = 493 K T = 558 K T = 633 K

0 0.88 0.89 0.88 0.87 0.86 0.71
5 0.94 0.85 0.75 0.65 0.44 0.36
10 0.95 0.90 0.82 0.79 0.74 0.68
15 0.98 0.97 0.95 0.89 0.78 0.66

Fig. 5. Variation of ln rac versus ln f at various temperatures for glass samples doped with (a) 0 mol.% and (b) 15 mol.% TeO2.
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one curve at high frequency, as shown in Fig. 5;
these curves show almost linear behavior, obeying
the power-law equation16

rðxÞ ¼ Axs: ð6Þ

Diverse models have been proposed to interpret
the AC electrical conduction mechanism in glasses,

including:15,18 (1) classical charge-carrier hopping
over a barrier, for which the exponent s is constant
with unity value; (2) the quantum-mechanical tun-
neling model, for which the exponent s takes the
value 0.8 and is independent of or increases slightly
with temperature; (3) the overlapping large-polaron
tunneling model, for which the value of s depends on
both frequency and temperature, decreasing to a

Fig. 6. Dielectric constant e¢ as a function of frequency at different temperatures for glass samples doped with (a) 0 mol.% and (b) 15 mol.%
TeO2 content.
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minimum value with rising temperature and
increasing with further increase of temperature;
(4) the correlated barrier hopping (CBH) model, for
which the frequency exponent increases towards
unity as the temperature decreases towards 0 K.
The s values were calculated and are reported in
Table II. The frequency exponent s is nearly tem-
perature independent at around 0.8 for the sample
with x = 0, suggesting that the quantum-mechani-
cal tunneling model is applicable for x = 0. For the
glass samples with x> 0, the exponent s decreases
with temperature rise; such behavior can be seen in
many amorphous semiconductors.15 This behavior
of s(T) indicates that correlated barrier hopping
(CBH) is the rate-limiting electrical conduction

mechanism.14 Also, one can note that the gradient
of the s value for the sample with x = 5 is higher
than for the other samples. Since the frequency
exponent s is assigned to the interaction between
charge-carrier ions in the lattice, rapid decrease of s
with temperature may be due to decreasing charge-
carrier interaction in the lattice for this sample.

It is well understood that the dielectric properties
of ionically conducting glass are due to electronic,
ionic, and space-charge polarizations plus the dipole
orientation contribution.17,18 Charge carriers can-
not move freely through glass, but they can be
displaced (polarized) depending on the applied
alternating electric field. The complex permittivity
of glass is calculated using

Fig. 7. Dielectric loss versus temperature for glass samples doped with (a) 0 mol.% and (b) 15 mol.% TeO2.
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e� ¼ 1

jxC0Z�ð Þ ¼ e0 � je00; ð7Þ

where Z* is the complex impedance and C0 is the
free-medium capacitance. The real part of the
permittivity (dielectric constant) e¢ is proportional
to the polarizability (energy stored in the

material), while the imaginary part (dielectric
loss) e¢¢ corresponds to the energy loss due to
ionic conduction and polarization. The dielectric
constant (e¢) is computed using

e0 ¼ Cd

e0A
; ð8Þ

Fig. 8. Variation of (a) AC conductivity and (b) dielectric constant e¢ with frequency for different TeO2 mole contents.
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where C is the measured capacitance, e0 is the free-
space permittivity, and A is the surface area of the
electrode, whereas the dielectric loss tangent is
evaluated from the expression

e00 ¼ tan de0: ð9Þ

Figure 6 demonstrates the variation of the dielec-
tric constant e¢ with frequency at various tempera-
tures for glass samples with x = 0 mol.% and
15 mol.% TeO2 content as typical curves. It is noted
that the dielectric constant e¢ decreased with
increasing frequency. This behavior at low fre-
quency may be attributed to polarizability arising
from the contribution of the multiple components in
the semiconductor glass materials. As the frequency
increased, the ionic and orientation sources of
polarizability decreased and finally disappeared
because of the inertia of ions and molecules. The
inset curves in Fig. 6 illustrate the increase in e¢
with temperature; at low temperatures, this behav-
ior can be ascribed to small contributions of the
electronic and ionic components, while the orienta-
tional component can be neglected. The electronic
and ionic polarizability sources increased with
increasing temperature as a result of the orienta-
tion and space-charge polarization contributions.
Figure 7 shows that the dielectric loss decreased
with increasing frequency and increased with tem-
perature. At low frequency, this might be ascribed
to migration of Na+ ions in the glass as the main
reason for dielectric loss. Accordingly, the dielectric
loss is characterized by high values at low and
moderate frequencies because of the contribution of
both wings (ion jump and conduction loss) of ion
migration loss, in addition to electron polarization
loss. At high frequencies, ion vibrations might be
the main origin of dielectric loss.19 The observed
peaks of dielectric loss for the sample with x = 0 can
be predicted to occur when the charge hopping
frequency is approximately equal to the external
applied field frequency, in this case xs = 1, where s
is the hopping process relaxation time and x is the
angular frequency of the externally applied field
(x = 2pfmax).

Figure 8a shows the dependence of the AC con-
ductivity on the TeO2 content in the composition.
The AC conductivity decreased with increasing
TeO2 content; this behavior can be explained in
terms of the interstitial position of TeO2 inside the
host matrix of the structure, which could impede ion
motion. This behavior is supported by the increase
of the activation energy with the TeO2 content, as
shown in Fig. 3. Figure 8b demonstrates the
decrease of the dielectric constant e¢ with increasing
TeO2 content. This might be because the TeO2

decreases the space-charge polarization as well as
the conductivity.

CONCLUSIONS

Borate glasses with formula 60B2O3�
10ZnO�(30 � x)NaF�xTeO2 (x = 0 mol.%, 5 mol.%,
10 mol.%, and 15 mol.%) were successfully pre-
pared, and the amorphous nature of the samples
was confirmed by XRD analysis. The DC conductiv-
ity of the samples decreased and the activation
energy for ionic conduction increased from 0.27 eV
to 0.48 eV with increasing TeO2 content from
0 mol.% to 15 mol.%, possibly due to decrease in
Na+ ions. The AC conductivity and dielectric con-
stant were found to decrease with increasing TeO2

content, making these glasses suitable for use in
plasma display applications. The temperature
dependence of the exponent s showed a decrease
from 0.98 to 0.36 with increasing temperature from
308 K to 633 K; this behavior of s(T) suggests that
correlated barrier hopping (CBH) is the rate-limit-
ing conduction mechanism.
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