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and tané showed decreasing behaviour with rise in frequency. Nyquist plot attributed the relaxation to non-Debye type. The electric behavior of
the samples was further studied using an equivalent circuit analysis corresponding to the Nyquist plot. The ac conductivity of prepared samples
followed Jonscher’s power law (JPL) and was observed to follow overlapping large polaron tunneling (OLPT) model. The semiconductor-like

behaviour of the produced glasses is confirmed by the variation in dc conductivity with temperature. The dc conductivity results were analyzed

using Arrhenius relation, which revealed high activation energies (> 1 eV) for all synthesized glasses and the Arrhenius plot's linearity is not

deviated, which primarily illustrates the ionic conduction process.
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INTRODUCTION

Impedance spectroscopy is a very fruitful technique for
analyzing the dielectric properties, relaxation process and
conductive behaviour in glassy materials.> Borate-based glasses
have gained considerable attention from past few years because of
their ease of preparation, high bond strength, low cationic size,
thermal stability and mostly used as a dielectric material which
makes them promising candidate for technological applications.®*
Borate glasses are generally insulating in nature and are one of the
most promising host matrices (good glass forming ability) for metal
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oxides such as alkali, alkaline or heavy metal oxides.® Addition of
alkali metal ions (like as Na*, Li*, K" ions etc.) into borate-based
glasses results in the enhancement of dielectric and electrical
properties of the glasses. Further, to control the electrical
conductivity of alkali-containing glasses, elements with large
effective radius such as barium can be used to make them suitable
for solid electrolytes in radiofrequency (RF) oscillators.” The
controlled electrical conductivity property of glasses has gained
significant scientific interest due to its potential applications as
solid electrolytes in various electrochemical devices. These devices
include smart windows sensors, chemical sensors, and high energy
density batteries.® The conductive behaviour in these glasses may
be due to ionic, electronic or mixture of ionic and electronic which
depends on constituents and compositions of the glasses.® An
extensive study of electrical properties of these glasses is therefore
one of the main requirements to enable their use in aforementioned
applications. To the best of our knowledge, there is less study on
the electrical properties of barium doped borate-based glasses.
Motivated form aforementioned aspects, we synthesis BaO
substituted in multicomponent K20-P20s-Na.O-CaO-B20s glass
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system. X-ray diffraction (XRD) is done to characterize the
amorphous or crystalline nature of prepared glasses. In present
study, BaO was replaced with B2Os to explore the effect of BaO on
alkali-containing borate-based glasses through investigation of
dielectric properties and ac conductivity by using Impedance
spectroscopy over a wide frequency and temperature range. The dc
conductivity and activation energy of prepared glasses are also
investigated using Arrhenius approach.

EXPERIMENTAL

Sample Preparation

Barium oxide containing alkali phospho-borate based glasses
having composition xBaO-2K20-2P.0s-27Na.0-21Ca0- (48-
X)B20s (x = 0, 2, 4, 6 & 8 mol% and encoded as BA0-S8,
respectively) were prepared by melt quench method °. Chemicals
of analytical grade BaCOs, K2COs, P20s, Na2COs, CaCOs and
H3BOs were used to synthesize the samples. The started powdered
chemicals were weighed on an electronic digital balance according
to batch calculations and then thoroughly mixed using an agate
pestle-mortar to get 15 g of a resulting homogeneous mixture. The
resulting mixture was put in a high alumina crucible and subjected
to melting at 1100 °C in an electric muffle furnace for 60 min. To
ensure higher homogeneity, constant stirring of the mixture was
done at regular intervals of 15 min. The melt was poured onto a
preheated stainless-steel (SS) plate (at ~ 200 °C) and quenched by
another SS plate to obtain the glass samples of uniform thickness.
The glass slices were carefully obtained without any visible stria or
bubbles and a portion of each sample was finely pulverised for
XRD analysis. Glass samples were polished using emery paper and
polished samples’ surfaces were then coated with silver paste to get
desired electrodes formation for both alternating current (ac) and
direct current (dc) measurements.

Characterization

The XRD measurements of synthesized composition were
conducted at room temperature (RT) with help of an X-ray
diffractometer (Rigaku, Model: Ultima-1V). CuK, radiation with a
wavelength (1) of 1.54 A was employed, and the XRD instrument
operated at a voltage of 40 kV and a current of 40 mA. An
impedance Analyzer (LCR HiTester; Model: 3532-50 Hioki) was
utilized to measure the dielectric characteristics with frequency
variation from 100 Hz-5 MHz from RT to 380 °C temperature
range. Keithley's source/measure equipment (Model 2401) was
utilized to measure dc conductivity from RT to 380 °C temperature
range.

RESULT AND DISCUSSIONS

X-ray Diffraction

Figure 1 portrays the XRD spectra of all prepared glass samples.
From the spectra, it is observed that there are only broad humps in
between 20 = 20° and 35° and no crystalline phase exists and the
absence of any sharp diffraction peak indicates the amorphous
nature of prepared samples.'® Additionally, it may be suggested that
the introduction of BaO content do not affect the amorphous
character of glass samples.
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Figure 1. XRD patterns for BAO-8 glass system.

Dielectric properties

According to the dielectric properties, glass has two key
electrical characteristics: first, it can act as an insulating medium
with the ability in storage of electric charges and second, it can act
as a conductive medium with the ability to transfer charge
carriers.X When an electric field is applied corresponding to a
dielectric substance, the amount of resistance is evaluated by
permittivity measurements. Complex permittivity (¢*) is given by
the following equation:

e =¢g"+ig" @)

Where &' is devoted to real parts of dielectric constant, which
describe the polarizability, while ¢" is associated to imaginary parts
of dielectric constant known as dielectric loss because of
polarization. Investigation of the dielectric parameters of glasses
over a wide frequency and temperature range aids to understand
their performance under conditions of high temperature
environment. Figures 2 (a) & (b) depict the variation in &’ vs
frequency for BAO-8 glass system at 380 °C and for BA2 at various
temperatures (300 °C — 380 °C), respectively.

It is observed from graphs that ¢’ shows dielectric dispersion
having large values at low frequency domain and the values
decrease rapidly with rise in frequency and become very small at
high frequency domain. High values of ¢’ observed in the low
frequency domain are possibly due to occurrence of accumulation
of space charge at the interface of electrode. This accumulation
hinders the further transfer of ions in the electrical circuit. Low
values of & at high frequency domain are possibly due to
occurrence of periodic reversal of electric field which leads to a
decrease in polarization and a reduction in accumulation of charge
carriers.’? In present study, it is found that the values of €’ decrease
with an increase in barium concentration which may be result of a
barrier formation in the movement of Na* & K* ions due to Ba**
ions. From Figure 2 (b), it is observed that in low frequency
domain, variation in €' values are larger than that of high frequency
domain as samples have barium ions do not have spontaneous
polarization.
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Figure 2 (a). Frequency dependence of &' for BA0-8 glass system at
380 °C.
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Figure 2 (b). Frequency dependence of ¢’ for BAO sample at various

temperatures (300 °C — 380 °C).

With rise in temperature, separation of charge carries got
disturbed because of thermal agitation and decrement in dipole
formation which may result the expansion in glass network.
Therefore, values of &' increase as a result of easier alignment of
dipoles in field direction with rise in temperature.

When dielectric materials are exposed to a varying electric field,
heat will be produced due to the reverse in polarity and shifting in
dipoles, which is characterized as dielectric loss (").* Figures 3 ()
& (b) depict variation in €” with frequency for all prepared samples
and for BA2 sample at different temperatures ranging from 300 °C
to 380 °C.

The variation of &” values vs frequency shows similar trend as
illustrated for €'. The values of ¢" are observed to decline with rise
in frequency which is possibly due to limited jumping frequencies
of ions can match with frequencies of applied external field. The
variation of €” values vs frequency shows a similar trend as
illustrated for €'. Therefore, individual dipoles have their own
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Figure 3 (a). Frequency dependence of &” for BA0-8 glass system at
380 °C.

40 m 300°C e 320°C 4 340°C
o v 360°C & 380°C

104 %A, v @

log] 0 f

Figure 3 (b). Frequency dependence of & for BAO sample at various
temperatures (300 °C — 380 °C).

orientation and relaxation time. Further, conduction losses occur
because of movement of charge carriers to large distances. These
losses have minimum values at low temperatures and are
proportional to ac conductivity of materials. In the movement of
ions, some part of the energy may be transferring to lattice in form
of heat. With increase in conductivity as rise in temperature,
conduction loss increases which leads to an increment in dielectric
loss.

Loss Tangent

The loss tangent (tano) is well known as dissipating factor and
is quantified due to small shift in practical performance
corresponding to the ideal loss-free performance. This deviation
occurs due to energy losses within a dielectric substance due to
various relaxation processes. For better performance of a device, it
is significantly to have less consumption of energy and low
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dielectric loss, preferably across a wide range of operating
temperature. The loss tangent (tand) can be expressed from relation:

"

tans =- 2
ané = (2)

Figure 4 (a) & (b) show the frequency dependence of tand for all
the synthesized glasses at 380 °C and for BA2 at various
temperatures, respectively.
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Figure 4 (a). Frequency dependence of tano for (a) BAO-8 glass system
at 380 °C.
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Figure 4 (b). Frequency dependence of tano for
various temperatures (300 °C — 380 °C).
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The variation in values of tand with rise in frequency exhibits
similar type of trend as observed in €”. This can be explained due
to the fact that contribution of polarizability from charge carriers
decreases with rise in frequency and finally disappears due to
inertia of the charges. At low frequency domain, values of tang are
high due to space charge-polarization. At high frequency domain,
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alternating electric field changes so rapidly that charge carriers
have less probability for diffusion, as a result of which charge
accumulations get decreased ° and therefore, decrease in values of
tand is observed with rise in frequency. The low values of dielectric
loss at high frequency domain exhibit that these prepared glasses
are suitable for RF applications.®

Modulus Formalism

The electrical modulus (M*) formalism highlights the bulk
features of interfacial polarization, which aids to understand the
electrical relaxation behaviour of conductivity in materials *”. The
Electrical modulus (M*) is given by the formula:

1 8, ) 8” )
—= +i =M +iM" (3)

*
M= &* - 5,2 +£//2 S’Z +£”2

where M’ & M" are attributed to real and imaginary components of
electrical modulus of the sample, respectively. Figures 5 (a) & (b)
show the frequency-dependent variations of the real part (M’) and
imaginary part (M") of the dielectric modulus for the BA2 sample
at different temperatures.
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Figure 5 (a). Frequency dependence of the real part (M') of the
dielectric modulus for the BA2 glass sample across different
temperatures, ranging from 300 °C to 380 °C.

At low frequency domain, M’ approaches to zero because of
absence in restoring forces corresponding to mobile ions but
dispersed with rise in frequency. The conduction mechanism in the
dispersion region, at higher temperatures, is characterized by a shift
towards higher frequencies, indicating the short-range mobility
performance of charge carriers.

M’ began to saturate at a constant value towards the high
frequency domain, establishing a plateau zone. On the other hand,
spectra of M” depicted a single relaxation peak that corresponded
to dispersing region in M’. With rise in temperature, this peak is
observed to shift towards high frequency domain. It suggests that
mobility of charges is thermally activated. This rapid mobility of
charges tends to decrease the relaxation time and therefore,
relaxation mechanism depends upon temperature corresponding to
rise in frequency.

J. Integr. Sci. Technol., 2025, 13(2), 1028 Pg 4



4
m 300°C e 320°C A 340°C
v 360°C & 380°C
(|
3 -
L]
= |
(\"O y o A v' &
- l. o A‘ v ¢ ‘.
X 24 | ) v ¢ [1
~ s o A v ¢
S . @ A‘ v' :
= - .o' “ VV ¢
.F- o.. 4 ”’
14 &
(] ’0
BA2
0
I T T T T T
2 4 5 6
log,,/f

Figure 5 (b). Frequency dependence of the imaginary part (M") of the
dielectric modulus for the BA2 glass sample across different
temperatures, ranging from 300 °C to 380 °C.

The distinctive peak in M’ also signifies a transition in the mobility
of charges from long-range to short-range order. If frequency
corresponding to highest value in the peak is abbreviated as fmax,
then there are two possible outcomes that will be noted: (i) for
frequency below fmax, movement of charge carriers can take place
to long distances & (ii) for frequency above fmax, regular
confinement of charge carriers in respective potential wells.!
Therefore, broadening of peak suggested that different time
constant have different relaxation time values, indicating non-
Debye relaxation type.

Impedance spectroscopy

The impedance spectroscopy is a non-destructive tool to assess
the electrical microstructure of glassy materials. It examines the
impact of electrode polarization and grain boundaries on the
electrical properties of the glasses. The relation that describes the
complex impedance (Z*) is as follows:

7' =7'+iz" 4)

Here Z' represents the real part and Z" represents the imaginary
part. Nyquist plot is a graphical representation of the complex
impedance between its real part (Z') and imaginary part (Z").1°
Figures 6 (a) & (b) shows the Nyquist plots for all synthesized
samples at 380°C and for BA2 at different temperatures,
respectively. The impedance data analysis reveals that there is an
existence of single semi-circular arc in all synthesized glasses and
single conduction mechanism is associated to these samples
because of non- residual semicircles are observed at lower
frequency.® The center of each semicircle in the Nyquist plot is
observed to be compressed below the Z' axis. This compression
indicates that the relaxation of the associated ions follows a non-
Debye type behavior.2’ The creation of non-polar clusters may be
responsible for deviation from Debye to non-Debye nature in the
prepared glass samples.
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Figure 6 (a). Nyquist plots for BA0-8 glass system at 380 °C.
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Figure 6 (b). Nyquist plots for BA2 at different temperatures (300 °C
to 380 °C).

Equivalent Circuit Analysis

The experimental data is fitted to an equivalent circuit for
impedance associated to combination of capacitors and resistors
where capacitor represents space charge polarization on the
electrodes, while resistors are attributed to bulk conductivity. It is
suggested that depressed semicircles cannot be accurately fitted
using an equivalent circuit consisting only of ideal capacitors and
resistors. Therefore, to account for this non-Debye type behavior
exhibited by the sample, a constant phase element (CPE) is
introduced into the equivalent circuit instead of an ideal capacitor
15 The inset of Figures 6(a) & (b) display the equivalent circuit as
obtained from fitting of Nyquist data using EC-Lab V10.40
software. A good agreement is observed in fitted and experimental
data. The equivalent circuit for fitted Nyquist data consists bulk
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b

Ry » (Q) * (i2mf)* +1
resistance (Rp) and CPE in parallel combination.?* The equivalent
circuit is fitted with the help of relation:
Where Z, a and Q are complex impedance, relaxation time
distribution and constant phase element respectively.

Table 1 & 2 enlist fitted parameters from Nyquist plot for all
synthesized glass samples at 380 °C and for BA2 sample at
different temperatures (300 °C to 380 °C).

Table 1. Fitted parameters form Nyquist plot for BAO-8 glass system
at 380 °C.

Parameters BAO BA2 | BA4 BAG6 BAS8
Rs (KQ) 51 52 116 | 86 259
C1 (pF) 11.89 12.39 | 11.43 | 16.06 | 07.45
Q*107 1.21 126 | 1.03 |1.34 4.90
(F cm?s*1)

a 0.838 | 0836|0837 | 0843 | 0.857

Table 2. Fitted parameters form Nyquist plot for BA2 at temperature
range 300 °C to 380 °C.

Parameters | 300°C | 320°C | 340°C | 360°C | 380°C
Rs (K@) 587 303 161 |92 52

C1 (pF) 11.99 | 1205 |1214 [ 1213 |12.32
Q*107 0.72 0.92 1.05 | 105 1.26
(F cm?s*1)

a 0.849 | 0838 |0.836 |0842 0836

Table 2, it is observed that values of Ry, decrease as the
temperature increases, suggesting the semiconductor type
behaviour of synthesized samples. The amount of charge carriers in
semiconductors that are responsible for conductivity normally rises
as the temperature raises. From analysis, the intercept of the
depressed semi- circular arcs on the Z’ axis at low frequency give
the values of ‘R’ and decrease in resistance hike the conductivity
of materials.

AC conductivity

Figures 7 (&) & (b) show the frequency dependence of ac
conductivity (oac) for BAO-8 samples at 380 °C and for BA2
sample in temperature range 300 °C to 380 °C, respectively. It is
depicted from the graphs that at lower frequencies, cac remains
nearly constant and a plateau region is formed which may be
attributed to significant contribution of bulk resistance, indicating
the presence of space charge polarization effects. At the frequency
increases, a dispersion region is observed which moves towards
higher frequencies with rise in temperature. It can be observed from
Figure 7 (a), cac decreases with increase in BaO content, indicating
the role of Ba?* ions in creating a barrier in the pathway of Na* &
K*ions. In other words, it may be suggested that BaO concentration
controls the conductivity of the present glass composition.

From Figure 7 (b), it can be seen that values of oac increase with
rising temperature which can be attributed to the thermal activation
of charge carriers.?? The AC conductivity in glass samples can be
described by Jonscher's power law (JPL) expressed as?:
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Figure 7 (a). oac Vs frequency plots for BAO-8 samples at 380 °C
alongwith JPL curve fitting.
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Figure 7 (b). oac vs frequency plots for BA2 at different temperatures
(300 °C to 380 °C) alongwith JPL curve fitting.

0qc = 0(0) + Bw?® (6)

Here 6 (0), B and ‘s’ represent frequency-independent conductivity,
constant and power law exponent (also known as characteristic
temperature dependent parameter), respectively. In general, ‘s’
values fall inside the range of 0 < s < 1 (calculated from JPL fitting
of oac Vs frequency) and illustrate the degree of interaction with
charges. The theoretically fitted curves for BAO-8 samples using
JPL are shown in Figures 7 (a) & (b). The calculated values of ac
conductivity alongwith corresponding parameters for all
synthesized compositions at T = 380 °C and frequency 10 kHz are
listed in Table 3.

Conductivity model

Figure 8 depicts the variation in ‘s’ values with temperature plot
for all studied glasses which are evaluated from the fitting the ac
conductivity curves.
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Table 3. AC and DC conductivity parameters for all prepared
composition at 380 °C and f = 10 kHz.

Parameters | BAO BA2 BA4 BAG6 BAS8
g 29.27 28.08 | 26.16 | 25.33 25.85
g" 459.28 | 418.78 | 223.45 | 207.75 | 161.09
tan & 15.69 1491 | 08.54 | 08.20 06.23
Oac (x10°°) 25.17 2295 | 12.24 | 11.38 08.82
(Q*/m)

(f =10 kHz)

cdcl(x10'5) 09.04 10.79 | 08.55 | 08.01 06.59
(Q*/m)

Log 0o 4.06 4,57 4.63 4,34 441
Ea(eV) 1.05 1.11 1.13 1.10 1.12
For dc

conductivity
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Figure 8. Variation of ‘s’ parameter with temperature for BAO-8 glass
system.

The power law exponent (s) signifies kind of interaction in
charge carriers which are responsible for conductivity. If value of
‘s’ is one, type of interaction will be considered as “Debye type
interaction” i.e., there is no interaction between the charge carriers
at all while for values of ‘s’ less than one, type of interaction will
be considered as “non-Debye type interaction”. There are various
theoretical models to predicted the conduction behaviour of
materials, based on variation of ‘s’ with temperature. They include
correlated barrier hopping (CBH), quantum mechanical tunneling
(QMT), small polaron quantum mechanical tunneling (SPM) and
overlapping large polaron tunneling (OLPT) model ?*. In these
models, ‘s’ has distinct trends with frequency and temperature.
According to QMT model, values of ‘s’ are predicted to be
independent of temperature and conduction is because of phonons
tunneling within defect states. In the CBH model, values of ‘s’ are
predicted to be decrease with rise in temperature and conduction is
because of transfer of charge carries between localized states over
potential barrier. In the SPM model, values of ‘s’ rise with increase
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in temperature and conduction mechanism may be explained with
quantum tunneling in small polarons. In the OLPT model, values
of ‘s’ initially decrease thereafter increase with rise in temperature
and conduction mechanism is based on overlap of large polarons
due to their tunneling from potential wells 8. Therefore, values of
‘s’ may play significant role in order to understand the conduction
behaviour in present glass system corresponding to change in
temperature. From Figure 8, it can be concluded that all prepared
compositions complied with OLPT model.

DC Conductivity

Figure 9 (a) shows the variation in dc conductivity as a function
of inverse of temperature for the synthesized compositions.
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Figure 9 (a). Arrhenius plots corresponding to dc conductivity for
BAOQ-8 glass system.
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Figure 9 (b). Arrhenius plot corresponding to dc conductivity of BA2
sample alongwith linear fit space.

It is observed from graph that dc conductivity increases as the
temperature rises. This observation suggests that the conduction
mechanism is thermally triggered, indicating a semiconductor-like
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behaviour of all prepared compositions. The dc conductivity values
are observed of order 107° Q%/m at 380 °C. The increase in values
of dc conductivity with temperature can be explained by enhanced
mobility of charge carriers with temperature results in increment of
dc conductivity.?® It can be depicted for the graph that dc
conductivity (cac) curve followed standard Arrhenius relation as?:
Where Ea, ks, T and oo represent activation energy, Boltzmann
constant, absolute temperature (in Kelvin) and pre-exponential
factor. Table 3 enlists the values of oo and Ea as evaluated by using

— Ea
Ogc = Ogexp (kB—T) (7
intercept and slope of fitting Arrhenius plots, respectively; (as
illustrated in Figure 9 (b) for BA2 sample). The values of Ea of
synthesized compositions were found in the range of 1.05 to 1.13
eV. It is observed that addition of BaO increase the activation
energy as compared to parent glass composition. High values of Ea
and single sloped Arrhenius plot over the whole temperature range
show the role of ionic conduction process due to migration of Na*
& K* ions alongwith contribution of conduction due to heavy
alkaline metal ions i.e., Ba?* ions. As shown in Figure 9 (a), the dc
conductivity of prepared samples decreases with increase in BaO
concentration which may be due to formation of barrier by heavy
alkaline metal Ba?* ions in pathways of Na* & K* ions for ionic
conduction.

CONCLUSION

Glasses having composition xBaO-2K20-2P>0s-27Na.0-
21Ca0- (48-x)B20s (x = 0, 2, 4, 6 & 8 mol%) were synthesized
successfully through melt-quench route. XRD patterns confirm the
amorphous nature of prepared samples. The dielectric constant (&),
dielectric loss (¢"), and loss tangent (tand) values were measured
for the glasses at different frequencies and temperatures. It was
observed that these values decreased at high frequency and
increased with rising temperature. Low values of tand for high
frequency domain suggested the synthesised samples were suitable
for RF applications. The electrical modulus formalism was used to
analyze the synthesized glasses, and it revealed the presence of a
single relaxation phenomenon with non-Debye type behaviour.

Nyquist plots of all synthesized samples have shown the non-
Debye relaxation behaviour and presence of a constant phase
element (CPE). ac conductivity was found to decline with addition
of BaO content and follow the JPL and governed by OLPT model.
dc conductivity plots of all synthesized samples were found to
follow Arrhenius equation. The conductivity results revealed that
the above-synthesized glasses have potential applications for
energy storage devices.
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