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Abstract
The influence of the  ZrO2 doping content on the electrical and dielectric properties of soda lime silicate glasses has been 
investigated through the impedance spectroscopy technique based on dielectric measurements carried out in the frequency 
range from 0.1 MHz to 1 MHz at temperatures ranging between −20°C and 150°C. The experimental results depict an overall 
decrease in the electrical parameters [dielectric constant, loss, and alternating-current (AC) conductivity] when  ZrO2 was 
present in the soda lime glass, revealing a blockage of the easy pathways available for charge carrier  (Na+) migration, sub-
sequently yielding a reduction in their contribution to the space-charge polarization. This interpretation was also confirmed 
by the equivalent circuit suggested by ZView software. The resistivity actually increased with increasing  ZrO2 content. This 
result indicates that the internal structure of the soda lime silicate glass becomes more polymerized, electrically rigid, and 
resistant to the flow of free charge carriers in the presence of  ZrO2. Additional measurements using infrared (IR) spectroscopy 
were used to validate these findings.
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Introduction

In sodium silicate glasses, which exhibit outstanding 
properties, zirconium dioxide represents an intermediate 
oxide that can penetrate and increase their transparency, 
chemical inertness, and electrical resistivity, resulting 
in a reduction in the photochromism of such glasses and 
an enhancement of their optical properties and refrac-
tive index.1–4 For instance, zirconium dioxide  (ZrO2) is 
introduced into glass fibers as a consolidating element for 
cement  products5 and as a nucleating agent in multiple 
glass–ceramics.6,7 Additionally, the presence of  ZrO2 in 
silicate glass matrices is deemed necessary to extend the 
transparency spectral range (0.3 μm to 8 μm).2,8,9 From 
this perspective, soda lime zirconium silicate represent 
another interesting class of metal-oxide glass materials 
(for example, the complex iron oxides,10,11 where various 
methods for obtaining complex oxide compound precur-
sors are known.12,13 Their fields of application encompass 
optical devices, electrochemical capacitor electrodes, sen-
sors, and fuel cells.14–17 Basically, these glasses are widely 
used as optical filters, laser mirrors, and alternative gate 
dielectrics in microelectronics.18,19

It has been proven that addition of zirconia affects the 
properties of soda-lime silicate glasses, preventing the 
movement of modifier cations by increasing the diffu-
sion energy barriers at both low and high temperature.20 
Furthermore, some studies based on molecular dynamics 
(MD)  simulations21,22 have demonstrated that substitu-
tion of  ZrO2/SiO2 has a remarkable effect on the structure 
of glasses. In fact, addition of  ZrO2 to the glass system 
has already been the focus of numerous works seeking to 
increase the alkali resistance of porous glass.20,23,24

The main aim of the work presented herein is to identify 
the modification of the electrical properties of soda-lime sili-
cate glasses in the presence of small amounts (wt.%) of  ZrO2 
by using the dielectric spectroscopy technique. Therefore, 
electrical parameters [dielectric constant, loss, alternating-
current (AC9 conductivity, and impedance spectra] of two 
types of soda lime silicate glasses, viz. without (G1) and 
with  ZrO2 (G2), were investigated to analyze the impact of 
 ZrO2 on the dynamic properties of sodium ions. The experi-
mental results reveal a different dielectric behavior related 
to the presence of  ZrO2. In particular, a reduction in the 
contribution of the charge carriers was recorded, resulting 
in a reduction in the AC conductivity. This trend was veri-
fied by the equivalent circuit proposed by ZView software, 
where the resistivity value was determined for both glasses 
G1 and G2, with and without  ZrO2 content, respectively. 
Furthermore, spectral infrared absorption measurements 
on both glasses were carried out under the same condi-
tion to improve understanding of the effect of  ZrO2 on the 

dynamic properties of sodium ions and therefore on network 
modification.

Experimental Procedures

Materials

The studied samples include two types of glasses: alkali 
silicate (G1) and alkali silicate with 2 wt.%  ZrO2 content 
(G2), in cylindrical form (1 mm thick, 10 mm in diameter) 
obtained from Saint-Gobain Research Company (Paris-
Aubervilliers, France). Their chemical composition and 
physical characteristics (conductivity � , relative dielectric 
constant �r , and density � ) were provided by Saint-Gobain 
and are presented in Table I. The conductivity and relative 
dielectric constant were deduced from the voltage–current 
characteristic using a sample bias method at room tempera-
ture. The homogeneity of the glasses was assessed using 
electron probe microanalysis (EPMA) after metallization. 
Both sets of samples (G1 and G2) were transparent.

Role of the Elements in the Network of the Studied 
Glasses: Previous Studies

Generally, Si ions act as a fundamental element in a glass 
network, while Ca ions act as a network modifier that influ-
ences the structure of the glass by providing local load sites. 
Acting as both a network modifier and an intermediate,  Al3+ 
can substitute for Si ions, thereby enhancing the encapsula-
tion of the glass matrix and improving the acid resistance 
of the vitrified slag, provided that an adequate amount is 
added.25,26 In addition to CaO,  Al2O3, and  SiO2, the pres-
ence of an alkaline oxide such as sodium oxide  (Na2O), for 
soda-lime glass, breaks Si–O–Si bonds and creates ionic 
bonds between the modifiers and the oxygen in the network. 
Following this rupture, oxygen that was initially a bridging 
oxygen (BO) becomes a nonbridging oxygen (NBO). NBOs 
result from negatively charged oxygens that no longer con-
nect two silica tetrahedra. Depending on the type of modi-
fiers used, i.e., monovalent or divalent, different mechanisms 
are activated. NBOs are created and distributed on the silica 
tetrahedra that basically form a fully connected network.27,28 
However, a small number of  Na+ ions can decrease the 
number of NBO ions and increase the extent of aggrega-
tion in the CaO–Al2O3–SiO2 system.29 The presence of a 
small amount (wt.%) of  ZrO2 in the glass matrix triggers a 
decrease in the conductivity and substantially reduces the 
mobility of  Na+ ions.30



5917Investigation of Effects of  ZrO2 Doping on Electrical Properties of Soda Lime Silicate Glasses…

1 3

Infrared Absorption Measurements

IR measurements were performed using a PerkinElmer 
Fourier-transform (FT)-IR spectrometer in the wavenumber 
range from 400  cm−1 and 4000  cm−1 with a 2-cm−1 instru-
mental resolution. Quantitative analysis of the infrared spec-
tra was conducted by careful deconvolution of the absorption 
profiles using the PeakFit program that takes into account 
masked peaks at wavenumbers that differ from the principal 
maximum in the infrared spectrum.

Electrical Measurements

Electrical measurements were conducted by impedance 
spectroscopy (IS) on both glasses (G1 and G2) in the fre-
quency range from 0.1 MHz to 1 MHz in the temperature 
range from −20°C to 150°C at a rate of 10°C/min using a 
Novocontrol system based on an Alpha Analyzer with a 
temperature controller (Novocontrol quarto system control-
ler BDS 1330). WinData and WinFit were used to enable 
the acquisition and processing of the resulting isochronal 
or isothermal spectra. WinFit software is essentially based 
either on the complex dielectric permittivity �∗(�) in data 
processing or on the complex impedance Z∗(�) , which are 
related to each other by Eq. 1:

where j is the square root of −1, C∗(�) is the complex 
capacity of the material under study, C0 is the capacity of 
the empty sample capacitor, and � = 2�f  is the angular 
frequency.

��(�) =
Z��

�C0(Z
�2+Z��2)

 and ���(�) = Z�

�C0(Z�2+Z��2)
 represent 

respectively the real and imaginary part of the dielectric 
permittivity ( Z∗(�) = Z�(�) − jZ��(�) , where Z�(�) and 
Z��(�) are the real and imaginary parts of the complex 
impedance).
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Results and Discussion

Infrared Spectral Analysis

The measured IR absorption spectra of the undoped and 
 ZrO2-doped soda lime silicate glass in the range from 
400  cm−1 to 4000  cm−1 are depicted by Fig. 1. The spectral 
curves in the experimental IR data are generally identical or 
repetitive, indicating that the structural building units remain 
with only minor variations due to the low  ZrO2 doping level. 
The effect of  ZrO2 addition was explored by deconvolving 
the IR spectra using the PeakFit software. Several attempts 
were made using different band shapes until the best data 
fit was obtained, using Gaussian peaks. Based on the mini-
mization of the deviations between the experimental and 
simulated spectra, the intensity, position, and full-width at 
half-maximum (FWHM) of each band were adjusted auto-
matically by PeakFit. It Note that it is advantageous to limit 
the deconvolution procedure to the part of the spectrum in 
the range from 400  cm−1 to 1300  cm−1, which corresponds 
to the main structure of the silicate network. It is also benefi-
cial to subtract the rest of the spectrum, which includes the 
bands caused primarily by water and OH groups.

Referring to Fig. 2a, b, eight peaks were observed after 
the deconvolution of the spectra for G1 and G2, respectively. 

The extracted parameters (position, FWHM, and area) via 
the best fitting procedure are presented in Table II. As shown 
in Fig. 2a, b, the strong reflection band centered at around 
476  cm−1 refers basically to bending motions of the silicate 
tetrahedra. The two weak bands observed between 715  cm−1 
and 783   cm−1 originate from inter-tetrahedral Si–O–Si 
vibrations. Moreover, the absorption peaks seen between 
930  cm−1 and 1155  cm−1 may be resolved into three peaks, 
with one maximum (at 1030  cm−1) and two shoulders (at 
~ 940  cm−1 and ~ 1140  cm−1). The shoulder observed at 
nearly 940  cm−1 is assigned to the asymmetric Si–O–NBO 
stretching mode, while the maximum and the other shoul-
der can be attributed to the asymmetric Si–O–Si stretch-
ing transverse optical mode and the asymmetric Si–O–Si 

Table I  Chemical composition (in wt.%) and physical characteristics of studied glasses (deduced by Saint-Gobain Research from voltage–current 
characteristic using a sample bias method)

Sample Chemical Composition (in wt.%) Physical Characteristics

SiO2 Al2O3 Na2O CaO ZrO2 � (Ω−1  m−1) �
r

� (g  cm−3)

G1 72 0.3 13 15 0 10.2 ×  10−12 6.5 2.50
G2 73 0.4 9 16 2 0.67 ×  10−12 4.4 2.64
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stretching longitudinal optical mode, respectively.31,32 Note 
that the position of the Si–O–Si band changes according 
to the amount and type of modifier cations introduced into 
the system.31,32 Thus, the creation of some vacancies and 
probably some substitution for hydrogen may result from 
the movement of sodium ions induced by the electric field. 
The alteration of the Si–O–Si-related band to higher wave-
number is in good agreement with the decrease in the alkali 
content of the G2 glass composition.33,34 The change in the 
position of the high-wavenumber peak at 1050  cm−1 in the 
IR reflection band is associated with a change in the glass 
structure.28 As outlined in Fig. 2b, addition of  ZrO2 substi-
tute for  SiO2 into the G2 glass shifted the peak situated at 
1140  cm−1 towards a higher wavenumber of 1155  cm−1. This 
shift indicates that  ZrO2 acts as a network former, reconnects 
the network break of glass, reduces the number of NBOs, 
decreases the specific volume, and improves the connectivity 
of the structure.

Dielectric Studies

The variation of the dielectric constant ��(�) for both stud-
ied glasses displays an increasing trend with increasing 
temperature, particularly at lower frequencies (Fig. 3a, b). 
This increase is more obvious for glass G1, being associated 
with hopping conduction owing to the mobile charge carri-
ers  (Na+) over long distances.35 Indeed, the increase in ��(�) 
occurs at higher temperatures and is more substantial at 
lower frequencies, where easy transport of conducting spe-
cies is quite possible in the bulk sample. With the increase 
in the logarithmic frequency, the dielectric constant values 
decrease progressively for both glasses.36 This trend may be 
related to the inability of charge carriers to rotate rapidly (or 
follow the electric field), thus producing a lag between the 
oscillation of the dipoles and the applied field.35

Besides, we recorded a decrease in the permittivity, ��(�) , 
at each frequency and temperature with increasing  ZrO2 con-
tent in glass G2. This may be associated with the degree of 
polymerization of the glass network, which increases in par-
allel with the increase of tetrahedral zirconium ions.21,37,38 
Consequently, easy pathways available for migration of 
charge carriers  (Na+) were blocked.38 Hence, the contribu-
tion of the charge carriers to the space-charge polarization 
decreases and a reduction of ��(�) with increasing  ZrO2 con-
tent was observed (Fig. 3b). In fact, glass G2 is composed of 
pathways rich in alkalis with isolated regions rich in silica. 
Adding zirconia can adjust this structure and make it less 
well connected. This reduction can be considered as an anal-
ogous charge compensation mechanism induced by the pres-
ence of zirconium, which causes a reduction of the amount 
of NBOs, as indicated above by the IR measurements.

The stoichiometry is particularly important for oxide 
compounds, and it is well known that complex compounds 

of transition metals easily allow excess and/or deficit of oxy-
gen and can lead to phase separation of the crystal struc-
ture.39 In addition, a deviation of the concentration of the 
original cations from a given value can lead to a change in 
the charge state of the cations. In turn, this greatly changes 
the magnetic and electrical parameters and seriously affects 
the practical application of the obtained materials.40,41 Fur-
thermore, the average crystallite size can affect the dielectric 
properties of the obtained composites.42,43 Previous  work44 
has showed that addition of even a low weight percentage of 
zirconium as in the current study (2 wt.%) to a similar sys-
tem  (Na2O–CaO–Al2O3–SiO2) does not result in any form 
of reactive disturbance such as phase separation or crystal-
lization. Indeed, addition of  ZrO2 leads to a decrease in the 
number of  Q3(Si) units (silicon bridges with three network 
formers and one NBO oxygen linked to a network modifier) 
in favor of Si–O–Zr bonds designated as  Q3(Zr) (where Zr 
acts as a network former). This reduction is correlated with 
the increase in  [ZrO6]2− sites, which indicates a structural 
change in the role of  Na+. Initially associated with the non-
bridging oxygen of  SiO4 polyhedra,  Na+ becomes associated 
with  [ZrO6]2− sites as a charge compensator. Thus, the  Na+ 
ions change their role from network modifiers around  Q3(Si) 
to charge compensators, associated with negative charges 
around octahedral zirconium sites. An increase in the net-
work polymerization is thus obtained. In conclusion, at low 
 ZrO2 content, sufficient Na and Ca are available to provide 
charge compensation around Zr sites, thus the stoichiometry 
of the oxygen atoms remains unchanged.

The dielectric loss, which reflects the energy loss in a 
material specimen as a function of the frequency of the 
applied electric field, can be calculated as follows (Fig. 4a, 
b):

Fig. 1  IR absorption spectra of soda lime silicate glasses in undoped 
(G1) stated and when doped with zirconium dioxide (G2).
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(2)tan (�) =
Z�

Z��
=

���

��
.

Generally, the dielectric loss factor increases with tem-
perature but decreases with increasing frequency, reveal-
ing different relaxation processes. At the beginning, in 
the low frequency region, an increase of the loss tangent 
can be assigned to the dominance of an ohmic (active) 

Fig. 2  Typical deconvolution of IR spectrum of soda lime silicate glasses: (a) undoped G1 and (b) doped with zirconium dioxide G2.

Table II  Band center, FWHM, 
and area of deconvoluted peaks 
of soda lime silicate glass when 
undoped (G1) and doped with 
zirconium dioxide (G2)

Peak 1 2 3 4 5 6 7 8

G1 Position 470 498 580 722 781 948 1036 1140
FWHM 29 38 41 110 58 88 97 97
Area 7 9 1 7 11 68 106 48

G2 Position 460 494 600 715 783 936 1032 1155
FWHM 34 43 74 95 63 90 118 94
Area 13 19 2 7 13 45 41 35

Fig. 3  Frequency dependence of dielectric constant �′ for glasses (a) G1 and (b) G2 at different temperatures from −20°C to 150°C in steps of 
10°C.
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component rather a capacitive component (reactive). When 
the frequency increases, the dipoles increasingly become 
unable to follow the oscillations of the electrical field, 
leading to a reduction in tan(�) . However, no relaxation 
effects are detected in the plot for G2. Moreover, the die-
lectric loss is higher at lower frequency for G1 than G2, 
being related basically to the contribution of ion  (Na+) 
jumps in G1 and the decreased conductivity in G2.

At high frequency, mobile charge carriers  (Na+,  Ca2+) 
can create bonds with the closest nonbridging oxygen to the 
volume, giving rise to a relaxation process that occurs over 
short distances and depends on the concentration of  Na2O. 
This process is only substantial in G1 but almost absent in 
G2. The low dielectric loss value implies that the structure of 
glass G2 is more stable. Indeed, the sodium ions can perform 
two roles in glass G2, acting as charge compensators around 
 (ZrO6)2−  units20,38,45 or as network modifiers since the intro-
duction of  ZrO2 can induce formation of strong Zr–O–Si 
bonds and therefore the movement of more  Na+ ions from a 
modifier position (close to NBOs) to a charge compensator 
position close to  (ZrO6)2− units. In reality, given the strong 
electrostatic attraction between NBO atoms and  Na+ ions, 
the compatibility of Zr–O with the silicate network (Si–O) 
increases enormously, thus leading to the development of 
strong Zr–O–Si bonds in the structure of glass G2, as con-
firmed by the IR spectroscopy analysis above. Furthermore, 
the presence of Zr–O–Si bonds in the structure of glass G2 
minimizes the network alteration and prevents neighbor-
ing Si atoms form dissolving. In this glass, which contains 
mainly calcium as a charge compensator, the Zr–O–-Si link-
ages are mostly or completely charge compensated by  Ca2+ 
ions, which have higher field strength than  Na+ ions. These 
 Ca2+ ions cause a lengthening of the Zr–O distance, which is 

most likely to be associated with an increase in the average 
coordination number.

The low values of the dielectric constant and loss factor 
at higher frequency for the samples are key not only for the 
extension of the applications of such materials towards the 
photonic and electrooptic fields but also for their fundamen-
tal use as nonlinear optical materials.46,47 Basically, the com-
bination of compounds with different electronic properties is 
accompanied by an evolution of the electrical characteristics 
and leads to new composite materials of great technologi-
cal interest for industrial applications.48,49 In addition, these 
dielectric materials can be integrated as an important part 
of radiofrequency transceiver devices for mobile commu-
nications systems. However, the microwave properties of 
the material are determined by the dielectric and magnetic 
contributions. For such applications, it is more profitable to 
use dielectrics in addition to magnetodielectrics.50,51

Electrical Conductivity Analysis

The electrical conductivity of most oxide glasses derives 
from ionic motion. Organic glasses can either be electronic 
conductors  (Fe2+) or exhibit ionic conduction resulting from 
impurities  (Na+). The most basic parameter associated with 
macroscopic measurements of the microscopic movement 
of charge carriers is the complex conductivity, expressed as

where �� = ��0�
�� = ��0�

�tan(�) is the real part and 
��� = ��0�

� is the imaginary part of the conductivity.
Figure 5a and b show plots of �′ versus frequency and 

temperature for G1 and G2, respectively.

(3)�∗(�) = �� + j���

Fig. 4  Dielectric loss tan(�) as function of frequency for glass (a) G1 and (b) G2 at temperatures from −20°C to 150°C in steps of 10°C.
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The low-frequency plateau seen for glass G1 corresponds 
to the direct-current (DC) conductivity �DC , which reflects 
the long-range transport of mobile ions  (Na+) in the glass. 
The conductivity dispersion at frequencies between 0.1 Hz 
and  103 Hz and temperatures above 50°C is related to cor-
related forward and backward hopping of ions.52 There-
fore, more mobile cations  (Na+) can now displace over 
larger distances via the hopping process.35 With increas-
ing temperature, an increasing concentration of  Na+ cations 
move towards the cathode and away from the anode, which 
increases the sample polarization resulting from the increase 
in the bond charge density.

Moreover, it is noteworthy that the DC conductivity in 
the presence of  ZrO2 decreases by a few orders of magni-
tude (Fig. 5a, b). This considerable change in the DC con-
ductivity can be assigned to the classic mixed mobile ions 
effect (MMIE) arising from the presence of different mobile 
ions  (Na+ and  Zr4+) in the glass structure.20,53 In fact,  Zr4+ 
ions prove to be located at  (ZrO6)2− sites, connected to the 
silicate network, and preferentially charge compensated by 
 Na+ ions.20,38 In addition, the presence of Zr ions hinders 
the motion of  Na+ ions, resulting in the reduction of the 
AC conductivity caused by the formation of strong Zr–O–Si 
bonds (see “Infrared Spectral Analysis” section). Note also 
that substitution of Si by Ca cation affects the mobility of 
the  Na+ ions and blocks their diffusion. From this perspec-
tive, glass G2 acquires further electrical resistivity due to the 
higher concentration of calcium oxides.

Furthermore, the low values of electrical conductivity in 
glass G2 can be explained by the electrical conductivity defi-
nition in terms of the charge q, concentration n, and mobility 
μ of the carriers, according to the classical  relation54

Thus, this decrease is basically related to the mobility 
of the charge carriers. It is well known that this mobility 
depends on the temperature and glass composition.54 At 
higher temperatures, the network’s thermal agitation reduces 
the carrier drift speed and thus mobility �.55 The presence 
of  Zr4+ ions in glass G2 is expected to obstruct the displace-
ment of the  Na+ charge carriers and leads to a supplementary 
reduction in the conductivity resulting from the reduction 
of mobility. Indeed, addition of alkaline oxides to any glass 
former leads to a significant (many orders of magnitude) 
increase in the cationic conductivity of the glass. The pres-
ence of a low content of alkaline-earth oxide accompanied 
by a decrease in the alkali oxide  (Na2O) content (as in glass 
G2) leads to a decrease in the AC conductivity (Fig. 5b). 
Hence, the G2 composition exhibits the lowest values of 
conductivity compared with glass G1.

(4)� = qn�.

Nyquist Diagram and Equivalent Circuit

Exploring the variation of the impedance with frequency and 
temperature can provide useful information on the change in 
the bulk resistance of the glass samples. The impedance of 
the samples is a complex quantity represented by

In Eq. 5, the real part Z′ of the complex impedance rep-
resents the purely resistive component, while the imaginary 
part Z′′ stands for the capacitive reactance of the sample. To 
determine the bulk resistance, relaxation time, and activation 
energy, the variations of the imaginary part of the complex 
impedance ( Z′′ ) versus the real part of impedance ( Z′ ) for 
both glasses are presented on a log–log (Nyquist) plot in 
Fig. 6a, b.

Theoretical curve fitting was carried out using ZView 
software, which is essentially designed for plotting and anal-
ysis of impedance data, fitting common circuits instantly, 
and offering best-in-class equivalent circuit modeling.56 The 
obtained fit theoretical curves are in good agreement with 
the experimental data. It is fruitful to exploit an equivalent 
circuit model that allows a realistic representation of the 
electrical properties of the respective regions. Therefore, 
each semicircle is represented by a parallel RC element.57,58 
In our case, the capacitor C is substituted by a constant-
phase element (CPE), since each semicircle is deformed and 
its center is positioned below the Z′ axis.

The plot for glass G1 comprises two arcs (Fig. 6a): one 
in the low-frequency region that corresponds to the elec-
trode–glass interface, and one in the high-frequency region 
that corresponds to bulk phenomena. For glass G2, the dia-
grams in Fig. 6b display more open circular curves, where 
the different zones delimited gradually decrease as the 
temperature is increased, resulting in strong localization of 
charge carriers and an increase in the bulk resistance of G2. 
The dip in the plots in Fig. 6b corresponds to the minima 
in the imaginary part of the impedance denoting the bulk 
resistance (R1) value (real part of impedance on the x-axis). 
Note also from Fig. 6a, b that the obtained diameter of the 
semicircles decreases greatly as the temperature is increased, 
which leads to a decrease in the resistivity and promotes an 
increase in the ionic conductivity.35

The complex impedance plot for the G1 composition 
displays lower values of resistivity at given temperature 
compared with G2. This yields a rise in the resistivity 
in the presence of  ZrO2. This interesting situation results 
from the fact that the electrical resistance (the value of Z′ 
at Z�� = 0 in the low frequency range) of glass G2 (the Zr-
containing glass) is significantly higher than that of glass 
G1 (without Zr), as depicted in Tables III and IV, where 
the obtained parameters R1, R2,  CPE1,  CPE2, p1, and p2 

(5)Z∗(�) = Z�(�) − jZ��(�).
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are presented. This can be attributed to the fact that the Zr 
cation blocks the displacement of the more mobile  Na+ 
ions in the same way as  Ca2+ ions do in the main soda 
lime silica glasses.59 This result clearly confirms that the 
internal structure of glass G2 is more polymerized, elec-
trically rigid, and resistant to flow of free charge carriers.

To identify the relaxation time � at each temperature, 
the following relation was used:

where the parameter p reflects the deviation from ideal 
Debye behavior and takes a value of 0 for a pure resistor 
and 1 for a pure capacitor.

The evolution of the relaxation time against 1000/T is 
plotted in Fig. 7. The used Arrhenius model is expressed 
as

(6)� = (R CPE)
1

p ,

where �0 is the preexponential factor, Ea is the activation 
energy, T is the temperature in Kelvin, and KB is the Boltz-
mann constant.

The values obtained for the activation energy Ea from 
these curves are presented in Fig. 7. The activation energy 
decreases in the silicate glass G2. In fact, the presence of 
 ZrO2 at low content gives rise to strong Zr–O–Si bonds 
following the combination of  Zr4+ ions mainly in the form 
of  ZrO6 octahedra,45 which makes the structure of glass G2 
more rigid, enormously weakening the mobility of charge 
carriers  (Na+,  Ca2+). For glass G1 (without  ZrO2), the  Na+ 
ions act as a modifier of the glass network by breaking 
Si–O–Si bonds and generating coordinated defects called 
NBOs. Consequently, the disorder in the glass structural 
network increases and the activation energy increases.

(7)� = �0 exp

(

Ea

KBT

)

,

Fig. 5  Frequency dependence of conductivity at various temperatures for glass (a) G1 and (b) G2.

Fig. 6  Impedance diagrams for glass (a) G1 and (b) G2 at different temperatures. Inset shows corresponding equivalent circuit.
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Conclusions

Complex impedance spectroscopy revealed that addition 
of  ZrO2 affects the structural, dielectric, and electrical 
properties of soda lime silicate glass (G2). The results 
demonstrate that  ZrO2 acts as a glass former and reduces 
the number of NBOs, causing an improvement of the con-
nectivity of the glass structure, as also confirmed by IR 
spectroscopy analysis. The obtained decrease of electric 
parameters (dielectric constant, loss, and Ac conductivity) 
in glass G2 compared with G1 indicates increased electri-
cal rigidity in the soda lime silicate glass after addition of 
 ZrO2. This can be attributed to the predominant participa-
tion of Zr ions in tetrahedral and substitutional octahedral 
positions, resulting in a decrease in the concentration of 
free charge carriers as well as progressive blocking of the 
pathways for transport of conducting ions. The electri-
cal properties of the glass samples (G1 and G2) are also 
confirmed by the equivalent circuit suggested by ZView 
software, where an increase in the resistivity with addition 
of  ZrO2 is noted. The current work constitutes could be 
extended and built upon. In fact, the promising glass G2 
seems to be extremely useful for a wide range of applica-
tions. Indeed, in practice, such glasses may be beneficial 
for use in visible lasers for optical data storage systems. In 
addition, thanks to its high electrical resistance, glass G2 
also has worthwhile applications in the electronics indus-
try as an alternative grid dielectric.
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