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1 Introduction

The lead free perovskite structured  (ABO3) ceramics have 
been studied extensively due to their excellent electrical 
properties, thermal stability and eco friendliness [1–7]. 
Barium titanate  (BaTiO3) is one such perovskite that has 
been investigated for its remarkable dielectric, ferroelectric, 
piezoelectric and pyroelectric properties in last few dec-
ades [8–11]. This electro-ceramic offers incredible applica-
tions in multi layer ceramic capacitor (MLCC), thermistors, 
piezoelectric sensors, transducers and electro-optic devices 
[12–16]. Apart from excellent electrical properties,  BaTiO3 
suffers from certain limitations like high dielectric loss and 
low figure of merit. Simple substitution of  Ti4+ ions (ionic 
radius 0.068  nm) by  Zr4+ ions (ionic radius 0.087  nm) 
results in a new system namely barium zirconium titan-
ate  (BaZrxTi1−xO3). BZT is a system, which is chemically 
and thermally more stable as compared to other perovs-
kites, and possesses a good figure of merit also in the light 
of electrical properties. It is important to mention that the 
larger ionic radius of  Zr4+ expands the lattice structure 
reducing conduction due to electron hopping between  Ti4+ 
and  Ti3+ ions. The BZT system with high dielectric, ferro-
electric and piezoelectric properties has been an interesting 
material for capacitor industry applications [17–20]. The 
investigations on BZT solid solutions are vast due to the 
possibility to tailor the ferroelectric properties by control-
ling the composition. Small amount of  Zr4+ ions change the 
temperature dependent dielectric properties from normal 
ferroelectric to relaxor ferroelectric [21].

BaTiO3 is well known for three structural phase tran-
sitions (i) cubic to tetragonal (paraelectric to ferroelec-
tric) at 120  °C, (ii) tetragonal to orthorhombic (ferroe-
lectric to ferroelectric) at 5 °C and (iii) orthorhombic to 
rhombohedral (ferroelectric to ferroelectric) at −90  °C 
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[22–24]. The compositional dependence of various prop-
erties of BZT lays in the fact that small amount of Zr 
added to  BaTiO3 shifts the paraelectric to ferroelectric 
phase transition temperature towards lower side, and fer-
roelectric to ferroelectric phase transition towards higher 
side. For a composition of BZT (0.1 < x < 0.15) all the 
three peaks merge into a single peak, and the room tem-
perature phase is assigned to be tetragonal. As a conse-
quence, a diffused phase transition in permittivity ver-
sus temperature plot starts. The relaxor compositions 
of BZT (x > 0.15) have received considerable interest, 
and corresponding electrical properties are reported by 
many research groups [25–30]. But, a thorough survey 
of literature suggests that there has not been paid much 
attention to the normal ferroelectric compositions of 
BZT (x < 0.15) perhaps due to lack of commendable 
dielectric properties. Other than dielectric properties, 
promising piezoelectric properties of BZT in the range 
of 0.03 ≤ x ≤ 0.08 have also been reported by many 
researchers [31–34].

Impedance spectroscopy is a powerful tool to inves-
tigate electrical conduction behavior, and the effects of 
grains and grain boundaries in any ceramic system [35]. 
This study can be expanded for a wide range of tempera-
ture and frequency. Also, the impedance plots in a com-
plex plane resulting in the form of semicircles indicate 
electrical phenomenon due to the presence of grains, 
grain boundary effect and space charge polarization [36]. 
In addition to impedance analysis, the study of electrical 
modulus also indicates multiple relaxations, conduction 
process, and charge transport mechanism involved in the 
system. In particular, it is the most convenient method to 
extract information and determine conductivity relaxa-
tion times due to electrodes [37].

Method of synthesis plays a very important role in 
controlling the physical properties of electroceram-
ics [38, 39]. Different methods have been employed by 
researchers in order to obtain single phase, homogeneous 
and good quality product of BZT. To achieve a quality 
product with respect to purity, homogeneity, reactivity, 
particle size, etc., each method finds its own advantages 
and disadvantages. In this contest, the SSRT is found to 
be the easier, convenient and low cost technique among 
other available methods by means of performance, reli-
ability, reproducibility and economy. High temperature 
SSRT is a conventional method used by many research-
ers for synthesis of ceramics like BZT.

In the present work, we report on the structural, 
microstructural and conduction behavior of SSRT syn-
thesized  BaZr0.05Ti0.95O3 perovskite type compound 
using impedance spectroscopy and electric modulus 
studies.

2  Experimental details

In the present work, the  BaZr0.05Ti0.95O3 ceramic is synthe-
sized by high temperature SSRT. For this, high purity pre-
cursors namely  BaCO3 (99.9%),  ZrO2 (99.8%), and  TiO2 
(99.9%) provided by Merck India are used as precursors. 
All the starting materials are taken in their stoichiometric 
proportions according to following Eq.  (1) and weighed 
using an electronic balance. The as weighed chemicals are 
mixed and ground thoroughly in the presence of acetone 
and distilled water in an agate mortar. The grinding is done 
for almost 4 h until the slurry becomes dry, and we get a 
residue in powder form. The powder is then calcined at a 
temperature of 1200  °C in a high temperature program-
mable furnace at a heating rate of 5 °C/min for 4 h. After 
confirming the phase formation (perovskite) through XRD, 
the powder is sintered for densification. Before sintering, 
the powdered specimen is shaped in form of a pellet in 
an hydraulic press at a pressure of 200 MPa. For pelletiz-
ing, the specimen is mixed with 2  wt% polyvinyl alcohol 
(PVA), which acts as a binder. Then, the pellet is sintered at 
1300 °C for 4 h at the same heating rate as in case of calci-
nation. The sintered pellet is coated on both the sides with 
silver paste and heat treated at 700 °C for 15 min to make 
the surfaces conducting. After that, the electrical measure-
ments are performed on so prepared pellet.

The phase uniformity, crystal structure and cell param-
eters of the specimen are confirmed through powder X-ray 
diffractometer (Philips; PW-1830) employing Cu–Kα 
(λ = 1.5418  Å) as radiation source in a wide range of 2θ 
(20° ≤ 2θ ≤ 90°) at a scanning rate of 2°/min. The obtained 
XRD peaks are analyzed using X’pert highscore plus soft-
ware. To confirm the topology and morphology of the pre-
pared specimen, scanning electron microscope (Zeiss; EVO 
18) is used. The frequency and temperature dependent 
impedance and electrical modulus measurements are car-
ried out using a N4L-NumetriQ frequency response ana-
lyzer (model PSM1735) connected to a computer.

3  Results and discussion

3.1  XRD analysis

The XRD pattern of  BaZr0.05Ti0.95O3 ceramic powder 
heat treated at 1200 °C for 4 h is shown in Fig. 1. All the 
XRD peaks are indexed after thorough analysis, and the 
pattern matches well with the JCPDS card no. 98-001-
3467. The obtained peaks are sharp and highly intense 

(1)
BaCO3 + xZrO2 + (1 − x)TiO2 → BaZrxTi(1−x)O3 + CO2 ↑
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indicating the long range crystallinity in the sample. The 
most intense peak is observed at 31.8° and indexed as 
(110). There is not witnessed presence of any deleteri-
ous phase that confirms the formation of single phase 
compound. The cell parameters calculated from XRD 
data assign orthorhombic structure (space group—
Amm2) to the specimen at room temperature [22]. The 
calculated values of cell parameters are; a = 3.9854  Å, 
b = 5.6713 Å, c = 5.6801 Å and α = β = γ = 90°.

3.2  SEM studies

The SEM micrograph of  BaZr0.05Ti0.95O3 pellet sintered 
at 1300  °C is presented in Fig.  2. The micrograph indi-
cates closed packing of grains having good density with 
very less porosity. Also, the grains are well separated 
from each other by boundaries that are clearly visible in 
the micrograph. The shape of the grains is irregular and 
the average grain size observed is about 5–6 µm. The fer-
roelectric domains observed in the micrograph having 
lamellar structures validate the formation of sample with 
desired morphology [40, 41].

3.3  Complex impedance spectroscopy

The electrical properties of an electro-ceramic are largely 
governed by the inter-grain, intra-grain and electrode 
effects. A polycrystalline material (ceramic) is generally 
affected by both grains and grain boundaries [42]. The 
inter-grain boundaries in ceramics are defective regions, 
where deviations from oxygen stoichiometry and segre-
gation of impurities, dopants or secondary phases could 
occur. Accordingly, it is expected from the electrical 
point of view that the grains (bulk) and grain boundary 
regions should have different dielectric and conductive 
properties [43]. Complex impedance spectroscopy is a 
powerful tool, which characterizes the electrical proper-
ties of a material. It is used to investigate the dynamics of 
bound or mobile charge in the bulk or interfacial regions 
of any kind of solid including ionic or mixed elec-
tronic–ionic materials and even insulators [35]. In this 
respect, certain parameters like complex impedance (Z*), 
complex modulus (M*), complex admittance (Y*), com-
plex permittivity (ε*) and dielectric loss are important to 
measure. All these frequency dependent parameters are 
expressed by the following relationships [44]:
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Fig. 1  XRD pattern of  BaZr0.05Ti0.95O3 ceramic calcined at 1200 °C 
for 4 h

Fig. 2  SEM image of  BaZr0.05Ti0.95O3 ceramic sintered at 1300  °C 
for 4 h
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where ω (=2πf) is angular frequency; j = √−1;  Rs and  Rp 
are the effective resistances in series and parallel respec-
tively;  Cs and  Cp are resultant capacitances in series and 
parallel respectively;  C0 is the geometrical capacitance; 
Z′, M′, ε′, Y′ and Z″, M″, ε″, Y″ are real and imaginary 
parts of impedance, modulus, permittivity and admittance 
respectively.

Figure 3 shows the variation of real part (Z′) of imped-
ance with frequency at various temperatures. From the 
graph, it is observed that Z′ decreases with increase in fre-
quency as well as temperature, which is an indication of 
increase in AC conductivity with rise in temperature. From 
the figure, it is also observed that for all the temperatures, 
different Z′ curves coincide at higher values of frequency. 
This can be attributed to the release of space charge and 
lowering of barrier potentials within the material [43, 
45–47]. Further, it is observed that at low frequencies, Z′ 
decreases with increasing temperature indicating negative 
temperature coefficient of resistance (NTCR) behavior of 
the sample, which is similar to the semiconductors.

Figure  4 shows the variation of imaginary part (Z″) 
of impedance with frequency at various temperatures. 
From the graph, it is observed that at lower temperatures 
(≤400  °C), Z″ initially rises, reaches the maxima (Z″max) 
and then decreases at higher frequencies. Further, the Z″max 
is observed to shift to higher frequencies with increasing 
temperatures. The decreasing magnitude of Z″max with 
temperature indicates decrease in resistive property. The 
broadening of peaks with increase in temperature is another 
characteristic, which indicates the existence of temperature 
dependent electrical relaxation phenomenon of non-Debye 
nature in the material [48]. Again the merger of different 
Z″ curves at higher frequencies for all the temperatures is 
a sign of accumulation of space charge in the material. The 

relaxation process is due to the presence of immobile spe-
cies at lower temperatures and defects/vacancies at higher 
temperatures [49].

The variation of normalized parameter Z′/Z″max as a 
function of logarithmic normalized frequency (logω/ωmax) 
at various temperatures is shown in Fig. 5, where ωmax cor-
responds to the frequency for Z″max. As seen in the figure, 
different curves coalesce at one peak irrespective of the 
temperatures. This overlapping of curves corresponding to 
different Z′/Z″max values indicates that the distribution of 
relaxation time is independent of temperature. The over-
lapping of peaks suggests the existence of both long range 
and localized relaxations in the system. In order to mobilize 
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the localized electron, the support of lattice vibrations is 
essential. In these circumstances, electrons are considered 
not to move by them, but by hopping motion activated by 
lattice oscillation. In addition, the magnitude of the activa-
tion energy suggests that the carrier transport is due to the 
hopping conduction.

The Nyquist plot or Cole–Cole plot is another impor-
tant tool to study the relaxation and conduction processes. 
It helps to calculate different parameters associated with 
grain and grain boundary effects. Figure  6 represents the 
Nyquist plots for BZT ceramic plotted between Z′ and Z″ 
at different temperatures. The plot indicates that the area of 
the semicircle decreases as the temperature increases, high-
lighting decrease in resistivity with increasing tempera-
ture. Two depressed semicircles are observed representing 
the presence of both the grains and grain boundaries. The 
semicircle with high frequency corresponds to the con-
tribution due to grains and the low frequency semicircle 
corresponds to the grain boundary effect [44]. In order to 
obtain the parameters regarding grains and grain bounda-
ries, the experimental data are fitted to equivalent circuit. 

The circuit is a combination of series of two parallel con-
nected resistances and constant phase element (CPE). The 
fitting parameters are obtained by Zsimpwin software with 
modeled circuits. The experimental values of grain resist-
ance  (Rg) and grain boundary resistance  (Rgb) at different 
temperatures obtained from the intercept of the semicircu-
lar arc on the real axis (Z″) are enlisted in Table 1. All the 
semicircles show some degree of depression instead of cen-
tered at the Z′ axis. This is due to the distribution of relaxa-
tion time. This type of relaxation in the system indicates 
the non-Debye type relaxation. This non ideal behavior 
(deviation from Debye’s law) can be explained in terms of 
grain orientation, grain boundary, stress strain phenomenon 
and atomic defect distribution [50].

3.4  Electrical modulus studies

The complex dielectric modulus corresponds to the relaxa-
tion of the electric field in the material, when the electri-
cal induction D is maintained as constant, and is defined 
by Eq. (3) [51, 52]. The values of real (M′) and imaginary 
(M″) components of the modulus are obtained from the fol-
lowing expressions:

Figure  7 depicts the frequency dependent variation of 
real part of electrical modulus (M′) at various temperatures. 
It is observed from the graph that the value of M′ in all the 
cases is almost zero at lower frequencies, which continu-
ously increases with increasing frequency, and finally satu-
rates at higher frequencies for all temperatures. This can be 
attributed to the presence of conduction phenomenon due 
to short-range mobility of charge carriers. Figure 8 shows 
frequency dependent variation of imaginary part of electri-
cal modulus (M″) at various temperatures. It is observed 
that the peak value (M″max) shifts towards higher frequency 
with increasing temperature. This indicates sharp depend-
ence of M′′ on temperature and frequency correlating the 
motion of mobile charge carriers. These curves reflect 
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Table 1  Parameters obtained 
from temperature dependent 
impedance spectroscopy data of 
 BaZr0.05Ti0.95O3 ceramic

Temperature 
(°C)

Rg (KΩ) Rgb (MΩ) Cg (nF) Cgb (nF) τg (*10−5) τgb (*10−3)

300 1714 17.98 0.3167 6.011 54.28 108.07
350 72.58 3.741 2.636 8.024 19.13 30.02
400 44.37 1.29 0.4324 7.359 1.91 9.49
450 10.23 0.218 5.195 8.032 5.3 1.75
500 1.39 0.066 2.115 2.322 0.29 1.53
550 0.77 0.045 0.189 1.92 0.01 0.086
600 0.51 0.009 0.1835 1.78 0.009 0.016
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motion of ions in the material by exhibiting two apparent 
relaxation regions. The region on left side of the peak indi-
cates the conduction process, while region on the right side 
of the peak is associated to the relaxation process where the 
ion can make localized motion within the well [53]. Also, 
the broadening of peaks is asymmetric in nature, which 
shows spread of relaxation time having different time con-
stants (non-Debye type).

In order to study the scaling behavior of the sample at 
different temperatures, the normalized values of modulus 
(M″/M″max) are plotted as a function of frequency (logω/
ωmax) where ωmax is the frequency corresponding to M″max. 
Figure 9 shows the plot between M″/M″max and logω/ωmax 
at elevated temperatures. A comparison between scaled 
impedance (Fig. 8) and scaled modulus (Fig. 9) resembles 

similar nature. The overlapping of data suggests the pres-
ence of both long range and localized relaxations in the 
system. The electrical modulus data allow the determina-
tion of defect relaxation or non-localized conduction, i.e. 
ionic or electronic conductivity. The low frequency part 
in Fig. 9 (left side) represents the range of frequencies in 
which charge carriers can move long distance and perform 
hopping from one site to other, while high frequency part 
(right side) represents the range of frequencies in which 
the charge carriers are confined to their potential wells and 
can make localized movements inside the well. The peak 
position in the graph indicates transition from long range to 
short range mobility [52]. Further, the coincidence of peaks 
for all the temperatures below a certain value of logω/ωmax 
indicates temperature dependent relaxation process in the 
system.

3.5  Activation energy

The temperature dependent thermally activated processes 
are commonly expressed in terms of Arrhenius equation:

where  A0 is pre-exponential constant,  Ea is the activa-
tion energy, T is the absolute temperature (K) and R 
(8.31 Jmol−1K−1) is the universal gas constant. The Arrhe-
nius plot between ln(Z) and 1000/T is usually used to 
determine the activation energy and pre-exponential term 
with the help of the slope and intercept, respectively. Fig-
ure  10 presents the Arrhenius plot drawn between log f 
and  103/T obtained from imaginary part of impedance (Z″) 
and electrical modulus (M″). The activation energy values 
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calculated from the linear fit of the graphs are found to be 
0.52 and 0.53  eV for Z″ and M″, respectively. The most 
probable value of the relaxation frequency is determined 
using the relation ωmτm = 1, where τm is the most proba-
ble relaxation time [54]. The linear fitting (Fig. 11) of the 
experimental data points is found to obey the Arrhenius 
law as given below:

The grain resistance  (logRg) and grain boundary 
resistance  (logRgb) also follow the Arrhenius law, which 

(10)�m = �0 exp

(

−
Ea

KT

)

is illustrated in Fig. 12 and the estimated values of activa-
tion energies are also shown in the figure.

3.6  AC/DC conductivity

The bulk conductivity of a material is a thermally stimu-
lated concept, which obeys Arrhenius law and can be eval-
uated from impedance plots using the relation:

where Z′ and Z″ are real and imaginary parts of impedance, 
t is the thickness of the pellet, and A is the area. The plots 
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of electrical conductivity (AC) as a function of frequency 
at different temperatures are illustrated in the Fig. 13. The 
graph mainly consists of three regions (i) low frequency 
dispersion (ii) moderate frequency (plateau) dispersion and 
(iii) high frequency conductivity dispersion with changing 
slopes. The variation of conductivity in the low frequency 
range is due to the polarization effect (space-charge). The 
frequency independent plateau at moderate frequency is 
attributed to the long-range translational motion of ions 
contributing to dc conductivity (σdc) [55]. The plots reveal 
that the conductivity of the material increases with increas-
ing temperature. Also, at lower frequency side the disper-
sion is clearly visible, but the curves are found to merge 
at higher frequency. However, in high frequency region the 
conductivity increases for all the temperatures with chang-
ing slope. The frequency at which slope changes, is known 
as hopping frequency. As noticed from the figure, the hop-
ping frequency shifts towards higher side with increasing 
temperature [56].

Figure  14 shows the variation of σdc with 1000/T. 
The value of bulk conductivity of the material is evalu-
ated from ac conductivity plot of the sample at different 
temperatures by theoretical fitting using Jonscher’s power 
law as given below [48]:

  

where σac is the AC conductivity, σdc is the limiting fre-
quency conductivity, A is pre-exponential factor, ω is the 
angular frequency, and n is power law exponent falling 
between 0 and 1. At higher temperatures, the conductivity 
versus temperature response is almost a straight line and 

(12)�ac = �dc + Aωn

can be explained easily by thermally activated transport of 
Arrhenius type:

where σ0 is pre exponential factor,  Ea is the activation 
energy of mobile charge carriers,  KB is the Boltzmann’s 
constant and T is the absolute temperature. From the graph 
shown in Fig. 13, the dc activation energy of the sample is 
estimated to be 0.44  eV. The oxygen vacancies play very 
important role in the conduction process. In perovskite 
type ferroelectric materials, especially in titanates, oxygen 
vacancies are considered as the mobile charge carriers and 
the ionization of oxygen vacancies create conduction elec-
trons according to the Kröger–Vink notation given as:

These excess electrons may be trapped by  Ti4+ ions or 
oxygen vacancies, behave as conducting electrons during 
thermal agitation. The oxygen vacancies can be created due 
to three different charge states: (i) neutral state 

(

VX
o

)

, which 
is capable of capturing two electrons, mono ionized state 
(

V
■

O

)

 and double ionized state 
(

V
■■

O

)

, which do not cap-

ture electrons. But, these two charge states are twofold pos-
itive and can be thermally activated, thus enhancing the 
conduction process.

4  Conclusions

The polycrystalline  BaZr0.05Ti0.95O3 ceramic was success-
fully prepared by SSRT. The XRD pattern confirmed the 
formation of pure phase with orthorhombic structure at 
room temperature having space group Amm2. SEM image 
revealed the growth of dense grains along with presence 
of ferroelectric domains. The frequency and temperature 
dependent impedance studies revealed NTCR behavior of 
BZT sample. The electric modulus studies indicated the 
existence of different relaxation times, which decrease 
with temperature obeying Arrhenius law. The distribution 
of relaxation time is found to be independent of tempera-
ture. The Nyquist plots highlight the decrease in resistivity 
with increasing temperature and establish the involvement 
of non-Debye type of relaxation in the system. The modu-
lus studies signified the possibility of hopping mechanism 
in the charge transport process also. The activation energy 
values calculated from the linear fit of the graphs are found 
to be 0.52 and 0.53  eV for imaginary part of impedance 
and electrical modulus, respectively. The AC conductivity 
spectra were found to obey the Jonscher’s power law. The 

(13)σdc = σ0 exp
(

−Ea

KBT

)

(14)OX
o
→

1

2
O2 + V■■

o
+ 2e−

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0
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lo
g

dc

1000/T(K-1)

Ea=0.44eV

Fig. 14  Temperature dependence of dc conductivity for 
 BaZr0.05Ti0.95O3 ceramic. The dots are experimental points and line 
represents its linear fit
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conduction process was observed to be thermally activated 
and followed Arrhenius law.
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