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Abstract

The AC complex impedance spectroscopy technique has been used to obtain the electrical parameters of
polycrystalline sample of (Ba,,.Ca, )(Ti, Zr, )O, in a wide frequency range at different temperatures. This
sample was prepared by a high temperature solid-state reaction technique and single phase formation was
confirmed by X-ray diffraction technique. This study was carried out by the means of simultaneous analysis
of impedance, modulus, and electrical conductivity. The Cole-Cole (Nyquist) plots suggest that the grains and
grain boundaries are responsible in the conduction mechanism of the material at high temperature. The Cole-
Cole (Nyquist) plot studies revealed the presence of grain and grain boundary effect at 485 °C. On the other
hand, it showed only the presence of grain boundary component of the resistivity at 535 °C. Complex imped-
ance analysis indicated the presence of non-Debye type dielectric relaxation. The bulk resistance of the mate-
rial decreases with rise in temperature similar to a semiconductor, and the Cole-Cole (Nyquist) plot showed
the negative temperature coefficient of resistance (NTCR) character of (Ba,, Ca, ,)(Ti, Zr, )O, The value of
activation energy is found to be 0.7433 eV, which suggests that the conduction may be the result of defect and

charge carriers present in the materials.
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1. Introduction

Ferroelectric materials with perovskite structures
have received much attention due to their excellent func-
tional properties, such as piezoelectricity, pyroelectric-
ity and electrooptic effects, useful for microelectronic
devices. Lead-based piezoelectric ceramics have been
an industry standard for many decades and are widely
used in actuators, sensors, and transducers because of
their excellent electrical properties [1]. However, there
is growing environmental concern about the use of lead
in such products and the European Union has already
introduced legislation to restrict the use of a range of
hazardous substances which is directly relevant to the
piezoelectrics [2].

The newly discovered lead-free (Ba,Ca)(Ti,Zr)O,,
BCTZ, ceramics [3—6] have attracted great attention
due to the excellent piezoelectric properties (with d,, =
500-600 pC/N). Depending on the chemical composi-
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tion, various ferroelectric/antiferroelectric or paraelec-
tric phases with slightly different dielectric properties
and crystal structures of different type are formed. In all
ferroelectrics, in general, the study of electrical conduc-
tivity is very important to realize the associated physical
properties and nature of conductivity in these materials,
and it is well known that the interior defects such as A-
site vacancies, space charge electrons or oxygen vacan-
cies have great influence on ferroelectric fatigue or ion-
ic conductivity of the material [7-10]. Considering that
the solid defects play a decisive role in all of these ap-
plications, we find that it is very important to gain a fun-
damental understanding of their conductive mechanism.
Various kinds of defects are always suggested as being
responsible for the dielectric relaxations at high temper-
ature range. The AC impedance analysis is a powerful
means to separate out the grain boundary and grain ef-
fects, which are usually the sites of trap for defects. It is
also useful to establish its relaxation mechanism by ap-
propriately assigning different values of resistance and
capacitance to the grain and grain boundary effects. In
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this paper, a detailed analysis by AC impedance spec-
troscopy and dielectric relaxation has been carried out to
characterize the dielectric and conductivity properties of
(Ba,,,Ca, )(Ti ,Zr, )O, in order to gain insight into the
relaxation mechanism and defects relation.

II. Background

The AC Impedance is a non-destructive experimen-
tal technique for the characterization of microstructur-
al and electrical properties of many electronic materi-
als [11]. The technique is based on analysing the AC
response of a system to a sinusoidal perturbation and
subsequent calculation of impedance as a function of
the frequency of the perturbation. The analysis of the
electrical properties (conductivity, dielectric constant,
loss, etc.) carried out using relaxation frequency (w, )
values gives unambiguous results when compared with
those obtained at arbitrarily selected fixed frequencies.
The frequency dependent properties of a material can
be described as complex permittivity (¢*), complex im-
pedance (Z*), complex admittance (Y*), complex elec-
tric modulus (M*) and dielectric loss or dissipation fac-
tor (tgd). The real (¢', Z', Y', M") and imaginary (&", Z”,
Y", M") parts of the complex parameters are in turn re-
lated to one another as follows:

e¥=¢g'+je" (1)
Z2¥=7'+j2"=(1/jCg*w) 2)
Y=Y +jY"=joCg* 3)
M*=M+jM" = (1/ €*) = jo g L* 4)
tgo=¢"le'=M'IM"=Y'Y"=Z"12" (%)

where @ = 2 f'is the angular frequency, C, is the free
geometrical capacitance, and j* = -1. These relations of-
fer wide scope for a graphical analysis of the various pa-
rameters under different conditions of temperature or
frequency. The useful separation of intergranular phe-
nomena depends ultimately on the choice of an appropri-
ate equivalent circuit to represent the sample properties.
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Figure 1. Electrical model of equivalent circuit and its
Cole-Cole plot

From the microstructural point of view, a ceramic
sample was composed of grains and grain boundaries,
which had different resistivity (p) and dielectric permit-
tivity (¢) [12]. The electrical model of equivalent cir-
cuit is shown in the inset of Fig. 1. The real part (Z') and
imaginary part (Z£") of the complex impedance are giv-
en below [13]:

7'= Rg/(1+(ngCg)2) +Rgb/(1+(ngngb)2) (6)
Z"=wRC JAHwR C)) + @R C [(1+(wR ,C ) (7)

where R and C, are the resistance and capacitance of
the grain, while R, and C,are the resistance and capac-
itance of the grain boundary, respectively.

I11. Experimental
(Ba,,Ca, )(Ti,Zr, )O, (BCTZ) ceramic powder

was prgs.sared by solid state reaction route. In this synthe-
sis method, barium carbonate (BaCO,) (99.9%), titanium
oxide (TiO,) (99.9%,), zirconium oxide (ZrO,) (99.9%)
and calcium carbonate (CaCO,) (99.9% ) are used as
raw materials. These compounds were stoichiometrically
mixed using ethanol and zircon balls in a teflon jar for 2
hours. The slurry was subsequently dried and the powder
was manually reground and heat treated at 1350 °C for 2
hours in air. The powder was finally reground using the
same process in ethanol solution for 2 hours.

To manufacture pellets, an organic binder (polyvinyl
alcohol, 5 vol.%) was manually added to the powder and
disks (7 and 13 mm in diameter, 1.5 mm and 1 mm thick-
ness, respectively) were shaped by uni-axial pressing un-
der 100 MPa. The green samples were finally sintered in
air at 1500 °C for 2 hours, with heating and cooling rates
of 150 °C/h. The crystallised phase composition is iden-
tified by X-ray diffraction (XRD) technique using the
Cu Ko X-ray radiation (Philips X’ Pert) and the micro-
structures were observed using a scanning electron mi-
croscopy (SEM Philips XL’30). The specimens were pol-
ished and then coated with a silver paste. The dielectric
and electric properties were determined using HP4284A
meter versus temperature (from 20 °C to 600 °C) in the
frequency range from 100 KHz to 1 MHz.

IV. Results and discussion

4.1 Phase analysis and microstructure

The XRD pattern (Fig. 2) shows that the ceram-
ics sintered at 1500 °C for 2 h present a single phase
perovskite structure. Moreover, the presence of sharp
and well- defined diffraction peaks indicate that this ce-
ramic material has a degree of crystallinity at a long
range, and without the presence of secondary phase
containing Zr. These results suggest that Ca* and Zr*
have been successfully incorporated into BaTiO, lattice
to form a homogeneous solid solution.

Figure 3 shows a typical SEM micrograph of the
BCTZ ceramics. As can be seen in this micrograph, the
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Figure 2. X-ray diffraction patterns of (Ba ,Ca
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BCTZ ceramics is composed of large grains with an
average size of approximately 30 um. We believe that
these morphological characteristics are governed by the
matter transport mechanism between the grains during
the sintering process.
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Figure 3. Scanning electron micrographs of fracture for the
ceramics sintered at 1500 °C for 2 hours
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Figure 4. Temperature dependence of permittivity and
dielectric loss at different frequency of

(Ba,,Ca  J(Ti Zr, )O, ceramics

)(Ti, ,Zr, )O, sample sintered at 1500 °C for 2 hours

4.2 Dielectrics proprieties

Figure 4 exhibits the temperature dependence of
dielectric constant and dielectric loss of the BCTZ ce-
ramics at different frequencies. As it can be seen, the
peak at 90 °C is observed on the dielectric constant
versus temperature curves which corresponds to the
phase transition of tetragonal phase to cubic one. It
is also observed that the compound has the same T,
at all the above-mentioned frequencies indicating that
it does not show relaxor behaviour. The good dielec-
tric properties are obtained: important ambient die-
lectric constant (¢, = 4500) with low dielectric losses
tgo < 0.02.

4.3 Impedance studies

Figure 5 show the variation of the real part of im-
pedance (Z") with frequency at various temperatures. It
is observed that the magnitude of Z' decreases with the
increase in frequency for different measured temper-
ature. The Z' values for all temperatures merge above
100 kHz. This may be due to the release of space
charges as a result of reduction in the barrier proper-
ties of material with the rise in temperature and may be
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Figure 5. Variation of real part of impedance (Z’) of
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Figure 6. Variation of imaginary part (Z"') of impedance of (Ba
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Ca, J(Ti  Zr, )O, with frequency at different temperatures:

a) 25, 75 and 133 °C, b) 290 °C and c) 485 and 535 °C

a responsible factor for the enhancement of AC con-
ductivity of material with temperature at higher fre-
quencies. Further, at low frequencies the Z’ values de-
crease with the rise in temperature, i.e. show negative
temperature coefficient of resistance (NTCR) behav-
iour similar to semiconductors.

Figure 6 shows the variation of the imaginary part
of impedance (Z") with frequency at different tempera-
tures. The curves show that the Z” values reach a max-
ima peak Z" for the temperatures >290 °C and the
value of Z” shifts to higher frequencies with increas-
ing temperature. The merging of Z” values in the high
frequency region may possibly be an indication of the
accumulation of space charges in the material. For the
temperature below 133 °C, the peak was beyond the
range of frequency measurement.

Furthermore, as evident from the plots, as the tem-
perature increases the magnitude of Z” decreases, the
effect being more pronounced at the peak position. The
shift of the peak towards higher frequencies with the
rise of the temperature indicates that more than one
relaxation phenomena are present in our sample. The
asymmetric peaks suggest the presence of electrical
processes in the material with the spread of relaxation
time, i.e. the existence of a temperature dependent elec-
trical relaxation phenomenon in the material [14].

Figure 7 shows a set of impedance data taken over a
wide frequency range at several temperatures as a Cole-
Cole (Nyquist) diagram (complex impedance spec-
trum). It is observed that with the increase in tempera-
ture the slope of the lines decreases and the curve moves
towards real (Z') axis indicating the increase in conduc-
tivity of the sample. At the temperature of 485 °C on-
wards two semicircles could be obtained with different
values of resistance for grain (Rg) and grain boundary
(Rgb). Hence grain and grain boundary effects could be
separated at these temperatures. At 535 °C (Fig. 7), data
show only grain boundary effect.

The semicircular pattern in the impedance spec-
trum is a representative of the electrical processes tak-
ing place in the material which can be expressed as an
equivalent electrical circuit comprising of a parallel
combination of resistive and capacitive elements. The
presence of two semicircular arcs accordingly can be
thought of as resulting from cascading effect of parallel
combination of resistive and capacitive elements aris-
ing from the contribution of bulk property of the materi-
al and grain boundary effect. The high frequency semi-
circle is attributed to the bulk property of the material
(parallel combination of bulk resistance and bulk ca-
pacitance), and low frequency semicircle is due to the
grain boundary effects in the material (parallel combi-
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Figure 7. Complex impedance plots (Z” vs. Z') of (Ba, Ca
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)(Ti, Zr, )0, at different temperatures: a) 25, 75 and 133 °C,

b) 485 °C and c) 535 °C. Inset shows the appropriate equivalent electrical circuit.

nation of grain boundary resistance and capacitance).
The electrical processes taking place within the mate-
rial has been modelled for a polycrystalline system and
is shown in terms of the equivalent electrical circuit in
the Fig. 7 (inset).

Modulus analysis is an alternative approach to ex-
plore electrical properties of the material and magnify
any other effects present in the sample as a result of dif-
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Figure 8. Variation of imaginary part of modulus (M ") with
frequency

ferent relaxation time constants. The values of real (M")
and imaginary (M") components of the modulus are ob-
tained from the following expressions:

M=oCZ' (8)
M"=wC,Z" 9)

where C is the geometrical capacitance of the empty cell.

Figure 8 shows the variation of M" as a function of
frequency. It exhibits that the maxima of the imaginary
component of modulus (A" ) shifts towards higher re-
laxation frequency with rise in temperature. This behav-
iour suggests that the dielectric relaxation is thermally
activated in which hopping mechanism of charge carri-
ers dominates intrinsically [15]. The asymmetric broad-
ening of the peak indicates the spread of relaxation with
different time constant, and hence the relaxation in the
material is of non-Debye type.

The scaling behaviour of the sample was studied
by plotting normalized parameters (i.e. M"/M"  ver-
sus log (f7f, ), where f is frequency corresponding
to M" ) at different measuring temperatures and is
shown in Fig. 9. The modulus scaling behaviour gives
an insight into the dielectric processes occurring inside
the material [16]. The low frequency side of the peak in
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M"/M" versus log(flf ) curve represents the range
of frequencies in which the charge carriers can cov-
er a longer distance by successfully hopping from one
site to another site. The high frequency side of M"/M"
versus log(f/f ) curve represents the range of frequen-
cies in which the charge carriers are spatially confined
to their potential wells, and therefore can make only lo-
calized motions inside the well.

The region where the peak occurs is an indication

of the transition from the long-range to the short-range
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Figure 10. Frequency dependence of AC conductivity at
different temperatures

‘20 25 30
1000/T [K]

10 15

Figure 11. Variation of ac conductivity with inverse absolute
temperature at 1kHz

mobility with the increase in frequency [16]. The over-
lapping of all the curves/peaks of different temperatures
indicates temperature independent behaviour of the dy-
namic processes occurring in the material [17].

The AC (bulk) conductivity, o of the sample has
been evaluated from the impedance spectrum using the
relation:

g, =t/RA (10)

where R, is the bulk resistance, ¢ the thickness, and 4
the surface area of the sample.

Variation of AC conductivity with frequency at vari-
ous temperatures can be understood from Fig. 10 where
at lower frequencies plateaus of ¢_. (i.e. frequency in-
dependent values of conductivity) corresponds to the
dc conductivity. The frequency dependent conductivi-
ty can be described by the equation:

o (w)=0, +Aw"

(11)

where n is the frequency exponent in the range of 0 <
n < 1. A and n are thermally activated quantities, hence
electrical conduction is a thermally activated process.
According to Jonscher [18], the origin of the frequency
dependence of conductivity lies in the relaxation phe-
nomena arising from mobile charge carriers. When mo-
bile charge carriers hop into a new site from its original
position, it remains in a state of displacement between
two potential energy minima, which includes contribu-
tions from other mobile defects after sufficient time.
The defect could relax until the two minima in lattice
potential energy coincide with the lattice site.

Figure 11 shows the variation of Ing  with 10°/T.
It is observed that o increase with increasing temper-
ature further confirming the NTCR behaviour. The na-
ture of variation is linear and follows the Arrhenius re-
lationship:

(12)

where E_is the activation energy of conduction and T is
the absolute temperature. The value of activation ener-
gy (E) as calculated from the slope of Ing  with 10°/T
curve is found to be 0.7433 eV, which suggests that the
conduction may be the result of defect and associated
charge carriers of metals ions [19].

o =o,exp(-E /k,T)

V. Conclusions

Polycrystalline (Ba,,Ca, )(Ti Zr, )O,, prepared
through a high-temperature solid-state reaction tech-
nique, was found to have a single-phase perovskite-type
structure. Impedance analyses indicated the presence of
grain and grain boundary effects in (BCTZ) ceramics.
Sample showed dielectric relaxation which is found
to be of non-Debye type and the relaxation frequen-
cy shifted to higher side with the increase of tempera-
ture. The The Cole-Cole (Nyquist) plot and conductiv-
ity studies showed the NTCR character of BCTZ. The
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frequency dependent AC conductivity at different tem-
peratures indicated that the conduction process is ther-
mally activated process. The value of activation ener-
gy (E)) as calculated from the slope of Ing  with 10°/T
curve is found to be 0.7433 eV, which suggests that the
conduction may be the result of defect and associated
charge carriers of metals ions.
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