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High-temperature a.c. electrical behaviour of
polycrystalline calcium zirconate
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The a.c. electrical response of undoped polycrystalline calcium zirconate was evaluated at

elevated temperatures (900)T)1400 °C) in air as a function of frequency in the range 5 Hz

to 13 MHz. A systematic analysis of the a.c. electrical data revealed semicircular relaxation(s)

in the impedance, admittance and modulus planes. An equivalent circuit model,

representing grain and grain-boundary regions, is proposed. This circuit can be transformed

to another representation which incorporates a possible trapping effect across the grain

boundaries. The equivalence of these two representations is demonstrated by examining

the correspondence between the two sets of circuit elements without resorting to empirical

distributed-element models.
1. Introduction
There is a growing interest in calcium zirconate-based
oxides for potential sensor/device applications at elev-
ated temperatures. In particular, several studies have
been reported on the use of calcium zirconate-based
systems for monitoring oxygen [1—3], humidity and
hydrogen [4—6]. In these studies, sintered polycrystal-
line samples were used to characterize carrier types
and the concentrations of ionic (proton or oxygen)
and electronic charge carriers as a function of temper-
ature, impurity distribution, and oxygen and/or water
vapour partial pressures. Pretis et al. [7] reported
that undoped calcium zirconate (CaZrO

3
) is a p-type

semiconductor in air. When doped with oxides such as
Al

2
O

3
, Y

2
O

3
and MgO or with a small excess of ZrO

2
or CaO, it becomes predominantly an oxygen-ion
conductor [1, 2, 7—10]. For a sample doped with
trivalent cations such as indium, scandium and
gallium, it may become predominantly a proton con-
ductor when exposed to a hydrogen-containing
atmosphere (steam) at temperatures ranging from
600—1000 °C [4, 5]. The protonic conduction, how-
ever, tends to diminish at higher temperatures and can
be replaced by electronic (hole) conduction, especially
in a dry atmosphere [4].

To optimize the performance of a polycrystalline-
based device, it is vital to understand the contribu-
tions of grains, grain boundaries, additional phases,
defect states therein, possible electrode-effect (due to
the mismatch in the work function at the device/elec-
trode interface or gas—solid reactions), etc. These char-
* Present address: Orton Ceramic Foundation, 6991 Old 3C Highway

acteristics can be studied via immittance (impedance

0022—2461 ( 1997 Chapman & Hall
or admittance) measurements under varying experi-
mental conditions such as temperature, electrical
stress, etc. These immittance data can then be ana-
lysed using the lumped parameter/complex plane
(LP/CPA) technique. This technique has proved to be
a viable route for characterizing the electrical behav-
iour of heterogeneous devices [11—27]. A systematic
analysis of the immittance data (e.g. as a function of
temperature) using the LP/CPA technique, can reveal
the degree of structural uniformity, type of charge
carrier, variation in the electrical conduction path,
degradation, time-dependent behaviour leading to
ageing, etc. [11—13]. This paper reports the a.c. electri-
cal behavior of undoped polycrystalline CaZrO

3
in

the temperature range 900—1400 °C.

2. Experimental procedure
The samples used in this study were prepared from
Johnson Matthey Puratronic high-purity (99.99%)
powders: calcium carbonate (CaCO

3
with 20 p.p.m.

Mg and 5 p.p.m. Fe) and zirconium oxide (ZrO
2

with
1 p.p.m. Fe and Si). These powders were mixed in
stoichiometric ratio and ball-milled using zirconia
balls in isopropyl alcohol for 24 h to achieve a uniform
distribution of particle size of about 1 lm. The slurry
was dried at 120 °C for 6 h and powdered in a mortar.
The powder mixture was then calcined between 1000
and 1400 °C in air for 12 h followed by grinding after
cooling to room temperature. This process was repeat-
ed at least twice to ensure homogeneous mixing and
, Westerville, OH, USA.

complete solid-state reaction. The calcined powder
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was then used to prepare disc-shaped samples (9 mm
diameter and 1.5 mm thick) by cold-pressing at
5000 p.s.i. (103 p.s.i."0.89 N mm~2) for 2 min fol-
lowed by sintering in air at 1550 °C for 48 h. Each
sintered samples was found to be about 95% theoret-
ical density with an average grain size of about 10 lm.

For electrical measurements, the opposite flat faces
of the disc were polished and painted with a thin layer
of platinum paste (Engelhard 3788) to form the elec-
trodes. After the organic binder in the paste was dried
in air at room temperature for 24 h, the assembly was
cured at 1200 °C for 24 h. Successive layers of paste
were applied as necessary to ensure a uniform contact
at the electrode. In all measurements, the electrode
area and the distance between the electrodes (i.e.
sample thickness) were kept as identical as possible.

Both the two-probe and four-probe measurement
techniques were used to obtain the electrical resist-
ance. There was no observable difference in the meas-
ured resistance between the two techniques. The data
reported in this paper are based on the two-probe
method. The acquisition of the two-probe a.c. (ampli-
tude of about 1 V) electrical data in the frequency
range 5 Hz to 13 MHz was accomplished by an impe-
dance analyser (Model HP4192A, Hewlett—Packard,
Tokyo, Japan). The data, in the form of the terminal
admittance, were obtained by averaging at least five
measurements at a given frequency to minimize the
noise. The data acquisition was fully automated by
interfacing the analyser with a computer. Necessary
electrical parameters associated with semicircular re-
laxations were extracted independently using complex
non-linear least squares (CNLS) curve-fitting software
developed in the authors’ laboratory at The Ohio
State University. In the fitting, the depression angle, h,
and time constant, s were determined independently.
Depending on the complex plane of analysis, either
the resistance, R, or the capacitance, C, components of
a semicircular relaxation was independently extracted.
In the Z*-plane, for example, the time constant and its
resistance component were obtained independently
from CNLS fitting and then the relation, s"RC, was
used to obtain the capacitance.

3. Analysis of immittance data
The a.c. electrical data obtained were representable
in three complex planes (Z*, Y*, and M*), similar to
previously observed for polycrystalline yttria [21, 22].
In the Z*-plane, only one semicircular relaxation was
visible at temperatures below 1100 °C. At higher tem-
peratures, a second semicircle emerged in the low-
frequency region, as shown in Fig. 1. When the same
data were displayed in the M*-plane, a single-relax-
ation-like semicircle was obtained at all temperatures
(900)¹)1400 °C), as depicted in Fig. 2a. At high
temperatures, however, there is an inflection in the
M*-plane in the low-frequency range, which matches
the emergence of the low-frequency relaxation in the
Z*-plane. As highlighted in Fig. 2b, this inflection is
the demarcation between the two semicircular relax-
ations in the Z*-plane. When presented in the Y*-

plane, the same data yield a highly depressed
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Figure 1 Impedance plots of a calcium zirconate sample at various
temperatures.

semicircle in the low-frequency region and a nearly
vertical line at the high-frequency region as depicted
in Fig. 3. It is interesting to note that the demarcation
in the frequency domain for the Y* plane representa-
tion between the two consecutive responses is the
same as those observed in the Z*- and M*-plane plots.
As the low-frequency semicircular relaxations in the
Z*- and Y*-planes were only partially visible and
thus not fully resolvable at low temperatures, the
electrical parameters associated with these relax-
ations were extracted at high temperatures (i.e.
1100)¹)1400 °C). A complete set of the extracted
parameters from the three complex planes is sum-
marized in Table I.

4. Results and discussion
The relaxation represented by the time-constant, s

1
,

obtained in the high-frequency semicircle in the Z*-
plane (Fig. 1) is thermally activated as shown in Fig. 4.

The activation energy, Es

1
, of this relaxation is found



m 1 ) .
Figure 2 (a) The modulus plot of the same sample as in Fig. 1 at
1200 °C. (b) The demarcation between high- and low-frequency
regions marked with an arrow.
Figure 3 Admittance plot of the same sample as in Fig. 1 at 1200 °C.
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Figure 5 Temperature dependence of (s) the resistance, R
1
, and

(]) capacitance, C
1
, associated with the high-frequency semicircu-

lar relaxation in the Z*-plane.

Figure 4 Temperature dependence of the relaxation times, s
1

and
s
2
, associated with the high- and low-frequency semicircles, respec-

tively, in the Z*-plane.

to be 2.36 eV. The temperature dependence of its con-
stituting components, R

1
and C

1
(s

1
"R

1
C

1
), are also

examined and the results are shown in Fig. 5. The
resistance, R

1
, exhibits a temperature dependence with

an activation energy of 2.36 eV (E
R1

), matching that
of s

1
. This matching reveals the invariant nature of

capacitance C
1

in the same temperature range, as
shown in Fig. 5.

The high-frequency semicircular relaxation was
found to exhibit a finite depression angle, h

1
, of about

5°, which remains nearly constant (Fig. 6) within the
temperature range of this study (900)¹)1400 °C).
This means that in this temperature range the relax-
ation remains nearly ideal (Debye-like) and the asso-
ciated conduction process experiences a small degree
of heterogeneity in the material.

The temperature dependence of the low-frequency

relaxation, s

2
, is also shown in Fig. 4. The activation
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Figure 6 Temperature dependence of the depression angles, h
1

and
h
2
.

energy (Es
2
) of s

2
is 2.78 eV. Fig. 7 shows the temper-

ature dependence of R
2

and C
2

associated with
s
2
("R

2
C

2
). Again, the activation energy of s

2
match-

es that of R
2

(Es
2
KE

R2
"2.79 eV), yielding a temper-

ature-independent C
2
. However, this low-frequency

semicircular relaxation is characterized with a large
depression angle, h

2
(+45 °), as shown in the inset of

Fig. 6. It indicates a non-Debye relaxation with signifi-
cant degree of heterogeneity in the conduction path.
The degree of heterogeneity, however, remains nearly
the same in the temperature range between 1100 and
1400 °C.

The difference in the activation energies of R
1

and
R

2
(or s

1
and s

2
) indicates that the charge migration

associated with R
1

and R
2

occurred by different pro-
cesses. The values of C

1
and C

2
(14 pF and 30 lF)

suggest that the corresponding relaxations may be
associated with grains and grain-boundaries, respec-
tively. It is possible that close to a grain boundary,
the transport properties are controlled by impu-
rities, which are expected to be present there in

higher concentration than in the grain. This gives rise



Figure 7 Temperature dependence of (s) the resistance, R
2
, and

(]) capacitance, C
2
, associated with the low-frequency semicircular

relaxation in the Z*-plane.

to a distinct and relatively high C
2

and, thus, a
separate relaxation process in the Z*-plane at low
frequencies.

It is important to note that in the Z*-plane, the
low-frequency relaxation was not observed at tem-
peratures(1100 °C (Fig. 1). This can be attributed
either to a lumped behaviour (inseparable relaxations)
or to the limitation in the low-frequency limit of the
HP4192A impedance analyser ( f*5 Hz). The former
is possible only when the relaxation time constants
become similar at lower temperatures. This is obvi-
ously not the case for calcium zirconate as indicated in
Fig. 4. From Fig. 4, it is expected that the time con-
stants remain significantly different at temperatures
below 1100 °C. Therefore, it is concluded that the
low-frequency relaxation was not observed at temper-
atures below 1100 °C owing to the low-frequency limit
of the impedance analyser.

In perovskite-type oxides, the type of charge car-
riers responsible for the occurrence of the two
semicircles in the Z*-plane may be either ionic or
electronic. Earlier studies seem to support a predomi-
nantly p-type conduction for perovskite zirconates at
high oxygen partial pressures [7, 30, 31]. Pretis et al.
[7] have reported a predominantly p-type conduction
in undoped polycrystalline CaZrO

3
. In fact, conduct-

ivity isotherm measurements on our calcium zirconate
samples indicated a p-type conduction, as the electri-
cal conductivity was found to increase with oxygen
partial pressure [22]. In addition, no difference was
found in the electrical conductivities measured in wet
and dry air. These results suggest a predominantly

p-type conduction in the undoped yttria, possibly
originating from the presence of impurities (acceptors)
in the samples [4].

The low-frequency response in the M*-plane was
not resolved through the curve-fitting procedure, as it
is heavily overlapped with the high-frequency re-
sponse. Therefore, only the high-frequency response
in the form of a semicircle locus was evaluated. The
analysis of the high-frequency semicircle provided a
resistance RM

1
, a capacitance CM

1
and the correspond-

ing relaxation time sM
1
(sM

1
"RM

1
CM

1
). Within the degree

of accuracy of fitting, these parameters coincided with
the parameters obtained from the high-frequency
semicircle in the Z*-plane (Table I). The left intercept
of the high-frequency M*-plane semicircular fitting
provided a capacitance matching with the low-
frequency semicircular capacitive element (C

2
) in the

Z*-plane (Table I). The presence of a small depression
angle hM

1
((5°) in the high-frequency semicircle in the

M*-plane is in agreement with that of the Z*-plane.
The meaning of this depression angle (hM

1
) is identical

to that described earlier for h
1
. The activation energy

of RM
1

is identical to that of R
1
. With such a matching

found between the two complex-plane (Z* and M*)
representations, a suitable equivalent circuit can be
constructed consisting of two R—C parallel elements
connected in series. The temperature dependence of
the M*-plane parameters (i.e. RM

1
, CM

1
, sM

1
, hM

1
) are

identical to those obtained for the s
1
-relaxation in the

Z*-plane. Therefore, interpretation for these para-
meters remains the same. The activation energies for
the associated parameters are listed in Table II.

The semicircular feature of the low-frequency relax-
ation in the Y*-plane appears to be distorted toward
the high-frequency region (Fig. 3). Careful analysis,
however, yields a time constant, sY, with an activation
energy (EsY) 3.36 eV (Fig. 8). Its components RY and
CY (sY"RYCY) also exhibit a temperature depend-
ence (Fig. 9) with activation energies 2.48 eV (E

RY) for
RY and 0.88 eV (E

CY) for CY. The sum of E
RY and E

CY is
3.36 eV, which is the same as EsY. As pointed out
earlier, the sY relaxation occurs in the frequency re-
gion corresponding to that of the low-frequency
semicircular relaxation in the Z*-plane, and therefore
may be attributed to a trapping effect (or space-charge
polarization associated with the interfacial defects) at
grain boundaries. This trapping effect is best repre-
sented by a series combination of a resistor and a
capacitor [15—22, 33—35]. Considering this trapping in
conjunction with the presence of large depression
angle, hY, which appears to decrease slightly with
increasing temperature (Fig. 8b), the sY relaxation may
have resulted from a distribution of activation ener-
gies (or, relaxation times) with significant overlapping
[36—38]. Although the origin of this overlapping is not

clear at this time, the magnitude of depression angle
TABLE II Summary of the thermal activation energies (eV) for various parameters obtained from Z*-, M*- and Y*-plane relaxation
measurements

E
R1

E
R2

Es1
Es2

E
RM

1
EsM

1
E
RY E

CY EsY E
R0

E
RY

1

2.36 2.79 2.36 2.78 2.36 2.37 2.48 0.88 3.36 2.40 2.36
2309



Figure 8 (a) Temperature dependence of sY, showing an Arrhenius-
type dependence. (b) The temperature dependence of the depression
angle, hY.

Figure 9 Temperature dependence of (s) the resistance, RY, and
(]) capacitance, CY, associated with the low-frequency semicircular

relaxation in the Y*-plane.

2310
Figure 10 (a) The Bode plot of YA (xC
P
). The linear region in the

high-frequency limit yields C , the high-frequency component of C

indicates a large heterogeneity in the trapping
or charge transport processes across the grain-
boundaries.

From the Y*-plane plot, other relevant electrical
parameters were determined and are given in Table I.
They are found to match those obtained from the Z*-
and M*-planes. For example, the left intercept of the
low-frequency semicircle in the Y*-plane correspond-
ing to the d.c. resistance (R

0
"R

$.#.
) of the material

matches very closely with the sum of R
1

and R
2
,

obtained from the Z*-plane analysis. Also, the activa-
tion energy, E

R0
, of R

0
is found to be 2.40 eV, which is

comparable to that of R
1
, suggesting that the electrical

conduction is governed by that in the grain interior
rather than that in the grain boundary. On the other
hand, the position of the vertical line upon extrapola-
tion of the extreme high-frequency region in the
Y*-plane yields RY

1
, which is identical to the high-

frequency relaxation resistance, R
1
, in the Z*-plane.

Finally, a Bode plot of the imaginary part of Y*
(Fig. 10) indicates that the high-frequency limit of the
= P
which is independent of frequency, as shown in (b).



Figure 11 (a) Equivalent circuit model corresponding to the two
semicircular relaxations in the impedance plane. R

1
—C

1
and R

2
—C

2
combinations constitute the high- and low-frequency relaxations,
respectively. (b) Equivalent circuit representation of the a.c. electri-
cal data analysed on the Y*-plane. The series combination of RY-CY

constitutes the low-frequency relaxation. R
0

and C
=

are the d.c.
resistance and high-frequency limit ( fPR) capacitance, respec-

capacitance, C
=

, is about 14 pF. The value of C
=

is
insensitive to temperature and coincides with C

1
of

the Z*-plane. A verification of the value of C
=

is
obtained in Fig. 10b. Both plots in Fig. 10 indicate
a downward bending of the curve in the d.c. limit
( fP0), excluding the possible contribution of space-
charge effects typically found in ionic conductors
[28, 29].

The foregoing discussion reveals two possible
equivalent circuit representations of the a.c. electrical
response of the undoped polycrystalline CaZrO

3
. The

equivalent circuit in Fig. 11a, extracted directly from
the Z*-plane, consists of two parallel RC combina-
tions in series. The equivalent circuit in Fig. 11b, ex-
tracted directly from the Y*-plane, consists of a d.c.
resistance, R

0
, and a high-frequency capacitance, C

=
,

in parallel with an R—C series. As discussed earlier, the
two circuits are equivalent in terms of their close
correspondence between the two sets of circuit ele-
ments, and therefore both yield the same immittance
at all frequencies. It should be noted, however, that
while the equivalent circuit model depicted by Fig. 11a
helps to delineate the individual contribution of grain
and grain-boundary regions of a polycrystalline-based
device, the circuit model of Fig. 11b serves to show
a trapping effect which is not obviously seen from that
of Fig. 11a. Similar dual equivalent circuit representa-
tion has been proposed previously for the yttria-based
system [21, 22], an indication of the similarity be-
tween the two material systems as large band-gap
tively.
polycrystalline oxides. Also, it is worth pointing out
that a series R—C circuit model, like that in Fig. 11b,
may become very useful in determining the spatial
extension or distribution and level of interfacial traps,
as demonstrated in the literature [33—35]. Finally, it
should be noted that this type of multiplane analysis
and, thus, the multiple equivalent circuit representa-
tion, conducted here and in the previous papers
[21, 22] have been shown to be capable of obtaining
relevant electrical parameters for each equivalent cir-
cuit independently, without resorting to any empirical
distributed-element models. This is advantageous in
cases where an exact mathematical relationship be-
tween the electrical parameters of different equivalent
circuits is not readily obtainable, as is the case for
many real material systems. This is particularly true
when the dielectric response shows significant devi-
ation from Debye behaviour and the depression angle
shows appreciable temperature dependence (Fig. 8b).

5. Conclusion
The a.c. electrical behaviour of polycrystalline calcium
zirconate, investigated in the temperature range
900—1400 °C in air, indicated two distinct relaxations
in the Z*-plane. These relaxations are attributed to
grain and grain-boundary contributions. The same
a.c. electrical data showed a single-like relaxation pro-
cess in the M*-plane due mainly to the influence of the
high-frequency elements identified in the Z*-plane.
This is merely a reflection of the dominant contribu-
tion of grains. The admittance plane analysis revealed
the presence of a trapping effect, possibly associated
with charge transport process across grain-
boundaries.

Two possible equivalent circuit models have been
proposed to represent the a.c. electrical response of the
undoped polycrystalline CaZrO

3
. The circuit elements

for each equivalent circuit were extracted indepen-
dently from the Z*- and Y*-planes. It has been dem-
onstrated that these two circuit models are equivalent,
but each portrays important physical process(es) not
readily seen from one equivalent circuit representation
alone.
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