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Abstract

Impedance spectroscopy is used to deconvolute the dc conductivity (�) of undoped BaTiO3 ceramics (�95% of the theoretical X-
ray density) into bulk (�b) and grain boundary (�gb) components at two oxygen partial pressures, PO2

�10 Pa (N2) and �0.21 MPa

(air). At 900�C, ���b in both atmospheres, however, at lower temperatures Z* plots are dominated by the grain boundary com-
ponent and ���gb. The temperature of the switch from ���b to ���gb is different in the two atmospheres and occurs at �850�C
in air and �650�C in N2. Isothermal plots of log �b vs log PO2

in the temperature range 450–900�C show the expected oxygen
partial pressure dependence with a gradient of +1/4. In contrast, �gb is relatively insensitive to PO2

and log �gb vs log PO2
plots have

gradients < +1/4 with values as low as �+1/14.0. In general, isothermal log � vs log pO2 plots have gradients <+1/4 as � is
dominated by the grain boundary component. This may explain the wide range of gradients (�1/4–1/9) reported in the literature
for isothermal dc conductivity measurements on polycrystalline BaTiO3 in the p-type regime. # 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The defect chemistry of undoped BaTiO3 is commonly
investigated by measuring the oxygen partial pressure,
PO2

, dependence of the electrical conductivity, �, at tem-
peratures > 750�C. A schematic log � vs log PO2

plot for
undoped BaTiO3 ceramics below �1000�C where � is p-
type in the range �10�1–105 Pa and n-type below
�10�1Pa is shown in Fig. 1.1,2 The conductivity minimum
at P0

O2
, which separates the p- and n-type regions, shifts to

higher PO2
with increasing temperature and corresponds

to the intrinsic conductivity associated with direct ioni-
sation of charge carriers across the band gap.

Chan et al.1,2 have modelled the conductivity behaviour
of undoped BaTiO3 ceramics in terms of the so-called
‘extrinsic’ model, where the unexpected p-type behaviour
below �1000�C and PO2

>10�1 Pa is attributed to the
presence of unavoidable aliovalent impurities such as Fe
and Al on the Ti-sites of the BaTiO3 lattice. These alio-
valent impurities, present at low levels (100s of parts per

million) in high purity reagent grade TiO2, produce
oxygen vacancies within the BaTiO3 lattice and provide
an easy mechanism to account for the observed p-type
behaviour, viz

VO
��
þ 1=2O2 ¼> Ox

O þ 2h� ð1Þ

where VO
��, OO

x and h� represent oxygen vacancies, oxy-
gen ions in the lattice and electron holes, respectively.

Based on this model, log � vs log PO2
plots should

have a gradient, 1/m (where m=exponent), of +1/4 in
the p-type region, however, a large spread of m values,
ranging from +3.45 to +9.09 have been reported for
temperatures between 700 and 1200�C.3�7 It is note-
worthy that a low slope in such plots corresponds to a
high value of m. Several experimental factors limit the
data range for the p-type region. For example, sample-
atmosphere equilibration times are lengthy for tem-
peratures below �700�C and, therefore, most groups
only report data for temperatures above �750�C. Con-
ductivity measurements are rarely performed at PO2

>105 Pa, thus restricting the PO2
range for the p-type

region between 100–105 Pa. In addition, the switch from
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n- to p-type behaviour at P0
O2

occurs over a broad PO2

range which moves to higher PO2
with increasing tem-

perature. This latter effect makes the process of defining
the PO2

range to calculate m for the p-type region a
rather arbitrary process, especially at high temperatures.

ac Impedance spectroscopy, IS, on polycrystalline
BaTiO3 has shown the pellet resistance RT above the
ferroelectric Curie temperature at �130�C to be a sum-
mation of intra- and intergranular resistances, Rb and
Rgb, respectively, viz.

RT ¼ Rb þ Rgb ð2Þ

Such ceramics are commonly modelled on an equiva-
lent circuit consisting of two parallel resistor-capacitor
(RC) elements connected in series (Fig. 2). The RC ele-
ments represent intra- and intergranular regions of the
ceramic, respectively and each gives rise to a semi-
circular arc in complex impedance plane, Z*, plots. To
our knowledge, the PO2

dependence of Rgb in undoped
BaTiO3 ceramics has not been reported, and, therefore,
nor has its influence on � as

� ¼ L=Að Þ:R�1
T ¼ L=Að Þ: Rb þ Rgb

� ��1
ð3Þ

where L is the pellet thickness and A is the cross-sec-
tional electrode area. Based on Eq. (3), differences in �
for high purity single crystal and polycrystalline samples
will depend on the magnitude of Rgb.

As far as we are aware, most � vs PO2
studies on

polycrystalline BaTiO3 of ceramics have ignored Rgb as
measurements are traditionally performed at elevated
temperatures (>700�C) where Rb>>Rgb is assumed
and, therefore, Eq. (3) is simplified to

� 
 L=Að Þ:R�1
b ¼ �b ð4Þ

where �b is the bulk conductivity. Experimental results
verify the use of Eq. (4) for data on ceramics in the n-
type region however, large discrepancies between data
for single crystals and ceramics are observed in the p-
type region.8 In this paper we use IS to separate � into
bulk and grain boundary components for undoped
BaTiO3 ceramics equilibrated in N2 (PO2

�101 Pa) and
air (PO2

�0.21�105 Pa) and discuss the influence of Rgb

on � in the p-type region.

2. Experimental

BaTiO3 powder was prepared by hydrothermal reac-
tion of TiO2

.H2O (>99%, Mitsuwa Chemicals) and
Ba(OH)2

.8H2O (98%+, Aldrich) at 180�C for 72 h as
described previously.9 A Hagg–Guinier camera using
Cu Ka1 radiation was used to determine the purity of
the powders. As-prepared powder was then wet milled
with (0.3 wt.%) PVA binder, dried at 200�C and pressed
into pellets (10 mm diameter�2 mm thick) under a
pressure of 500 MPa. Green compacts were fired at
1350�C for 16 h and the density of resulting pellets was
determined by the Archimedes method. For impedance
analysis, pellets were coated on both faces with plati-
num paste and fired in air at 800�C to remove all vola-
tiles from the organo-paste thus forming hardened
metal electrodes. Samples were then mounted in an
impedance jig with an oxygen sensor and a type-B ther-
mocouple and inserted in a tube furnace operating
between ca. 400 and 1000�C. The PO2

rig set-up has
been described previously:10 it allowed the sample tem-
perature to be measured to �1�C and the PO2

of the N2

atmosphere to be measured at each temperature.
Impedance measurements were performed in air and

N2 between 400 and 1000�C across the frequency range
20 Hz–1 MHz using an HP4192 impedance analyser
with an applied voltage of 100 mV. On changing the
atmosphere from air to N2, or vice-versa, the sample
was equilibrated at 1000�C. After equilibrium had been
attained at 1000�C (ca. 12–15 h), measurements were
performed down to ca. 400�C in steps of �50�C. Per-
mittivity versus temperature plots were constructed
from IS data measured in air between 25 and 500�C
across the frequency range 0.1 Hz–1 MHz using a
Solartron 1260 Gain Phase Analyser coupled to a
Solartron 1296 Dielectric Interface with an applied vol-
tage of 100 mV.

Fig. 1. A schematic plot of log � vs log PO2
for undoped BaTiO3 at 5

750�C.

Fig. 2. Equivalent circuit used to model the electrical behaviour of

undoped BaTiO3 ceramics above the ferroelectric Curie temperature.
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3. Results and discussion

BaTiO3 pellets were off-white in appearance, phase
pure by X-ray diffraction and �95% dense (compared
to the theoretical X-ray density) with an average grain
size of �5 mm. All samples were electrically insulating
at room temperature with �<<10�7 S cm�1. Bulk per-
mittivity values were extracted from a combination of
fixed frequency (100 kHz, <300�C) and M* (>250�C)
data, as described elsewhere.11 The data showed a per-
mittivity maximum of �9000 (Fig. 3), when heated
through the ferro- to para-electric phase transition tem-
perature at �130�C. Curie–Weiss analysis of bulk data
gave a Curie temperature of 125.7�2.4�C and a Curie
constant of 1.37�105�1.21�103�C. These values are in
good agreement with those expected and demonstrate
the dielectric behaviour is consistent with that of dense,
undoped BaTiO3 ceramics.11

Z* plots for pellets equilibrated in N2 and air atmo-
spheres between �400 and 800�C consisted of two
overlapping semicircular arcs, as shown in Fig. 4.
Above 800�C, � >0.01 S cm�1 and it was not possible
to resolve any semicircular arcs within the measured
frequency range. All Z* plots were modelled on the
equivalent circuit given in Fig. 2 and capacitance values
were estimated using the relationship !RC=1 at arc
maxima (where ! is the angular frequency and !=2�f
where f is the applied frequency). The low frequency arc
had an associated capacitance of �1 nF and was
attributed to the grain boundary response, whereas the
capacitance of the high frequency arc decreased with
increasing temperature, in the range 50–100 pF and was
attributed to the bulk (paraelectric) response. Rb and
Rgb values were extracted from the individual arc dia-
meters and RT was estimated as the low frequency
intercept of the impedance data on the real axis, Z0. �b,
�gb and � were obtained by taking the reciprocal of the
respective Rb, Rgb and RT values after being corrected

for pellet geometry. The magnitude of �gb values calcu-
lated using this approach need to be treated with cau-
tion as the correct geometric factor for this component
is unknown due to their irregular geometry. In the
absence of an appropriate grain boundary geometric
factor it was decided to correct all R values for pellet
geometry to allow � and �b values to be correlated with
existing literature values.

Fig. 4 shows the relative contributions of Rb and Rgb

to RT at �550�C in the different atmospheres. In N2, Rb

and Rgb have similar values, i.e. 10 and 28 k
 respec-
tively, both contribute significantly to RT and, there-
fore, to � [Eq. (3)]. In air, values of �1 and 12 k
 are
observed for Rb and Rgb, respectively, Rgb�RT and,
therefore, � is dominated by �gb [Eq. (3)]. The ratio of
Rb(N2)/Rb(air) is 12:1 whereas Rgb(N2)/Rgb(air) is 2.8:1
and highlights the greater sensitivity of the bulk
response to changing PO2

at this temperature.
�b, �gb And � values from Z* data for N2 and air

atmospheres are summarised in Arrhenius format for
�400–900�C, Fig. 5(a) and (b), respectively and, as
expected for p-type behaviour, � (air)>� (N2). The
activation energies associated with the bulk and grain
boundary conductivity are �0.8 and 1.5 eV, respec-
tively. To further aid comparison, Fig. 5(c) and (d)
shows the temperature dependence of �b and �gb in N2

and air, respectively. The bulk conductivity increases by
ca. one order of magnitude on changing from N2 to air
at any given temperature [Fig. 5(c)], whereas the grain
boundary conductivity is relatively insensitive to a
similar change in PO2

[Fig. 5(d)].
�b>>�gb at low temperatures, �400�C, in both

atmospheres and, therefore, � is dominated by �gb,

Fig. 3. Bulk (filled squares) and grain boundary (filled circles) per-

mittivity data as a function of temperature. A Curie–Weiss plot of

bulk data is shown by open triangles.

Fig. 4. Complex impedance plane plots measured in N2 (a) and air (b), at

550�C. Selected frequencies (in Hz) are shown by filled circles on a log

scale, e.g. 2=102 Hz. Geometric factor (L/A) of pellet=0.2 cm�1.
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however, �b is one order of magnitude greater in air
than in N2 (Fig. 5). As the temperature increases, the
higher activation energy of �gb with respect to �b results
in �gb��b at 650�C in N2 and �850�C in air. At high
temperatures, �900�C, �b<<�gb and � is dominated
by �b. The Arrhenius plot in Fig. 5(a) demonstrates �
(N2) to be dominated by �gb below �650�C (1000 K/
T=1.1) and that temperatures >700�C are required
before ���b. Since �b increases by approximately one
order of magnitude on increasing log (PO2

/Pa) from 0.23
(N2) to 4.32 (air), [Fig. 5(c)] whereas �gb is relatively
insensitive to PO2

[Fig. 5(d)], temperatures in excess of

� 850�C (1000 K/T=0.9) are required to ensure � (air)
� �b [Fig. 5(b)]. The ‘‘cross-over’’ temperature from
���gb to ���b occurs at different temperatures for N2

and air atmospheres thus showing the condition where
�=�b [Eq. (4)], to be dependent both on temperature
and oxygen partial pressure. The IS results are con-
veniently summarised in Arrhenius format, Fig. 6 which
shows the change in ‘‘cross-over’’ temperature for N2

and air atmospheres. The assumption that �=�b [Eq.
(4)] at > 700�C is, therefore, of limited use, especially in
the high PO2

region (i.e. air) where � can be dominated
by �gb up to �850�C.

As an extreme example, Fig. 7(a) shows the deconvo-
lution of � at 600�C into bulk and grain boundary
components, as measured in N2 and air by IS. The bulk
conductivity shows the expected behaviour with
m�+4.0, in accordance with Eq. (1), whereas, the grain
boundary conductivity shows very little PO2

-dependence
and has a much smaller slope with m=+14.0. As �gb

dominates � at 600�C (especially in air), � also shows
weak PO2

-dependence with m=+8.8, a value significantly
different to the expected +4 and that observed for the

Fig. 5. Arrhenius plots of �, �b and �gb in air (a), and N2 (b), and of

�b in air and N2 (c) and �gb in air and N2 (d).

Fig. 6. Combined Arrhenius plots of �b and �gb in air and N2 atmo-

spheres.

Fig. 7. Log � vs log PO2
plots for �, �b and �gb in air and N2 at 600�C

(a) and log �b vs log PO2
for temperatures 450–700�C, (b) m=1/slope.
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bulk conductivity behaviour. Grain boundary impe-
dances can, therefore, give rise to erroneous m values in
isothermal log � vs log PO2

plots of dc conductivity data
in the p-type region.
�b Values at log PO2

of 0.23 and 4.32 for �450–700�C
are shown in Fig. 7(b) and demonstrate that m values of
�+4 can be obtained below 700�C. The switch from p-
to n-type behaviour occurs at log P0

O2
��1 for undoped

BaTiO3 at 700�C1,2 and moves to lower PO2
with

decreasing temperature. All �b data in air and N2 below
700�C can, therefore, be assumed to be unaffected by
the broad conductivity minimum at P0

O2
(Fig. 1). The

weak PO2
-dependent � behaviour observed below 700�C

is attributed to the presence of large and PO2
-insensitive

grain boundary impedances in polycrystalline samples
[Fig. 7(a)] as opposed to non-equilibrium effects with
the gas ambient at these ‘low’ temperatures.

From our results we propose the wide range of m
values >4 reported for polycrystalline BaTiO3 at tem-
peratures <1000�C is because � from conventional dc
measurements contains a significant contribution from
the grain boundary regions. This proposal is difficult to
prove conclusively as extracted m values are subject to
large errors due to the ‘‘narrow window’’ of p-type
behaviour coupled to the presence of the broad mini-
mum at P0

O2
, for temperatures >900�C. Samples are too

conductive to obtain reliable IS data at >900�C and
only dc values can be obtained. It should be emphasised
that the reported ‘‘cross-over’’ temperatures where
�b��gb in Fig. 6 are not ‘universal’ temperatures for
undoped-BaTiO3 ceramics in N2 and air atmospheres.
They are influenced by many factors including ceramic
microstructure/pellet density and a more complete
description of how the composition of the grain bound-
aries and microstructure influence log � vs log PO2

behaviour will be reported elsewhere.12

4. Conclusions

IS performed as a function of temperature in air and
N2 has been shown to overcome several limitations of
isothermal dc conductivity measurements of undoped
BaTiO3 ceramics in the p-type region. Bulk and grain
boundary components of � can be obtained at tem-
peratures as low as ca. 450�C and whereas the PO2

-
dependence of �b has the expected gradient with an m
value of +4, �gb is relatively insensitive to PO2

and has a

much larger m value. Although ���b in N2 at >700�C,
temperatures in excess of 850�C in air are required
before ���b. This demonstrates the limitation of
assuming �=�b at >700�C in isothermal dc con-
ductivity measurements of undoped-BaTiO3 ceramics in
the p-type region, even for samples with �95% of the
theoretical X-ray density. This may explain the large
variation in m values reported in the literature for
polycrystalline BaTiO3 from isothermal dc conductivity
measurements.
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