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a b s t r a c t

Impedance analyses was performed on undoped and Nb-doped CaCu3Ti4O12 (CaCu3Ti4−xNbxO12+x/2; x = 0,
0.01, 0.03, 0.05, 0.1) to investigate their electrical properties. The pellet samples were prepared using
the solid state reaction method. Silver electrode was deposited on both pellets’ surfaces for electrical
measurement. The thermally etched samples showed tiny bumped domains within the grains. The exis-
vailable online 4 March 2011
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rain boundaries
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tence of both domain and grain boundaries are believed to strongly influence the dielectric constant of
CaCu3Ti4O12 (CCTO). Undoped CCTO showed two arcs of impedance complex plane while Nb-doped sam-
ples have three arcs. Each arc represents the constituent elements of the CCTO. The highest frequency
arc is evidence that CCTO consists of conductive domains which measure about 1 � and are insulated by
two types of barriers, i.e. domain boundary and grain boundary.
mpedance
erovskites

. Introduction

Nowadays, CaCu3Ti4O12 (CCTO) has attracted much attention
f researchers due to its giant dielectric constant behavior [1,2]. It
an achieve 100,000 at room temperature and has very small tem-
erature dependence in a wide temperature range, from 100 to
00 K. This high dielectric constant material has good potential for
pplication in the process of miniaturized electronic and micro-
lectronic devices such as capacitors, resonators and filters. The
rigin of the giant dielectric constant of CCTO is still an on-going
iscussion among researchers. Some models and mechanisms were
roposed such as (1) electrode polarization effects or surface layer
ffect [3,4], (2) internal barrier layer capacitor (IBLC) [5,6], (3) fluc-
uations of lattice distortion induced dipoles in nanosize domains
7], and (4) intra-granular network [8].

Impedance spectroscopy (IS) has become essential in electrical
haracterization of ceramic materials. This IS technique assumes
hat the properties of the electrode and material system are

ime-invariant, thus one of the basic uses of IS is to determine
he interrelations and dependences of desired controllable vari-
bles such as temperature, applied static voltage and current bias.
liver Heaviside in the 1880s introduced the concept of electrical

∗ Corresponding author. Tel.: +60 4 5996171; fax: +60 4 5941011.
E-mail address: mrsabar@eng.usm.my (S.D. Hutagalung).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.145
© 2011 Elsevier B.V. All rights reserved.

impedance which later developed in terms of vector diagrams and
complex representations by other researchers [9]. The concept was
applied for microstructural analyses of polycrystalline materials.
Recently, higher and wider frequency ranges of impedance com-
plex plane measurements have motivated reseachers into better
understanding their subjected materials.

In polycrystalline solids, the electrical properties of constituent
phase are strongly affected by microstructure and impedance
spectra which commonly represent features that can be directly
related to the microstructure. Different phases also exhibit dif-
ferent responses when applying certain alternating signals. IS
was developed as a technique to illustrate these responses in
the form of valuable plotting functions. By combining more than
one response, it is possible to model and describe microstruc-
ture elements, usually grains and grain boundaries of differing
phase compositions, suspension of one phase within another, and
porosity.

Many impedance models have been proposed based on IS mea-
surements for various types of microstructures. One of them is the
internal barrier layer capacitor model or brick layer capacitor which
is usually found on structures of dielectric ceramic. The internal

barrier layer capacitor model is based on limited reoxidation of a
reduced composition and results in higher resistivity of the surface
layer than in a central portion [10]. A thinner reoxidized layer will
produce larger dielectric ceramic permittivity [11,12]. A modified
model structure is illustrated in Fig. 1(a). The capacitance, Ci of an

dx.doi.org/10.1016/j.jallcom.2011.02.145
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mrsabar@eng.usm.my
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ig. 1. The grain and grain boundary structure model (brick-layer model) (a), an
mpedance complex plane plot (c).

ndividual element is given by

i = εrεot2
g

tb
(1)

nd that of a series connected column by

Ci

no. of elements in column
= εrεot2

g /tb

t/tb
(2)

The tb is grain size while tg is grain boundary thickness.
The capacitance per unit area is

= εrεotg

ttb
(3)

Since there are 1/t2
g columns per unit area, it follows that the

ffective relative permittivity, εre of the composite dielectric is

re = εrtg

tb
(4)

Higher resistivity in grain boundary or barrier layer than in the
nner side of grains in many polycrystalline dielectric ceramics can
e demonstrated as an equivalence circuit of two sets of parallel
esistors and capacitors known as RC elements which are connected
n a series as shown in Fig. 1(b). The Rg and Rgb are resistivity of grain
nd grain boundary respectively, while Cg and Cgb are capacitance
f grain and grain boundary, respectively. The two RC elements
onnected in a series respond at different relaxation time constants
eading to the formation of a semicircle as shown in Fig. 1(c). The
eparate responses may overlap and the experimental curve must
hen be resolved into separate constituent semicircles.

Some of the common plotting functions in ceramic electrical
haracterization are impedance complex plane, dielectric con-
tant and dielectric loss versus frequency. In current CCTO studies,
esearchers lack high frequency measurements in their investiga-
ions. In addition to this, many electronic application standards
owadays, especially for the communication industry, operate at
bove high frequency radio waves (>3 MHz) [13]. Such applica-
ions require dielectric material with a capability to withstand
igh dielectric constants at high frequencies. As an example, the
imension multiples of a dielectric resonator antenna (DRA) can be
educed by increasing the ε of its dielectric material [14].

Many methods can be used to improve dielectric constant,
ecrease the overall dielectric loss and alter the resonant effect

f CCTO. These methods include substitution, doping and two-
hase composite processes [15–19]. Hong et al. [16] investigated Nb
oped CCTO from 0.01 Hz to 1 MHz of frequency and found out that
he highest dielectric constant is ∼420,000 at 10 kHz and dielec-
ric loss is lower than 1 at <0.1 mol% over the frequency range. Liu
alence circuit of two sets of parallel resistor and capacitor (b), and schematic of

et al. [20] reported the electrical properties of Nb doped CCTO from
40 Hz to 110 MHz which is a higher frequency range than that used
by Hong et al. [16]. The literature indicates that increasing the con-
centration of Nb doping to 0.2 mol% will lower the dielectric loss to
below 3 in the range of 1–110 MHz of frequency.

The electrical properties in the high to very high frequency range
actually have not been much reported. In this study, IS was used to
investigate the Nb doped CCTO impedance from low to very high
frequencies of 1 Hz to 1 GHz. In our previous report [21], it was
shown that introducing Nb dopant into CCTO can exponentially
reduce the dielectric loss of undoped CCTO from 1.5 to about 0.3
for 0.1 mol% at 1 MHz which is lower than Hong et al.’s [16] finding.
According to the report, the low dielectric loss produced by high
Nb concentrations in CCTO is only until 20 MHz, after which the
dielectric loss of undoped CCTO is lower. As observed in previous
literature, donor dopants other than Nb show increase of dielectric
loss with dopant addition at 1 MHz, for example, La doped CCTO
and Cr doped CCTO [22,23].

The enhancement of dielectric constant without affecting the
dielectric loss of Nb-doped CCTO is a very interesting phe-
nomenon and as mentioned before, the key to understanding
material–electrical relations is through impedance complex plane
analyses. Hong et al. [16] reported that a semicircle arc with curve
fitting plot indicates a reduction of grain boundary resistivity with
increased Nb content. Liu et al. [20] who measured IS on a wider
frequency range also found the same arc with an extra arc at low fre-
quency and another small incomplete arc at very high frequency.
The literature suggests that there are three arcs which represent
three RC elements which originate from the polarization response
of elements inside CCTO. Shao et al. [24] have also suggested that
another semicircle must exist at an upper frequency region which is
beyond the frequency measurement range when observing at room
temperature and that this semicircle is a contribution of domain
resistance. The literature also considers that CCTO ceramic con-
tains conducting domains and two kinds of insulating barriers, i.e.
domain boundaries and grain boundaries. Fang et al. [25] also agree
that there are three semicircles in CCTO and one of them is present
at high frequency but was not revealed in their measurement.

2. Experimental procedures

The solid state reaction method was used to produce undoped and Nb-doped
CCTO ceramics. The same method used in the previous report for CaCu3Ti4O12
(CCTO) preparation was adopted [26–28]. The raw materials for CaCO3, CuO and
TiO2 were firstly weighted according to the stoichiometric ratio for undoped CCTO.
The raw materials were then mixed via ball milling process for 1 h using an alu-
mina jar. Zirconia balls were used as the grinding media with mass ratio of balls to
raw materials of 10:1. The same steps were employed to produce Nb-doped CCTO,
but with additions of 1, 3, 5 and 10 mol% of Nb from Nb2O5, respectively. The well
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ig. 2. Impedance complex plane plots for (a) undoped CCTO and (b) Nb-doped
CTOs (CaCu3Ti4−xNbxO12+x/2) measured from 1 MHz to 1 GHz.

ixed raw material was calcined in air at 900 ◦C for 12 h in an alumina crucible.
he calcined powder was pressed into pellet forms with a diameter of 12 mm and
hickness of 3 mm using a hydraulic press at 350 MPa. The pellets were sintered in
ir at 1040 ◦C for 10 h and cooled naturally to room temperature.

Both pellet surfaces were polished and coated with silver paste as electrodes.
mpedance complex plane measurement of CCTO was carried out using the Auto-
ab Potentiostat (PGSTAT30) over a frequency range of 1 Hz to 1 MHz and the
F Impedance/Material Analyser 4291B Hewlett Packard was used for a range of
MHz to 1 GHz. The microstructures analysis by field-emission scanning electron
icroscopy (FESEM) Zeiss SUPRA 35VP was performed to selected pre-sintered

aCu3Ti4−xNbxO12+x/2 pellets etched at 940 ◦C for 1 h.

. Results and discussion

In order to understand the mechanism of the giant dielec-
ric constant in CCTO, Sinclair et al. [5] applied a previously used
oncept of the brick layer model and testified it as an internal bar-
ier layer capacitance (IBLC) which is also based on impedance
pectroscopy (IS) measurements. IBLC focuses more on the first

odel from the general brick layer model by considering three

ossibilities: (1) insulative layer and conductive grain interior,
2) conductive layer and insulative grain interior and (3) combi-
ation of the two models [9]. In other words, it was suggested
hat CCTO is electrically heterogeneous. The semiconducting grain
Fig. 3. (a) Impedance complex plane plots of CaCu3Ti4−xNbxO12+x/2 measured from
1 Hz to 1 MHz, and (b) the numerical fitting of the impedance complex plane.

reacts with insulating grain boundary producing an intrinsic elec-
trostatic barrier at grain boundaries surface. This can be illustrated
as an electrical circuit with two parallel RC elements connected
in a series. One of the RC elements represents the semiconducting
grain, RgCb, and the other represents the insulating grain boundary,
RgbCgb. This was proven by Chung et al. [29] using a combination
of scanning Kelvin probe microscopy with a lateral bias and I–V
measurement.

Fig. 2 shows a high frequency impedance complex plane of
undoped and Nb-doped CCTO measured from 1 MHz to 1 GHz at
room temperature. The low frequency impedance complex plane
was also measured from 1 Hz to 1 MHz as shown in Fig. 3. In Fig. 2,
it is shown that all samples indicated the presence of two arcs
within the medium to high frequency range (1 MHz to 1 GHz) with
non-zero intercepts. The high frequency arcs on the left can be a
complete semicircle with a fitting curve and the other arcs are con-
tinuations from the low to medium frequency measurement. At the
low to medium frequency range of 1 Hz to 1 MHz (Fig. 3), we found
that the samples x = 0.00, 0.01 and 0.03 showed only one arc while
the samples x = 0.05 and 0.10 showed two arcs. The combination of
these two frequency ranges is a new wide range frequency mea-
surement, i.e. 1 Hz to 1 GHz. Fig. 4 shows the impedance complex
plane plots for the various CaCu Ti Nb O samples in the
3 4−x x 12+x/2
wide range frequency of 1 Hz to 1 GHz. Based on the combination
results, we can conclude that CaCu3Ti4−xNbxO12+x/2 of x = 0, 0.01
and 0.03 has two arcs, while the remaining x = 0.05 and 0.1 has three
arcs. These arcs can be extrapolated separately to become a com-
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and thick domain walls. Fang et al. [25] have also investigated the
temperature-dependent resistivity of grain boundaries and domain
boundaries, and confirmed the presence of domain boundaries and
that their resistivity is lower than that of the grain boundaries.
ig. 4. Impedance complex plane plots of CaCu3Ti4−xNbxO12+x/2 in the wide range
requency from 1 Hz to 1 GHz: (a) log–log graph, (b) semi-log graph on selected area.

lete semicircle which represents the resistance of each element
Fig. 4(a)).

Many researchers have reported that the CCTO only produces
ne or two arcs for the measured impedance complex plane
5,11,25,30–33]. These arcs can be easily detected at frequencies
elow 10 MHz. However, in this present work, we found three
rcs (see Fig. 4(b)). In the case of the undoped CCTO sample, the
dditional arc starts to form from 8.5 MHz to 1 GHz to complete a
emi-circular curve. Some literature which reported the impedance
omplex plane at the range of 40 Hz to 110 MHz found the small arc
the first arc from left at Fig. 4) at a higher frequency [20,24,34–36].
owever, due to insufficient numerical data needed to complete

he arc as a semi-circle, the discussion on high frequency arc was
emporarily pended in the ideal equivalence circuit models.

The literatures also mention two models of impedance plots: the
rst using two arcs, and the second using three arcs [20,24,34–36].
he two arcs were modelled to an ideal equivalence circuit consist-
ng of two parallel RC elements (RgCg and RgbCgb) while the three
rcs consist of three RC elements (RgCg, RgbCgb and RxCx) which
re all connected in a series (Figs. 5 and 6). In our model which
as based on a wide range of frequency, an additional RC ele-
ent was included into the conventional models as a response of
igh frequency arc, instead of only low and medium frequencies
3,9,25,30–33]. Figs. 5(a) and 6(a) are the two and three arcs of the
mpedance complex plane model. Meanwhile, Figs. 5(b) and 6(b)
re their ideal equivalence circuit with three and four RC elements,
Fig. 5. Schematic impedance complex plane plot for two arc samples (a) and its
equivalence RC circuit (b).

respectively. The three RC elements model shows that resistance at
the medium frequency is originally a response from grain boundary
resistance (Rgb) and resistance at high frequency is originally from
domain (Rd) and domain boundary resistance (Rdb). Meanwhile, the
four RC elemental models obtained the RxCx element where Rx was
identified as surface oxidation layer resistance at low frequency
arcs [20,34,35].

Based on the microstructural model, the complex impedance
simulated the brick-layer model with grain and grain boundary
elements [9]. In our model, the micron size grain of CCTO might
consist of submicron size or smaller grains, namely domains. The
domains are separated from each other by domain boundaries to
form domain arrays inside the grain. As a grouped domain, the
grains are also separated by grain boundary. This proposed model
was supported by SEM images of microstructure analysis which will
be discussed later. The current flow is assumed to be one dimen-
sional and the curvature of the current paths at the corners of the
domains and grain is neglected. In case of CCTO, it is suggested that
three paths are available to the current, as shown in Fig. 7. The cur-
rent either passes through domains, i.e. across domain boundaries
and across grain boundaries (path A), or along grain boundaries
only (path B) (see Fig. 7(b)).

The IBLC proposed by Sinclair et al. [5] cannot explain the
high dielectric constant of single crystal CCTO. Therefore, some
researchers proposed the idea of internal/twin domain boundary
elements inside the grain as a possible solution [8,33]. Chung [37]
and Fang and Liu [38] have observed polycrystalline specimens of
CCTO using TEM and showed that the grains consist of domains
Fig. 6. Schematic impedance complex plane plot for three arc samples (a) and its
equivalence RC circuit (b).
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ig. 7. Brick layer model for a three-phase ceramic: (a) overall view, showing arra
iew of a single cell, showing parallel electrical paths: (i) through domain, domain

In order to understand the phenomenon of the high frequency
rc of impedance complex plane, this current work investigated
he domain resistance, Rd and domain boundary resistance, Rdb. It
s suggested that the high frequency arc originated from Rd and

db. From the IS measurement, the Rd for all samples is very low
conductive, about 1 �) and the fitting curve of the impedance com-
lex plane for the domain boundary is approximately the same
s the grain resistance, Rg. According to the IBLC model, there is
conductive grain with an insulating barrier of grain boundary.

ig. 8. FESEM micrographs for the thermally etched of pre-sintered Nb-doped CCTO (C
x = 0.01), (c) doped with 5 mol% Nb (x = 0.05), and (d) doped with 10 mol% Nb (x = 0.10).
bic domains within cubic grains, separated by flat grain boundaries. (b) Exploded
aries and grain boundaries, and (ii) along grain boundaries.

Later, it was found that another type of insulating barrier known
as the domain boundary contributes to the “giant dielectric phe-
nomenon” [24,25,38,39]. At high frequencies (>10 MHz), the effect
of grain boundary resistance is no longer dominant as the dielectric

constant of CCTO ceramic drops rapidly, but the domain boundary
effect remains. Based on our previous findings about the dielectric
constant of Nb-doped CCTO [21], the dielectric constant of CCTO
samples at high frequencies are strongly dependent on the domain
boundary resistance. Domain boundary resistance is inversely

aCu3Ti4−xNbxO12+x/2) pellets: (a) undoped pellet (x = 0), (b) doped with 1 mol% Nb
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Table 1
The resistivity of domain, grain and grain boundary of CaCu3Ti4−xNbxO12+x/2 ceramics.

x Rd (�) Rdb (�) Rgb (M�) Rx (M�) ε (0.1 GHz) ε (1 GHz)

0.00 0.91 109 33.5 – 218 224
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0.01 1.09 27 4.3
0.03 1.14 43 7.3
0.05 0.99 23 0.7
0.10 1.14 44 0.1

roportionate to the dielectric constant, as shown in Table 1. This
ssumption is in agreement with other researchers who also mea-
ured CCTO samples at high frequencies [20,24,34].

Fig. 8 shows the FESEM micrographs of pre-sintered
aCu3Ti4−xNbxO12+x/2 pellets thermally etched at 940 ◦C for
h. Large grains and thick grain boundaries can be seen with

mall domains distributed inside the grains for samples x = 0 and
.01 (Fig. 8(a) and (b)). The size of the grain boundary is reduced
ith the increase of doping concentrations, i.e. x = 0.05 and 0.10

s shown in Fig. 8(c) and (d). The average grain and domain
izes were measured statistically using SEM images. The effect
f dopant to the grain as well as domain size is shown in Fig. 9.
oth curves of the grain and domain exhibit a similar trend where
he size decreased when dopant concentration was increased.

oreover, SEM micrographs in our previous work indicated that
he increment of doping concentrations in Nb-doped CCTO will
hange the abnormal grain growth to normal grain growth, i.e.
ner grain [21]. This phenomenon usually happens when CCTO is
oped with a donor dopant because the excess electrons tend to
educe the concentration of oxygen vacancies. Oxygen vacancies
an exchange themselves with neighbour oxygen ions to promote
on mobility and is expected to be a cause of abnormal grain
rowth. Therefore, the decrease in grain size is also closely linked
o inhomogeneous distribution of oxygen vacancies between
esser oxygen deficient surfaces and the more oxygen deficient
urfaces of high dopant concentration samples [35].

The relationship between the impedance complex plane and
icrostructure is thus clearly revealed. Samples with two semi-

ircles have larger grain size and thicker grain boundary, as shown

n Fig. 8(a) and (b), compared to samples with three semicircles

hich have fine grain and thin grain boundary (Fig. 8(c) and (d)).
he samples with thinner grain boundary (highly doped samples)
ave low grain boundary resistance (Rgb) of the impedance com-

ig. 9. Effect of dopant concentration on the grain and domain size of Nb-doped
CTO. The domain size was measured from the SEM micrographs of thermal etched
t 940 ◦C/1 h of pre-sintered pellets.

[

[
[

– 423 437
– 322 286
1.5 524 567
2.9 398 274

plex plane and high surface oxidation layer resistance (Rx) that
appear at low frequency arc. On the other hand, the Rgb of sam-
ples with thicker grain boundary (lightly doped samples) is very
high (Table 1). Therefore, the Rx cannot be detected on samples
with thicker grain boundary as it overlaps with their Rgb. The grain
interior of each of the samples contain many tiny domains in the
form of bumps and terrace shapes and this can be related to the high
frequency response of CCTO at the first semicircle in the impedance
complex plane. Fang and Shia [39] also found the two kinds of
domain morphologies and concludes that the finding solves the
contradictions related to the interpretation of the giant dielectric
response between ceramic and single crystal CCTO.

4. Conclusions

Impedance spectroscopy measurement was performed on Nb-
doped CCTOs. It was found that the conductive response at high
frequency (1 MHz to 1 GHz) might have originated from domain
elements inside the grains. The domain boundary resistance
obtained from the high frequency fitting curve are approximately
the same as the grain resistance itself. The grain resistance of
CCTO is much lower compared to its grain boundary resistance.
In this work, the existence of both domain and grain resistance
are believed to strongly influence the dielectric constant of CCTO.
These findings can be explained by the proposed model, where the
large grains of CCTO consist of smaller cubic-shaped grains called
domains. The domains are separated from each other by flat domain
boundaries to form domain arrays inside the grain. As a grouped
domain, the grains are also separated by flat grain boundary. This
proposed model was supported by microstructure images which
show a large grain and thick grain boundary with smaller grains
(domains) distributed inside the grain.
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