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Nanoscale imaging of the electrical properties of CaCu3Ti4O12 ceramics has been performed using
scanning impedance microscopy. Two kinds of electrical inhomogeneity are detected, namely,
depletion layers at grain boundaries and calcium titanate inclusions, both of which are more resistive
than the bulk of the grains. Energy filtered transmission electron microscopy was used to estimate
the chemical composition of the inclusions. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2919095�

The perovskite-related material, CaCu3Ti4O12 �CCTO�,
has attracted considerable attention in recent years due to
its impressive apparent permittivity value of �104–105 at
1 MHz, which remains constant in the temperature range of
�100–600 K.1,2 The effect has been observed in both single
crystals and ceramics. It is not clear if this effect is an intrin-
sic property of the material or if it can be related to extrinsic
effects, e.g., point and extended defects, contaminants, elec-
trical domain boundaries within grains, grain boundaries,
surface layers, and non-ohmic electrode contacts. All of
these extrinsic effects have been proposed to lead to higher
than expected permittivity values in different oxide-based
ceramics.3–5 Impedance spectroscopy has revealed CCTO
ceramics to be electrically heterogeneous and to consist of
semiconducting grains and insulating grain boundaries.6 In
this case, the giant permittivity effect in CCTO ceramics has
been explained using the well-known internal barrier layer
capacitor �IBLC� model. Although this model works reason-
ably well for CCTO ceramics, the observation of a giant
permittivity effect in CCTO single crystals2 remains perplex-
ing as grain boundary features should not be present in single
crystals. The origin of the effect in single crystals may there-
fore be related to some other features not observed in the
ceramics, e.g., non-ohmic contact, modification of crystal
surface composition and/or internal boundary layers associ-
ated with defects, twins, dislocations, etc. Furthermore, when
the IBLC model is applied to polycrystalline ceramics, the
results do not exactly scale with the grain dimension, so
other effects should also be included.7

The question now arises whether the large dielectric re-
sponse observed in ceramics is due only to an IBLC effect
associated with the grain boundaries or whether there is
some contribution from defects, inhomogeneities, etc.,8–10 on
a subgranular scale which can also be present in single crys-
tals. In this context, it is important to study and compare the
dielectric properties of single grains in addition to those of
the grain boundaries. However, to date, such data have not
been produced because of the lack of characterization meth-
ods with high lateral resolution.

Here, we report on the capabilities of scanning probe
microscopy �SPM�-based techniques to study and compare
the electrical characteristics within single grains and across
grain boundaries. In particular, we demonstrate a new use of
scanning capacitance microscopy, namely scanning imped-
ance microscopy �SIM�, to directly image the ceramic micro-
structure and provide information, with high lateral reso-
lution, on the local electrical properties. By applying a bias
between the bottom electrode and the conductive AFM tip
which acts, on the sample surface, as a sliding metal contact,
it is possible to collect the impedance signal of the nanode-
vice consisting, in our case, of a tip/CCTO/bottom electrode.

The CCTO ceramic pellets were prepared by the mixed
oxide route as described in detail elsewhere.6 After fabrica-
tion, the pellets were polished to eliminate the influence of
superficial artifacts in the SPM mapping. Measurements
were performed using a back contact, which is obtained by
silver paint, which is opposite to the polished surface. Mea-
surements on the nanometer scale were performed by a Digi-
tal Instrument D3100 atomic force microscope �AFM� with a
nanoscope IIIA controller operating in air and equipped with
the tunneling atomic force microscopy module. SIM mea-
surements were carried out in constant �V mode. The ac bias
applied between the tip and the sample was varied in the
1–10 V peak-to-peak range at 90 kHz with the resonator
frequency of 1.0�0.1 GHz.

The SIM is an ordinary AFM equipped with a conduc-
tive tip and connected to a resonator �Fig. 1�. The collected
SIM signal amplitude is related to the sample impedance.
The current flowing through the sample, which is collected at
the nanometer scale, can be described by

ASIM =
RVhf

��R + Re�Z*��2 + ���L −
1

�C
	 + Im�Z*�
2

, �1�

where R, L, C, �, and Vhf are the characteristics of the reso-
nator circuit, while Z* is the complex impedance and is mod-
eled by an ideal equivalent circuit consisting of resistors and
capacitors.11

A SIM map provides simultaneous imaging of both the
real and imaginary parts of the complex impedance, as
shown by Eq. �1�. In particular, the high resistance at thea�Electronic mail: fiorenza@imm.cnr.it.
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grain boundaries produces an increase of the real part of the
impedance and a decrease in the SIM signal amplitude.

Other workers12,13 have shown the presence of a double
Schottky barrier at the grain boundaries; however, the deple-
tion region width has not yet been reported. The depletion
region width can be estimated from the ceramic microstruc-
ture and from assuming a value for the bulk permittivity,
since, according to the simple IBLC model,14 the ceramic
permittivity can be expressed as

�* � �b
d

t
, �2�

where �* is the measured permittivity, �b is the intrinsic bulk
permittivity, d is the mean grain dimension, and t is the
width of the depleted layer at the grain boundaries. Alterna-
tively, if the depletion layer width can be directly measured,
the bulk permittivity, for instance, can be calculated.

The experimental value of the permittivity of the CCTO
sample used here �mean grain size �5 �m� is about 7000 at
100 kHz. The depletion width at the grain boundaries is di-
rectly observed in the SIM image �Fig. 2�b�� and is estimated
to be 130�20 nm, and thus, the bulk permittivity is calcu-
lated to be �160. The value of t is quite different from that
of a few nanometers suggested in the literature,15 however,
�b is in good agreement with theoretical predictions16 and
direct measurements at low temperature.6

The dependence of the depleted region width at the grain
boundaries upon the application of ac and dc voltages has
also been evaluated. No evident variation in SIM images
upon changing the longitudinal applied voltage has been ob-
served. Moreover, several tips with different contact areas
and made from two different materials, which are Pt and
polycrystalline high conductivity diamond, have been used
to exclude any possible electrode-related artifacts.

Finally, the influence of grain size on the grain boundary
depletion regions has been studied. Figure 2�a� shows an
SIM map obtained on a large region of a sample showing a
grain size distribution from �1 up to �10 �m in diameter.
The SIM image shows that the width of the grain boundary
depletion regions is almost independent of the grain dimen-
sions. Figure 2�b� shows an SIM high resolution image of a
single CCTO grain �6 �m wide. At the center of the grain,
two regions having different electrical behaviors have been
observed: a darker ring surrounds a spot having a lighter
contrast that is very similar to the main part of the grain.
Figure 2�c� shows the current-voltage �I-V� characteristics
performed by stopping the conductive atomic force micro-

scopy �C-AFM� tip on both the dark ring �blue curve� and
the light circle �red curve�. The current flowing through the
light region is two orders of magnitude higher than that
through the dark ring. This indicates that the dark ring pos-
sesses a resistance two orders of magnitude higher and this
signal is comparable with the resistance shown by the deple-
tion regions at the grain boundaries. Thus, a conductive do-
main surrounded by insulating blocking areas has been found
as a subgrain feature which influences the electrical micro-
structure of the CCTO ceramics.

Usually, polycrystalline materials can be described as a
sequence of parallel �RC� elements connected in series. In
the classic version of the brick-work layer model, one RC
element can be related to the grains and another to the grain
boundaries for which the impedance can be expressed as

Z* = �Rg
−1 + i�Cg�−1 + �Rgb

−1 + i�Cgb�−1 = Re�Z*� − i Im�Z*� ,

�3�

where

Re�Z*� =
Rg

1 + ��RgCg�2 +
Rgb

1 + ��RgbCgb�2 �4�

and

Im�Z*� = Rg� �RgCg

1 + ��RgCg�2
 + Rgb� �RgbCgb

1 + ��RgbCgb�2
 , �5�

where �Rg, Rgb� and �Cg, Cgb� are the resistance and capaci-
tance of the grains and grain boundaries, respectively.

The behavior of the simulated circuit is in agreement
with the experimental I-V curves reported in Fig. 2�c�. In
particular, our experimental I-V data �Fig. 2�c� �green circle��

FIG. 1. �Color online� Schematic of the SIM experimental setup. A resona-
tor is connected to the AFM conductive tip and to the lock-in amplifier. The
applied oscillating signal can be varied in the range of a few kilohertz. The
resonator frequency is fixed at �1 GHz.

FIG. 2. �Color online� �a� SIM image of a polycrystalline CCTO sample
with a wide grain size distribution. �b� High resolution SIM image of the
insulating secondary-phase inclusion within a single CCTO grain. �c� I-V
measurements collected by C-AFM on the light grain �blue curve� and on
the dark domain �red curve�, respectively.
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represent the I-V inverted characteristics of the tip/CCTO
single grain contact when a negative voltage is applied to the
tip, and are almost identical both on the conducting and on
the insulating regions.

By contrast, when a positive voltage is applied to the tip
�Fig. 2�c� �inside the magenta circle��, the collected data can
be attributed to the inverted I-V characteristics of the barriers
embedded within the CCTO single grain either due to the
grain boundary depleted region or to the presence of an in-
sulating precipitate. Consequently, the reported SIM maps
are not affected by any superficial contribution or artifacts
but by collected local information on the sample volume
below the tip. The imaging of insulating regions within con-
ductive grains also reveals compositional inhomogeneity
within CCTO ceramics; if similar features exist in single
crystals, this may provide a possible further explanation for
the observed giant permittivity effect.

In this context, the standard equivalent circuit of two
parallel RC elements connected in series �RbCb-RgbCgb�
needs to be modified by adding a third parallel RC element
�RdCd� that represents the insulating subgrain feature ob-
served in this study. The complex impedance of this circuit is
given by

Z* = �Rg
−1 + i�Cg�−1 + �Rgb

−1 + i�Cgb�−1 + �Rd
−1 + i�Cd�−1

= Re�Z*� − i Im�Z*� . �6�

The results of conventional impedance spectroscopy
studies on CCTO ceramics show that Cg�Cgb and Rg�Rgb.
Comparing our SIM and C-AFM data, no difference has
been found, thus, indicating that the impedance variation in
the domains is basically due to resistance variations. The I-V
measurements have shown that Rd�Rgb� �Rg and it is rea-
sonable to suppose that Cd�Cgb� �Cg. It is therefore pos-
sible to suggest that the presence of RdCd may give rise to a
dielectric anomaly in single crystals and may, at least in part,
explain the giant permittivity reported for CCTO crystals.

The chemical nature of the insulating domains within the
CCTO grains has been evaluated by energy filtered transmis-
sion electron microscopy. Figure 3�a� shows a TEM micro-
graph within a CCTO single grain. A crystalline domain
about 200 nm wide is clearly visible. The Ti �Fig. 3�b��, Ca
�Fig. 3�c��, and Cu �Fig. 3�d�� elemental maps indicate that
the domain is Cu-free and consists of a calcium titanate
phase.

Thus, the presence of insulating precipitates may con-
tribute to raising the overall permittivity of CCTO ceramics
and provide a possible explanation of the CCTO single crys-
tal response.

In conclusion, SIM has been demonstrated to image the
electrical properties of CCTO ceramics with high lateral res-
olution. This technique allowed the electrical characteriza-
tion of subgrain microstructural features in addition to the
usual grain boundary characterization which can be obtained
from conventional techniques, such as impedance spectros-
copy. SIM has revealed the presence of depletion regions,
which are �130 nm in width, at the grain boundaries which
confirms the applicability of an IBLC-type model to explain
the electrical properties of CCTO ceramics. The width of the
grain boundary depletion regions appears to be independent
of the applied voltage and grain dimensions. Energy Filtered
�EFTEM� analysis revealed the presence of subgrain feature-
sassociated with the insulating secondary phase inclusions,

which are observed by SIM within individual grains. The
secondary phase can block/restrict conduction within indi-
vidual grains provided that the current is unable to bypass
the second phase and, if present, CCTO crystals can contrib-
ute to the high measured permittivities. Finally, the experi-
mental approach presented here could be used to investigate
the dielectric properties of a wide class of inhomogeneous
materials.
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