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Local probing of conduction behaviors using atomic force microscopy clearly shows that the grain
boundary of polycrystalline CaCu3TisO;, is semiconducting. In contrast, the grain is a mixture of
semiconducting and insulating regions. This inhomogeneous conductive feature leads to giant dielectric
response in CaCu;Ti4O1,. Theoretical analysis demonstrates that the dielectric response follows a typical
Debye-type relaxation, and its unusual temperature dependence originates from the thermal activation
behavior of free carries within the semiconducting regions in the grain. An effective way to control the
electrical properties of CCTO is to control the defect density within a grain rather than the grain boundary.

Introduction

The static dielectric constant of a material plays a decisive
role in the miniaturization of capacitor-based devices. Since
the dielectric constant is determined by the polarizability of
a material, high dielectric response can be observed in polar
materials, such as ferroelectrics or relaxor, due to the
permanent polarization arising from the atomic displacement.
Although relative dielectric constants over 10* may be found
in ferroelectric or relaxor materials, it is limited within a
narrow temperature range close to the phase transition.
However, these temperature-sensitive high dielectric re-
sponses are undesirable for the practical applications of
capacitor-based devices. Searching new materials with a
temperature-independent dielectric constant larger than the
exiting record is therefore a strong demand for practical
applications.

Recently, several nonferroelectric materials have been
reported to show a giant dielectric response up to 10°."* In
particular, reports on giant dielectric response in pure
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perovskite-like CaCusTi4O2 (CCTO)I’5 have attracted wide
interests in the material community.>™'* The dielectric
response of the these materials shows the following common
features: (1) The dielectric constant at low frequencies is
extremely large at room temperature and is less dependent
on frequency. As frequency increases to a megahertz range,
it follows a Debye-type relaxation and drops to small values
for a gigahertz range. (2) The low frequency response of
the dielectric constant is nearly independent of temperature
for a wide temperature range; however, it decreases rapidly
to the same order of magnitude as that observed in the
gigahertz range at room temperature, accompanying a large
peak of dielectric loss (1—10) at a particular temperature
depending on the measurement frequency.

Fully understanding the nature of giant dielectric response
in these materials is of significant importance from both the
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viewpoints of technical application and fundamental research.
Although intensive investigations have been focusing on
clarifying the origin of giant response of CCTO, the
conclusion has not yet been reached. Several possible
mechanisms, including (1) fluctuations of lattice-distortion-
induced dipoles in nanosize domains,” (2) electrode polariza-
tion effects due to the different work functions of an electrode
and a sample,'® (3) internal barrier layer capacitor (IBLC)
effects originating from the insulating grain boundaries
surrounding semiconducting grains,” and (4) intragrain
insulating barrier effects,”!*'>have been proposed. Precise
structural analysis indicates that all atoms in CCTO are under
compression, the perovskite framework is extremely rigid,
and no structural transition occurs in this /m3 centrosym-
metric structure within 35—1273 K."'° First-principle cal-
culation shows that the /m3 structure is stable and the static
dielectric constant is ~40.® Therefore, the origin arising from
lattice distortion may be ruled out. More recently, the
impedance response of CCTO ceramics has been demon-
strated to be independent of the work function of the metal
electrode, '* indicating that the electrode polarization effects
are not dominant. At present, the IBLC model of Schottky
barriers at the interface between insulating grain boundaries
and semiconducting grains is widely used to interpret
experimental results.®'"'*!7 In order to characterize the
barrier structure, scanning Kelvin microscopy has been used
to map the local potential difference on the polished surface
of CCTO ceramics.®!” However, it should be noted that the
grain boundaries are not visualized directly for the polished
surface, and hence it is disputable whether the observed
potential drop can be attributed to the grain boundary.
Moreover, the critical shortcoming of the grain boundary
barrier model is that it cannot provide a reasonable explana-
tion for single crystals without grain boundaries, leading to
the proposal of different mechanisms for polycrystals and
single crystals.'® Consequently, the origin of giant dielectric
response in CCTO is still puzzling, and this situation might
be an obstacle for controlling the electrical properties for
technical applications.

In this paper, we unambiguously identify the conduction
path in CCTO by local current probing with atomic force
microscopy (AFM). In combination with scanning electron
microscopy (SEM), we demonstrate that the grain boundary
is conductive and cannot be an insulating barrier layer for
the IBLC model. Our results point out that the giant dielectric
responses of polycrystal and single crystal share the same
origin: electrically inhomogeneous nature of CCTO crystal.
We also model the unusual temperature dependence of the
dielectric response successfully. It is essential that the rapid
drop in the dielectric constant at low temperatures is due to
the freezing of carriers in a semiconducting region within
the crystal.
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Figure 1. Current (a, d) and topographic (b, e) images obtained from
polished surface of CaCu3TisO;, polycrystalline sample simultaneously.
When comparing the current images to the corresponding SEM fracture
images (c, f), it is clear that the grain boundary in CaCu3Ti40; is conductive.
(a), (b), and (c) for sample A and (d), (e), and (f) for sample B with a
further heat treatment at a higher temperature.

CCTO polycrystals were prepared by a solid-state reaction
approach. Starting materials of CaCOj3, CuO, and TiO, were
mixed and calcined at 1223 and 1273 K for 12 h each in an
O, atmosphere, with intermediate grindings to obtain a
single-phased powder of CCTO. Dense ceramic rods were
formed with a high hydraulic pressure of 300 MPa and
sintered in O, at 1323 K for 12 h. Sample A series were
prepared directly from the sintered rod, while sample B series
were prepared from the rod subjected to a further heat
treatment in 2 atm O, at a temperature close to the melting
point by infrared radiation in an image furnace for several
minutes. The heat treatment increases the grain size from
~2 to ~10 um. For electrical measurements, samples were
polished and coated with Au by sputtering. Dielectric
response to temperature (2—300 K) at 13 different frequen-
cies between 100 Hz and 1 MHz and the frequency response
(2 Hz—4.3 MHz) at room temperature were obtained by a
commercially available LCR meter. In AFM measurements,
we use the system of SII NanoTechnology Inc. (E-sweep
Environment Control Unit controlled by SPI4000 Probe
Station), which operates with a scanning-by-sample scheme
and guarantees high accuracy of operation. One surface was
coated with Au as a bottom electrode, and a conducting
diamond-coated AFM tip was used as a top electrode to
probe the current following underneath the tip toward the
bottom electrode. During scanning, a bias voltage was
applied between the AFM tip and bottom electrode, and the
current and topographic images of polished surface were
obtained simultaneously. After current imaging, AFM tip was
then moved to the desired location to measure the local I—V
curves. Since the topography of the polished surface cannot
offer information about the grain size and boundaries, SEM
was used to reveal the fracture surface.

Figure 1 shows the AFM current, AFM topographic, and
SEM fracture images for sample A (Figures la—c) and
sample B (Figures 1d—f ). For the current imaging, according
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Figure 2. Current images mapping under different bias voltages for sample

B in a different area: (a) topography, (b) bias voltage = —5 V, and (c) bias
voltage = —10 V.
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Figure 3. An expanded view of (a) the topography and (b) the current image
for sample B for an area indicated in Figures 2a,b. (c) and (d) represent the
zoomed-in current images in the grain center and grain boundary respec-
tively. (e) Current profile along the line E—F across a grain. (f) /—V curves
observed at several typical locations. These figures show that a grain of
CaCusTisO1; consists of semiconducting and insulating regions.
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to the I—V characteristic curve (Figure 3f), a negative bias
voltages between AFM tip and bottom electrode was used
to prevent the block of current due to the interface barrier
between AFM tip and sample surface. In these figures, the
bright contrast represents an insulating state, while the dark
contrast represents a conducting state. If the IBLC model
for semiconducting grains with insulating grain boundaries
is correct, one can expect that a “bright” network of
insulating grain boundaries blocks the “dark” conductive
grains for samples with thickness less than the grain size,
but if the sample thickness is greatly larger than the grain
size, a blank current image will be observed because the
current is completely blocked by the insulating grain
boundaries. The thickness of our samples is ~150 ym and
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greatly larger than the grain sizes (~2 um for sample A and
~10 um for sample B), as indicated in the SEM images
(Figures 1c,f); therefore, a blank current image is expected.
Surprisingly, we observed a percolative conductive network
with thickness of ~100 nm, as shown in Figures la,d. We
further observed the bias voltage dependence of current
image for sample B in different regions, as shown in Figures
2b,c. It can be seen that the feature of current image is
essentially independent of the bias voltage used in this
studies, but current magnitude and dark region increase
as increasing the mapping voltage, leading to the much dark
contrast of the current image. A similar current pattern has
been observed for all our CCTO samples, indicating that this
conduction behavior is a common feature of CCTO.

Since the topography (Figures 1b,e) of the polished surface
cannot provide any information about the grain boundaries,
we cannot establish the origin of the conductive boundaries
directly from the AFM measurements. However, when the
current images (Figures 1a,d) are compared with the corre-
sponding SEM images of fracture surface (Figures 1c,f), it
can be seen immediately that the networks of conductive
boundaries coincide quite well with those of grain bound-
aries. Consequently, we conclude that the grain boundaries
are conducting. This conductive grain boundaries can be
reasonably understood on the basis of possible O, deficiency.
For electron energy-loss spectroscopy (EELS) measurements
of CCTO polycrystalline samples,'? it was found that O/Ti
ratio at the grain boundaries ranges from 2.90 to 2.65,
indicating that 3-12% of O, is deficient at the grain
boundaries. It is well-known that O,deficiency can easily give
rise to a semiconducting or conducting state in titanate
perovskites such SrTi0s,2° CaTiOs,%! or BaTi0;.2> A pos-
sible O, deficiency at the grain boundaries of CCTO
polycrystalline sample should lead to a conductive behavior.
Therefore, the conductive grain boundaries demonstrated here
cannot be compatible with an insulating barrier involved in
the conventional IBLC model.

The question of whether there is a barrier structure within
a grain now arises. In CCTO, the existence of a percolative
conductive network, which is originated from the grain
boundaries and formed in the bulk of the sample, allows us
observe the conduction behaviors within grains for samples
with thickness larger than grain size as those of samples with
a single grain or single crystal. Here, we show that the
electrically inhomogeneous structure consisting of semicon-
ducting and insulating regions is indeed present within CCTO
grains and provides the main source of barriers between
conductive and insulating regions. This electrical inhomo-
geneity is visualized more clearly for sample B, which was
subjected to a heat treatment at a higher temperature. Figures
3a,b show an expanded view of the topography and current
image of sample B for an area indicated in Figures 2a,b.
The zoomed-in current images in the grain center (Figure
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Figure 4. Temperature dependence of the dielectric constant and the loss
of CaCu3TisO1,. The right inset represents the thermal activation behavior
of the dielectric response. Dashed lines represent the simulation results using
a simple model given in the left inset, which describe the electrically
inhomogeneous structure within a CCTO grain.

Table 1. Parameters Used To Simulate the Temperature
Dependence of Dielectric Constant in CCTO Polycrystals

sample ela ela O 7o (ns) Ep (meV)
A 67 1008 15.5 60.4
B 96 2716 7.0 67.7

3c¢) and current profile (Figure 3e) cross a grain indicated
by a dashed line in Figure 3b, which clearly show the
coexistence of conductive and insulating regions within the
grain. The typical I—V characteristics shown in Figure 3f
indicates that the conductive regions is essentially semicon-
ducting. The semiconducting nature within grains is likely
due to defects of Ti on the Cu site or O defects. According
to the structural analysis from neutron and synchrotron X-ray
diffraction, defects of Ti on the Cu site occur in the rigid
CCTO-type structure.” The Ti on Cu sites may indirectly
provide charge carriers for the Ti 3d band and form the
conducting regions accordingly. The defects of Ti on Cu sites
were also confirmed by transmission electron microscopy'’
where a high density of planar defects associated with the
movement of Ti to the Ca/Cu site was observed for the
CCTO crystal. In addition to these planar defects, oxygen
defects are also plausible. The fact that a high cooling rate
during sample preparation greatly enhances the dielectric
constant of polycrystalline samples®* can be considered to
be closely related to the O, deficiency within the grain. Our
local current measurements, in brief, demonstrate that CCTO
has an electrically inhomogeneous nature that leads to a giant
dielectric response in both single crystal and polycrystal.

On the basis of the results mentioned above, a simple
double-layer model,?*** shown in the left inset of Figure 4,
can be used to describe the heterostructural texture of
conduction in CCTO consisting of a conductive layer with
a thickness of /, a dielectric constant of €, and a conductivity
of 01, and an insulating layer with a thickness of d, a
dielectric constant of €,, and a conductivity of o,. The
complex dielectric constant of this structure is then expressed
as
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Figure 5. Cole—Cole plot for frequencies up to 4.3 MHz. The semicircle
indicates a Debye-type relaxation with a characteristic frequency in the
megahertz range at room temperature for CCTO. The high-frequency
intersecting point gives the value of intrinsic dielectric constant of CCTO.

l/(e, —io/w)+d/(e,—io,/w) a ad 1+tiot
ey

where L=1+d,a =1+ dei/es, T = €2a/d01, and O = d/L
represents the volume fraction of the insulating regions.
Given that €, = €; ~ 100'* and the volume fraction of the
insulating regions is very small (6 ~ 0.001), a giant value
of the static dielectric constant € (w = 0) ~10° can be
estimated. This explains the reason for the giant dielectric
constant of CCTO, which is dominated by the volume
fraction of the insulating regions. Equation 1 also explains
the Debye-type relaxation observed in CCTO. It is obvious
that the relaxation is closely associated with the conductivity
of the conductive layer.

Finally, we show that eq 1 can also be used to model the
unusual temperature dependence of the giant dielectric
response. From impedance measurements, it has been well
established that the conduction of CCTO follows the Ar-
rhenius form with activation energy of E,’

€

0, =0, exp(—Ey/kgT) (2)
Using eqs 1 and 2, we obtain

* = i + 2 ; 3

T a " ad 1+ iwr,e™™" ©
where 79 = €,a/0010. From Figure 4, it is clearly seen that
the experimentally obtained temperature dependence of the
dielectric response of CCTO can be excellently reproduced
by eq 3 with the parameters listed in Table 1. Using these
parameters, we can also reproduce the frequency dependence
of the dielectric constant obtained at room temperature very
well (Figure 5). Since the volume fraction of insulating
regions is extremely small in CCTO, €,/a = €, the intrinsic
static dielectric constant of CCTO with perfect atomic
arrangement is then evaluated to be the order of ~100. This
evaluation is in good agreement with the results obtained
from infrared spectra (75—115), ° gigahertz-range impedance
analyzer techniques (~100),' and theoretical calculation
(~40).% In fact, this value can also be obtained from low-
temperature dielectric measurements directly. At low tem-
peratures, because of the freezing of free carries, the dielectric
response is contributed mainly by the lattice vibration. Our
theoretical analysis indicates that the carrier within the
semiconducting region has a barrier height of ~100 meV
(Table 1) to overcome. As temperature decreases and the
carrier cannot get energy thermally higher than this barrier
height, it should be frozen, consequently leading to two
remarkable features in dielectric responses: (1) a rapid drop
in dielectric constant and (2) a large dielectric dissipation
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peak. Using the later feature, the barrier height can also be
evaluated directly from the relationship between dissipation
peak temperature and measurement frequency (the right inset
of Figure 4). Now, it is clear that the rapid drop in the
dielectric response at low temperatures is essentially due to
the freezing of free carriers within the semiconducting
regions in CCTO crystal.

In addition, theoretical analysis indicates that the carrier
has a maximum response time of ~10 ns (see Table 1). Since
the carrier effect can be completely suppressed for time
domain shorter than this response time, a high-frequency
measurement technique, such as gigahertz-range impedance
analyzer or infrared spectroscopy, should evaluate the
intrinsic dielectric constant of CCTO even at room temper-
ature, where the free carriers have a great influence on the
dielectric response. Although the highest frequency of our
dielectric measurements is ~4 MHz, we can still extrapolate
the data to high frequencies to get the intrinsic dielectric
constant of room temperature (Cole—Cole plot shown in
Figure 5). The estimated intrinsic value is close to the low-
temperature dielectric constant. These results indicate that
the static dielectric constant of CCTO crystal likely remains
at the same constant for a wide temperature range, being
consistent with the fact that the centrosymmetric structure
of CCTO is extremely stable for wide temperature range of
35—1273 K.

It is worth pointing out that, since the electric response in
CCTO is predominated by the electrical inhomogeneity of
crystal, a direct way to tune the electric properties is to
control the defect density within a grain. In our studies, we
find that sample A, which has smaller grain size than sample
B, shows a smaller value of dielectric constant (¢ ~ 1000 in
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frequency range of 1—100 kHz) at room temperature,
indicating that some relationship between the grain size and
dielectric response may exist in CCTO. Indeed, ref 12 shows
that the dielectric constant at 10 kHz was greatly enhanced
from ~9000 for ceramics sintered for 3 h to ~280 000 for
ceramics sintered for 24 h, while the grain size increases
from ~10 to ~300 um, estimated from the given SEM
images. Corresponding to the size dependence of dielectric
response, the AFM measurements show that the density of
current path within the small grain (sample A) is less than
that of large grain (sample B), indicating that larger grain
tends to has larger density of defect for CCTO. This inference
is also supported by the TEM measurements of ref 19, in
which higher density of the dislocations and planar defects
was found in single crystal grown by the traveling-solvent
floating-zone method as compared with polycrystals with
grain size ranged from submicrons to tens of microns. For
CCTO, controlling the grain size may be an effective way
to tune the electrical properties of material.

In summary, we have established the nature of dielectric
response in CCTO. The giant dielectric response is essentially
due to the inhomogeneous conduction within the crystal, and
the great drop at low temperatures is just the manifestation
of freezing of free carriers. The present approach might be
extended to systems showing similar features. Our results
also point out that an effective way to control the electrical
properties of CCTO is to control the defect density within a
grain rather than the grain boundary, and CCTO is a proper
material for sensor applications'' rather than capacitor
applications.

CMO0710507



