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We report a dielectric constant of up to 5.4 x 10° at room tem-
perature and 1 kHz for CaCu;TijO; (CCTQO) ceramics,
derived from multiphase powders (coprecipitation products),
made by a “chimie douce” (coprecipitation) method, and then
sintered in air. The sintered products are pure-phase CCTO
ceramics. The high dielectric constant is achieved by tuning the
size of grains and the thickness of grain boundaries. The grain
growth is controlled by varying the concentration of excess CuO
in the initial powder (calcined coprecipitation products) between
1 and 3.1 wt%. The dielectric constant of pure CCTO ceramics
increases with the initial CuO concentration, reaching its max-
imum at 2.4 wt% of CuO. A further increase of excess CuO in
powders results in a permittivity decrease, accompanied by the
formation of CuO as a separate phase in the sintered products.
The unusual grain growth behavior is attributed to a eutectic
reaction between CuO and TiO, present in the initial powder.

I. Introduction

CONTINUING drive toward further miniaturization in
microelectronics stimulates the search for new high-
permittivity materials, whose performance in devices such as
capacitors is not compromised as the size of components
becomes smaller. Since the discovery of high permittivity
(~1.2 x 10* at 1 kHz) in CaCusTisO;> (CCTO) by Subraman-
ian et al., in 2000, CCTO has become a promising candidate to
replace commonly used high-dielectric materials. The origins of
this extraordinary high permittivitz are not clear and are inten-
sively discussed in the literature.>”® To explain the temperature
behavior of permittivity in CCTO single crystals, Homes et al.
and Ramirez et al.® suggested a polarization mechanism involv-
ing displacement of Ti*" ions from the center of symmetry
within the octahedral sites, for which there has been no exper-
imental evidence so far. Li er al.'® and Whangbo and Subra-
manian'! argue that intrinsic twin boundaries or planar defects
are responsible for the high permittivity in CCTO. Fang and
Liu'? conducted a detailed scanning electron microscopy (SEM)
and high-resolution transmission electronic microscopy
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(HRTEM) study and found insulating domains inside the grains
as possible sources of the huge dielectric response in both single-
crystal and polycrystalline CCTO samples.

After the work of Sinclair et al.,'® the one-step internal
barrier layer capacitor (IBLC) model is widely accepted as a
useful tool to analyze the dielectric properties of CCTO.'*!7
This model utilizes two variables, the average grain size of
semiconducting grains A and the average thickness of grain
boundaries ¢, to estimate the effective permittivity of a given
matlesrial from the dielectric constant of the insulating layers
EGB -

A
Eeff = EGB7 (M

Equation (1) provides general guidance in interpreting the
dielectric responses of systems consisting of semiconducting
grains and insulating boundaries, but care should be exercised,
as it cannot be used straightforwardly to describe the giant
permittivity in single-crystal and multicomponent CCTO sam-
ples."”” We utilize the IBLC model to calculate the thickness of
grain boundaries from the dielectric constants of grain bound-
aries and grain size. The experimental proof of the IBLC model
is not the purpose of the study.

According to Eq. (1), if one can achieve a high A/f ratio by
tuning the size of grains and the thickness of grain boundaries, a
material with an extremely high effective permittivity can
be obtained. However, the grain growth mechanism involved
in the sintering process and the factors affecting the high dielec-
tric response are still unclear. Among other factors, the chem-
istry of grain boundaries, time, temperature, and atmospheric
conditions during sintering should be taken into account. For
example, Fang and colleagues’?° pointed to the Cu segregation
in the grain boundaries as a plausible mechanism for creating
insulating layers. Bender and Pan®! reported a high permittivity
in CCTO ceramics obtained by a multistep annealing procedure
in Ar. They attributed the effect of the Ar atmosphere to the
formation of oxygen vacancies.

The synthesis of CCTO described in this study is a two-stage
process. In contrast to the majority of papers on CCTO,' ! we
use a soft synthesis method to obtain initial powders using
oxalate precursors. The final products of the first step are
calcined samples. These samples are not used in dielectric con-
stant measurements. The powder samples are then sintered in air
to transform powder samples into single-phase CCTO ceramics.
We vary the excess concentration of CuO present as a minor
phase in the initial CCTO powder samples (calcined
coprecipitation products). Other conditions, such as sintering



time and temperature, are kept constant. Therefore, grain
growth is a dominant factor in determining changes in the di-
electric responses of CCTO ceramics. The soft chemistry method
used in the study has been described before, but the effects of the
initial powder composition on phase purity grain growth and
dielectric response have not been reported.

The main focus of this study is on relationships between the
composition/structure of the initial powders and the structure/
dielectric properties of the sintered products. By adjusting the
composition of the initial powders, we can control the dielectric
properties of the final sintered samples prepared under the same
temperature/time/atmosphere conditions. We find that the ex-
cess CuO content in the initial powder correlates with the A/t
ratio, and thus the dielectric constant (Eq. (1)). An increase in
the CuO content results in an increase in the A4/z ratio, as long as
the final product appears to be single phase. We attribute the
role of excess CuO in dielectric responses of CCTO to the for-
mation of a eutectic between CuO and TiO,, which facilitates
grain growth during sintering.

A permittivity of ~5.40 x 10*at 1 kHz (double the previously
reported value obtained for ceramics sintered in the air
atmosphere) has been achieved. Currently, the highest dielectric
value reported is ~3.0 x 10° for ceramics from powder samples
prepared by ball milling and sintered at 1000°C for 24 h with
a minimum dielectric loss of about 0.1 at 2 kHz.?

II. Experimental Procedure

Samples with various CuO contents (abbreviated as CCTO-01,
CCTO-02, CCTO-03, CCTO-04, and CCTO-05, indicating
the increasing amount of CuO as a separate phase imbedded
in pure CCTO) were obtained by a coprecipitation method
and calcinated in air. This process allows one to tune the chem-
istry of the oxalate precursors and, hence, the chemical compo-
sition of the calcined coprecipitation products (CuO to a
pure-phase CCTO ratio). The precursors were derived at room
temperature from metal chlorides (CaCl,, CuCl;2H,0, and
TiCl3) and oxalic acid in water and ethanol media (H,O:EtOH
1:5), respectively.?? The initial amounts of metal cations were
varied in such a way that the Ca/Ti ratio remained stoichiomet-
ric (1:4), while the quantity of copper chloride was varied to
achieve the desired CuO proportion in the powder. The precip-
itates, centrifuged and dried at 100°C overnight, were then
calcined in air at 950°C for 10 h to obtain the initial powder.
Then, the calcined powder, mixed with an organic binder (poly-
vinyl alcohol), was uniaxially pressed into pellets (6 mm x 1.2
mm). Finally, the pellets were sintered at 1100°C for 24 h
in static air. The density of the pellets was measured by the
Archimedes method.

The morphology and grain size of the powders and ceramics
were analyzed by SEM using a JEOL 6400F microscope (To-
kyo, Japan) equipped with a Links energy-dispersive X-ray
spectroscopy (EDS) detector and by a field emission gun
(FEG-SEM) utilizing a JEOL JSM 6700 instrument. The
granulometric analysis of digitized SEM images was performed
using public domain software “IMAGEJ.”? The crystal struc-
ture of CCTO and minor phases (CuO, TiO,, and CaTiO3) were
confirmed by powder X-ray diffraction (XRD) carried out on a
Seiffert 3003 TT (Bergisch Gladbach, Germany) using CuKo
radiation (40 kV and 40 mA) in a 20 range 15°-120° with a step
0f 0.02° and a dwell time of 10 s. The Rietveld method was used
to analyze the phases in the powder samples (to calculate the
excess CuO concentration) quantitatively utilizing the FULL-
PROF program.>*

To achieve good conduction, both sides of the disk-shaped
pellets were covered with silver paint and fired at 700°C for 20
min. The relative permittivity measurements were conducted on
an HP 4194A apparatus (Yokogama-Hewlett-Packard Ltd.,
Tokyo, Japan) in the range 100 Hz—1 MHz under a voltage
amplitude of 1 V. All measurements were carried out at ambient
temperature. The error of the effective permittivity measure-
ments was estimated to be 5%.
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Fig.1. X-ray diffraction patterns of various CaCu;Ti,O, multiphase
powder samples obtained at 950°C for 10 h.
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Fig.2. Rietveld analysis for CaCu3Ti;O1,-05 (dots indicate the exper-
imental data, the solid line indicates the calculated pattern, and the
difference between experimental and calculated graphs is shown at the
bottom). The Bragg peaks for observed phases are shown as stars.

R, =0.204, R, = 0.148, Ry, = 0.086, 3> = 2.947.

Fig.3. Typical field emission gun-scanning electron microscopy
micrograph of the CaCu3Ti4O> (CCTO)-based powder (CCTO-03)
calcined at 950°C for 10 h.



III. Results and Discussion

As indicated above, the synthesis of CCTO is a two-stage pro-
cess. The final products of the first step were calcined samples,
whose X-ray patterns are shown in Fig. 1. These samples were
not used in the dielectric constant measurements. In addition to
a dominant pure CCTO phase, the results indicate the presence
of small amounts of CuO, CaTiO;, and TiO, phases in the
powders calcined at 950°C for 10 h.

Figure 2 gives a typical refinement pattern (CCTO-05 in this
case). The amount of CuO, as supported by XRD, is controlled
by the amount of metal chlorides used in the mixture at the
coprecipitation stage. The X-ray analyses for sintered CCTO-01,
CCTO-02, and CCTO-03 ceramics (not shown) conform to a
single-phase CCTO structure, while other samples have traces
of CuO.

The FEG-SEM micrographs of CCTO (Fig. 3) show clumps
of submeter sized grains, typical for powder samples calcined at
950°C. The grains are homogeneous in terms of shape and size.

The SEM images of the CCTO ceramics sintered at 1100°C
for 24 h, presented in Fig. 4, indicate the growth of grains and
grain boundaries as a function of CuO content in the initial
powder CCTO samples. The EDS (not shown) and XRD
analyses confirm that the phase, seen as white grain boundaries
in chemical contrast SEM images for CCTO-04 and 05, is excess
CuO, implying that the CuO phase grows by segregation in the
grain boundaries.

Here, we probe the correlations between excess CuO content
in powders, and the size of grains and grain boundaries in sin-
tered samples using a granulometric method (statistical analysis
of particle size distribution) for 70-390 particles in SEM images
(from 390 particles for CCTO-01 to 70 particles for CCTO-05).

Fig.4. Chemical contrast scanning electron microscopy micrographs of CaCusTi4O, (CCTO) ceramics. The increasing number in the abbreviation
(CCTO-01, 02, 03, 04, and 05) corresponds to the increase of CuO content in the powder used to form the ceramics.
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Fig.5. Granulometry of binary scanning electron microscopy images:
grain area and size distribution for all CaCu3Ti4O;, samples.

The grain size of CTTO samples with varying initial CuO
content lies between 6 and 140 pm.

Figure 5 shows the distributions of grain areas for all five
samples. The results confirm that increasing the CuO content in
the powders correlates with the grain growth. The grain growth
observed may be explained by the formation of a CuO-TiO,
eutectic rich in CuO during the sintering process. The CuO—
TiO, eutectic has been found by Lu e al.* at a temperature as
low as 919°C. Note, calcination and sintering of CCTO are per-
formed at different temperatures (950° and 1100°C, respective-
ly). We believe that a liquid phase of a CuO-TiO, eutectic at
sintering temperature is responsible for the observed grain
growth mechanism, that is, the grain size appears to be depen-
dent on the amount of minor phases (CuO, TiO,, etc.) in the
initial powders under the same time/temperature conditions. We
used the content of the major impurity phase, namely, CuQO, in
the initial powders as a measure of the eutectic concentration,
because the real amount of liquid phase is hard to determine (the
maximum CuO content studied in the initial powder is 3.1%).
The amount of liquid phase apparently controls the crystal
growth at grain boundaries, resulting in large grains while keep-
ing the grain boundaries thin. A similar phenomenon was ob-
served by Yang26 in (Ba;_,Sr,)(Tip9Zry )O3 compounds.

Now, we examine the frequency dependencies of the dielectric
constant and dielectric loss for sintered CCTO samples. The re-
sults are shown in Fig. 6. In agreement with previous studies on
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Fig.6. Frequency dependencies of dielectric constant and dielectric loss
for the CaCu;Ti;O;, samples measured at ambient temperature.

Table I. CCTO Characteristics: Eq. (1) Parameters, CuO
wt%, and Density of the CCTO Samples

CuO Grain  Thickness ¢,
Density concentration size A (nm) (calculated A/t

Sample (g/em®) (Wt%) Eeff (um)  from Eq.(1)) ratio
CCTO-01 473 093(6) 16600 6.0 72 83
CCTO-02 4.88 2.00(7) 258000 8.0 6 1290
CCTO-03 4.76  2.39(9) 539000 22.9 8 2695
CCTO-04 4.87 2.87(7) 177000 64.5 — —
CCTO-05 4.79 3.12(8) 47000 141.7 — —

pure CCTO,"” the dielectric responses essentially remain con-
stant over the wide frequency range from 100 to ~ 10° Hz for all
samples. But for the CCTO-03 sample with the highest dielectric
permittivity value, the dielectric response rapidly decreases
above 2 x 10* Hz.

The dielectric constant values at 1 kHz for all CCTO samples
are given in Table I. The permittivity of sintered samples reaches
a maximum of 539 000 and then decreases with increasing CuO
content in the powders before sintering. The CCTO-03 sample
with the highest dielectric constant value has a narrow grain size
distribution compared with the other four samples (Fig. 5). The
average grain size for CCTO-03 is relatively large (~23 pm).

Here, we utilize the IBLC model (Eq. (1)) to calculate the
thickness of grain boundaries from the effective permittivity &g
measured at 1 kHz, the relative permittivity of the insulating
grain boundaries €, and the average grain size 4 and the average
thickness ¢ of grain boundaries. The values for all terms in
Eq. (1), along with the densities of the pellets, are reported in
Table I. The high densities measured can be explained by the
formation of a liquid CuO-TiO, phase during the sintering pro-
cess, because the liquid phase can assist the densification of the
ceramics. Pan and Bender®” assumed the dielectric constant of
the insulating grain boundary to be 200 for the CCTO ceramics.
The calculated thickness is in nanometer range as suggested by
Calvert et al.?® and is consistent with our HRTEM results,
which will be published elsewhere. Comparison between the cal-
culated and observed values of the grain boundary thickness
suggests that the IBLC model reflects the dominant factors con-
trolling the dielectric responses of CCTO. We cannot exclude
other factors such as the chemistry of grain boundaries or
crystal defects that may be present in crystals and influence
the calculation of thickness of grain boundaries using the IBLC
model.

As the Cu content increases further, the permittivity decreases,
consistent with the formation of a separate CuO phase detected
by SEM (see discussion above), which hampers the dielectric re-
sponse of the material. Moreover, for two samples (CCTO-04
and 05), the presence of a CuO phase in grain boundaries makes
it impossible to apply the simple Eq. (1). g, values are plotted in
Fig. 7 as a function of the average grain size (Fig. 7(a)) and the
CuO content in the CCTO powders (Fig. 7(b)). Mauckzok and
Wernicke'® and Aygiin et al.” studied the effects of excess CuQ
on the dielectric properties of CCTO. The work of Aygiin ef al.”’
considered a model that included the CuO phase surrounding the
grains of pure CCTO. These studies showed a decrease of
permittivity with increasing CuO content. Our study confirms
their findings. Samples CCTO-4 and -5 have CuO as a minor
phase even after sintering and show a diminishing permittivity
with increasing CuO content.

The highest permittivity of 539 000 was obtained for the max-
imum A/t ratio of 2695 in the single-phase CCTO from the
initial powder with 2.4 wt% CuO, above which the ceramics
become multiphase. Detailed TEM, to determine the
microstructure of grains and grain boundaries, as well as im-
pedance spectroscopy studies are in progress. It is also impor-
tant to investigate the sintering conditions of multiphase CCTO
such as sintering time and atmosphere as the final permittivity is
directly related to the microstructure.
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Fig.7. Effective permittivity (measured at 1 kHz) plotted as a function

IV. Conclusions

Thus, we link the CuO content in the powder samples (calcined
coprecipitation products before sintering in air) to the grain
growth in the ceramics studied. The grain growth in CCTO ce-
ramics is delicately controlled by small amounts of excess CuO,
which forms a eutectic with TiO, in the initial powders at the
sintering temperature. We have been able to obtain huge dielec-
tric constant CCTO ceramics by varying the concentration of
CuO in the coprecipitation products. A permittivity of 539 000
(approximately twice the value reported previously) and low di-
electric loss (0.2) were obtained without annealing by increasing
the A/t ratio up to 2695 in the single-phase CCTO ceramics.
More information on the chemistry and microstructure of the
grain boundary regions is required to better understand the ob-
served phenomena.
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