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bstract

full range of CaCu3Ti4O12–HfO2 (CCTO–HfO2) composites were prepared by sintering mixtures of the two components at 1000 ◦C for 10 h.
-ray diffraction studies confirmed the two-phase nature of the composites. The evolution of the microstructure in the composites, in particular,

he size distribution of CCTO grains, was examined by scanning electron microscopy. The studies showed that, as more HfO2 was added, the
bnormal grain growth of CCTO and coarsening of the microstructure were gradually suppressed. As a result, the average CCTO grain size was

educed from 50 to 1 �m. The measured dielectric constants agree well with the values calculated from Lichtenecker’s logarithmic law, using only
he dielectric constants of pure CCTO and HfO2 as two end points. The agreement suggests to us that the dielectric constant of CCTO is dominated
y domain boundaries within the grains rather than by grain boundaries between the grains.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The perovskite-like material calcium copper titanate
CaCu3Ti4O12, CCTO) is known to process a giant dielectric
onstant (ε′) of about 104, which is practically independent
f frequencies below 106 Hz and insensitive to temperatures
ver a wide range from 100 to 400 K.1−4 These remarkable
roperties endow it with potentially promising applications
n the further miniaturization of microelectronics, such as in

icrowave5 and dynamic random access memory (DRAM)6–8

evices. Most studies attribute the cause of the giant dielec-
ric constant of CCTO to extrinsic origins. An “internal barrier
ayer capacitor” (IBLC) model is often used to explain its strong

axwell–Wagner like relaxation(s). However, what constitutes
he internal barrier remains controversial. Grain boundaries and
omain boundaries have been often suggested.9–16 In CCTO
ingle crystals, grain boundaries are by default absent, leav-

ng the latter as the only possible source. However, their detail
tructure remains unclear. Twin boundaries, anti-site boundaries
nd cation-induced planar defects9 have all been suggested.
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E-mail address: wxyuanster@gmail.com (W.-X. Yuan).

c
t
t
p
o
t
C

955-2219/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2011.09.021
olaron effects, possibly associated with stacking faults, have
lso been suggested.10,11 For polycrystalline CCTO ceramics,
rain boundaries and (or) domain boundaries are the insulat-
ng barrier layers responsible for giving rise to a giant dielectric
onstant. Regardless of the many suggestions of the structure
f grain boundaries, an important question remains: which kind
f the barrier layers, domain boundaries or grain boundaries,
lay the dominant role in determining the dielectric proper-
ies of CCTO ceramics? On the one hand, scanning probe12,13

nd transmission electron microscopy14 studies suggest it is
he grain boundaries. On the other hand, domain boundaries
eing dominant has been suggested too.15–17 We feel that nei-
her suggestion provides a complete picture, as it is possible that
he relative importance of domain boundaries to grain bound-
ries depends on the microstructure. For fine-grain ceramics,
he density of grain boundaries is very high, but the grains har-
or few, if any, domains. On the other hand, for coarse-grain
eramics, particularly whose processing conditions are prone
o result in abnormal grain growth,3,16–22 the large grains con-
ain many domains. It is instructive to study how the dielectric

roperties evolve with the change in the relative importance
f domain boundaries to grain boundaries. One way to con-
rol the grain growth and suppress the abnormal growth of
CTO is to add a second phase, while keeping all of the other

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.021
mailto:wxyuanster@gmail.com
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Fig. 1. XRD patterns of CCTO–HfO2 composi

reparation conditions the same. To this end, the second phase
hould neither coarsen nor form an alloy with CCTO, and we
hink hafnia (HfO2) is a suitable choice. HfO2, monoclinic in
tructure below 1700 ◦C, has a high melting point and is very
esistive to impurity diffusion and intermixing at interfaces.

ore importantly, it is the high-ε′ and low leakage gate oxide
f the semiconductor industry. Its intrinsic ε′ is about 25,23 with
egligible dispersion. Moreover, while the composites24–28 of
erovskites and CCTO have been recently studied, the com-
osites of HfO2 and CCTO are still to be. Another motivation
or adding HfO2 to CCTO is to help reduce the high dielectric
oss of the latter, an important issue in many of its potential
pplications.

. Experimental

The CCTO powder was synthesized by a solid state method.
owders of CaCO3, CuO and TiO2 were mixed, ground for 2 h,
nd calcined for 10 h at 900 ◦C to obtain a CCTO powder.29

hen the resulting powder was ground for another 2 h. After
hat, different weight percentages (wt%), up to 70%, of a reagent
rade HfO2 powder was added to the CCTO powder and the
ixtures were further ground for 20 min. Then the mixtures were

old pressed into 1 cm diameter and 1 mm thick pellets under
000 psi, and sintered at 1000 ◦C in air for 10 h (heating rate:
0 ◦C min−1) to form the composites. Finally, the sintered pellets
ere polished with SiC papers, and electrodes were applied by
ainting silver paste on the polished surfaces.

The structures of the composite ceramics were studied
y X-ray diffraction (XRD, Rigaku, 40 kV and 160 mA for
θ = 20–70◦, slit width: 1 mm, step time: 1 s) using the
u K� radiation on the as-sintered surfaces of the pellets.
heir microstructures were investigated by scanning elec-

ron microscopy (SEM, LEO 1450 VP) in the back-scattered
econdary electron mode. Dielectric properties were mea-

ured at room temperature over frequencies ranging from
0 Hz to 30 MHz by LCR meters (40 Hz–100 kHz, NF 2300;
5 kHz–30 MHz, Agilent 4285).

w
t
t

ntaining different weight percentages of HfO2.

. Results and discussion

Existence of two separate phases in the composites was
onfirmed by XRD. In Fig. 1, we show the XRD patterns of
epresentative samples. The peaks marked by “*” match those
f the cubic CCTO phase in the JCPDS file No. 75-2188. The
ther peaks, which agree with those in the JCPDS file No.
4-1506, are due to the monoclinic HfO2 phase. For those
omposites containing less than 5 wt% HfO2, only peaks of
CTO were observable. As expected, diffraction peaks of CCTO
ecome weaker while those of HfO2 stronger with increasing
fO2.
Significant changes in the microstructure of the composites

ith increasing HfO2 were revealed by SEM studies, and some
f the representative micrographs are shown in Fig. 2. We note
hat, first of all, among all samples prepared under the same
onditions, the largest grains were found in the pure CCTO
ample (Fig. 2(a)). With just a small addition of HfO2, the
icrostructure changes significantly, as shown in Fig. 2(b). It

an be seen that there are two classes of CCTO grains: one is
omposed of many small grains, and the other of a few large
rains. This bimodal size distribution is believed to be a result
f abnormal grain growth, which is intimately connected with
he presence of a liquid CuO phase during the sintering stage of
he sample preparation.3,24,27 There are far more small grains in
he composite containing 1 wt% HfO2 than in the pure CCTO
ample. Moreover, the size of the large grains is also reduced.
lthough the bimodal distribution of CCTO grains is still appar-

nt, the grain size becomes more homogeneous when more HfO2
s added. Meanwhile, the presence of the HfO2 phase is not
learly observed until it reaches to about 5 wt%. The small bright
ontrasted grains, roughly 1 micrometer in size and embedded
ithin the large CCTO grains shown in Fig. 2(c), were identified

s HfO2 by energy dispersive X-ray analysis (not shown). In the
icrograph (Fig. 2(d)) of the composite containing 8 wt% HfO2,

ne can see clearly that there are many isolated HfO inclusions
2
ithin the large CCTO grains. As the amount of HfO2 increases

o more than 20 wt%, HfO2 grains aggregate and reside between
he CCTO grains. At the same time, they suppress the abnormal
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ig. 2. SEM micrographs of (a) the pure CCTO ceramic and CCTO–HfO2 com
0% and (f) 70%.

rain growth, leaving only small CCTO grains in the composites.
s an example, the microstructure of the composite containing
0 wt% HfO2 is shown in Fig. 2(e). In this example, the grain
rowth of HfO2 can also be seen. When HfO2 becomes the major
hase of the composite (Fig. 2(f)), not only are there less CCTO
rains, there is also a further reduction in size. On the other hand,
fO2 grains have grown larger. The CCTO grains have already
ecome smaller than the HfO2 grains. The above observations
how that CCTO grain growth is inhibited by adding HfO . The
2
bnormal grain growth is completely suppressed when there is
nly about 20 wt% HfO2; further increase in HfO2 results in
ncreasingly smaller CCTO grains.

o
i
a

s containing different weight percentages of HfO2: (b) 1%, (c) 5%, (d) 8%, (e)

The evolution of the microstructure with increasing HfO2 is
lso reflected in the dielectric constant (ε′) and loss (tan δ) of the
omposites. In Fig. 3, the frequency dependence of ε′ and tan δ

f several selected samples are shown. As shown in Fig. 3(a),
onsistent with previous reports in the literatures [1–4], there
s a plateau over most of the frequency range indicating a wide
ange of frequency independence in the CCTO–HfO2 compos-
tes, and then a sharp decline in ε′ around 1 MHz. Below 1 kHz,
an δ increases with HfO ; however, it decreases above 1 kHz. ε′
2
f the pure CCTO sample is the highest, and the sample contain-
ng 70 wt% HfO2 (70-wt% HfO2 sample) has the smallest ε′ in
ll the composite samples. There are two Debye-like relaxations,
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Fig. 3. Frequency-dependent (a) ε′ and (b) tan δ of CCTO–HfO composites
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ontaining different weight percentages of HfO2.

ne at low and the other at high frequencies, which can also be
bserved in the dielectric loss plot shown in Fig. 3(b). Large
ielectric loss at low frequencies is associated with electrode
ffects,30 particularly for the 70-wt% HfO2 sample. Below the
haracteristic frequency (∼1 MHz), tan δ exhibits a relaxation
eak, corresponding to the step decrease in ε′. This peak shifts
o a lower frequency, from 20 to 10 MHz, after adding HfO2.
his dielectric dispersion, present at high frequencies for all the
amples, is less remarkable in the 70-wt% HfO2 sample, imply-
ng that the addition of HfO2 reduces the dielectric dispersion
t high frequencies.

Taking their values at the mid-range frequency (100 kHz) as
he representatives of the dielectric properties of the compos-
tes, ε′ and tan δ are listed in Table 1. In order to more clearly
how their change with the amounts of HfO2, we also present
he variations of ε′ and tan δ in Fig. 4(a) and (b), respectively.
lso shown in Fig. 4(a) is ε′ of the composites calculated from
ichtenecker’s logarithmic law31: ln ε′ = (1 − x) ln ε′

CCTO +
ln ε′

HfO2
, where ε′

CCTO and ε′
HfO2

are the dielectric constants of
he pure CCTO and HfO2 phases, respectively; and x is the vol-
me percentage (vol%) of HfO2 in the composite. We observe
hat only a few anomalous points, whose HfO2 weight ratios are

etween 1 and 8 wt%, do not fit the Lichtenecker’s law well.
basic assumption of Lichtenecker’s formula is that the spatial

istributions of shapes and orientations of the components in the

o
t
a

ig. 4. (a) ε and (b) tan δ of the samples at 100 kHz, (c) ε of the samples with
, 20, 30, 50, 70, 100 wt% of HfO2 at 100 kHz.

ixture are statistically random. This assumption is not fulfilled
or our composites containing about 1–8 wt% HfO2, as evi-
enced by our SEM observations. Within this weight ratio range,
he CCTO grains have the abnormal grain growth, resulting in

bimodal size distribution.32 Furthermore, the much smaller
fO2 grains tend to occupy preferentially within CCTO grains,

esulting in spatially non-random distributions. Thus these mea-
ured ε′ values do not agree with those calculated. The change
f the dielectric loss in the composites with increasing HfO2 is
lso anomalous within the same range, as shown in Fig. 4(b).

However, after no less HfO2 than 20 wt% is added, the
bnormal growth of the CCTO grains is suppressed, and HfO2
ggregates between the CCTO grains. The CCTO grains are
radually covered by HfO2, constructing a “core–shell” struc-
ure in which an insulating HfO2 barrier layer encloses the
emiconducting CCTO grains. In order to exhibit the character-
stic of the dielectric properties of the samples with high HfO2
eight ratios, we plot their dielectric constant in Fig. 4(c). In

alculating the effective dielectric constant of the composites,
′ values of the two end points are set equal to the measured
alues and the volume percentages are converted (Table 1)
rom the weight percentages using 4.9 g cm−3 for the density

33 −3 34
f CCTO and 9.68 g cm for HfO2. Considering the fact
hat no adjustable parameters were used, the calculated ε′ values
gree very well with the measured ones. We have verified that
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Table 1
Microstructural parameters and dielectric properties of CaCu3Ti4O12-HfO2 composites.

HfO2 (wt%) HfO2 (vol%) Density (g cm−3)a CCTO grain size (�m) HfO2 grain size (�m) ε′ at 100 kHz tan δ at 100 kHz

0 0 4.9 50 Nil 5510.05 0.0932
1 0.51 4.92 6.3 Nil 4157.92 0.0638
2 1.02 4.95 6.5 Nil 4297.74 0.0635
5 2.60 5.02 6.8 1 4413.55 0.0792
8 4.22 5.10 8 1 5217.34 0.0787

20 11.23 5.44 3 1 2446.36 0.1069
30 17.83 5.75 2.8 1 1415.87 0.0632
50 33.61 6.51 1.6 2 918.35 0.0584
70 54.15 7.49 1 2.3 269.34 0.0348
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a Density is calculated using the densities of CCTO33 (4.9 g cm−3) and HfO2

imilarly good agreements between the calculated and measured
′ values of the composites also occur at other frequencies. Licht-
necker’s law has been known to be applicable to composites,
nd its nature has recently been shown to be more fundamen-
al than previously thought.35 Since the dielectric constant of
fO2 is intrinsic and maintains the same value, the agreement

uggests that the dielectric constant of the CCTO phase has to
e the same, too. However, the grain boundary effect does not
xplain the same ε′ value. Based on it, the dielectric constant of
CTO is proportional to the CCTO grain size on the condition

hat the grain-boundary thickness and dielectric constant of the
ulk (or grain) are relatively unchanged with the grain size. For
xample, the SEM studies in Fig. 2 have shown that the CCTO
rains decrease in size from 50 �m for the pure CCTO to 1 �m
or the 70-wt% HfO2 sample, consequently yielding a smaller
ielectric constant for the CCTO in the 70-wt% HfO2 sample.
owever, based on the above argument, the dielectric constant
f CCTO should be unchanged with the decrease in the CCTO
rain size. Therefore, it suggests that the grain boundary effect
oes not play the dominant role in controlling the dielectric con-
tant of CCTO. A more probable explanation is that the domain
oundary effect determines ε′ of CCTO, which implies domain
oundaries have to exist even in micron-sized CCTO grains. The
ata shown here give an indirect evidence of the existence of the
omain boundaries, which we think are the origin of the giant
ielectric constant of CCTO.15–17 This assumption unifies the
rigin of the dielectric constant of CCTO as the domain bound-
ry effect, in both poly-crystals (ceramics) and single crystals. In
rief, when more HfO2 (≥20 wt%) is added, the dielectric con-
tant agrees well with the Lichtenecker’s law (Fig. 4(c)), and the
ielectric loss is reduced (Fig. 4(b)).

. Conclusions

In summary, we have prepared and studied a full range of
CTO–HfO2 composites. With increasing HfO2, the commonly
ccurred abnormal grain growth of the CCTO phase and the
ssociated bimodal grain distribution are gradually suppressed.

he presence of HfO2 also reduces the CCTO grain size from
0 to 1 �m. Despite these changes, the dielectric constant of the
CTO phase remains the same, as inferred from the agreement
etween the measured dielectric constants of the composites and
Nil 9.68 0.0224

68 g cm−3).

hose calculated by Lichtenecker’s law, except in cases where the
rain distributions are far from random. These results suggest
hat it is the domain boundaries rather than the grain boundaries
hat contribute to the giant dielectric constant of polycrystalline
CTO ceramics.
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