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Zn-substituted CaCusTizOq, ceramics were prepared by the sol-gel method. Their microstructures
and electrical properties were investigated. XRD patterns showed that the CaCus_,Zn,Ti4O1, (CCZTO)
(x=0.00, 0.06, 0.10, 0.20) ceramics, after sintering at 1050 °C for 20 h, were single phase with no Cu-rich
phase. SEM results indicated that the samples had smaller grain sizes than those synthesized by tradi-
tional solid-state reaction methods. The dielectric and varistor properties of CCZTO were analyzed by a
precision impedance analyzer and a varistor tester, respectively. According to Debye’s equation, which

g?&vo;?s(;) states that the smaller the leakage current, the smaller the dielectric loss will be in the low-frequency
Sol—ggel e region, we were able to roughly predict the relative value of the dielectric loss at low frequency by
Dielectric properties the leakage current. The best overall properties were obtained for x=0.06 (CaCuy,94Zng06TisO12), which
Varistor has several prospective applications, such as low voltage varistor switchings, gas-sensing devices, and

varistor—capacitor double property devices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of CaCu3TigO1; (CCTO) ceramics by Subra-
manian et al. [1], considerable interest has been generated because
of its very high dielectric constant, which is temperature- and
frequency-independent in a wide range of temperatures near room
temperature [1,2]. Homes et al. [3] have shown that the relative
dielectric constant, ¢, of single crystalline CaCu3Ti4O1; is close to
105 at frequencies below 20 kHz at 250 K. With the miniaturization
of memory devices and the improvement of devices integration,
low-dielectric-constant materials who have low storage density are
gradually becoming less suitable in the development process, and
the electronics industry is in need of more applicable materials.
CCTO is a promising material, and it is being considered as a candi-
date for applications in dynamic random access memory (DRAM) in
very large scale integrated (VLSI) circuits due to its large dielectric
constant [1-4]. Chung et al. have shown that CaCu3TizOq; has an
extremely strong nonlinear coefficient (), which is much greater
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than that of ZnO, a typical varistor material [5]. Owing to these
remarkable properties, CCTO has promising potential applications
in capacitors, varistors, and their composites.

In spite of the wide variety of prospective applications, the
nature and origin of the giant dielectric constant of CCTO ceram-
ics remain controversial. Structural studies have showed that CCTO
maintains a cubic structure without phase transitions down to 35K
[1]. Over the past few years, many theories have been proposed
to describe the origin of the unusually high dielectric constant of
CCTO, such as consideration of internal domains [6,7], the bimodal
grain size model [8], electrode polarization effects [9], and so on.
Among them, the internal barrier layer capacitor (IBLC) model,
which considers CCTO as consisting of semiconducting grains with
insulating grain boundaries [10,11], has been widely accepted. The
nature of the Maxwell-Wagner relaxation in CCTO ceramics is well
known [6].

Typically, the synthesis of CCTO ceramics follows a conventional
solid-state reaction method [12,13]. Such as, Ni and Chen [14] used
the solid-state reaction process to prepare the Zn-substituted CCTO
ceramics. Hutagalung et al. [15] suggested using a new route, in
which Zn-doped CCTO ceramics are produced by modified mechan-
ical alloying technique. Although the process is able to produce high
dielectric constant CCTO, the dielectric loss is relatively high. At
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present, the sol-gel synthesis of CCTO ceramics and films is becom-
ing increasingly popular [16-25]. Elemental substitution which can
often change the crystal structure and electronic structure is a com-
mon method in materials research, it may be used to assist with the
understanding of the origin of giant dielectric constant observed in
CCTO ceramics. Due to the similarity in the size and the electronega-
tivities of Zn and Cu, and in consideration of the homogeneity of the
mixing process, the sol-gel method was adopted in this research
in order to produce CCTO bulk materials with Zn substituted for Cu
in the crystal lattice. Compared with some work on isovalent ion
substitution for CaCu3TizOq, that have been reported [14,15], the
varistor properties, such as nonlinear coefficient, threshold field,
and leakage current of Zn-doped CCTO ceramics have not been
investigated, which also can be used to assist with the under-
standing of the origin of giant dielectric constant. Meanwhile, in
our work, zinc oxide was added to CCTO by the sol-gel method to
improve dielectric loss properties.

2. Experimental procedure

The sol-gel method was used to prepare the powders following a
composition of CaCujz_,Zn,TisO0q2 (CCZTO), for x=0.00, 0.06, 0.10, and
0.20. Calcium nitrate (Ca(CH3COO),-H,0), copper nitrate (Cu(NOs);-3H,0),
Zinc acetate(Zn(CH3CO0),-2H,0)and tetrabutyl titanate (Ti(OC4Hg)s) were
weighed according to the stoichiometric composition. Ca(CH3C00),-H,0 and
Zn(CH3C00),;-2H,0 were dissolved and mixed in distilled water with a small
amount of nitric acid. Cu(NOs);-3H,0 and Ti(OC4Hg)s were both dissolved in
ethanol. The Ca?*, Zn?* and Cu?* precursor solutions were dropped into an acetic
acid-stabilized titanium precursor and homogenized by magnetic stirring for 1h,
after which a blue-green transparent sol was obtained. This sol was allowed to age
for 20 h at room temperature, and then the sol precursor was dried at 150°C in an
oven. Finally, the dried gel was decomposed at 900°C for 10h and pulverized to
obtain the powders (powders labeled ZAOP, ZA1P, ZA2P, and ZA3P, respectively,
for x=0, 0.1, 0.2, 0.3, and 0.4). The calcined powders were then pressed into disks
of 12mm in diameter and 1.5 mm in thickness at a die pressure of 12 MPa. These
disks were sintered in air at 1050°C for 20h (disks labeled ZAO, ZA1, ZA2, and
ZA3, respectively, for x=0, 0.1, 0.2, 0.3, and 0.4). The ramp rate was 5 °C/min. The
ceramics were allowed to cool inside the furnace. Fig. 1 shows a flow chart of the
bulk of CCZTO processing.

For the characterization of electrical properties, the silver paste was coated on
both faces of samples and the silver electrodes were formed by heating at 600°C
for 10 min. The silver electrodes were a 5-mm diameter. The voltage-current (V-I)
characteristics were measured using a V-I source/measure unit (CJP CJ1001). The
nominal varistor voltages (V) at 0.1 and 1.0 mA were measured [26-29] and the
threshold field V¢ (V/mm) (Vr=Vn(1mA)/d; d is the thickness of the sample in
mm).The leakage current (I.) was measured at 0.75 Vy (1 mA). The measurement
accuracy for voltage was +0.5% and for electric current £2%. In addition, the non-
linear coefficient  (a=1/10g(V1.0 ma/Vo.1 ma)) were determined with relative error
of +5% [27-34]. The dielectric characteristics, such as the apparent dielectric con-
stant (¢) and dissipation factor (tan §) at different frequencies were measured by
an Agilent HP4294A impedance analyzer. The crystalline phases were identified by
X-ray diffraction (XRD, Rigaku D/max 2500, Japan) analysis with Cu Ko radiation.
The microstructures were evaluated by scanning electron microscopy (SEM, JEOL
JSM-7001F) on the fractured surfaces.

3. Results and discussion

Fig. 2 shows the X-ray diffraction patterns of the CCZTO powders
after calcining at 900°C for 10 h. Compared to the major peaks of
the CCTO spectrum, as found in the Powder Diffraction File database
(PDF 21-0140), the diffraction peaks for the powders show that
the CCTO phase formed, but a substantial portion of secondary
phases (CaTiO3, CuO and TiO,) were also produced. The XRD pat-
terns for the bulk CCZTO sintered at 1050 °Cin air for 20 h are shown
in Fig. 3. Similarities between the sintered and standard diffrac-
tion patterns suggest that the compounds are a single-phase CCTO
structure. No secondary phases containing ZnO were detected up
to x=0.20, because XRD is not sensitive to concentrations under
0.5 wt.% [26-28,34-36]. The Zn ions were most likely substituted
in Cu lattice sites [14]. These two occurrences are attributed to the
lack of ZnO phases found in the CCZTO XRD spectra.
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Fig. 1. Flow chart for the fabrication of CCZTO.

In Fig. 4, the SEM micrographs of newly fractured surfaces from
the post-sintering samples are given. These images show that all
the samples had a relatively homogeneous microstructure. There
are no secondary phases observed in the undoped CaCusTizO13,
such as a Cu-rich precipitate composition, as is often reported in
the literature [13,37], and these are in line with the XRD anal-
ysis. The same average grain sizes were observed in samples of
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Fig. 2. XRD patterns for the calcined CaCus_,Zn,Ti4O12 (x=0.00, 0.06, 0.10, 0.20)
powders.
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Fig. 3. XRD patterns of CaCusz_,Zn,Ti4O12 (x=0.00, 0.06, 0.10, 0.20) ceramics sin-
tered at 1050°C in air for 20 h.

CaCus3TigzO15 (the x=0.00 sample), CaCuy gZng 1 Tig012 (the x=0.10
sample), and CaCu, gZng,TizO1; (the x=0.20 sample), which were
approximately 2 pm. CaCupg4ZngoTigO12 (the x=0.06 sample)
showed larger-sized grains (approximately 4 wm). In comparison
to traditional solid-state reaction methods [13,37,38], smaller grain
sizes can be obtained from samples which are synthesized by our
sol-gel method.

Some slight differences can be observed in the micrographs.
Some small white dots can be observed in the CaCu, gZng 1TizO13
and CaCu;gZng,Tiz01, images, which were not observed in the
CaCus3TizO12 and CaCuyg4ZngggTig012 samples. According to the
previous work [14], we believe that the small white dots are ZnO.
With a small concentration of Zn (x=0.06), the Zn ions will enter
the lattice sites for Cu, and ZnO will form solid solution with CCTO;
this helped promote grain growth and led to the larger grains in
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Fig. 5. Nonlinear E-J behaviors of CaCus_,Zn,Ti4O12 (x=0.00, 0.06, 0.10, 0.20)
ceramics.

CaCuy g94Zng g Tig0152. Because ZnO has a limited solubility in CCTO,
and the amount of Zn ions that can replace Cu in the lattice is also
finite [14,15], the surplus Zn ions may separate into extremely small
crystals at the grain boundaries in the form of ZnO. Because of the
higher melting point, the precipitated ZnO grains will result in grain
boundary pinning and impede the growth of the CCTO grains.

Fig. 5 shows the electric field (E) versus current density (J) plots
obtained for the samples. Due to the limitations of the experimen-
tal setup, when the voltages exceeded the breakdown values, the
current values were not in compliance at 2 mA. Obviously, a strong
nonlinear relationship between E and J is exhibited for all sam-
ples. The nonlinear coefficient values at room temperature were
calculated for a current range of 0.1-1.0 mA for all samples, and
can be found in Table 1. It was found that when x=0.06, the highest

Fig. 4. SEM images of the newly fractured surfaces of CaCus _4Zn,TizO12 ceramics with (a) ZAO, (b) ZA1, (c) ZA2, and (d) ZA3.
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Table 1
Nonlinear coefficient («), threshold field (Vr), and leakage current (I.) of
CaCus _»Zn,Tig04; (x=0.00, 0.06, 0.10, 0.20) ceramics.

Samples o Vr (V/mm) I (MA)
x=0.00 44 950 302
x=0.06 6.4 76 162
x=0.10 5.0 1220 175
x=0.20 4.5 528 264

nonlinear coefficient (o = 6.4) was observed. With the addition of a
small amount of Zn, there is a sudden improvement in the nonlinear
coefficient, but with increasing concentrations, the nonlinear coef-
ficient decreases. The threshold field (V1) and leakage current (Ip)
of the samples are also shown in Table 1. The CaCu;94Zng 0gTi4012
showed the lowest threshold field and leakage current. Based on
previous studies [39], the varistor capacitor characteristics in CCTO
ceramics are associated with the grain boundary regions and cor-
related to the barrier height. We consider that a better insulativity
of grain boundary and better electrical conductivity of gain can be
obtained with bits of Zn (x =0.06) substituting for Cu. This impurity
helped improve the barrier height, such that CaCuyg4ZngggTizO12
had the highest nonlinear coefficient, «, and the lowest leakage
current, I, among all the samples.

The frequency dependence of the dielectric constants (&;) and
the dielectric loss factors (tand) at room temperature for the sam-
ples are shown in Fig. 6. It can be seen that the sample with x=0.06
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Fig. 6. Frequency dependence of (a) dielectric constants and (b) dielectric loss in
CaCus _Zn,Tig01, ceramics measured at room temperature.

has a much greater ¢, than other samples at frequencies below
10° Hz, after which a rapid reduction can be observed. Whereas the
&r of the samples with x=0.00, x=0.10 and x=0.20 remain almost
unchanged, implying a good frequency stability, they are much
smaller than that of CaCu; g4Zng ggTizO012 (Where x=0.06). Accord-
ing to the literature [40], the dielectric constant of CaCu3TizO1; is
closely related to its grain size, and larger grains result in higher
dielectric constants for CaCu3TigOq;. Our results lead to the same
conclusion, whereby with larger grain sizes, a larger dielectric
constant was observed for the CaCujg4ZngogTigO12 case. With
the internal barrier layer capacitor (IBLC) model [10,11,41], these
results can be easily understood, as a greater amount of crystal
defects are able to exist in larger grains than that in smaller ones.
This allows for more internal barrier layers. The high dielectric con-
stant of CCTO arises from the internal barrier layer capacitors, so a
similar dielectric constant can be seen at every frequency for the
samples where x=0.00,x=0.10, and x = 0.20 because of their similar
grain sizes. In the low-frequency region, the CaCu; 94ZnggsTizO12
has the lowest dielectric loss factor (0.0987 at 103 Hz), and a large
increase in the loss factor occurs at frequencies greater than 10° Hz.
According to Debye’s equation:

(&rs — Ero0)T

tanf = 5
Ers + Eroo®? T

where tanf is the polarization loss, &, is the static dielectric
constant, €« is the optical dielectric constant, w is the angular fre-
quency, and  is the relaxation time. When the frequency is low, @
converges to zero and tand is very small (also converges to zero).
In the low-frequency region, the loss (tand) is mainly caused by the
leakage current. With this information, we see that the smaller the
leakage current, the smaller the dielectric loss at low frequency that
can be obtained when other factors are ignored. Correlating Fig. 6
with Table 1, not including CaCu; 9Zng 1 Ti4O1, (the sample where
x=0.10), all the samples are in accord with this law. There must
be some other significant factors influencing the dielectric loss in
CaCu; 9Zng 1Ti401;, which require a further research.

4. Conclusions

Synthesis of CCZTO by the sol-gel method was per-
formed using precursors of Ca(CH3COO),-H,0, Cu(NO3),-3H,0,
Zn(CH3C00),-2H,0, and Ti(OC4Hg)4. XRD analysis indicated that
the samples consisted of a single phase, with no secondary
phases. From SEM observations, we found that some ZnO grains
appeared on the grain boundaries in CaCu;9Zng;TizO12 and
CaCu; gZng>Tig012, which led to grain confinement in the CCTO.
Furthermore, along with the dielectric measurements, previous
reports of larger grain sizes resulting in higher dielectric con-
stant for CaCusTizO1, were verified. Overall, it was found that
CaCuy.94Zng pTigO12 (the sample with x=0.06) had the best prop-
erties, with the highest nonlinear coefficient, the lowest threshold
field, a high dielectric constant, and a low dielectric loss factor
at frequencies below 10° Hz. These properties make it a candi-
date for applications in low voltage varistor switchings, gas-sensing
devices, and varistor—capacitor double property devices. To widen
its application area, further studies are needed to increase its non-
linear coefficient, to stabilize the dielectric constant, and to reduce
the dielectric loss factor in the high-frequency region.
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