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Abstract: Dielectric properties and varistor performance of sol—gel prepared Ni-doped calcium copper titanate ceramics
(CaCu;3Ni, TigO104y, x=0, 0.1, 0.2, 0.3) were investigated. SEM and XRD were used in the microstructural studies of the specimens
and the electrical properties were investigated for varistors. XRD patterns show that the CCTO ceramics were single phase with no
Cu-rich phase. SEM results indicated that the samples had smaller grain sizes than those synthesized by traditional solid-state
reaction methods. The experimental results show that the highest dielectric constant and lower dielectric loss occur when x=0.2.
When x=0.3, the lowest leakage current is obtained and the maximum value reaches 0.295; meanwhile, the lowest threshold voltage
and nonlinear coefficient are found, the minimum values of them are 1326 V/mm and 3.1, respectively.
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1 Introduction

The perovskite titanate CaCu;Ti;O1, (CCTO) has
generated ever-increasing attention because of its high
dielectric constant (~10%) and weak temperature
dependence between 100 K and 400 K without any
structural phase transition [1—5]. Such unusual physical
features make it a promising material for
microelectronics including capacitors and memory
devices. It was reported by HOMES et al [6] that the
relative dielectric constant ¢, of single crystalline CCTO
is close to 10° at frequency below 20 kHz when the
temperature is 250 K. Giant dielectric constant has been

ascribed to barrier layer formation at grain boundaries or
due to formation of twin boundaries [3—5, 7—9], whereas,
some researchers attributed it to local dipole moments
associated with off center displacement of Ti ions [10].
So far there is still some dispute on the mechanism of the
giant dielectric constant.

Besides the giant dielectric properties, CCTO has
also been provided with the non-ohmic response.
CHUNG et al [11] discovered that the bulk CCTO
ceramics showed nonlinear current-voltage characteristics
and the nonlinear coefficient was about 900, which was
much greater than that of conventional ZnO wvaristor.
Atomic force microscopy revealed the presence of
an intrinsic electrostatic potential barrier at the grain
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boundaries that is considered to be responsible for the
varistor properties [11]. This outstanding -electrical
performance is quite unusual since CCTO exhibits a
body centered cubic perovskite structure with slightly
tilted [TiOg] octahedra facing each other, in other words,
the compound is not ferroelectric. Compared to the
traditional methods , the sol-gel method has many
advantages, such as simple process, preparation process,
no pollution, low energy consumption, may obtain higher
degree (molecular scale) uniformity.

Doping is the common means in materials research.
The electrical properties can be greatly affected by
appropriate doping and elements substitution [12,13].
According to the reports [14], NiO is also high dielectric
material, and the reports about Ni-doped CCTO ceramics
have been seen. So in this work, sol-gel process is used
to fabricate the Ni-doped CCTO ceramics. And the
influences of the Ni amount on the microstructure and
dielectric properties of CCTO have been investigated.

2 Experimental procedure

The sol-gel method was used to prepare the
powders following the composition of CaCu;Ni, Ti4O154,,
for x=0, 0.1, 0.2, 0.3 (sample labeled ZB0, ZB1, ZB2,
ZB3 respectively). The reagent-grade raw materials were
calcium acetate [Ca(CH;COO),-H,0], copper nitrate

[Cu(NO3),'3H,0], NiNO, and tetrabutyl titanate
[Ti(OC4Hy)4]. Firstly, an appropriate amount of
Ca(CH3COO)2‘H20, Cu(NO3)2‘3H20, N1N02 and

Ti(OC4Hy), in the stoichiometric ratio were dissolved in
ethanol separately with some glacial acetic acid.
Secondly, proper amount of deionized water and little
nitric acid were added when the sol was stirred. After
continual stirring for about 20 min, a cyan precursor sol
was obtained. And then, after aging for 24 h at 50 °C, the
gel precursor was dried at 150 °C in a drier. Finally, the
dried gel was decomposed at 900 °C for 8§ h to obtain the
CCNTO powders. Then the obtained powders were
ground with polyvinyl alcohol solution (PVA) and
compacted into pellets that were 12 mm in diameter and
about 1.5 mm in thickness. The samples were sintered in
air at 1050 °C for 16 h. For the characterization of DC
current-voltage, 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 electrodes were 5 mm
in diameter.

The voltage—current (V—[) characteristics were
measured using a V'—I source/measure unit (CJP CJ1001).
The nominal varistor voltages (Vy) at 0.1 and 1.0 mA
were measured [4, 15—21] and the threshold voltage Vr
(V/mm). Vi=Vy /d, where, d is the thickness of the
sample (mm); VY is the nominal varistor voltage at 1

mA. The leakage current (/) was measured at 0.75Vy (1
mA). The measurement accuracy for voltage was +0.5%
and for electric current £2%. In addition, the nonlinear
coefficient o values (a=1/1g(V1/V,), V) and V, are the
voltages at 1.0 mA and 0.1 mA, respectively) were
determined with relative error of £5% [16—18, 21—-27].
The crystalline phases were identified by an X-ray
diffraction (XRD, Rigaku D/max 2500, Japan) using a
Cu K, radiation. The dielectric characteristics, such as
the apparent dielectric constant (¢) and dissipation factor
(tan o) at different frequencies were measured by an
HP4294A impedance analyzer (Agilent).

3 Results and discussion

Figure 1 shows XRD patterns of various Ni-doped
CCTO varistors. These patterns are essentially similar to
that of undoped CCTO ceramic. The XRD data were
indexed on the basis of a cubic unit cell similar to CCTO.
Moreover, no secondary phases containing Ni are
detected up to x=0.30, because XRD is not sensitive to
concentrations under 0.5% (mass fraction) [12—14, 20],
which confirm the good crystallinity of these samples.
The XRD peaks intensify with the increasing of Ni
which
promotes the formation of the main crystalline phase of
CCTO ceramic.

doping concentration, suggest that dopant
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Fig. 1 XRD npatterns of various Ni-doped CCTO varistors
sintered at 1050 °C in air for 16 h: (a) ZBO0; (b) ZBI; (c) ZB2;
(d) ZB3

The SEM images of the samples are shown in Fig. 2.
It is clear that the samples have porous structures. There
are no secondary phases observed in the undoped
CaCu;TiyOy,, such as a Cu-rich precipitate composition,
as is often reported in the Refs. [28,29], and these are in
accordance with the XRD analysis. The same average
grain sizes were approximately 2 pm. In comparison to
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traditional solid-state reaction methods [24,28,29],
smaller grain sizes can be obtained from samples which
are synthesized by the sol-gel method. In previous work
[3], the grain size decreased obviously with increase of
amount of dopant. However, such an obvious change
trend of the grain size can’t be acquired in this work.
Even so, it could not be ignored that the Ni doping is
helpful to increase the uniformity of CCTO samples. The
grain size of sample ZB3 is more homogeneous than that
of other samples. Moreover, some small white dots can
be observed in the sample ZB3 (x=0.3) image, which are
not observed in the samples ZB1 and ZB2. We believe
that the small white dots are Ni doping.

Figure 3 illustrates the dielectric constant and
dielectric loss with frequency from 100 Hz to 30 MHz at

) ] i /'

room temperature. The ¢, of the pure CCTO is about
1700 at 1 kHz which is close to that reported by some
reports [27—29]. But it is much less than that reported in
some other papers [30]. We consider the powders
decomposed from the dried gel are smaller than that
obtained from solid-state reaction. More cavities will be
produced in the samples without the PVA addition. Thus,
smaller grain will be obtained for that the pores impede
the growth of the grain. According to the previous work
[3], the larger grain size will help to obtain a higher
dielectric constant. The reason of the relatively small
dielectric constant can be easily understood. The
dielectric constant decreases as the frequency increases.
In addition, sample ZB2 has the highest dielectric
constant among these samples, while other samples have

Fig. 2 SEM images of fracture of samples: (a) ZBO0; (b) ZB1; (c) ZB2; (d) ZB3
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Fig. 3 Frequency dependence of dielectric constant (¢,) and dielectric loss (tan §) at room temperature
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the similar dielectric constant. As Ni content increases,
the dielectric loss tends to decrease in the low frequency
region and increase in the high frequency region. Lower
dielectric loss can be observed in samples ZB2 and ZB3.
Obviously, the highest dielectric constant and lower
dielectric loss occur when x=0.2, that is to say, sample
ZB2 has better dielectric property.

XPS analysis was carried out to investigate the
valence states of ions in CCTO ceramics [31]. Figure 4
shows the XPS spectra of Ols, Ca 2p, Ti 2p and Cu 2p.
The shift of core-level spectra due to charging effect was
calibrated using the contaminated C 1s peak located at
285 eV. As seen from Fig. 4(a), Ols peak can be spitted
into two peaks, one is due to Cu—"O0 bonds and the other
is due to Ca—O bonds [32]. It is revealed that presence
of calcium in +2 oxidation state is clear from the shape,
the symmetry of the peak and the bonding energy of Ca
2p in Fig. 4(b) [33]. Fig. 4(c) shows the XPS pattern of
Ti 2p. Titanium is in the +4 state, which is evident from
the shape, the symmetry of the peak and the bonding
energy of Ti 2p. Copper exists mostly in the +2 oxidation

that some copper exists in +1 state. The presence of most
copper in +2 oxidation states is evidenced from the
bonding energy of the 2p;, level and also the peak of
O 1sin Fig. 4(a).

As seen from Table 1, Ni doping shows remarkable
influences on the nonlinear current-voltage properties of
CCTO samples. As the Ni doping increases, the leakage
current increases firstly and then decreases, while
nonlinear coefficient and threshold voltage present an
opposite tendency. When x=0.1, the highest leakage
current is obtained and the maximum value reaches 0.43;
meanwhile, the lowest threshold voltage and nonlinear
coefficient are found, the minimum values of them are
119 V/mm and 2.2, respectively. Sample ZB3 displays
good synthetical properties which has the lowest leakage
current, and shows better nonlinear V—I characteristics
than other samples. It can be accounted for that the Ni
doping increases CCTO grain boundary barrier, leading
to nonlinear coefficient and threshold voltage rising up
current electrical

and leakage reducing. The

characteristics of the varistor ceramics are at their best

state observed from Fig. 4(d), and sample ZB2 illustrates when x=0.3.
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Fig. 4 X-ray photoelectron spectroscopy spectra of CCTO ceramics: (a) O 1s regions; (b) Ca 2p regions; (c¢) Ti 2p regions; (d) Cu 2p

regions
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Table 1 Electrical properties of Ni-doped CCTO ceramics

Leakage Nonlinear  Threshold voltage/
Sample . -1
current/mA  coefficient (V:mm )
ZB0 0.397 2.4 234
ZBl1 0.430 2.2 119
ZB2 0.387 3.1 661
ZB3 0.295 3.1 1326

4 Conclusions

1) The CaCu3Ni,TiyOp+, (x=0, 0.1, 0.2, 0.3)
ceramics can be prepared by the sol-gel method. XRD
patterns show that there is only one phase (CCTO phase)
in different samples, along with dopant promotes the
formation of the main crystalline phase of CCTO
ceramic. SEM results reveal that the same average grain
sizes of samples were approximately 2 um, which are
much smaller than that synthesized by the traditional
solid-state reaction methods. And Ni doping is helpful to
increase the uniformity of CCTO samples.

2) The electrical measurements demonstrate that the
CaCu;Nig,Ti4O1, (the sample with x=0.2) has the best
dielectric property due to its highest dielectric constant
and lower dielectric loss. The CaCu;Nip;Ti4Opp5 (the
sample with x=0.3) displays good varistor properties,
which can be accounted for that the Ni doping increases
CCTO grain boundary barrier, leading to nonlinear
coefficient and threshold voltage rising up and leakage
current reducing.
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