J Mater Sci: Mater Electron (2016) 27:10336—-10341
DOI 10.1007/s10854-016-5118-9

CrossMark

@

Effect of Ba®* doping on microstructure and electric properties
of calcium copper titanate (CaCuzTizO,,) ceramics

Shuang Wu' - Pei Liu"? - Yuanming Lai'” - Weiming Guan' - Zihan Huang' -

Jiao Han' - Yao Xiang' - Wei Yi' - Yiming Zeng!'

Received: 21 April 2016/ Accepted: 1 June 2016 /Published online: 8 June 2016

© Springer Science+Business Media New York 2016

Abstract The Ba’*" doped ceramics of Ca;_,Ba,Cu;Tiy
0, (x = 0.005, 0.01, 0.03, 0.05 and 0.1) were sintered via
conventional solid-state reaction at 1050 °C for 8 h in air.
The microstructure and electric properties of Ba®" doping
ceramics were investigated. The lattice parameters of
Ca;_,Ba,CusTi4O1» (CBCTO) ceramics decreased with
the Ba>™ doping, and Ba, 5, TigO,4 as secondary phase was
confirmed at x = 0.1. The doping of Ba®" resulted in
uniformly distribution of small size grain (~4 pm). All the
doped samples showed lower value of dielectric constant
than CaCu;Ti4O1, (CCTO), due to low resistivity of the
grain boundary with the Ba®>" doped samples. The non-
linear coefficient and breakdown field were significantly
enhanced by Ba®" doping.

1 Introduction

Since the giant dielectric properties of CCTO were found by
Subramanian et al. in 2000, researchers paid lots of attentions
on CCTO for its giant dielectric constant (over 10°) and
temperature-independent stability in a wide range from 100
to 600 K [1-5]. The higher dielectric constant means the
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smaller size of electronics items we can have. So CCTO
could be used to develop the new generation of multilayer
ceramic capacitors. However, the dielectric constant of
CCTO is greatly different from the calculated value
(e, = 49) by first-principles method [6], the origin of giant
dielectric response for CCTO was still unclear. The internal
barrier layer capacitor (IBLC) model was wildly accepted to
explain the anomaly of calculation and experiment.
According to this model, grain boundaries which have larger
resistivity than grains act as internal charge transport barriers
along the electrical current percolation path and induce the
high capacity [7, 8], which maybe the main reason to gen-
erate giant dielectric constant.

Usually, the high dielectric constant of CCTO accom-
panies a high dielectric loss [9-11]. By now, the high
dielectric loss is the most serious problems preventing the
use of CCTO in capacitor applications, many researchers
devote to improve dielectric properties for applications.
According to the IBLC model, the dielectric properties of
CCTO were sensitive to the microstructure. Such as grain
size, vacancies, second phase and etc. would seriously
affect the electrical properties of grains and grain bound-
aries. Thus, doping was a useful method to modify the
microstructure, which can improve the dielectric properties
of CCTO ceramics in various degrees. For example, the
grain size became larger with the increment of Mg*"
dopant concentration, which resulted in the increase of
dielectric constant and the nonlinear coefficient [12, 13].
Singh [14-18] provided a sol-gel method to prepare Zn>"
doped CCTO ceramics with relatively low dielectric loss.
The grains of Zn>* doped CCTO samples were small and
homogeneous, but these samples still had higher dielectric
constant than un-doped CCTO. The electron concentration
of CCTO/AL,O5 ceramic could be controlled by Al**, and
the change of resistivity of grains/grain boundaries could
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improve the dielectric properties obviously. [19]. Numer-
ous studies with CCTO showed that doping could influence
the microstructure, electrical properties of grains/grain
boundaries, dielectric response and nonlinear current—
voltage characteristics of CCTO ceramics. Such a sys-
tematic investigation will provide more understanding of
the origin mechanism of giant dielectric response in CCTO
ceramics.

Up to now, the effect of Ba®>" doping on microstructure
and dielectric properties of CCTO ceramics were rarely
reported. In this work, the effect of the Ba®" doping in
microstructure, dielectric properties, complex impedance
and nonlinear I-V characteristic of CCTO was investi-
gated. Moreover, considering the mechanisms involved in
the IBLC model, the effect of Ba>™ doping were discussed.

2 Experimental

Analytical-grade CaCOj3; (99 %, Sinopharm), CuO (99 %,
Sinopharm), TiO, (99 %, Aladdin) and BaCO5; (99 %,
Sinopharm) were used as the starting materials for syn-
thesizing CBCTO ceramics. All starting materials were
mixed in a planetary ball mill for 4 h with agate balls using
deionized water as dispersant. The perovskite related
CBCTO phase was formed at 950 °C for 4 h by conven-
tional solid-state reaction. Then calcined CBCTO was
milled for 4 h again and sieved through 600 meshes. The
dry power was pressed into disks of a half inch in diameter
and 2.5 mm in thickness under 20 MPa by using 5 wt% of
PVA as organic binders. The disks were sintered at
1050 °C for 8 h, then polished and coated with Ag
electrode.

XRD (Panalytical X-ray diffractometer) was performed
using CuKoy radiation (A = 1.5406) to study the effect of
structure with different composition in range of 10-80°
with step of 0.03°. The microstructure was observed by a
field-emission scanning electron microscope (FE-SEM,
ZEISS). The dielectric characterization was performed by
precision impedance analyzer (Agilent 4294A). The cur-
rent—voltage (I-V) behavior was obtained by using Radiant
609B and direct current power (Precision 10 kV HVI-SC
high-voltage). The densities of calcined powder were
measured by Micromeritics AccuPyc II 1340 TEC, and the
densities of sintered samples were measured using Archi-
medes’ Principle.

3 Result and discussion
Figure 1 shows the XRD patterns of CBCTO powders. The

diffraction data obtained for all the samples could be
indexed to a body-centered cubic perovskite related
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Fig. 1 XRD patterns of references and the CCTO ceramics with
different composition of x =0, x = 0.005, x = 0.01, x = 0.03,
x = 0.05 and x = 0.1

structure of space group Im3 at room temperature and the
major peaks correspond to CCTO phase (JCPDS No.
75-2188). The lattice parameters of samples for x = O,
0.005, 0.01, 0.03, 0.05 and 0.1 were calculated by
HighScore plus. The values were found to be 7.3927,
7.3887, 7.3887, 7.3916, 7.3899 and 7.3905 A, respectively.
The lattice parameter of CCTO was bigger than the values
of doped samples. The reported structure of CCTO is cubic
perovskite with lattice parameter of 7.391 A [5]. And the
octahedral TiOg tilted to a square planar arrangement
around Cu, results a small deviation of the O-Ti—O angles
from 90° and Ca-O = 2.604 A which is less than the
2.72 A based on the ionic radii [20]. As the radius of Ba?t
(1.42 A) is larger than Ca®>* (1.12 A), Ba>* is hard to
replace Ca®". In addition, the content of Ca®" was
decreased for substitution. The absence of Ca®" caused the
decreased of the lattice parameters. Moreover, an obvious
secondary phase (Ba;3TigO6, 5 % semi-quantitative)
were observed at x = 0.1. It illustrates that the solid sol-
ubility of Ba?" is limited and then the redundant Ba®"
interacted with Ti*" and O~ to form the secondary phase.

Figure 2a—g shows FE-SEM images of fractured surface
of all the samples, respectively. From Fig. 2a, the grain
sizes of CCTO are composed with huge grains (more than
100 um) and small particles (about 2 pm), and the grain—
grain junctions by fracture can be noted. This microstruc-
ture of bimodal distribution is similar with the other reports
[21]. Small holes can be noted on the huge grains, which
can be attributed to the boundaries moving together during
grain growing [22]. However, the CBCTO samples exhibit
homogeneous grains in Fig. 2c—g. The grain size of
CBCTO ceramics range from 1 to 8 um and the poly-
gonous grains are formed. Commonly, the sintering pro-
cessing of CCTO is that the grain grown up while the Cu-
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Fig. 2 SEM micrographs of CCTO ceramics with x = 0 (a and b), x = 0.005 (¢), x = 0.01 (d), x = 0.03 (e), x = 0.05 (f), x = 0.1 (g) and
relative densities (h)

rich intergranular phase is formed at the grain—grain  According to this grain-growing mechanism, the Ba®"
junctions to form liquid phase sintering, and then Cu come  doping might restrain the forming of Cu-rich intergranular
back to the lattice during the cooling processing [23-26].  phase, and impede the movement of grain boundary. This
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phenomenon is similar with APT grafted CCTO [19] and
Cu-deficient CCTO [27]. In addition, it also can be seen in
XRD patterns that small crests of secondary phases
appearance after Ba>" doping. The existence of secondary
phases may also impede the movement of grain boundary.
Therefore, the addition of Ba®" inhibited grain grown and
led to decreasing the grain size of CCTO, meanwhile,
avoided the formation of holes too. The relative densities
of samples were shown in Fig. 2h. The relative densities of
CBCTO samples were higher than CCTO sample. It is
revealed that the microstructural densification of CCTO
ceramic increases with the decrease of hole-rate.

The frequency dependence of dielectric constant (&) and
dielectric loss (tand) at room temperature for the samples are
shown in Fig. 3. It can be seen that the sample of CCTO had a
much greater € than other doped samples in a widely range of
frequency. As many studies reported, the microstructure of
CCTO which had the bimodal distribute of grain size was
contributed to the giant dielectric constant of CCTO [28].
However, the doped samples have a homogeneous grain size
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Fig. 3 Frequency dependence of dielectric constant (a) and dielectric
loss (b) of CCTO ceramics

about 4 pum, which cause the decrease of dielectric constant.
It also can be observed that all the € turn to decrease at
frequency about 10° Hz. The & of CCTO rapidly decreased
from 10* to 10 in frequency range 10° Hz to 10® Hz, while
that of doped samples slowly decreased from 10% to 50. The
results suggest that the CBCTO samples present better fre-
quency stability than CCTO sample, which may be caused
both the doping of Ba®" and the grain size. The variation
tendencies of dielectric loss with frequency for the samples
are presented in Fig. 3b. The dielectric loss of doped samples
did not change much from the value of CCTO sample.
According the widely accepted IBLC model, the dielectric
loss before 10° mainly originates from the leakage current of
insulating barriers at grain boundaries [29]. As the result of
the changing of the microstructure and the existing of sec-
ondary phases, the dielectric loss was not improved by Ba®"
doping.

Impedance and modulus analysis separates the contribu-
tions of the grains and grain boundaries for the total observed
resistance and capacitance of the samples, respectively.
Typical complex plane impedance plot obtained for all
samples are shown in Fig. 4a. The data for the impedance
spectra are modeled by an ideal equivalent circuit consisting
of two parallel RC components [30]. It should be noted that
the resistance of grains (R,) increased and the resistance of
grain-boundaries (Ry,) decreased after Ba?" doping. As
mentioned before, Ba®" doping might influence the pro-
cessing of grain-growing. The deviation of stoichiometry
might cause these changes of resistance. As shown in
Fig. 4b, the Ry, value of samples was greatly reduced after
Ba®" doping. This result might be one reason for lower
dielectric constant of Ba>" doped samples as compared to
undoped CCTO. It was similar to the phenomenon observed
in Nb>" and Ta’" doped CCTO ceramics [23, 31], which
means Rg, is sensitive to substitution. The R, value was
increased from 190 to 280 €, which was larger than the value
of CCTO sample. However, the change tendency of electric
properties with Ba>" doping content did not present regu-
larity. Moreover, the small grains of doped samples meant
that the ratio of grain boundaries increased, but the resistance
reduced. According to the IBLC model, the grain boundary
as the internal charge transport barrier mightily influenced
the properties of CCTO.

All the samples present good nonlinear current—voltage
(I-V) behavior and good electrical breakdown field (Ey)
from Fig. 5. The E,, values of the x = 0, 0.005, 0.01, 0.03,
0.05 and 0.1 samples were 1.5, 7.4, 5.8, 22.4, 2.76 and 8
kV/cm, respectively. The coefficient of nonlinearity was

calculated by the equation as follow [32]:
I = KV* (1)

where K is a constant related to the electrical resistivity of
the material. And o was the nonlinear coefficient which
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Fig. 4 Impedance complex plane plot (a) and resistance of
grain/grain boundary (b) of CCTO ceramics
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Fig. 5 Current-voltage characteristics of CCTO ceramics

was calculated in the range of J = 107*-10~> A/cm?®. The
o and Ey, values of Ba>™ doped CCTO and the values from
other studies were listed in table 1. Compare with the
results of them, Ba2+ doping could significantly enhance
the breakdown field of CCTO. The variations of o and E,
should be associated with the grain boundaries. On one

@ Springer

Table 1 Nonlinear coefficient (o) and breakdown field (E,) of CCTO

ceramics
sample o Ey
Ca,_,Ba,Cu;Ti;O,
x=0 2.56 1.5
x = 0.005 1.5 7.4
x = 0.01 1.54 5.8
x = 0.03 4.17 224
x = 0.05 14.81 2.76
x =0.1 1.71 8
CCTO [33] 5.85 3.27
CCTO-Y [34] 1.98 0.99
CCTO-La [34] 1.67 0.89
CCTO-Eu [34] 2.56 6.41
CCTO-Gd [34] 2.38 4.56
CCTO-NiO [35] 3.66 0.32
CCTO-SnO, [35] 3.77 0.49
CCTO-SiO, [35] 2.75 0.3
CCTO-AlLO;3 [35] 3.74 1.39

hand, Ba’" doping decreased the resistance of grain
boundary. The o and Ej, should be lower than the value of
pure CCTO. On the other hand, small grain size meant
more grain boundary in samples. The doped samples
should have better o and E, than CCTO. The combined
action of grain size and electric properties of grain
boundary caused that Ba>™ doped samples which still had
good nonlinear I-V behavior with obviously fluctuation
data of o and E,,.

4 Conclusion

Ca;_,Ba,Cu;3TizO1, (CBCTO) ceramics were prepared by
two-step solid state reaction method. The results showed
that little amount of secondary phases were existed in
CBCTO ceramics from the XRD analysis. The dielectric
constant of the samples decreased with Ba®™" substitution,
but exhibited better frequency dependence stability than
CCTO sample. As the result of Ba’" doping, grains
showed small and homogeneous microstructure, and the
resistance of grain-boundary decreased. The combined
action of the change of resistance and grain size caused the
decrease of dielectric constant. In this regard, the present
results suggest that Ba®" can be used to regulate and
control the microstructure and the properties of CCTO.
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