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Abstract

CaCu;TiyO;, precursor powders were synthesized by the sol-gel process. The optimized processing parameters for the synthesis of precursor
powders were as follows: the Ti concentration was 0.60 mol/L, the pH value of the sol was 1.58, and the aging time of the sol was 6 h. After
sintering at 1100 °C for 15 h, the CCTO ceramics with the highest density and fine-grained microstructure were obtained, exhibiting outstanding
dielectric properties: £'~3.50 x 10* and tan §=0.014 (at 1 kHz). The low dielectric loss was attributed to the highest grain boundary resistance
which significantly reduced the leakage current across grain boundaries. A broad dielectric relaxation peak was observed around 300 °C. The
complex impedance spectroscopy analysis suggested that the obtained CaCu3TisO,, ceramics were electrically heterogeneous, consisting of
semiconducting grains and insulating grain boundaries. The calculated grain boundary resistance and grain resistance were 0.87 M and 3.50 Q,

respectively.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

With the miniaturization of the microelectronic devices such
as dynamic random access memory (DRAM) and multi-layer
ceramic capacitors (MLCC) [1], high dielectric constant
materials with good temperature stability and low dielectric
loss are in high demand. In the last few decades, CaCu3Ti4O1,
(CCTO) system has attracted much interest because of its high
and nearly temperature independent dielectric constant (~10%—
105) in a wide temperature range from 100 to 600 K [2-5].
Unfortunately, the high dielectric loss (tan 6 > 0.05 at 1 kHz)
of CCTO has inevitably limited its practical applications [6,7].
A lot of work has been carried out to solve this large tan o
problem. The results showed that this problem was very
challenging [8—11].

As one of the wet chemical methods, sol-gel process has
shown considerable advantages including excellent chemical
stoichiometry, compositional homogeneity, and lower
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crystallization temperature due to the mixing of liquid pre-
cursors on the molecular level [12,13]. The method is
considered to be efficient to obtain CCTO ceramics with lower
dielectric loss. Sun et al. have reported the preparation of
CCTO ceramics by the sol-gel route [14] with &'~2—4 x 10*
and tan 6~0.04 (at 1kHz and room temperature). Somsack
et al. reported a modified sol—gel process for the preparation of
CCTO ceramics with lower tan 6~0.02 at 1kHz at room
temperature [15]. However, there are limited literatures report-
ing the detailed synthesis conditions for CCTO precursor
powders by the sol-gel method. Here it is expected that CCTO
ceramics, through optimizing the synthesis conditions of
precursors, may further improve dielectric properties.

In this work, CCTO precursor powders were prepared via
the sol—gel method. The effects of synthesis parameters on the
phase structure of CCTO precursor powders were detailly
studied. The microstructure and dielectric properties of the
CCTO ceramics were also reported. The possible origin of
giant permittivity was discussed based on the complex
impedance spectroscopy. The high-temperature dielectric
relaxation behavior was also discussed. The relevant
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mechanism of lower dielectric loss was investigated as well
according to the resistance of grain boundaries.

2. Experimental procedure

Ca(NO3),; - 4H,0 (99%), Cu(NOj3),-3H,0 (99%) and Ti
(OC4Hg)4 (=98.0%) were used to prepare the CCTO precursor
powders. Glacial acetic acid was used as the chelating reagent.
Firstly, an appropriate amount of Ca(NOs),-4H,0 and Cu
(NO3), - 3H,0O were dissolved in ethanol diluted with water to
form solution 1. Meanwhile, Ti(OC4Hy), was immixed into
ethanol to form solution 2, quickly with vigorously stirring on
a magnetic stirrer, then CH;COOH was added into solution 2
immediately. In this part, various Ti concentrations were
obtained through mixing with the different volume of ethanol.
Secondly, the two solutions were mixed into a beaker under
stirring, and diluted nitric acid was dripped dropwise into the
solution to adjust the pH to 1.06—1.77 to form a transparent
sol. The sol was then aged for 4-12 h at room temperature.
Finally, Precursor powders were obtained by drying the gel
precursors at 120 °C followed by a calcination at 700 °C in air.
The as-prepared powders were pressed into pellets of 15 mm
diameter under 100 MPa pressure. CCTO ceramics were
obtained by sintering the pellets at 1050 °C, 1070 °C,
1100 °C and 1120 °C for 5-20 h, respectively.

The phase structures of the sintered specimens were
identified by X-ray diffraction (XRD, D/max-2550/PC,
Rigaku, Japan) technique using Cu Ka radiation. The micro-
structures of the nature surface were observed by scanning
electron microscopy (SEM, Quanta 200, Philips, Netherlands).
An energy dispersive X-ray spectroscopy (EDS) attached to
the SEM was used to analyze the chemical compositions. For
the purpose of measuring the electric properties, both sides of
the samples were coated by silver paste and fired at 840 °C to
form electrodes. Dielectric dispersion and complex impedance
were measured by Agilent 4294A impedance analyzer in a
frequency range from 40 Hz to 110 MHz at room temperature.
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Temperature dependence of dielectric constant and loss was
measured by a LCR meter (Agilent E4980A) from room
temperature to 400 °C at 0.6, 1.0 and 1.4 kHz, respectively.

3. Results and discussion
3.1. Synthesis of CCTO precursor powders

The Ti concentration and pH value of the solution and aging
time of the sol play important roles in the preparation of the
precursor powders by the sol-gel process. The XRD patterns
of the CCTO precursor powders prepared at different Ti
concentrations are shown in Fig. 1(a). All the major CCTO
diffraction peaks are indexed as the perovskite phase according
to JCPDS #75-2188 [18]. In addition, secondary phases, like
CaTiO3, CuO and TiO,, can also be detected. To further
illuminate the detailed effects of Ti concentration on the phase
structure of CCTO powder in a quantitative way, the optimum
conditions can be approximately chosen by the degree of
orientation illustrated by the relative coefficient I;/1,,,,; which is
given by formula (1):

i 20 +1422)
Lo 2 (I20+ 1400+ 1420 + 1310 + 1200 4+ 1321 + L440)

(1)

where 122(), 14()(), 1422, 131(), 1222, 1321 and ]44() are the measured
diffraction intensities of the major peaks, i.e. (220), (400),
422),310),(222), (321) and (4 4 0), respectively. The
two strong diffraction peaks of (22 0) and (4 2 2) are used to
approximately assess the crystallinity of CCTO phase. The I/
L as a function of Ti concentrations in CCTO powders
calcined at 700 °C is shown in Fig. 1(b). It can be observed
that the I/l,,, reaches the highest value when the Ti
concentration is 0.60 mol/L, indicating that the largest amount
of CCTO phase can be obtained under this condition.

Fig. 2(a) shows the XRD patterns of the calcined CCTO
precursors powders prepared with a Ti concentration of
0.60 mol/LL at different pH values of the solutions. As is
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Fig. 1. (a) XRD patterns of the CCTO precursor powders prepared at different Ti concentrations. (b) /I, as a function of Ti concentration for CCTO powders

calcined at 700 °C.
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Fig. 2. (a) XRD patterns of the calcined CCTO precursors powders prepared with a Ti concentration of 0.60 mol/L at different pH values of the solutions. (b) /1,5

as a function of pH value for CCTO powders calcined at 700 °C.
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Fig. 3. (a) XRD patterns of the calcined CCTO precursor powders prepared at different aging time with a Ti concentration of 0.60 mol/L and pH value of 1.58.

(b) I/l as a function of aging time for CCTO powders calcined at 700 °C.

shown in Fig. 2(a), all the major CCTO diffraction peaks are
indexed as the perovskite phase according to JCPDS #75-
2188. Secondary phases like CaTiO3, CuO and TiO, can also
be detected. According to Eq. (1), Fig. 2(b) demonstrates the
I/, as a function of pH values to be used to prepare CCTO
powders calcined at 700 °C. As can be found in Fig. 2(b), the
I/, reaches the highest value when the pH value is 1.58.
The XRD patterns of the calcined CCTO precursor powders
prepared at different aging time with Ti concentration of
0.60 mol/L. and pH of 1.58 are displayed in Fig. 3(a).
According to Fig. 3(a), all the major diffraction peaks can be
indexed as a body centered cubic perovskite-related structure
of space group Im3 according to JCPDS #75-2188. Addition-
ally, CaTiO;, CuO and TiO, can also be found. Fig. 3(b)
shows the I/, as a function of aging time for CCTO
powders calcined at 700 °C. As is shown in Fig. 3(b), the
I/, reaches the highest value when the aging time is 6 h.

It can be concluded that the optimum parameters for the
preparation of CCTO precursor powders by the sol-gel method
are as follows: the Ti concentration is 0.60 mol/L, the pH value
is 1.58 and the aging time is 6 h.

3.2. Phase structure and microstructure of CCTO ceramics

Fig. 4(a) and (b) show the typical X-ray diffraction patterns
of CCTO ceramics sintered at different sintering temperatures
for 5h and sintered at 1100 °C for different holding times,
respectively. According to Fig. 4, all the major diffraction
peaks in the XRD patterns can be indexed as the body-centered
cubic with the space group Im3 according to JCPDS #75-2188.
A small amount of CuO and TiO, peaks can also be detected
according to JCPDS #45-0937 and #21-1272. The presence of
CuO phase is mainly due to Cu®>* diffusion from the inside to
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Fig. 4. (a) XRD patterns of CCTO ceramics sintered at different sintering temperatures for 5h. (b) XRD patterns of CCTO ceramics sintered at 1100 °C for

different holding times.

Fig. 5. The SEM photographs of the surface of CCTO ceramics sintered at
different temperatures for 5 h: (a) 1050 °C, (b) 1070 °C, (c) 1100 °C and (d)
1120 °C.

the surface of grains and oxygen missing from grain bound-
aries at high temperature during the sintering process [19].
Fig. 5 reveals the SEM photographs of the surface of CCTO
ceramics sintered at 1050 °C, 1070 °C, 1100 °C and 1120 °C
for 5 h, respectively. As is shown in Fig. 5, with increasing the
sintering temperature, the grain size of the samples firstly
increases and then decreases, while the porosity exhibits an
opposite variation trend. When sintered at 1100 °C, a relatively
homogeneous microstructure with clear grain boundaries and
low porosity can be obtained. However, the microstructure
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Fig. 6. Densification behavior as a function of sintering temperature for CCTO
ceramics sintered for 5 h.

becomes inhomogeneous and the porosity begins to increase at
1120 °C.

Densification behavior of CCTO ceramics sintered at
different temperatures is shown in Fig. 6. With increasing
sintering temperature, the density of the CCTO ceramics
reaches to a maximum value of 5.62 g/cm?® at 1100 °C. Further
increasing the sintering temperature to 1120 °C causes a steep
fall in the density, which is in agreement with the results
obtained from Fig. 5.

The SEM micrographs of the samples sintered at 1100 °C
for different holding time are shown in Fig. 7. With the
increase of the holding time, the grain size firstly increases and
then decreases, which may be caused by the existence of CuO
second phase. It is known that a small amount of CuO can act
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Fig. 7. The SEM photographs of the surface of CCTO ceramics sintered at
1100 °C for different holding times: (a) 5 h, (b) 10 h, (c) 15h and (d) 20 h.
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as a sintering aid for various ceramics (e.g. BaTiO;-based
ceramics) to promote the grain growth and ceramic densifica-
tion due to its low melting point and liquid-phase effect [20-
23]. The evaporation of CuO phase becomes more rapid with
increasing sintering temperature, and then condenses around
the grain boundaries at cooling stage, which could inhibit grain
growth. To some extent, the CuO segregation effect is
considered to play very important roles in the formation of
the insulating grain boundaries and has a significant influence
on &' [24-28]. When sintered at 1100 °C for 15 h, the ceramics
show relatively homogeneous microstructure with lower por-
osity, as is shown in Fig. 7(c). Further prolonging the holding
time to 20 h, the samples show higher porosity and abnormal
grain growth.

In order to further determine the unknown phase presented
in Figs. 5 and 7, the EDS analysis is applied, and the results
are shown in Fig. 8. Fig. 8(a) and (b) show the EDS spectrum
obtained from the grain surface and grain boundary of CCTO
ceramics sintered at 1100 °C for 15 h. The results indicate that
the element mole ratio of the grain surface (a) is Ca:Cu:
Ti=1:3.33:4.38 which is nearly stoichiometric for CaCus-
Ti4O1,; the element mole ratio of the grain boundary (b) is Ca:
Cu:Ti=1:45.71:8.86 indicating the existence of Cu-rich phase
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Fig. 8. The SEM photograph and EDS spectrum of the surface of CCTO ceramics sintered at 1100 °C for 15 h and EDS analysis pointed on the surface (a) and

grain boundary (b).
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in the grain boundaries region, which is in good agreement
with the XRD analysis obtained in Fig. 4.

It is reported that the extrinsic defects, like grain boundaries
and domain boundaries, perform as the insulating layer in
ceramics which have great contributions to the giant permit-
tivity phenomenon in CCTO ceramics [29-31]. Four defect
relaxation behaviors are found in CCTO ceramics, which are
attributed to the responses of grains, grain boundaries, domain
boundaries and the migration of oxygen vacancies [32].
Furthermore, with respect to the formation of insulating grain
boundaries, both segregation of Cu ions to grain boundaries
and CuO located at triple-point sites bring out the formation of
insulating grain boundaries [27,28]. The electron hopping
between Cu® and Cu’* or Ti’" and Ti*" results in the
formation of semiconducting grains in CCTO ceramics [23].

Fig. 9 presents the densification behavior as a function of
holding time for CCTO ceramics sintered at 1100 °C. As is
shown in Fig. 9, the density of CCTO samples increases with
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Fig. 9. Densification behavior as a function of holding time for CCTO
ceramics sintered at 1100 °C.
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increasing the holding time. The density reaches the highest
value of 6.52 g/cm® when the holding time is 15 h, which is in
accordance with the results of Fig. 7(c). With further increas-
ing the holding time, the density decreases. The samples with
high density can be obtained when sintered at 1100 °C for
15 h.

3.3. Dielectric properties of CCTO ceramics

The frequency dependence of dielectric constant and dielec-
tric loss at room temperature of the ceramics prepared at
different sintering temperatures for 5 h is shown in Fig. 10(a).
According to Fig. 10(a), all of the samples exhibit giant
dielectric constant when the frequency is below 1 MHz. The
values of dielectric constant for all samples are > 10* in the
frequency range from 40 to 10° Hz. However, as the frequency
increases to 1 MHz, the dielectric constant of all samples
decreases rapidly and then inclines to a constant, which
indicates a typical characteristic of Debye relaxation [33].
These results reveal that all samples have good frequency
stability below 1 MHz. The dielectric behaviors of all samples
are similar to the reported results [30]. Fig. 10(b) shows the
dielectric constant and loss tangent as a function of sintering
temperature for CCTO ceramics. As is shown in Fig. 10(b), the
dielectric constant reaches the maximum value of 1.32 x 10*
and the loss tangent reaches the minimum value of 0.051
(measured at 10kHz) when the samples are sintered at
1100 °C for 5 h.

The frequency dependence of dielectric constant for samples
prepared at 1100 °C with different holding times is shown in
Fig. 11(a). According to Fig. 11(a), CCTO samples sintered at
1100 °C for 15 h exhibit the highest dielectric permittivity in
low frequency region, and the dielectric constant sharply
decreases to < 100 with increasing the frequency, showing a
Debye-type relaxation [34,35]. The frequency dependence of
dielectric loss for samples prepared at 1100 °C with different
holding times is shown in Fig. 11(b). It can be clearly seen in
the inset of Fig. 11(b) that the values of the dielectric loss are

18000 0.15
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15000 - d0.12
L
12000 + 40.09
g
=
9000 " 40.06 ©
6000 |- 40.03
3000 L~ ' L 0.00
1050 1075 1100 1125
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Fig. 10. (a) Frequency dependence of dielectric constant and dielectric loss measured at room temperature of CCTO ceramics sintered at different temperatures for
5 h. (b) Dielectric constant and loss tangent of CCTO ceramics as a function of sintering temperature for CCTO ceramics measured at 10 kHz.
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lower than 0.04 in the frequency range from 40 to 10* Hz when
the samples are sintered at 1100 °C for 15 h. Fig. 11(c) shows
dielectric constant and loss tangent as a function of holding time
for CCTO ceramics. As is shown in Fig. 11(c), the highest
dielectric constant of 3.50 x 10* and lowest loss tangent of
0.014 of the CCTO ceramics are obtained when sintered at
1100 °C for 15 h (1 kHz), respectively. The results show that
the dielectric constant of CCTO ceramics tends to increase
significantly through increasing holding time and the tan ¢ tends
to decrease gradually. The tan ¢ value herein is 0.014 and the &’
value is 3.50 x 10* (1 kHz), which are much more superior to
those reported by Somsack et al. (¢'=9516 and tan §=0.02 at
1 kHz) [15]. According to Figs. 9 and 11, it is evidenced that
CCTO ceramics with high density and excellent dielectric
properties (£/~3.50 x 10%, tan §=0.014 at 1kHz) can be
obtained from the samples sintered at 1100 °C for 15 h.

Fig. 12(a) and (b) demonstrate the temperature dependence
of the dielectric constant (&) and dielectric loss for CCTO
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samples sintered at 1100 °C for 15 h at 0.6, 1.0, and 1.4 kHz,
respectively. The value of dielectric constant shows small
variations with temperature and frequency in the temperature
range from room temperature to ~120 °C. Further increasing
temperature, €'(T) displays a steplike increase tendency to a
higher value of about 1.50 x 10°, which may be attributed to
the interfacial relaxation process occurred at grain boundary in
CCTO samples [23,36]. In addition, the corresponded small
peaks in loss tangent shifted to higher temperatures as the
frequency increases. Especially, as the temperature increases to
~300 °C, broad dielectric peaks appear and decrease in
amplitude with increasing frequencies, which are accompanied
by shift of small loss inflexions to high temperature with
increasing frequencies, as shown in the inset of Fig. 12(b).
Note that this broad dielectric relaxation peak is asymmetrical
in geometry. It is known that the relaxation strength for the
dipolar relaxation of defects in the lattice can be normally
considered as a function of measured temperature, which is
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Fig. 11. (a) Frequency dependence of dielectric constant measured at room temperature for CCTO ceramics sintered at 1100 °C for different holding times. (b)
Frequency dependence of dielectric loss measured at room temperature for CCTO ceramics sintered at 1100 °C for different holding times. The insets show the
frequency dependence of dielectric loss measured at room temperature between 40 Hz and 10* Hz. (c) Dielectric constant and loss tangent as a function of holding

time for CCTO ceramics measured at 1 kHz.
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of the dielectric loss for CCTO ceramics sintered at 1100 °C for 15 h at 0.6, 1.0 and 1.4 kHz in the temperature range from 40 °C to 390 °C.
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Fig. 13. (a) Impedance complex plane plots for CCTO ceramics sintered at different temperatures for 5 h. The inset shows the IBLC model equivalent circuit.
(b) Impedance complex plane plots for CCTO ceramics sintered at 1100 °C for different holding times. The insets show an expanded view of high-frequency data

close to the origin.

described with
Ae=¢g—e,, = Nﬂ2/3k3T, (2)

where ¢, is the static permittivity, €., is the permittivity at high
frequency, N is the number of defect dipoles, and y is the
dipole moment [37]. It can be easily obtained from Eq. (2) that
the relaxation strength of the dipolar relaxation of defects
decreases inversely in proportion to the temperature. There-
fore, this broad dielectric relaxation peak in our experiment
may be attributed to the decrease of the dipolar relaxation of
defects in CCTO lattice with increasing the temperature.

3.4. Complex impedance analysis

Fig. 13(a) and (b) show impedance spectroscopy of CCTO
ceramics with different sintering temperatures and different
holding times, respectively. The curves of all the samples show

a single semicircular arc with a nonzero high frequency
intercept, indicating that all CCTO ceramics should be
electrically heterogeneous. The higher frequency response
corresponding to the small arc is associated with the grains,
and the lower one is attributed to the grain boundaries. These
two semicircular arcs can be modeled as an equivalent circuit
consisting of two parallel RC elements connected in series: one
RC element, i.e. RgCg, represents the semiconducting grains,
and the other, i.e. RgbCgb, represents the insulating grain
boundary regions, as shown in the inset of Fig. 13(a). For such
an equivalent circuit, each RC element ideally arises semicir-
cular arc in complex impedance plane Z* [38] described as
follows:

7*=7'—i7" 3)

In AC circuits, for a pure resistor and capacitor, Z* =R and
l/iwC, respectively. Therefore, the impedance can be
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expressed as Eq. (4) for each RC element.

1 R

7F = =
1/R+iwC  1+4iwRC

(4)

In our experiment, the impedance spectrum can be modeled
as two RC elements connected in series. Therefore, the
complex impedance (Z*=Z'—iZ") here can be expressed as

[ Rg Rgb (5)
1+ (0R,C,)*  1+(wRgCop)
and
wR,C wR,, C
" __ X g 5| +Rep gbgb . (6)
1+ (wR,C,) 14+ (@wRg Cyp)

where R and C are the resistance and capacitance, respectively,
the subscripts g and gb refer to the grains and grain
boundaries, respectively, and @ is the angular frequency.
Based on Eq. (6), the response peaks of the grains and the
grain boundaries are located at 1/(27R,C,) and 1/(27R,;Clp),
respectively, and the peak value is proportional to the
associated resistance. The above results demonstrate that
CCTO ceramics are electrically heterogeneous, which is well
consistent with the internal barrier layer capacitance (IBLC)
model [39-41].

Fig. 14(a) and (b) show the calculated R, and R, of the
CCTO ceramics as a function of sintering temperature and
holding time, respectively. As can be seen in Fig. 14(a), with
increasing sintering temperature, the value of grain resistance
(R,) and grain boundaries resistance (R,,) monotonically
decrease. The decrease of the semiconducting grains resistance
indicates that the formation of the semiconducting grains can
be promoted through increasing the sintering temperature.
It can be found in Fig. 14(b) that the resistance of grain
boundary of the ceramics sintered for 15 h reaches the highest
value of 0.87 MQ, which leads to the lowest dielectric loss.
Due to Rgp>Rg, CopmCp»>Cy[38,42], and wR,Cgp<1 (at room
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14
- z
g 8tk =2
) -
: :
42 -
4}
1 1 1 0
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Sintering Temperature ("C)

Rg Q)

temperature), one may easily derive the formula [9]

tand = +wR,C, )

a)RgbCp
where o is the angular frequency. Obviously, the first term on
the right of Eq. (7) is due to the grain boundary responses at
low frequencies, while the second term is due to the bulk grain
responses at high frequencies. The highest grain boundary
resistance of the samples sintered at 1100 °C for 15h is
attributed to the largest amount of CuO segregation because
CuO segregation is considered to play very important roles in
the formation of the insulating grain boundaries [23,27,28].
Furthermore, as shown in Figs. 4 and 8(b), the presence of
CuO segregation in our ceramics can be directly recognized by
the XRD analysis and the EDS spectrum.

Fig. 15(a) shows the frequency dependence of dielectric loss
of the CCTO ceramics respectively prepared by the sol-gel
and solid state method between 40 Hz and 110 MHz. The inset
of Fig. 15(a) shows the frequency dependence of dielectric loss
measured at room temperature between 40 Hz and 100 kHz. It
can be seen that the dielectric loss of CCTO ceramics prepared
by the sol-gel method is much lower than that prepared by the
solid state method in the frequency range from 40 Hz to
100 kHz. Furthermore, It is evident that the dielectric loss
peak is located at a comparatively higher frequency when
the ceramics are prepared by sol-gel method. In general, the
higher the resistance of grain boundaries is, the lower the
dielectric loss in the low frequency region is. Herein, it is
assumed that the ceramics prepared by the sol-gel method
possess lower grains resistance and higher grain boundaries
resistance than those prepared by the solid state method. In
order to verify this assumption on solid ground, the complex
impedance data have been collected to obtain comprehensive
electric details, which is shown in Fig. 15(b). It is clear that
compared with the CCTO ceramics prepared by the solid state
method, the ceramics prepared by the sol-gel method exhibit a
lower grain resistance and a higher grain boundaries resistance.
Therefore, it is concluded that the lower dielectric loss is
attributed to the higher grain boundaries resistance.
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Fig. 14. (a) The calculated R, and Ry, as a function of sintering temperature for CCTO ceramics. (b) The calculated R, and Ry, as a function of holding time for

CCTO ceramics.
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Fig. 15. (a) Frequency dependence of dielectric loss of the CCTO ceramics respectively prepared by the sol-gel and solid state method between 40 Hz and
110 MHz. The inset shows the frequency dependence of dielectric loss measured between 40 Hz and 100 kHz. (b) The complex impedance plots of CCTO ceramics
prepared by the sol-gel and solid state method. The inset shows an expanded view of high-frequency data close to the origin.

4. Conclusions

The optimum synthesis parameters of the CCTO precursor
powder had been firstly reported as follows: the Ti concentra-
tion was 0.60 mol/L, the pH value of the sol was 1.58, and the
aging time to the sol was 6 h. CCTO ceramics with the lowest
dielectric loss value of 0.014 at 1 kHz had been obtained. The
highest grain boundary resistance resulted in the lowest
dielectric loss in the low frequency region. In particular, a
broad dielectric relaxation peak could be found around 300 °C,
which might arise from the decrease of the relaxation strength
for the dipolar relaxation of defects in the lattice with
increasing the temperature. In addition, the complex impe-
dance analysis indicated that CCTO ceramics were electrically
heterogeneous, consisting of insulating grain boundaries and
semiconducting grains, which was well consistent with the
internal barrier layer capacitance (IBLC) model.
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