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Abstract
K+ doped CaCu3Ti4O12 ceramics were prepared by the sol-gel method and sintered at different temperatures from
1040 °C to 1100 °C. The microstructures and various dielectric properties of Ca1-xKxCu3Ti4O12-δ ceramics were
investigated. Results of XRD indicate that the Ca1-xKxCu3Ti4O12-δ samples exhibit a typical cubic structure. The
grain size as well as the dielectric permittivity (ε’) increase obviously with the increasing sintering temperature. The
dielectric permittivity and dielectric loss (tanδ) measurements show strong frequency dependence in all the samples.
A ε’ value of about 2.3 × 104 and a low tanδ value of about 0.039 were observed at room temperature and 1 kHz in
the Ca0.99K0.01Cu3Ti4O12-δ (CKCTO) ceramics sintered at 1060 °C for 8 h, showing better dielectric properties than
pure CCTO. Dielectric relaxations were observed in ε′/tanδ-T curves which may be related to the IBLC effect.
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1 Introduction

In the past few years, miniaturization, lightening and
multifunctionalization of the systems have been the key points
in the electronic information technologies. Therefore, for di-
electric materials, it is required to possess a higher dielectric
constant, lower dielectric loss (tanδ) and better thermal stabil-
ity. CaCu3Ti4O12 (CCTO), with a cubic perovskite structure,
has drawn considerable attention in the last decade. It shows
an extremely high ε’ value in a wide frequency range, which is
practically independent of temperature between 100 K and
600 K [1–4]. Until now, the mechanism related to this mate-
rial’s electrical properties is not completely understood [5, 6].

However, it is now widely accepted that the high ε’ is associ-
ated with the internal barrier layer capacitance (IBLC) effect
[7–11]. It is also reported that dielectric properties depend on
many extrinsic factors such as processing conditions and ele-
ment doping [12–16].

In fact, besides the ε’ of CCTO, the tanδ is found to
be too high, limiting its practical applications [2]. Since
the microstructure and dielectric properties of CCTO are
strongly dependent on the doping elements and their
concentrations, many groups have been trying to substi-
tute the cations of CCTO using different elements, hop-
ing to improve the dielectric properties. Some valuable
results and methods have been reported continuously,
such as Sm3+, Mg2+, Ni2+, Zr4+, Lu3+ and Y3+ doped
CCTO [6, 12–16]. Besides, the sol-gel method is a
common practice for preparing doped CCTO ceramics
[17–19]. This method has several considerable advan-
tages including accurate chemical stoichiometry, compo-
sitional homogeneity and lower crystallization tempera-
ture [20, 21].

Recently, our group have successfully synthesized
pure CCTO [22], Zr4+ [23] and Mg2+ doped CCTO at
the Ti4+ and Cu2+ site [14] by the sol-gel method. In
previous work of other groups, proper Y3+ and Lu3+

doping at Ca2+ site was found to be able to improve
the dielectric properties of CCTO [15, 16]. In this work,
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stoichiometric Ca1-xKxCu3Ti4O12-δ (x = 0, 0.01, 0.05,
0.1) ceramics were successfully prepared by the sol-gel
method. The influences of K+ doping and sintering con-
ditions on the microstructures and dielectric properties
were analyzed and discussed.

2 Experimental

Ca1-xKxCu3Ti4O12-δ (CKCTO, x = 0, 0.01, 0.05, 0.1)
powders were prepared by the sol-gel method.
Appropriate amount of Ca(NO3)2·4H2O, KNO3,
Cu(NO3)2·3H2O, [CH3(CH2)3O]4Ti and C6H8O7 were
dissolved in ethanol for a uniform mixing. The sol
was obtained after magnetic stirring for about 30 min.
Then the sol was stirred at 80 °C for about 5 h and
dried at 100 °C for 16 h to form the gel. The precursor
powders were obtained by sintering the gel at 650 °C
for 2 h. The CKCTO precursor was then pressed into
small pellets with a pressure of 350 MPa. The pellets
were then sintered at different temperatures from
1040 °C to 1100 °C for 8 h. The structures of the
prepared ceramic samples were investigated by X-ray
diffraction with Cu-Kα radiation (MSAL-XD2 diffrac-
tometer). The fractured cross-sectional microstructures
were investigated by a scanning electronic microscope
(SEM, HITACHI S-520). The dielectric properties were
investigated by a LCR meter (Agilent E4980A).

3 Results and discussion

The X-ray diffraction patterns of Ca1-xKxCu3Ti4O12-δ

ceramic samples sintered at 1060 °C for 8 h are shown
in Fig. 1. The XRD peaks are well consistent with the
values in the Committee for Powder Diffraction
Standard card for CCTO (No. 75–2188). Lattice param-
eters are calculated to be 7.381 Å, 7.383 Å, 7.391 Å
and 7.392 Å for x = 0, 0.01, 0.05, 0.1, respectively. The
lattice parameter increases with the increasing K+ dop-
ing concentration which may be due to the ion radius of
K+ (0.138 Å) is a little larger than Ca2+ (0.100 Å).
F i g u r e 2 s h o w s t h e X R D p a t t e r n s o f
Ca0.99K0.01Cu3Ti4O12-δ ceramics sintered at 1040 °C,
1060 °C, 1080 °C and 1100 °C for 8 h. Similarly, these
samples also show a cubic perovskite structure without
a secondary phase, indicating K+ has successfully
substituted Ca2+ atom in CCTO. In addition, the x =
0.01 sample sintered at 1060 °C shows superior dielec-
tric properties, which will be discussed later.

Figures 3 and 4 show the SEM images of the frac-
tured surfaces for the CKCTO samples presented in
Figs. 1 and 2, respectively. Histograms of the grain size

distribution obtained from CKCTO samples are
displayed in the corresponding insets. Obviously, all
the samples are composed of the grain with sizes of
several μm, and both K+ doping concentration and
sintering temperature (TS) seems to show obvious im-
pact on morphology. The average grain sizes estimated
by a line-intercept technique from Fig. 3 for Ca1-
xKxCu3Ti4O12-δ ceramic samples sintered at 1060 °C
are 3.38, 4.28, 5.65 and 8.21 μm, respectively, indicat-
ing K+ doping is benefit for the growth of CCTO.
Usually, the increasing of TS also promotes the growth
of grain size for ceramics. The average grain sizes for
Ca0.99K0.01Cu3Ti4O12-δ samples are 2.75, 4.28, 5.42,

Fig. 1 The XRD patterns of Ca1-xKxCu3Ti4O12-δ (x = 0,0.01, 0.05 and
0.1) ceramic samples sintered at 1060 for 8 h

Fig. 2 The XRD patterns of Ca0.99K0.01Cu3Ti4O12-δ ceramic samples
sintered at 1040, 1060, 1080 and 1100 °C for 8 h
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8.51 μm, and the relative density (measured by the
Archimedes’ method) increases from 75.48% to
84.15% when TS increases from 1040 °C to 1100 °C.
In recent reports of pure CCTO, CuOx-rich inter-
granular phase, which commonly precipitates out of
CCTO ceramics during sintering at higher temperatures,
can be always detected by SEM [10, 11]. Schmidt et al.
indicated that segregation of a Cu-rich phase out of
CCTO ceramics was clearly detected when TS is above
1050 °C. This secondary Cu-rich phase may exhibit
high mobility, accumulate at the sample surfaces and
may volatilize at about 1100 °C [10]. Töpfer et al. re-
ported that sintering above 1050 °C leads to the forma-
tion of a bimodal grain size distribution, i.e., small and
coarse grains form. And the coarse grains show a broad
distribution of grain size when TS ≥ 1050 °C [11]. In
this work, the secondary Cu-rich phase can be observed
in Fig. 4(c) and (d) (Ca0.99K0.01Cu3Ti4O12-δ samples
sintered at 1080 °C and 1100 °C) but is not obvious
in other CKCTO SEM images. Therefore, comparing
with the results of pure CCTO discussed above, K+

doping appears to inhibit the generation of CuxO phase.
In addition, no diffraction peaks of CuxO are detected
in Figs. 1 and 2, also indicating that the amount of
CuOx-rich inter-granular phase is rather small and below
the detection limit of XRD.

Figure 5 shows the frequency dependence of ε’ and
tanδ for Ca1-xKxCu3Ti4O12-δ ceramics sintered at
1060 °C for 8 h. All the K+ doping concentration can
increase the ε’ value in entire measured frequency
range, and the ε’ values of the ceramic with x = 0.01
are significantly higher than other ceramics. However,
ε’ value then decreases with the increasing K+ doping
concentration. For dielectric loss, the sample with x =
0.01 shows a much lower value than other K+ concen-
tration samples when f < 70 kHz, and the tanδ value is
about 0.039 at 1 kHz while the value is 0.09 for pure
CCTO. As we know, the most important task for CCTO
is to lower the large dielectric loss. Some groups have
reported other cations doped at Ca2+ site, such as Y3+

and Lu3+, etc. [15, 16]. In our work, a ε’ value of
~2.3 × 104 and a low tanδ value of ~0.039 were

Fig. 3 The FE-SEM images of
the fractured surfaces of Ca1-
xKxCu3Ti4O12-δ (x = 0,0.01, 0.05
and 0.1) ceramics sintered at 1060
for 8 h
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observed at RT and 1 kHz in the Ca0.99K0.01Cu3Ti4O12-δ

ceramics sintered at 1060 °C for 8 h. One can easily
find that the ε’ value is enough high, and the tanδ
value (0.039) is much lower compared with the values
of Y3+ and Lu3+ doping [15, 16]. The frequency depen-
dence of ε’ and tanδ for Ca0.99K0.01Cu3Ti4O12-δ ce-
ramics sintered at different TS are shown in Fig. 6.
The ε’ values measured at 1 kHz and RT are 6477,
2 3 , 1 4 7 , 2 7 , 3 2 9 a n d 3 5 , 5 3 0 f o r d i f f e r e n t
Ca0.99K0.01Cu3Ti4O12-δ ceramics. Recently, the one-step
IBLC model is widely accepted as an effective method
to study the dielectric properties of CCTO [3, 4, 7], and
the ε′ of CCTO samples can be estimated by the equa-
tion below [7, 24].

εr≈εgb
A
t

ð1Þ

εr and εgb in Eq. (1) represent the dielectric permittivity of
the samples and grain boundary (GB), respectively.

Meanwhile, A and t represent the average grain size of
semiconducting grains and the average thickness of
grain boundaries, respectively. The ε′ increases with
the increasing average grain size as established by Eq.
(1). The average grain size of Ca0.99K0.01Cu3Ti4O12-δ

ceramics increases obviously with the increasing
sintering temperature. In other words, the ε’ also in-
creases with the increasing TS (Fig. 6a). Similar corre-
lation between TS and dielectric permittivity has been
detected previously in un-doped CCTO ceramics.
Schmidt et al. indicated that increasing TS promotes
the formation of the IBLC structure. The differences in
bulk and GB electric properties of CCTO ceramics are
primarily driven by subtle chemical changes which is
promoted by the heat treatment conditions [10].
Similarly, for CCKTO in this work, the higher the
sintering temperature is, the larger the grain size grows,
and the higher the ε’ becomes. The trend is consistent
with the Eq. (1) and un-doped CCTO ceramics [10].
The ε’ plateau can be as high as about 3 × 104 for the
CKCTO (x = 0.01) ceramic sample sintered at 1100 °C

Fig. 4 The FE-SEM images of
the fractured surfaces of
Ca0.99K0.01Cu3Ti4O12-δ ceramics
sintered at 1040, 1060, 1080 and
1100 °C for 8 h
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for 8 h. But at low frequency range (20 Hz - 40 kHz),
the CKCTO ceramic sintered at 1060 °C showed the
lowest tanδ value (Fig. 6b). Therefore, combining the
dielectric results shown in Figs. 5 and 6, one can find
that K+ doping on Ca2+ site can improve both ε’ and
tanδ of CCTO only if the doping concentration and
sintering condition was carefully selected.

On the other hand, the temperature/frequency stabili-
ties of the ε’/tanδ are two important factors for practical
applications. Fig. 7(a) and (b) show the temperature
dependence of ε’ and tanδ of the Ca0.99K0.01Cu3Ti4O12-δ ce-
ramic sintered at 1060 °C for 8 h measured at some typical
frequencies. At low frequencies the increment in ε’ with tem-
perature is more pronounced than the high frequencies.
For CCTO type ceramics, the dielectric permittivity can
contain these contributions, the dipolar grain and the
interfacial grain boundary and electrode contributions
[9]. In dielectric materials, dipolar and interfacial polar-
izations play most important role at low frequencies.
Both of these polarizations are strongly temperature

dependent. The interfacial polarization increases with
temperature due to the creation of crystal defects and
dipolar polarization. The effect of temperature is more
pronounced on the interfacial polarization than that of
the dipolar polarization which results in the rapid in-
crease in dielectric permittivity with increasing temper-
ature at low frequencies [25, 26]. In the measured tem-
perature range from 20 °C to 360 °C, one relaxation
could be seen in the real part of the dielectric dispersion
and a step change of ε’ with temperature is observed in
the ε’-T curve correspondingly (Fig. 7a). The character-
istic temperature increases with the increasing frequen-
cy. The trend of tanδ is different from ε’. The tanδ
value increases with the increasing frequency at RT,
but decreases with the increasing frequency when the
measured temperature reaches 360 °C. The temperature
stability is higher for both ε’ and tanδ at high frequen-
cy, since electronic and ionic polarizations are the main
contributors and their temperature dependence is insig-
nificant at high frequencies [23]. The dielectric

Fig. 6 The frequency dependence of ε ′ (a) and tanδ (b) of
Ca0.99K0.01Cu3Ti4O12-δ ceramic samples sintered at 1040, 1060, 1080
and 1100 °C for 8 h

Fig. 5 The frequency dependence of ε′ (a) and tanδ (b) of Ca1-
xKxCu3Ti4O12-δ (x = 0, 0.01, 0.05 and 0.1) ceramic samples sintered at
1060 °C for 8 h
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behaviors of these ceramics resemble that found earlier
in CCTO-like oxide ceramics [27]. Figure 8(a) and (b)
show the frequency dependence of ε’ and tanδ of the
above Ca0.99K0.01Cu3Ti4O12-δ ceramic. The ε’ value in-
creases with the increasing temperature below 700 kHz,
and the frequency stability of ε’ decreases accordingly.
For temperatures below 80 °C, ε′ does not show signif-
icant dispersion until the frequency reaches 700 kHz,
indicating there is only one Debye-like dielectric relax-
ation. As the temperature increases, ε′ at low frequency
starts to increase notably. The characteristic frequency
of dielectric dispersion clearly shifts to the higher fre-
quencies with the increasing temperature (See Fig. 8a
and b), and the frequency stability of tanδ decreases
with the increasing temperature.

The complex impedance spectroscopies of the
Ca0.99K0.01Cu3Ti4O12-δ ceramic sintered at 1060 °C for
8 h measured at some typical temperatures are shown in
Fig. 9. The inset in the upper right corner of Fig. 9
shows the temperature dependence of resistance of the

GB for this ceramic. Usually, the resistance can be
fitted with the formula [28]

R ¼ R0exp Ea=kBTð Þ ð2Þ
where R is the resistance, R0 is a material constant, and
Ea is the conductive activation energy. Ea is calculated
to be 0.587 eV for the Ca0.99K0.01Cu3Ti4O12-δ ceramic
sintered at 1060 °C for 8 h. In addition, an equivalent
circuit model has been proposed to clarify the dielectric
properties of CCTO [29]. The equivalent circuit con-
tains three RC elements (RgCg, RgbCgb, and RxCx, re-
spectively) and a frequency dependent term ZUDR,
which represents the effect of hopping conduction of
localized charge carriers [29]. And the contribution of
RxCx may be identified as a non-ohmic electrode contact
effect which has been established clearly by Ferrarelli

Fig. 8 The frequency dependence of ε ′ (a) and tanδ (b) of
Ca0.99K0.01Cu3Ti4O12-δ ceramic sintered at 1060 °C for 8 h measured at
some typical temperatures

Fig. 7 The temperature dependence of ε′ (a) and tanδ (b) of
Ca0.99K0.01Cu3Ti4O12-δ ceramic sintered at 1060 °C for 8 h measured at
some typical frequencies
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et al. [9]. From Fig. 9, one can find that the Rgb de-
creases with the increasing temperature. The non-zero
intercept on Z' axis at high frequency data indicated
the electrical response in the semiconducting part of
the ceramic (inset of Fig. 9), which is the electrical
response of the grains [13].

4 Conclusions

Ca1-xKxCu3Ti4O12-δ ceramics were synthesized by the sol-gel
method. XRD analysis indicates that the samples consist of a
single phase. The grain size increases with the increasing
sintering temperature and K+ doping concentration. Both ε′
and tanδ exhibit strong dependence on sintering condition and
grain size. Giant ε′ of ~2.3 × 104 as well as relatively low tanδ
of ~0.039 can be observed in Ca0.99K0.02Cu3Ti4O12 ceramics
sintered at 1060 °C for 8 h measured at RT and 1 kHz. The
tanδ can be lower than 0.05 in a relatively wide frequency
range from 40 Hz to 6 kHz, which is desirable for practical
applications. Proper sintering condition and K+ doping con-
centration could strongly improve the IBLC structure and the
dielectric property of CCTO.
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