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Abstract
This paper reports the influences of the post-sintering annealing in argon
and uniaxial compressive pre-stress on the giant dielectric properties of the
CaCu3Ti4O12 ceramics sintered at 1100 ◦C in air for 6 and 16 h. The
CaCu3Ti4O12 ceramic sintered at 1100 ◦C for 6 h exhibited high ε′ of ∼1 × 104

whereas the CaCu3Ti4O12 ceramic sintered at 1100 ◦C for 16 h possessed one
order of magnitude higher dielectric constant (ε′ ∼ 2 × 104). The dielectric
behaviour of both samples exhibits Debye-like relaxation, and can be explained
based on a Maxwell–Wagner model. Post-sintering annealing in argon for
5 h leads to a significant increase in ε′ for CaCu3Ti4O12 ceramic sintered at
1100 ◦C for 16 h but a slight decrease in ε′ for the CaCu3Ti4O12 ceramic sintered
at 1100 ◦C for 6 h. The ε′ of the 16 h sintered CaCu3Ti4O12 ceramic after
annealing in argon increases with increasing temperatures, and exhibits a peak
at about 150 ◦C, which is closely related to the oxygen vacancies. The dielectric
behaviour of this argon-annealed sample follows the UDR law. The dielectric
properties of the argon-annealed samples change significantly with the applied
compressive stress (the absolute change can reach 25% at a maximum stress
of 130 MPa). However, the changes in dielectric properties with the stress in
the samples subjected to different sintering times follow opposing trends. The
mechanisms responsible for this difference are discussed.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Dielectric materials that have high dielectric constant and good thermal stability and are
Ba/Pb free have particularly attracted ever-increasing attention for their practical applications
in microelectronics such as capacitors and memory devices. Recently, calcium copper titanate
(CaCu3Ti4O12), a non-ferroelectric material with a cubic perovskite-related crystal structure,
has generated considerable interest because it exhibits a giant dielectric constant of ε ∼ 104 for
polycrystalline ceramics [1–8] and ε ∼ 105 for single crystals [9] in the kilohertz region over
a large temperature range (from 100 to 600 K). This material does not undergo any structural
change over the same temperature range, although its dielectric constant abruptly decreases
to less than 100 below 100 K, showing a Debye-type relaxation [1, 2, 9]. It has also been
reported [6] that the colossal dielectric constant of close to 106 at room temperature can be
obtained in CaCu3Ti4O12 after annealing in flowing argon at 1000 ◦C for 6 h, and was attributed
to the increase in concentration of oxygen vacancies and hence charge carriers. Fang and his
co-worker [10] also studied the effects of post-annealing conditions on the dielectric properties
of CaCu3Ti4O12 thin films deposited on Pt/Ti/SiO2/Si substrates by pulsed laser deposition.
They observed that post-sintering annealing in nitrogen atmosphere produced strong low-
frequency dielectric relaxation as the annealing temperature increases, whereas annealing in
oxygen atmosphere at high temperature suppressed the relaxation and decreased the dielectric
constant of the thin films. Most recently, the influence of post-sintering annealing on dielectric
properties of CaCu3Ti4O12 was further investigated by Wang and Zhang [11, 12]. They showed
that the annealing treatments on CaCu3Ti4O12 in reducing (nitrogen) and oxidizing (oxygen)
atmospheres have significant changes in dielectric properties near room temperature. These
results support the results reported in [6] and strongly suggest that the concentration of oxygen
plays an important role in the dielectric properties of CaCu3Ti4O12.

So far, several explanations for the origin of the colossal dielectric property of
CaCu3Ti4O12 material have been proposed to be due to either intrinsic or extrinsic effects.
Since the giant dielectric response of this material was found to be very sensitive to the
microstructure (such as grain size) and processing conditions (such as sintering temperature
and time, cooling rate, and partial pressure) [3, 5–8], more investigations tend to indicate
that the high dielectric constant originates from the extrinsic effect such as internal barrier
layer capacitor (IBLC) [3–5], contact-electrode effect [13, 14], and special inhomogeneity of
local dielectric response [15]. Although still unclear, the IBLC explanation of the extrinsic
mechanism is widely accepted at the present stage [16–21].

In addition to its interesting dielectric property, CaCu3Ti4O12 has remarkably strong linear
current–voltage characteristics without the addition of dopants [22]. These excellent properties
render this material particularly attractive for a wide range of applications. However, in some
practical applications, dielectric ceramics may be subjected to mechanical or thermal stresses,
causing changes in their properties. A prior knowledge of how the material properties change
under different load conditions is therefore crucial for proper design of a device and for suitable
selection of materials for a specific application. Despite this fact, material constants used in
many design calculations are often obtained from a stress free measuring condition, which in
turn may lead to incorrect or inappropriate device designs. However, the stress dependence of
the permittivity in this highly dielectric material has not been thoroughly studied. It is therefore
important to determine the properties of CaCu3Ti4O12 material as a function of applied stress.

In the present study, we investigate the influences of the post-sintering annealing in argon
and uniaxial compressive pre-stress on the giant dielectric properties of the CaCu3Ti4O12

ceramics sintered at 1100 ◦C in air for 6 and 16 h. The mechanisms responsible for the giant
dielectric properties are discussed.
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2. Experiment details

CaCu3Ti4O12 powders were prepared by a conventional mixed oxide technique using the
powders of CaCO3 (99.95% purity; CERAC, USA), CuO (99.9% purity; CERAC, USA) and
TiO2 (99.5% purity; CERAC, USA). A stoichiometric mixture of the starting materials was
ball-milled in ethanol for 24 h with a polyethylene bottle and zirconia balls. The mixed slurry
was dried and then calcined at 950 ◦C in air for 8 h. The calcined powders were ground and
passed through a 106 μm sieve to break up large agglomerates. Green bodies were prepared
from the sieved powders using uniaxial pressing in a 16 mm die with an applied pressure of
100 MPa. The compacts were pressureless-sintered at 1100 ◦C in air for 6 and 16 h. The final
dimensions of the samples were ∼12 mm in diameter and ∼3 mm in height. A post-annealing
process was carried out in flowing argon (99.999% purity) at 1000 ◦C for 5 h. Throughout
this paper, we assign symbols of CCTO-6 and CCTO-16 for the bulk samples of CaCu3Ti4O12

sintered at 1100 ◦C in air for 6 and 16 h, respectively, and assign symbols of CCTO-6–Ar and
CCTO-16–Ar for the bulk samples of CCTO-6 and CCTO-16 after post-sintering annealing
under flowing argon at 1000 ◦C for 5 h.

The CaCu3Ti4O12 ceramics were characterized by x-ray diffraction (XRD) (Philips
PW3710, The Netherlands), and scanning electron microscopy (SEM) (LEO 1450VP, UK). The
dielectric response of the samples was measured using a Hewlett Packard 4194A impedance
gain phase analyser over the frequency ranges from 100 Hz to 1 MHz and at an oscillation
voltage of 1 V. The measurements were performed over the temperature ranges from −30 to
160 ◦C using an inbuilt cooling–heating system. Each measured temperature was kept constant
with an accuracy of ±1 ◦C. Silver paint was coated on both surfaces of the samples and
dried overnight. The dielectric properties of the samples after post-sintering annealing were
measured under the influence of the compressive stress through spring-loaded pins connected
to an LC Z -meter (Hewlett Packard 4276A) at the frequency of 1 kHz and room temperature
(25 ◦C). The details of the system are described in elsewhere [23].

3. Results and discussion

The microstructure of all the sintered ceramics revealed by scanning electron microscopy
(figures 1(a) and (b)) shows polycrystalline grains with estimated grain sizes of 7.7 ± 1.9 and
9.0 ± 1.9 μm for CCTO-6 and CCTO-16. Figure 1(c) shows XRD patterns of the sintered
ceramics before and after post-sintering annealing, confirming a main phase of CaCu3Ti4O12

(JCPDS card no 75-2188) in all the samples. The values of lattice parameter a calculated
from the XRD spectra are 0.7387 ± 0.000 03, 0.7385 ± 0.000 04, 0.7389 ± 0.000 03, and
0.7391 ± 0.000 07 nm for CCTO-6, CCTO-16, CCTO-6–Ar, and CCTO-16–Ar, respectively.
The values of a for CCTO-6 and CCTO-16 are slightly lower than the 0.7391 nm reported by
Subramanian et al [1]. Post-annealing in argon results in an increase in the values of a for
CCTO-6–Ar and CCTO-16–Ar, which are close to 0.7391 nm.

Figures 2(a) and (b) show the real and imaginary parts of dielectric dispersion for the
samples of CCTO-6 and CCTO-16, measured using a Hewlett Packard 4194A impedance gain
phase analyser at the frequency ranges from 100 Hz to 1 MHz with an oscillation voltage of
1 V at various temperatures. It is clearly seen from figure 2(a) that both samples exhibit the
giant dielectric permittivity of ∼1 × 104 for CCTO-6 and ∼2 × 104–2.5 × 104 for CCTO-16
at low frequencies and each sample has a similar dielectric behaviour. First, all of the samples
exhibit the Debye-like relaxation [2, 9, 14, 16]. This behaviour is similar to that observed in
CCTO ceramics reported in the literature [3, 4, 7, 8, 17, 24, 25]. Second, ε′ has little frequency
dependence below the relaxation frequency. Third, the relaxation peak in both samples shifts
to higher frequency at higher temperature.
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Figure 1. (a) and (b) SEM micrographs of sintered CCTO-6 and CCTO-16, respectively. (c) XRD
patterns of the sintered materials of CCTO-6 and CCTO-16 before and after annealing at 1000 ◦C
for 5 h under flowing argon. (1) CCTO-6, (2) CCTO-16, (3) CCTO-6–Ar, and (4) CCTO-16–Ar.

The Debye-like relaxation for CCTO-6 and CCTO-16 (figures 2(a) and (b)) can be fitted
to the empirical Cole–Cole equation [26]:

ε∗(ω) = ε′(ω) − iε′′(ω) = ε∞ + [(εs − ε∞)/1 + (iωτ)α] (1)

where εs and ε∞ are the static and high-frequency limits of the dielectric constant, respectively,
τ is the most probable relaxation time, and α is a constant with values between zero and unity.
For an ideal Debye relaxation α = 1. If α < 1, this implies that the relaxation has a distribution
of relaxation times, leading to a broader peak shape than a Debye peak as shown in figure 2(b).
The solid lines in figures 2(a) and (b) are the fitted results with α = 0.92 for CCTO-6 and
α = 0.91 for CCTO-16. Figure 2(c) shows the plot of log τ versus 1/T , in which the solid line

4
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Figure 2. (a) Frequency dependence of the dielectric dispersion showing ε′ at several temperatures
for the sintered materials of CCTO-6 and CCTO-16. (b) Frequency dependence of the dielectric
dispersion showing ε′′ at several temperatures for the sintered materials of CCTO-6 and CCTO-16.
(c) Arrhenius plot of dielectric relaxation time for the CCTO-6 and CCTO-16 samples. Solid lines
in (a) and (b).

is the fitted result obeying the Arrhenius law, i.e.

τ = τ0 exp(E/kBT ) (2)

where τ0 is the pre-exponential factor, E is the activation energy for the relaxation, kB is the
Boltzmann constant, and T is the absolute temperature. τ is calculated from the relations
ωτ = 1 and ω = 2π fp, where ω is the angular frequency and fp is the characteristic
frequency corresponding to the peak of ε′′. Activation energies of the low-frequency relaxation
determined from the slopes of the graphs (figure 2(c)) were obtained to be 0.112 for CCTO-
6 and 0.111 eV for CCTO-16. Both values are comparable to the reported values of
0.067 eV [16], 0.08 eV [3, 17], 0.093 eV [18], 0.059–0.076 eV [19], and 0.084–0.132 eV [7]
for the grains of CaCu3Ti4O12.

Since the dielectric response in both CCTO-6 and CCTO-16 shows the Debye-like
relaxation which is approximately equal to the pure Debye functional form of a Maxwell–
Wagner relaxation, the giant dielectric behaviour of both samples can be explained by using the
Maxwell–Wagner relaxation model. The Maxwell–Wagner relaxation can be described by an
equivalent circuit consisting of a series array of two subcircuits, one representing grain effects
and one grain boundaries [8]. In each subcircuit, the resistor and capacitor are in parallel.
From this equivalent circuit, the static permittivity (ε′

s) and dielectric relaxation time (τ ) can

5
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Figure 3. (a) Temperature dependence of ε′ at frequency of 100 Hz for the sintered materials
of CCTO-6 and CCTO-16 before and after annealing at 1000 ◦C for 5 h under flowing argon.
(b) Temperature dependence of ε′ at various frequencies for the CCTO-16 after annealing at 1000 ◦C
for 5 h under flowing argon. (c) Temperature dependence of tan δ at various frequencies for the
CCTO-16 after annealing at 1000 ◦C for 5 h under flowing argon.

be calculated as

ε′
s = (R2

gCg + R2
gbCgb)/[C0(Rg + Rgb)

2] (3)

and

τ = [Rg Rgb(Cg + Cgb)]/(Rg + Rgb), (4)

where Rg, Rgb and Cg, Cgb are the resistance and capacitance of grains and grain boundaries,
respectively [27]. Since Rgb � Rg, and Cgb is also much larger than Cg [3, 8], the
effective dielectric permittivity (ε′

s) of the sample at frequencies much lower than the relaxation
frequency 1/(2πτ) can therefore be obtained approximately from equation (3),

ε′
s = Cgb/C0 (5)

and we can approximate τ from equation (4) using

τ ≈ RgCgb = τg(Cgb/Cg) (6)

where τ = RgCg is the response time of the grains [8]. Since Cg and Cgb have been reported
to be independent of temperature [3, 8], τ and τg have the same temperature dependence
and the electrical response of grains has the same activation energy as that of the observed
dielectric relaxation (figure 3(c)). On the basis of this analysis, we conclude that the activation

6
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energies for the response of the grains in the samples of CCTO-6 and CCTO-16 are 0.112 and
0.111 eV, respectively. It is noted that the relation ε′

s = Cgb/C0 implies that ε′
s is determined

only by the ratio between the grain boundary capacitance Cgb and the vacuum capacitance of
the sample C0, and ε′

s is constant when Cgb is unchanged with temperature and frequency.
Liu et al [28] observed a constant dielectric permittivity in wide temperature and frequency
ranges in Bi2/3Cu3Ti4O12 because of its constant Cgb. Therefore, we attribute the differences
in dielectric response observed in CCTO-6 and CCTO-16 to the differences in their grain
boundary capacitances.

Figure 3(a) compares dielectric constant ε′ of CCTO-6 and CCTO-16 before and after post-
sintering annealing, showing a significant increase in ε′ for the CCTO-16 after post-sintering
annealing (CCTO-16–Ar) but a slight decrease in ε′ for the CCTO-6 after post-sintering
annealing (CCTO-6–Ar). The ε′ of CCTO-16–Ar increases with increasing temperatures, and
interestingly exhibits a peak at about 150 ◦C. This behaviour is important in explaining the
effect of post-sintering annealing under a reducing atmosphere in the CaCu3Ti4O12 system,
and thus we further consider the dielectric behaviour of the CCTO-16 in detail. Figures 3(b)
and (c) show temperature dependences of ε′ and tan δ over the frequencies of 500 Hz–100 kHz.
ε′ exhibits a peak around 150 ◦C (at 1 kHz) (figure 3(a)), whereas tan δ increases near-
exponentially with increasing temperature without a visible anomaly in the vicinity of 150 ◦C
(figure 3(b)). This implies that the peak in ε′ is not likely caused by the relaxation process.
From figure 3(b), upon increasing the measured frequency, the peak position of ε′ is shifted
to higher temperatures and the peak height decreases, which is typical of a thermally activated
Debye-like behaviour. The obvious upturn in tan δ at low temperatures for the curves of high
frequencies (at 100 kHz) shown in figure 3(c) is due to the relaxation widely studied before
in the CaCu3Ti4O12 system. This dielectric behaviour observed in CCTO-16–Ar is similar
to that of the CaCu3Ti4O12 sample after post-sintering annealing under nitrogen at 920 ◦C
for 2 h, reported by Wang and Zhang [12]. In their report, the dielectric peak was observed
at around 67 ◦C (340 K) (hereafter referred to as the 67 ◦C peak) and can be eliminated by
annealing in oxidizing (O2) atmosphere and created by annealing in reducing (N2) atmosphere.
This strongly suggests that the 67 ◦C peak is closely related to oxygen vacancies which made
the grains of the CaCu3Ti4O12 ceramic more conductive. Therefore, Wang and Zhang [12]
proposed that the 67 ◦C peak was linked with the conductivity, the dielectric behaviour of
the CaCu3Ti4O12 after annealing in N2 atmosphere followed the universal dielectric law
(UDR) [29], and ε′ can be calculated as

ε′ = [tan(sπ/2)σ0 f s−1]/ε0, (7)

where σ0 and the frequency exponent s are temperature dependent and ε0 is the electric
permittivity of free space. This equation can be rewritten as f ε′ = A(T ) f s with the
temperature-dependent constant A(T ) = tan(sπ/2)σ0/ε0. Hence, at a given temperature, a
straight line with a slope of s should be obtained if log10( f ε′) is plotted as a function of
log10 f . Since the URD-law model is typically valid for materials with hopping localized
charge carriers, Wang and Zhang [12] confirmed that the charge carriers in the CaCu3Ti4O12

after annealing in N2 atmosphere are localized and not free charge carriers. This rules out the
space-charge polarization as the origin of the 67 ◦C peak. To confirm this model, we plotted
log10( f ε′) as a function of log10 f for the CCTO-16–Ar as shown in figure 3(c). As expected,
straight lines with slopes of s were obtained. The values of the parameter s deduced from
linear fitting are presented in the inset of figure 3(c). It is seen from figure 3(c) that with
increasing temperature the slope of the linear temperature dependence changes from a negative
to a positive value at the transition temperature ∼150 ◦C. This result is consistent with that
observed in CaCu3Ti4O12 after annealing in N2 atmosphere with the transition temperature

7
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Figure 4. Uniaxial stress dependence of ε′ and tan δ at a frequency of 100 Hz for the samples of
(a) CCTO-6 and (b) CCTO-16 after annealing at 1000 ◦C for 5 h under flowing argon.

at ∼67 ◦C. The change in slope implies an alternation of the polarization mechanism [12].
According to our post-sintering annealing results, we conclude that the ε′ peak is unlikely to be
caused by a relaxation process. The ∼150 ◦C peak is closely related to the oxygen vacancies
and the dielectric behaviour follows the UDR law. Annealing the CaCu3Ti4O12 sample in argon
atmosphere at high temperatures would increase the concentration of the oxygen vacancies as
obtained in the nitrogen-annealed CaCu3Ti4O12 reported by Wang and Zhang [12].

Figures 4(a) and (b) show the stress dependent dielectric properties for CCTO-6–Ar and
CCTO-16–Ar, respectively. It is clearly observed that the dielectric properties of both samples
change significantly with the applied compressive stress (the absolute change can reach 25%
at the maximum stress of 130 MPa). However, the changes in dielectric properties with the
stress in the samples subjected to different sintering times follow opposing trends. For the
CCTO-6–Ar, both ε′ and tan δ decrease with increasing stress, and, interestingly, continue
to decrease upon the reduction of the applied stress (figure 4(a)). On the other hand, the
dielectric properties of the CCTO-16–Ar sample increase when the stress is increased and
decrease when the stress is gradually reduced, as shown in figure 4(b). To explain these
observations, at least qualitatively, one needs to consider the different bases in the dielectric
behaviours of the two ceramics. Clearly, the very high dielectric constant observed in CCTO
ceramics is attributable to highly resistive grain boundaries [18, 30]. Interestingly, the CCTO-
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16–Ar ceramic, which has been subjected to longer sintering (16 h), also possessed one order
of magnitude higher dielectric constant, possibly due to higher concentration of the acceptor
state (oxygen vacancies) available in the grain boundaries of the ceramic [31]. With lower
concentrations of acceptor states, the CCTO-6–Ar should contain more mobile dipoles that
can easily be activated by the applied stress. Hence, this leads to a stress-induced ageing
mechanism, as reported previously [32–34], that results in the decrease in the dielectric constant
and dielectric loss. This stress-induced ageing is irreversible, as the dielectric properties
continue to decrease even upon reduction of the applied stress (figure 4(a)). On the other hand,
in the case of the CCTO-16–Ar ceramic, with higher concentration of the acceptor states, there
are competing mechanisms between the stress-induced ageing and the elastic deformation.
Initially, with the stress-induced ageing mechanism still dominating, most of the acceptor states
come to rest at the grain boundaries and stabilize the stress influence, as it is observed that
the dielectric properties are rather stable at lower stress level [32–34]. A further increase in
the compressive stress may result in a slight decrease in the grain boundary thickness. The
effective dielectric properties of this ceramic, which can be regarded as the boundary layer
capacitor (BLC) [16–21, 31], therefore increase, and the decrease in the effective dielectric
properties follows with the reduction of the stress, as observed in figure 4(b).

4. Conclusion

The giant dielectric behaviour of polycrystalline CaCu3Ti4O12 ceramics subjected to post-
sintering annealing and under uniaxial stress was investigated. The dielectric behaviour of both
CCTO-6 and CCTO-16 samples exhibits Debye-like relaxation, and can be explained based on
the Maxwell–Wagner model. A significant increase in ε′ was observed for the CCTO-16 after
post-sintering annealing in argon (CCTO-16–Ar), whereas a slight decrease in ε′ was observed
for the CCTO-6 after post-sintering annealing in argon (CCTO-6–Ar). The ε′ of CCTO-16–
Ar increases with increasing temperatures, and interestingly exhibits a peak at about 150 ◦C.
The ε′ peak at 150 ◦C is unlikely to be caused by a relaxation process but is closely related
to the oxygen vacancies. The dielectric properties of both CCTO-6–Ar and CCTO-16–Ar
samples change significantly with the applied compressive stress, and this can be explained
by the stress-induced ageing mechanism.
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