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Abstract CaCu3Ti4O12 nanocrystals have been synthe-

sized by the microwave flash combustion technique. The

calcined powders were spark plasma sintered at 1050 �C for

10 min. The surface morphology of sintered samples was

studied by SEM. The effects of grain boundary activation

energy on dielectric properties of CCTO were investigated

by collecting the dielectric data in the frequencies of 30 Hz–

8 MHz at temperatures of 20–100 �Cunder dc bias of 0–6 V.

The potential energy barrier at grain boundary has been ex-

amined by dc bias experiments. It is observed that, with an

increase in dc bias from 0 to 6 V, the grain boundary acti-

vation energy decreases from 0.532 to 0.463 eV. The re-

duction in such grain boundary activation energy results in

the decrease in dielectric constant. It is noticed that CCTO

ceramic at room temperature under zero dc bias has a

colossal dielectric constant of 20,000 (at 100 Hz). Using the

cole–cole plot, grain and grain boundary resistance are cal-

culated to be 13 and 52,100 X, respectively.

1 Introduction

CaCu3Ti4O12 (CCTO), a colossal dielectric constant

(CDC) material, is one of the best candidates for ultra-

miniaturization of energy storage electronic devices.

CCTO presenting a huge dielectric constant ([104) and

good stability over a wide temperature range (100–500 K).

It has a body-centered cubic perovskite-like structure

(space group of Im3) with slightly tilted TiO6 octahedron.

The tilted TiO6 octahedron arises due to the share of dif-

ferent size of cations (Ca?2 and Cu?2) at A site and the

bound of Cu?2 ions to four oxygen atoms in square planar

environment [1–8].

Some researchers suggested that the anomalous dielec-

tric behaviour of CCTO is based on intrinsic effects (per-

fectly stoichiometric, defect-free and single-domain) [1, 3],

while other have attributed to extrinsic effects (defects,

domain boundaries, Cu rich grain boundaries, nanoscale

disorder, electrode polarization, bimodal grain distribution,

Schottky-type barriers at grain boundary, thermally active

dielectric relaxation, lattice distortion, and inter barrier

layer capacitance) [4–12]. However, an extrinsic effect:

inter barrier layer capacitance which based on semicon-

ducting grains and insulating grain boundary is widely

accepted. A microstructure having semiconducting grains

and insulating grain boundary can be grown by adjusting

the processing conditions of synthesis [13–16].

Initially, CCTO was synthesized by the solid state re-

action route. Recentally, various new synthesis techniques

have been employed to synthesize CCTO. These tech-

niques have reduced processing time and temperature, and

enhanced its dielectric properties. Some of the reported

synthesis technique are sol–gel [13], polymerized complex

method [14], coprecipitation [15], wet-chemical synthesis

using nitrate and organometallic salts [16], polymeric ci-

trate precursor method [17], pyrolysis of organic solution

[18], microwave calcination of oxide powders [19], molten

salt method [20], etc. Many of them have produced the

nanoparticle of CCTO.

In recent years, a new synthesis technique known as

microwave flash combustion technique is used to
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synthesize the nanomaterials. It produces high purity,

stoichiometric and crystalline nanomaterial. This technique

is fundamentaly different from other synthesis technique as

the heat is generated at molecular level and the reaction is

exothermic, self-sustaining and rapid. In this technique, an

aqueous solution of mixture of the precusors and the fuel is

irradiated with microwave power. During the microwave

irradiation, solution is subjected to a varying electromag-

netic field, which causes the conduction of free charges and

re-orientation of dipoles. The permanent dipoles try to

orient itself with field oscillation, but they could not cope

up because of inter molecular force and molecular inertia.

This causes a phase lag that results in power absorbed in

the form of heat through molecular friction and dielectric

loss. The microwave power (P) absorbed per unit volume

(W/m3) is given as P = r |E|2 = 2pf eoe0 tand |E|2, where

r is conductivity, E is electric field, f is frequency, eo is

permittivity of free space, e0 is dielectric constant and tand
is a loss factor. The aqueous solution in this technique

contains the metal nitrates as oxidant and a suitable organic

compound such as urea, citric acid, oxalic acid, glycene,

hydrazine and L-alanine as fuel. The solution combusted by

microwave provides the enhanced reaction kinetics, thus

improves the yield and reduces the processing time. Using

this method, oxide nanomaterial such as MgO [21], TiO2

[22], Nd:Y2O3 [23], NiO-YSZ [24], CdFe2O4 [25], Ti-

substituted Zn ferrite [26] and others have been synthe-

sized. Recently, we have synthesized nanocrystalline

CaCu3Ti4O12 ceramic for the first time by the microwave

flash combustion method [5].

In this work, nanocrystalline CCTO powders have been

synthesized by the microwave flash combustion technique.

The powders were sintered by spark plasma sintering. The

role of reduction in grain boundary activation energy on

dielectric properties has been studied.

2 Experimental

CaCu3Ti4O12 nanopowders were synthesized by the mi-

crowave flash combustion technique. The detail about this

synthesis was described in our previous report [5]. Briefly,

aqueous solution containing Ca(NO3)2�4H2O, Cu (NO3)2�
4H2O and TiO(NO3)2 as oxidizers and CH4N2O (urea) as a

fuel was irradiated with microwave power (2.45 GHz and

1.1 kW). An oxidant-to-fuel (O/F) ratio or equivalent ratio

(ue) was taken as 1. The synthesized CCTO nonoparticles

after combustion were calcinated at 900 �C for 5 h.

The calcined powders were spark plasma sintered at

1050 �C for 10 min under an uniaxial pressure of 50 MPa

using a DR. SINTER SPS-725 system. Sintered pellet

having diameter of 15 mm and thickness of 2.3 mm were

obtained. Graphite die was used for making the pellets

during sintering. The microstructure and surface mor-

phology of sintered samples were studied by scanning

electron microscope (Zeiss EVO MA 10). Dielectric

properties of sintered pellets were measured using an

impedance analyzer (Alpha-A, Novacontrol high frequency

analyzer). The dielectric data were collected in a frequency

range of 30 Hz–8 MHz, a bias voltage of 0–6 V, and a

temperature range of 20–100 �C. Dielectric measurements

were carried out by making the sintered pellets as a parallel

plate capacitor using silver electrodes fired at 500 �C.

3 Results and discussion

3.1 Structural analysis

XRD and TEM measurements of CCTO nanoparticles

synthesized by microwave flash combustion technique are

in accordance with the our previous work [5]. In the pre-

vious work, we have demostrated that XRD patterns of

CCTO synthesized by microwave flash combustion tech-

nique are match well with a body-centered cubic per-

ovskite-like CCTO structure of cell parameter of 7.38 Å

(JCPDF file no. 010752188). From TEM measurements,

we have also obseved that average particle size were in the

range of 50–70 nm. In the present work, Fig. 1 shows the

SEM micrograph of CCTO pellets sintered at 1050 �C for

10 min using spark plasma sintering. Using this sintering

method, highly dense CCTO microstructure has been ob-

tained as the heat is generated for sintering is due to

simultaneous application of mechanical pressure and high-

power pulse. A dense CCTO microstructure has well

developed grain and grain boundary. The average grain

size is measured to be 2 lm and density is calculated to be

98 % of theoretical density.

Fig. 1 SEM image of CCTO pellets sintered at 1050 �C for 10 min

using spark plasma sintering
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3.2 Dielectric properties and impedance

specroscopic studies

Frequency dependence of the real part of dielectric per-

mittivity (e0-dielectric constant), measured under 0–6 V dc

bias, of sintered sample is shown in Fig. 2. Figure 2 reveals

that CCTO samples measured under zero bias have a

colossal dielectric constant of *20,000 at 100 Hz. This

figure shows that the dielectric constant gradually in-

creased with decrease in frequency, but it gradually de-

creased with increase in dc bias voltage. This effect is seen

prominently at low frequencies (\1 kHz). The decrease of

dielectric constant in the high frequency region ([1 kHz) is

due to a transition from grain dielectric response to grain

boundary dielectric response. The decrease in dielectric

constant with an increase in dc bias voltage is associated

with the decrease in capacitance of grain boundary. Guo

et al. [27] and Adams et al. [28] have demonstrated that the

capacitance of CCTO grain boundaries decreases with in-

creasing dc bias. Such grain boundary based dielectric

constant behaviour has been detected by impedance

spectroscopy.

Impedance spectroscopic Z* plot (cole–cole plot) of the

same dielectric data is shown in Fig. 3. The observed cole–

cole plots for 0, 2, 4 and 6 V dc bias are in the semicircular

arc. The inset of Fig. 3 shows that the semicircles are not

originating from the origin. Since it is not originated from

origin, the observed semicircles are associated with grain

boundary as suggested by impedance spectroscopy. Using

these non zero intercepts on Z0 axis the grain resistance

(Rg) and the grain boundary resistance (Rgb) have been

calculated. The values of Rg and Rgb with zero dc-bias are

13 and 52,100 X, respectively. It is noticed that the resis-

tance of grain boundary decreases substantially with an

increase of bias voltage as the intercepts on Z0 axis move

toward origin. Similar effects were observed in other re-

ports [27–29]. However, the grain resistance remains al-

most same. The increase in grain boundary conductivity

(rgb = 1/Rgb) with an increase in dc- bias voltage is shown

in Fig. 4. It is clear from this figure that the conductivity

showing a non-linear I–V response. This response presents

that CCTO grain boundary having non-Ohmic electrical

properties. The non-Ohmic electrical response of grain

boundary indicates that there is an existence of diode-like

back-to-back Schottky barriers. This is consistent with re-

port [3, 27–30]. These reports suggest that such barriers are

created due to charge trapping of accepter states at the

interfaces between two adjacent n-type grains with insu-

lating grain boundary (semiconductor-insulator-semicon-

ductor structure, where Rb � Rgb). When the bias voltage

is applied to the back-to-back Schottky diode between two

Fig. 2 Frequency dependent of the dielectric constant, measured

under zero dc bias, of sintered CCTO samples. The inset shows an

extrapolated graph at low frequencies region

Fig. 3 Cole–cole plot of sintered CCTO sample obtained under a dc

bias of 0, 2, 4 and 6 V. The inset shows an extrapolated graph near to

origin

Fig. 4 Variation of grain boundary conductivity with applied dc bias

voltage
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adjacent CCTO grains, one of the Schottky diode is for-

ward biased (semiconductor-insulator structure) while

other is reverse biased (insulator-semiconductor structure).

Forward bias band reduces the depletion contribution while

reverse bias band enhances the depletion contribution.

Under the non-ohmic applied bias voltage, the amount of

shrinkage and extension of depletion region in forward and

reverse side are unequal as forward side pins and reverse

side keeps extending by dropping the voltage. This results

in an increase of total width of depletion region. An in-

crease of the width of depletion region causes the decrease

in grain boundary capacitance. Further, the Schottky diode

like electrical barriers at grain boundary has a potential

energy barrier height which restricts the motion of mobile

charge carriers. Since, the motion of mobile charge carriers

is thermally activated process also. Therefore, the height of

potential energy barriers can be measured in terms of ac-

tivation energy [28, 31].

The activation energy of grain boundary has been cal-

culated by collecting the cole–cole plots, under 0 V bias, in

the temperature range of 20–100 �C (Fig. 5). It is evident

from figure that an increase in measuring temperature both

the grain and grain boundary resistance decreased, and the

frequency at the peak of semicircles (fmax) increased. The

increase of fmax with increase in temperature follows the

Arrhenius law. Using Arrhenius equation (fmax = fo exp

(–Ea/kBT)), where the symbols have their usual meaning,

activation energy has been calculated. It was notice that

under 2, 4 and 6 V bias, the increase of fmax follows the

Arrhenius law (not shown). The calculated grain boundary

activation energies (Ea) at 0, 2, 4 and 6 V are shown in

Fig. 6. Figure 6 shows that with an increase in dc-bias

voltage the activation energy of grain boundary decreases

from 0.532 to 0.463 eV. The decrease in the activation

energy with an increase in dc-biasing is associated with the

reduction in the potential energy height of Schottky barrier.

The reduction in potential energy of Schottky barriers leads

to the increase in width of depletion zone, which results in

the decrease in the capacitance of grain boundary [28, 30–

37]. This effect is seen in Fig. 4 where permittivity of

CCTO is decreases with increase in dc bias voltage. The

reduction in potential barrier height with increase in dc

biasing has been also be noticed by an increase in real part

conductivity (r0) [inset of Fig. 6]. Figure 6 shows that

conductivity increases with an increase in biasing as the

motion of charge carriers possess low restriction. From

above observed data, it is clear that the presence of po-

tential barrier at insulating grain boundary forms an inter

barrier layer capacitor (IBLC) between conducting grains.

This results in the detection of very large values of di-

electric permittivity.

4 Conclusion

Nanocrystalline CaCu3Ti4O12 ceramic has been derived

from microwave flash combustion technique. The calcined

CCTO nanoparticles were spark plasma sintered at

1050 �C for 10 min under an uniaxial pressure of 50 MPa.

Sintered sample has the average grain size of 2 lm and

density of 98 %. The dc bias measurement shows that grain

boundary have a potential-energy barrier which gives rise

to a non-ohmic electrical property. It is found that, with an

increase in dc bias, the grain boundary activation energy

has been reduced which results in the decrease in dielectric

constant. This result supports that the CCTO ceramic dis-

play an inter barrier layer capacitance behavior. The elec-

trical properties of CCTO ceramic, at room temperature

under zero dc bias, shows that it has a colossal dielectric
Fig. 5 Cole–cole plot of sintered CCTO sample obtained under zero

dc bias at temperatures of 20–100 �C

Fig. 6 Arrhenius plot for the activation energy of grain boundary

obtained under a dc bias of 0, 2, 4 and 6 V. The inset shows the

frequency dependence of the real part of conductivity. The inset

shows the real part of conductivity in the low frequencies (\1000 Hz)

at room temperature
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constant of 20,000 (at 100 Hz), grain resistance of 13 X
and grain boundary resistance of 52,100 X.
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