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Abstract Erbium-doped CaCu3Ti(4-x)ErxO12 (x = 0,

0.02, 0.1, 0.2, 0.5, 1.0)—(CCTEO) samples were synthe-

sized by using the sol–gel method. The crystal structure did

not change on doping with erbium; and it remained cubic

when all the six compositions were studied. It was found that

lattice parameter increased slightly with Erbium doping.

AFM studies showed that the particle size of the CCTEO

powder ranged from 52 to 97 nm. The surface morphology

of the samples sintered at 1,040 �C in air for 3 h was

observed using a high resolution scanning electron micro-

scope. It showed that the grain size was in the range of

0.7–5 lm for these samples. Er doping has been shown to

reduce the dielectric loss remarkably while maintaining a

high dielectric constant. This result indicates that 0.02 mol%

of Er dopant can be used to improve the dielectric properties

(dielectric constant- 164,000) of CaCu3Ti4O12.

1 Introduction

Lead free dielectric materials with high dielectric constant

and good thermal stability have attracted increasing

attention for their practical applications in cellular phones,

global positioning systems, resonators, filters, capacitors

and memory devices [1]. There has been a great interest in

the synthesis and characterization of a perovskite-type

compound, pure and doped calcium copper titanate

(CaCu3Ti4O12), commonly called CCTO [2–8]. CCTO is

usually produced by the conventional solid-state reaction

from metal oxides at high temperature with several inter-

mediate grindings [9, 10]. Hassini et al. [11] prepared

CCTO using an organic gel assisted citrate process and Jha

et al. [12] prepared CCTO using a polymeric citrate pre-

cursor route but these methods are still complex and

require long heat treatment time. Liu et al. [13] prepared

CCTO by pyrolyzing an organic solution containing stoi-

chiometric amounts of the metal cations and this was car-

ried out at a lower temperature and a shorter reaction time

than the conventional solid-state reaction method. Chen

et al. [14] prepared CCTO by the molten salts method. Jin

et al. [15] prepared nano CCTO powders using the sol–gel

method and the citrate auto-ignition method. Sol–gel syn-

thesis is a well-established low temperature synthesis

technique that has recently attracted an increasing amount

of interest.

Ceramics based on barium titanate are frequently used in

making multilayer capacitors. The rare earth cations, which

partly replace the original cation in the spinel structure of

barium zirconium titanate, can increase the dielectric

properties and prolong the life span of capacitors. Doping

titanates with rare earth elements such as Dy, Er and Ho

with smaller ionic radii can obtain the centre-shell struc-

ture, which is helpful to improve the dielectric properties

[16–18]. Earlier researchers on CCTO suggested that

intrinsic local dipole moments induced by the Ti dis-

placement could be responsible for the high permittivity as

in other high dielectric constant titanates.
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We have synthesized Er doped calcium copper titanate

using a sol–gel self-combustion method (Er = 0.0, 0.02,

0.1) and the sol–gel method (Er = 0.0, 0.02, 0.1, 0.2, 0.5,

1.0 mol%). The synthesis of Er doped CCTO using the sol–

gel self-combustion has been reported elsewhere [19].

Producing high dielectric constant materials synthesized

with lower calcination/sintering temperature has become

the subject of study for researchers. While some recently

published reports concentrate on different synthesis tech-

niques to reduce the processing temperature, other reports

focus on substitutions to change the material property.

Hwang et al. [20] reported that Erbium has improved the

dielectric properties of BaTiO3. But very limited work is

reported on the effects of substituting impurity to CCTO to

lower the processing temperature [21, 22]. The purpose of

the present work is to investigate the effects of Er-sub-

stitute (0, 0.02, 0.1, 0.2, 0.5 and 1 mol%) on the structural,

morphological and dielectric changes on CCTO ceramics

synthesized by the sol–gel route. The sol–gel method is a

chemical solution process, which has received considerable

attention due to its simplicity and usefulness for obtaining a

homogeneous, fine powder. The crystallization/sintering

(processing) temperature is very much reduced compared

to any conventional preparation method.

2 Synthesis of CaCu3Ti42X ErxO12

CaCu3Ti(4-x)ErxO12 abbreviated as CCTEO (x = 0, 0.02,

0.1, 0.2, 0.5, 1.0 mol%) powders were prepared by the sol–

gel method using Ca (NO3)2�4H2O, Cu (NO3)2�3H2O,

Er(NO)3 and C12H28O4Ti as raw materials. The synthesis

of CCTEO nano powder flow chart is shown in Fig. 1.

Calcium nitrate and copper nitrate were dissolved in eth-

anol (solution 1). Titanium tetra isoproxide stabilized by

acetyl acetone was dissolved in isopropyl alcohol, Erbium

nitrate, dissolved in ethanol was mixed with this solution to

give solution 2. Solution 1 and solution 2 were mixed in a

beaker and stirred continuously using a magnetic stirrer at

room temperature. Acetic acid and Citric acid were added

slowly into this solution and the temperature was slowly

raised to 90 �C to form a gel. The glacial acetic acid and

citric acid were used as chelating reagents. The transparent

sol with blue color was obtained after stirring and hydro-

lyzing the mixture solution. When the mixture was con-

centrated the viscous liquid transformed into a transparent

gel. Finally, the gel was dried at 110 �C for 2 days. Sub-

sequently, the dried precursor was calcined at 650 �C and

800 �C for 3 h for crystallization and the milling process

was carried out in order to get a nano powder.

X-ray powder diffraction (XRD) studies were carried out

with an X’PERT-PRO Diffracto meter (Philips, the Neth-

erlands) using Cu Ka1 radiation at 45 kV and 40 mA

(k = 0.154056 nm) in a wide range of 2h (20� \ 2h\ 80�)

and particle size measured by Atomic Force Microscopy

(AFM) (Agilent 5050/5060). The calcined powder was

uniaxially pressed into pellets of 10 mm in diameter and

2 mm in thickness with an applied load of 3.5 tons for 4 min,

using polyvinyl alcohol (PVA) as the binder. These pellets

were then sintered by using a conventional furnace at 1,020

and 1,040 �C for 4 h. The microstructure of sintered pellets

(1,040 �C) was measured by FE-SEM (FEI Quanta

200FEG). The machine also has the analytical capabilities

such as detecting the presence of elements down to boron

(B) on any solid conducting materials through the energy

dispersive X-ray spectrometry (EDX) providing elemental

crystalline information. Silver paste was coated over the

parallel faces of the pellets and the dielectric constant [23]

measurements were made using an LCR meter (Hioki

3532-50) in the frequency range 50 Hz–1 MHz at room

temperature.

3 Results and discussion

3.1 X-ray diffraction pattern of calcined CaCu3Ti4-x

ErxO12 powder

Figure 2 shows the X-ray powder diffraction patterns [24]

for the system CCTO and CaCu3Ti(4-x)ErxO12 (x = 0,

0.02, 0.10, 0.20, 0.50 and 1.00) calcined at 800 �C for 3 h.

The main peaks of pure CCTO and Er doped CCTO

Fig. 1 Flow chart for the synthesis of CCTEO Nanopowder
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powders calcined at 800 �C were compared with the

standard powder diffraction pattern (JCPDS card No:

75-2188). The major planes corresponding to (211), (220),

(013), (222), (400), (422) and (440) were found to be

matched with Cubic (CaCu3) Ti4O12. From the XRD pat-

tern it was found that the concentration of Erbium doped

with CCTO was within the limit of its solubility up to

x = 0.2 and hence there was no second phase. When

x = 0.5 and 1.0, all the main peaks were matched and extra

peaks are present which indicates the excess amount of

erbium which is not within the limit of its solubility.

The calculated lattice parameters for different values of

x are given in Table 1. The lattice parameter increases

slightly with the increasing dopant concentration of

x = 0.02, 0.1, 0.2 and 0.5. The increase in lattice param-

eter can be explained in terms of the oxidation state of

erbium ion, if it is assumed that erbium exists in trivalent

state, Er3?, which has larger a ionic radius [0.881 Å] than

the host Ti4? [0.61 Å] ion [25]. The dopant concentration

of x = 1.0 slightly decreases the lattice parameter may be

due to excess amount of erbium oxide concentration. In the

XRD patterns, when x = 1.0 the intensity level of the

peaks also decreases. These variations in lattice parameters

agree well with the published report [26].

3.2 AFM analysis

Figure 3 shows the AFM images of CCTO powders cal-

cined at 800 �C for different values of x. The crystalline

powder was dispersed in acetone and coated on a silicon

substrate. The dispersed particles were analyzed using

AFM. The shape of the particles was polyhedral and the

size of the particle was in the range of 52–97 nm.

3.3 FESEM analysis

Figure 4a, b, c, d, e, f shows FE-SEM micrographs

(microstructure) [27] of CCTO and CCTEO ceramics sin-

tered at 1,040 �C for 4 h. The grains were equiaxial and the

grain sizes ranged from 0.7 to 5 lm. The morphology of

the undoped specimen consists of some huge grains, sur-

rounded by small ones. Increasing the concentration level

significantly, changed the grain shapes. From Fig. 4a, b, c,

d, the grains possess similar shapes and in Fig. 4e, f grain

shapes were changed. Jesurani et al. [28] reported an

obvious change in grain size and its shape with higher level

doping (0.1 mol% and above) in CCTO. From their results,

increase in dopant level illustrates pebble to sphere and

sheet-like grains, surrounded by blurry grain boundaries

which may be caused by the excess liquid composed of

oxide phase of dopant during high temperature sintering.

The microstructure showed a matrix consisting of large

grains wherein the small grains were embedded between

the larger grains. The porosity present in the samples was

intergranular in nature, which are not observed in higher

concentrations as the grains are highly agglomerated. The

grains are found to be a regular and polyhedral type in the

lower concentration of Er dopant. The surplus Er ions may

merge small crystals at the grain boundaries to become

more agglomerated. The precipitated grains will result in

grain boundary pinning and impede the growth of the

CCTO grains in thick-sheet-like shape for higher concen-

trations. It is known that the liquid phase is formed during

higher concentrations of Er which could assist the densi-

fication through particle rearrangement, solution reprecip-

itation and solid skeleton processes. Thomas et al. [29]

reported that dielectric properties of CCTO ceramics have

shown a strong dependence on microstructure. The dense

microstructure of a sample could lead to excellent electri-

cal properties.

Fig. 2 XRD patterns of CCTO powder calcined in air at 800 �C and

CaCu3Ti(4-x)ErxO12 powder (x = 0, 0.02, 0.10, 0.20, 0.50 and 1.00)

calcined at 800 �C for 3 h

Table 1 Crystal system and lattice parameter for CCTEO (x = 0,

0.02, 0.10, 0.20, 0.50 and 1.00)

System Amount of

erbium x

Crystal

system

Lattice

parameter (Å)

CaCu3Ti(4-x)ErxO12 0.00 Cubic 7.409 ± 0.001

0.02 Cubic 7.383 ± 0.001

0.10 Cubic 7.400 ± 0.001

0.20 Cubic 7.406 ± 0.001

0.50 Cubic 7.410 ± 0.001

1.00 Cubic 7.381 ± 0.001
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3.4 EDX analysis

The Energy dispersive X-ray (EDX) spectra for the com-

position of x = 0.02 (a) and 1.00 (b) are shown in Fig. 5.

This spectrum shows the presence of Ca, Cu, Ti and Er as

per stoichiometric ratio in CCTEO ceramics. There are

reports suggesting that CuO segregates to the grain

boundaries even at the stoichiometric composition of (Cu/

Ca = 3) [30]. The weight and atomic percentage compo-

sition of the constituent elements in CCTEO (x = 0.02 and

1) for grains and grain boundary obtained by energy dis-

persive X-ray spectrometer (EDX) is shown in Fig. 5a, b.

Table 2 shows the weight and atomic percentage of the

elements, (x = 0.02 and 1.00).

3.5 Dielectric studies

Figure 6 presents the results of dielectric constants for

erbium-doped CaCu3Ti4O12 sintered at 1,020 and

1,040 �C. The dielectric constant at 50 Hz for samples

sintered at 1,020 �C drops from 26,500 for erbium con-

centration of 0.02 mol% to 8,900 when the concentration

of erbium is increased to 0.1 mol% and then again

increases to 25,400 for the concentration of 0.20 mol%.

However when the sample is sintered at 1,040 �C, a giant

dielectric constant of 164,000 is obtained when the con-

centration of erbium is 0.02 and the corresponding

dielectric loss value is 2.0.

The frequency dependence of the dielectric constant and

the dielectric loss (tan d) for CCTO, CCTEO (x = 0.02,

0.10, 0.20, 0.50 and 1.00), at room temperature are shown

in Fig. 7. The dielectric constant drops from 26,500 at the

frequency of 50 Hz to 1,460 at the frequency of 100 kHz

and slightly increases to 3,940 at the frequency 1.0 MHz

sintered at 1,020 �C. (a) The dielectric loss drops from 3.3

at the frequency of 50 Hz to 0.1 at frequency of 100 kHz

and a very small increase of 0.2 at the frequency of

1.0 MHz sintered at 1,020 �C. (b) The dielectric constant

drops from 164,000 at the frequency of 50 Hz to 14,200 at

the frequency of 1.0 MHz sintered at 1,040 �C. (c) The

Fig. 3 AFM measurement of Nano powders calcined at 800 �C for 3 h; CaCu3Ti(4-x)ErxO12 (x = 0, 0.02, 0.10, 0.20, 0.50, and 1.00) (a–f)
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dielectric loss drops from 2.0 at the frequency of 50 Hz to

0.1 at the frequency of 100 kHz and the slight increase 1.1

at the frequency of 1.0 MHz sintered at 1,040 �C (d). The

dielectric constant of Er doped (x = 0.02) at 1,040 �C

sample is 3 times larger than that of pure CCTO (Fig. 7).

The high dielectric constant at low frequency [31] region

suggests the possibility that the charge carriers accumulate

at the interface of semiconducting grains and insulating

grain boundaries, which results in interfacial space charge

polarization. As the frequency increases, the shift in the

maximum dielectric constant shifts towards lower con-

centration of Er.

This shows that the ceramics obtained possess fine

electrical properties. It is noted that the samples are poly-

crystalline and therefore differ in the relative density of

grain boundaries. Such a difference could affect the

dielectric constant via the boundary layer mechanism.

Electrical heterogeneity originating from the mobile

charged species and the internal interfaces in polycrystal-

line CCTEO gives rise to the polarization in semicon-

ducting grains and insulating grain boundaries [32, 33].

The grain boundary in-homogeneity was confirmed by the

existence of electrical potential barriers via current–voltage

measurements. So far, the internal barrier layer capacitor

Fig. 4 FE-SEM

microstructures of

CaCu3Ti(4-x)ErxO12 with x = 0

a, 0.02 b, 0.1 c, 0.2 d, 0.5 e and

1.0 f ceramics sintered at

1,040 �C for 4 h
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(IBLC) model has been widely accepted as the most likely

mechanism to elucidate the high dielectric constant in

CCTO. The dopant concentration with (x = 0.02, 0.1, 0.2,

0.3, 0.5 mol%) is responsible for high dielectric properties.

Extra impurity present in samples synthesized with x = 0.5

and 1.0 mol% gave additional support to improve the

dielectric properties.

Choudhury et al. [34] have reported that the dielectric

constant of Zr doped BaTiO3 samples prepared by a solid

state reaction at a sintering temperature of 1,250 �C

showed a maximum value of about 1,000 for 100 kHz.

When Zr doped BaTiO3 is synthesized by mechanical

Fig. 5 EDX analysis of CCTEO (x = 0.02 and 1.00) ceramics sintered at 1,040 �C in air for 4 h

Table 2 Weight and atomic percentage of elements for CaCu3

Ti(4-x)ErxO12 for x = 0.02, and 1.00 mol%

Elements x = 0.02 mol% x = 1.00 mol%

Wt% At% Wt% At%

Ca 5.57 3.95 4.46 3.73

Cu 29.85 13.36 28.23 14.90

Ti 25.55 15.16 15.59 10.91

Er 1.14 0.19 20.03 4.02

O 37.89 67.34 31.70 66.44

Fig. 6 The dependence of

dielectric constant on the

concentration of Erbium doped

CCTO samples sintered at 1,020

and 1,040 �C Ceramics

J Mater Sci: Mater Electron

123

Author's personal copy



alloying [35], its dielectric constant and dielectric loss were

reported as 539 and 0.035 respectively; however, when the

sample is sintered in the range of 1,200–1,400 �C, as in the

present investigation, a much higher dielectric constant

(164,000) accompanied by a low dielectric loss (2.0) is

obtained. The sintering temperature which is above

1,100 �C [36–39] in the recently published investigations

has been brought lower to 1,040 �C in the present work.

4 Conclusion

In summary, a giant-dielectric-constant calcium–copper–

zirconium titanate nano powder was successfully synthe-

sized by the sol–gel technique with a lower processing

temperature. The CCTEO phase formation was confirmed

by the X-ray diffraction pattern. Substitution of rare earth

trivalent dopant Er on the Ti site was investigated at var-

ious doping concentrations (x = 0.02–1.0). No evidence of

secondary phases was observed from XRD analysis. The

microstructure study shows that the increasing erbium

concentration above x = 0.5 changes the shape of grains;

dense microstructure of sample was obtained with good

electrical properties. Energy dispersive X-ray spectroscopy

for the ceramics (x = 0.02 and 1.0) sintered at 1,040 �C in

air for 4 h, confirmed the presence of Erbium. From the

results of conventional sintered dielectric measurements,

x = 0.02 exhibited a low dielectric loss of around 2.0 with

high dielectric constant of 164,000 at 50 Hz.
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