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Dielectric properties of CaCu;Ti, ;Mn,O;, ceramics
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Abstract. In this work. we have reported the dielectric properties of the Mn doped CaCu;TiyOy; (CCTO) ceramies. The
conventional solid-state reaction was employed. By the partial Mn -for Ti substitution. the dielectric loss was suppressed
remarkably while the dielectric constant (e,) still remains high. The sample CaCu;Ti; 76Mnp240;; exhibits a high g, over
1200 and a low dielectric loss below 0.06 at room temperature. Furthermore, the g value of this sample shows rather
independent with temperature. SEM micrographs show that no impurity was observed in the Mn doped CCTO ceramics
which exhibit the dense microstructures with out abnormal grains. This CaCusTiyMn;Oys system is believed to be a

promising candidate for capacitor applications.

Keywords: CaCu3Ti404: CCTO: Dielectric properties; Perovskite

PACS: 82.45.Un

INTRODUCTION

The perovskite - type compound CaCu;Ti4045
(CCTO). was first synthesized by Bochu et al. [1].
This titanate oxide erystallizes in a cubic structure with
Im3 space group. The TiO; octahedra are tilted.
resulting in the doubling of the perovskite-like lattice
parameter and involves a square planar arrangement of
the oxygen around the Cu’ cations. [2.3]. The
dielectric constant is almost temperature independent
from 200 K to 400 K. with low frequency dielectric
constant of CCTO can be as high as 95.000 in single
crystals . and 12.000 in sintered pellets [2. 4]. For the
ceramic [2] and thin-film [5] samples at room
temperature. the typical value of tan & is about 0.2 at
10 kHz.

The high dielectric constant of CCTO can then
be understood based on a barrier layer mechanism.
This is a well-known mechanism for titanates that are
processed in such a way as to produce grains that are
reduced and conducting when coupled with gramn
boundaries that are oxidized and much less conducting

2]

The partial substitution of divalent Ca’™ by the
trivalent La>” was carried out. in order to increase the

conductivity of the grains [6].The loss angle can be
reduced by adding of some elements such as
manganese oxide (MnO,) [7]. In this work we extend
the study on CCTO samples with substitutions of Ti
ions by Mn ions leading to the formula CaCusTiy
MnOp5. ranging from x = 0.08 up to 0.40.
Characterization of the samples was carried out using
x-ray diffraction (XRD) and scanning electron
microscopy (SEM). Other physical properties such as,
density. dielectric constant and loss angle were
mtensively studied.

Experimental procedure

The CaCu;Ti 0y, (CCTO) powder was
prepared by the mixed-oxide route. High purnty (=
99.9%) CaCQO; (Riedel-de Haen). TiO; (Riedel-de
Haen) and CuO (Aldrich) powders were weighed in an
appropriate ratio, fully mixed by ball milling for 24 h
using zirconia balls in ethanol media. After being
dried, the powders were calcined at 850°C for 2 h to
form the CCTO powder. In searching for the most
appropriate sintering temperature. the calcined
powder was granulated using polyvinyl alcohol (PVA)
3% binder and formed under a uniaxial pressure of
1500 kg/em’® into discs, typically 15 mm in diameter
and 2 mm in thickness. The discs were sintered m air
at 850 - 1050°C in a step of 50°C (with soaking time of
2 h). The ramping and the cooling rates were 300°C/h.
The XRD and density results showed that the most



appropriate sintering temperature of CCTO was
1000°C. The substituted CCTO samples was prepared
by mechanically ground (24 h) mixtures of the
calcined CCTO powder and various amounts of
MnCL.4H,O powders, leading to the formula
CaCu3Tig Mn, Oy, ( x = 0.08, 0.16, 0.24, 0.32 and
0.40). The mixtures were formed into discs employing
the same process as that of the undoped samples. The
discs were sintered in air at 1000°C for 2 h. with the
same ramping and the cooling rates. During sintering
oxygen gas was fed into the furnace at the rate of 100
c.c./min. The discs were polished to produce the flat
uniform surfaces. All the samples were characterized
by =x-ray diffraction (JEOL JDX-8030) at room
temperature using Cuk, radiation as the x-ray source.
Silver paste was used as the electrical contact. The
painted samples were dried at 750 °C for 20 minutes.

The polish ceramics were observed using
SEM (JEOL JSM-5910LV) to study the
microstructure.

The dielectric constants and loss tangents
against temperature, were measured at the frequency
ot 1 kHz (using HP 4192A LCZ meter).
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Figure 1. Powder XRD results of CCTO ceramie samples. at
various sintering temperatures. (a) 850°C/2 h, (b) 900°C/2 h.
() 950°C/2 h. (d) 1000°C/2 h. and (e) 1050°C/2 h.

Results and discussion

Figure. 1 shows the x-ray diffraction results
for the CCTO ceramic samples at various
temperatures. All the peaks can be attributed to CCTO.
based on the data in the Inorganic Crystal Structure
Database (ICSD) No.032002. having the lattice
parameter (a) of 7.37 A. Tt can be seen that the CCTO
phase started to form at 850°C and most pronounced at
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Inte nsity (a.u.)

1000°C. whilst sintering at 1050°C yielded relatively
lower intensity of the main peaks (220). indicating
lower content of CCTO. Furthermore, the samples
melted at the highest sintermmg temperature
(1100°C).The density results of the calcined powder
also showed that the highest density was obtained at
1000°C (data not shown here). This is in agreement
with our XRD results and that of Yang et al.[8] and
Brize et al.[9].
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Figure 2. Powder XRD results of CaCu;Tiy Mn,Oy,.
The top left inset is an expanded view of the XRD
patterns around 26 = 61.4°,

The XRD results for the Mn-doped CCTO
samples were presented in Figure.2. All the peaks can
be well indexed using the same data base (1e.ICSD
No0.032002). The lattice constants and the densities of
the ceramics were tabulated in Table A. The lattice
constants were obtained by a least-squares fit method.
They were found to slightly increase with the
increasing x. indicating that Mn does enter the lattice.
When x = 0.24 the lattice constant tends to saturate,
suggesting that the Mn solubility limit at x~0.24
(please also see Table A). The top left inset of the
figure is an expanded view of the XRD pattern around
26 = 61.4°, showing the shift of the (422) peaks. The
lower intensity peaks come from the CuK, radiation.
The increase of the lattice constant is probably due to
the fact that Mn ion has larger ionic radius than Ti ion.
In general. the practical frequency emploved in
capacitor applications is around 1 kHz. though the
CCTO system is frequency dependent.

TABLE 1. Percentage of the density and the lattice parameter (a) of the Mn-doped CCTO
CaCu;Tiy Mn Oy, - N lattice parameter

( x values ) Density™ (%) a(A)

0 94.05 7.370

0.08 93.17 7.396

0.16 92.85 7.398

0.24 91.77 7.403

0.32 91.65 7.403

0.40 90.96 7.403
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Figure 3. Temperature dependence of the dielectric constant
and loss tangent for the CaCusTiy Mn,O1y sample. sintered
at 1000°C/2h and measured at frequency 1 kHz.

Figure. 3. shows the dielectric constant and
dielectric loss of Mn doped CCTO. against the
temperature ranging from room temperature to 100°C.
As can be seen, at the room temperature, the dielectric
constant (g;) decreases from 15000, with the increasing
x and &, tends to be stable (about 1200) when x = 0.24.
This trend agrees well with the lattice constant results
in Figure. 2 (please also see at Table A). Besides, the
g, 1s rather constant with the temperature. The
dielectric loss (tand) does decrease with the increasing
x as generally expected. The highest and lowest values
were 0.7 (for x=0) and 0.06 (for x= 0.24). respectively
(at room temperature). This is slightly below that
obtained by Feng et al.[6] who worked on La doped
CCTO system. The decrease of g and tand may be due
to the fact that during sintering there was a supply of
oxygen gas in the system. Similar result was also
observed by Schmid and Mader [10]. Thus there is a
probability that Mn®> (from MnCl,.4H,0) could be
oxidized to Mn*" and could substitute the Ti*" lattice
site. leading to the formula of CaCusTiy Mn,O;. This
may cause the reducing of Ti vacancies, and therefore
the conductivity of the ceramic decreases. However,
the oxidation of Mn®™ to Mn*" also could not be
neglected. Mn®" can behave as acceptors for electrons
liberated from oxygen vacancy traps and thus prevent
them from entering the conduction band. Nevertheless,
at x = 0.24, the tand increased up to 1 against that of
undoped (~2) at 100°C. Figure. 4 shows the SEM
micrographs of the crack surface of Mn doped CCTO
samples sintered at 1000°C. As can be seen that the
undoped sample (Figure. 4 A). the grain size of the
CCTO sample was quite high (~10um) with small
pores scattered around the gramns. This may be due to
melting and abnormal grain growth. Similar result was
also observed by Mohamed et al. [11]. However, the
dielectric constant of CCTO ceramics was higher than
that of CCTO ceramics sintered at 1035°C for 3h as

Figure 4. SEM pictures of the crack of CaCu;3Tiy Mn,O;)
sintering at 1000°C for 2 h. Samples A: x =0, B: x = 0.08, C:
x=0.24, and D: x = 0.40.

revealed by Fang and Shiau [12]. Microstructural
analysis also revealed that the grain size of the samples
produced notable decrease, as measured by the lines
intercept method. decreased from ~ 10um for undoped
sample to ~ 2.5um for CaCusTis76Mng240,, sample
(Figure. 4. B and C). However, at x = 0.40 (Figure. 4.
D) pores were seen around the grains and this may
affect the reducing of the dielectric constant.

Conclusions

The effects of Mn doped on the dielectric
constant (g,). dielectric loss (tand) of CaCu;Tig
Mn O (x =0, 0.08, 0.16, 0.24, 0.32 and 0.40) were
examined. Dielectric constant and dielectric loss (at 1
kHz) were investigated at room temperature and
100°C. For x = 0.24 sample. the tand was found fo
increase from 0.06 (at room temperature) to 1(at
100°C). The dielectric constant of this sample
remained high (~ 1200) and rather independent with
temperature. The microstructure of the cracked surface
of Mn doped CCTO samples sintered at 1000°C.
appeared dense. The calculated densities of the
ceramics were rather high (above 90% of the
theoretical density).
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The Effect of GeO, and In,O; Doping
on the Dielectric Properties of CaCu3TizOq;
Ceramics Prepared via Vibro-Milling Method
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In this work, effects of GeO> and In203 doping on the dielectric properties of CCTO
were investigated. Doping levels range from 0.5 to 2.0 mol9. The vibro-milling method
was emploved for processing. The dopant addition produced a slightly smaller grain
size. A reduction in dielectric constant was observed, but it is still high. The 2.0 mol%
GeO; and In; 03 doped samples exhibited high dielectric constant of about 25,000 and
23,000 and low dielectric loss with 0.06 and 0.05 respectively at room temperature and
at 10 kHz. The dielectric measurements showed that the modified samples exhibited
a strong dielectric independency of temperature and frequency. In addition, the loss
tangent reduced after doping. From this results, it can be incurred that GeO; and In; O3
doping, processed via vibro-mill are the suitable methods to achieve the stability of high
£, and low loss ceramics.

Keywords High dielectric material; dielectric properties; microstructure

Introduction

Recently, much attention has been paid on CaCu3TisO12 (CCTO) due to its high dielec-
tric constant & ~10,000 to 100,000 and fine thermal stability over a wide temperature
ranges from 100400 K. The dielectric properties of CCTO has a potential for important
applications in microelectronics [1-3]. CCTO has a cubic perovskite like structure with
a lattice parameter, a~7.393 A [4]. It does not undergo any structural phase transition
over the same temperature range. Change in dielectric constant of CCTO has been wildly
related to its microstructure [4]. In order to explain the origin of the high dielectric constant
behavior in CCTO, many models have been proposed. The internal barrier layer capacitor
(IBLC) model of Schottky barriers at the grain boundaries between semiconducting grains
is wildly accepted for analyzing the dielectric properties of CCTO [3, 6]. It is also reported
that dielectric properties of CCTO depends on many factors such as processing and doping.
There are many examples in the literature showing the effects of dopants (Zr, Fe, Co, Nb,
Ni, Sc and La etc.) in CCTO -based dielectric ceramics [7-13]. Furthermore, Tsoutsou
et al. [14] reported that dielectric constant in ZrO; thin film was improved by doping GeO».

Received June 20, 2010; in final form July 11, 2010.
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Kwon et al. [15] reported that the doping of Cr,O3 in CCTO could increase it dielectric
constant. As In ion has the same valency with Cr ion (37) we expected that the doping
of InpO3 could produce similar result, eventhough its ionic size is larger. According to
Kashcheev and Zemlyanoi [16], powder processing via vibro-milling could stimulate the
grain activity. In this work, the effects of GeO; and In,O3 doping on CCTO ceramics were
studied, with the expectation that both Ge and In ions would go into B-site of CCTO and
that they could improve their dielectric properties. The CCTO ceramics were fabricated via
a solid-state reaction. The vibro-mill was employed to produce CCTO powder. Properties
of the obtained ceramics were investigated with the aim of improving its dielectric char-
acteristics. Characterization of the samples was carried out using x-ray diffraction (XRD)
and scanning electron microscopy (SEM). Physical properties such as, density, dielectric
constant and loss tangent were also investigated.

Experimental

The unmodified CaCu3TiyO2 (CCTO) powder was prepared by the mixed-oxide route.
High purity (= 99.9%) CaCOj; (Riedel-de Haen), TiO> (Riedel-de Haen) and CuO (Aldrich)
powders were weighed in the desired ratio, fully mixed by yttria-stabilized zirconia balls in
ethanol media and milled using a vibratory mill for 6 h. After being dried, the powders were
calcined at 900°C for 2 h to form the CCTO powder. The calcined powder was granulated
using polyvinyl alcohol (PVA) 3% binder and formed under a uniaxial pressure of 2,000
kg/em? into discs, typically 10 mm in diameter and 2 mm in thickness. The discs were
sintered in air at 1,100°C in a step of 5°C/min (with soaking time of 4 h). For the doping
study, GeO; and In;O; powders at various concentrations (0.5, 1.0 and 2.0mol%) were
mixed to CCTO at the calcination stage. The mixtures were formed into discs employing
the same process as that of the unmodified samples. The discs were sintered in air at 1,100°C
for 4 h, with the same ramping and the cooling rates. The discs were polished to produce
the flat uniform surfaces. All the samples were characterized by an x-ray diffractometer
(Bruker D8 Discover) at room temperature using Cu K, radiation. Silver paste was used
as the electrical contact. The painted samples were dried at 750°C for 20 minutes. The
fracture surfaces of ceramics were observed using SEM (JEOL JSM-5910LV) to study
the microstructure. The dielectric constants and loss tangents against temperature were
measured at the frequency of 100 Hz—500 kHz (using an Agilent 4284A LCR meter).

Results and Discussion

The XRD patterns of GeO; doped CCTO ceramics are displayed in Fig. 1(a). All diffraction
peaks correspond to the known peaks of the standard CCTO, indexed from the data in the
Inorganic Crystal Structure Database (ICSD) file No.032002. All samples exhibited a
phase-pure perovskite, no trace of impurity or raw materials peaks were observed, under
the detection limit of the XRD equipment. The XRD patterns of In,O3 doped CCTO
samples are not shown here since they are similar to that of Fig. 1(a). The crystal symmetry
of the samples at room temperature was determined to be cubic. Value of lattice constant
as a function of GeO; and In; O3 contents are shown in Fig. 1(b). The lattice constant of
both GeO; and In; O3 doped samples show the same trend, i.e. they slightly increase with
increasing the GeO; and In;O3 contents. With 2.0 mol% of GeO; and In; O3 doping, the
shift in lattice parameters were 0.018%, 0.021% respectively. This may indicate that main
part of dopants did not go into solid solution within the grains. This is consistent with the
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Figure 1. (a) XRD patterns pure and modified CCTO: A = 0 mol% Ge, B = 0.5 mol% Ge, C =1
mol% Ge, and D = 2 mol% Ge. (b) lattice parameter (A) as a function of Ge and In concentration.

increased DC resistance observed in GeO; and In; O3 — doped samples, thus could result in
the decrease of the loss tangent, (as reported in the electrical results). However, the amounts
of dopants may be still too low to show up in XRD data. In the relation to the internal barrier
layer model, doping does not affect the grain electrical properties but rather modifies the
grain boundary resistance [15]. The density and linear shrinkage slightly increased with
increasing amounts of GeO; and In;Os. Plots of linear shrinkage and density as a function
of GeO2 and In20s contents are shown in Fig. 2. It can be concluded that both dopants
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Figure 2. Density and shrinkage as a function of doping concentration of the samples.

enhance the densification of CCTO ceramics. The highest values of 2.0mol% of both GeO;
doped CCTO and In,O; doped CCTO are 4.95, 4.97 g /em® respectively, about 98% and
98.25% of the theoretical value of CCTO (5.053 g Jem?).

Fracture surfaces of the CCTO ceramics (undoped and doped 2.0mol% of GeO; and
In;03) are shown in Fig. 3. Partial intergranular fracture was observed for the unmodified
sample. After doping, the GeO, doped samples exhibited a non-uniform in grain size.
There was some small grains occurred between large grains. The fracture mode changed to
mainly intragranular for the doped samples, suggesting a higher strengthening of the grain
boundaries [17]. In contrast, the In,O3 doped samples showed rather smaller grains. These
results indicate a rearrangement of grain boundary structure taking place due to the effect
of the dopants. The decrease in grain size was observed after doping: grain size slightly
decreased from 20 pem for the unmodified sample to 15 pm for the 2.0 mol% GeO;-doped
sample. However, the grain size of the 2.0 mol% In,03- doped sample showed much smaller
(2.7 pum). As observed, the grain size of GeO; and In;O3-doped ceramics decrease with
the increasing of dopants contents.

The temperature and frequency dependences of dielectric constants of undoped,
GeO; and In;O3-doped CCTO ceramics at room temperature over the frequency range of
102-10° Hz are illustrated in Fig. 4. The unmodified sample showed a nearly temperature-
independent at high frequencies (> 10 kHz). Both GeO; and In,0; 2.0 mol% doped
samples exhibited the same trend, i.e. decrease in the dielectric constant with the dopants
contents, when compared with undoped sample. However, the dielectric constant of GeO;
doped ceramic are still high, ~25,000, at 10 kHz, while that of In, Oz doped sample showed
~23,000 at 10 kHz. The dielectric constants (g;) of both GeO> and In;O3 doped samples
(1.0 mol%) all showed slightly higher than that obtained from the 0.5 and 2.0 mol% doped
samples, however they are in the same order. In contrast, Kwon er al. [15] reported the
increase of dielectric constant of CCTO after doping Cr,O3. They also reported that based
on the internal barrier layer model, this could be explained by the enhance conductivity
in grains. Figure 5 displays the loss tangents (tan §) against temperature of the doped
and undoped samples. The tan & values of the doped samples show lower than that of the
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Figure 3. Fracture surfaces of selected samples: (a) pure CCTO, (b) Ge 2 mol% doped CCTO and
(c) In 2.0 mol% doped CCTO.

undoped one. This is consistent with the increase of DC resistance as mentioned earlier.
Both GeO; and InyO3 (2.0 mol%) doped samples show that the g; values are rather stable
for all frequencies except that of low frequency (100 Hz). The tan § values are quite low
0.06 for GeO, doped sample and 0.05 for In,O3 doped ceramic measured at 10 kHz. The
low loss tangent in doped CCTO might be due to the increase in grain boundary resistivity.

Figure 6 shows dielectric constant and loss tangent as a function of frequency at room
temperature. The dielectric constant decreased with frequency, but a sharp decrease was
observed at the frequencies 100 Hz to 1 kHz. The loss tangent decreased to a lower value
with increasing frequency (up to 1 kHz) then increased with further frequency. A similar
result was observed for the work carried out by Kwon et al. [15].

In this work characteristic of the grain boundary may be responsible for the effects
on the increased dielectric loss of the samples. The change of the fracture mode suggested
a change in grain boundary properties. It is believed that the GeO; and In,O; addition
produced an increase in total resistance of the grain boundary [15]. This may cause a
reduction in conductivity as a result of lower loss tangent. Furthermore, the reduction in
grain size can be associated with the decrease in dielectric constant [18, 19]. Therefore,
the decrease in grain size may be related to for the reduction of the dielectric constant to
some extent. From Fig. 3, it should be noted that there were some cluster of small grains
placed between the large gains. These features may also have some effect on the dielectric
properties. However, details on the dielectric properties in terms of the microstructure
should be intensively investigated.
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Figure 4. Dielectric constant as a function temperature of the samples: (a) undoped CCTO, (b) 0.5
mol% Ge doped CCTO, (c) 1.0 mol% Ge doped CCTO, (d) 2.0 mol% Ge doped CCTO, (e) 0.5 mol%
In doped CCTO, (f) 1.0 mol% In doped CCTO and (g) 2.0 mol% In doped CCTO.
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Figure 5. Tangent as a function temperature of the samples: (a) undoped CCTO, (b) 0.5 mol% Ge
doped CCTO, (c) 1.0 mol% Ge doped CCTO., (d) 2.0 mol% Ge doped CCTO, (e) 0.5 mol% In doped
CCTO, (f) 1.0 mol% In doped CCTO and (g) 2.0 mol% In doped CCTO.
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Conclusions

The dielectric properties of GeO; and In,O3 doped CCTO (processed via vibro-milling
method) were reported in this work for the first time. From the results of dielectric mea-
surement at 2.0 mol% GeO> showed low tan § around 0.05 between 100 Hz—500 kHz.
For the InyO3 (2.0 mol%) doped samples showed slightly higher. The doping produced
slightly lower of the dielectric constant than that of undoped one. However, the doping
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improved the temperature and frequency stability of the dielectric properties. Considering
the temperature and frequency independence of the &, and tan § of both GeO; and In, 04
doped samples may be suitable for high &, applications.
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Abstract

In this study, CaCusTi;O1» (CCTO) ceramics were doped with cesium and cerium
atoms to possibly improve the electrical properties of these widely used ceramics. In all cases.
pure phase perovskites were produced where cesium doping enhanced the grain growth and
cerium doping produced grain growth inhibition. The cesium doping showed an improvement
in loss tangent performance. in contrast to the cerium doping which showed a negative result.
A high dielectric constant > 15.000 with a dielectric loss lower than 0.06 was observed for
cesium 2.0 mol% doped at high frequencies. These results were related to the change in

microstructure and the properties of grain boundary after doping.

Keywords: C. Dielectric properties: D. Perovskites: E. Capacitors: A. Grain growth
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1. Introduction

The high-K ceramic CaCusTiyOy, (CCTO) first discovered by Subramanian er al. [1]
exhibits a high dielectric constant over 10,000 at room temperature with temperature
independence over the temperature range of ~ 100-400 K [2]. For ceramic and thin-film
samples at room temperature, typical values of the loss tangent are about 0.2 at 10
kHz[1.3].The crystal lattice structure of this ceramic is composed of titanate oxide crystals
arranged in a cubic structure with an Im3 space group. Since the TiOs octahedra are tilted.
there is a doubling of the perovskite-like lattice parameter which creates a square planar
arrangement of the oxygen around the Cu cations [4]. Due to these unusual properties.
CCTO ceramics have an electrically heterogeneous structure with mobile charged species
which show a Maxwell-Wagner relaxation behavior [5]. The internal interfaces in the
polycrystalline CCTO also give rise to a polarization of the semiconducting grains and
insulating grain boundaries based on the internal barrier layer capacitor (IBLC) model [6-8].
There have been numerous reports of cation substitution on the CCTO lattice structure
(substitution of Co. Zr. Fe. Ni. Sc and Nb on the B-site, and substitution of La on the A-site)
[8-11]. In this report, we studied cations substitution on at both the A-site and B-site of
CCTO by doping cesium (Cs) and cerium (Ce). Properties of the samples were investigated

and reported.

2. Experimental

The CaCu;TiyO, powders were prepared via a conventional solid state method. For
the doping Ce and Cs studies, CeO; and Cs2C0O3 powders were added to CCTO powder at the
calcination stage in concentrations of 1.0 and 2.0 mol%. The samples were calcined at 900°C

for 2 hand sintered in air at 1100°C for 4 h. Phase formation of the samples was investigated



167

via an X-ray diffraction technique (XRD). The lattice parameter was calculated from the
positions of the (220) and (422) X-ray diffraction peaks. Density of the ceramic samples was
measured using the Archimedes method. Microstructure of the ceramics was characterized
using an SEM (JEOL JSM-5910LV). Average grain sizes of the samples were determined by
the intercept count method of ASTM E112. which is based on the number of the grain
boundary intersections per unit length [8]. The dielectric constant and the loss tangent were

measured with an Agilent 4284A LCR meter.

3. Results and discussion

Fig.1 illustrates the XRD patterns of CCTO doped with Cs and Ce. which are similar
to that of many previous works [3-7]. All samples exhibited a pure perovskite phase with
cubic and no symmetry no contaminating of raw materials or trace of Cs or Ce oxides. The
increase in the mole fraction of Cs and Ce show no evidence of a change in symmefry in the
doped ceramics. For the Cs doped samples. the XRD peaks shifted to low angles with
increasing Cs concentrations (inset (a) of Fig 1). This result suggests that Cs doping produced
a change in lattice parameter (a). Values of the lattice parameter of the Cs doped samples are
shown in Fig.2. where it increased with increasing Cs concentrations. This indicates that the
Cs'” entered into the lattice of CCTO. Comparing the radius of Cs'" (rcs1-=1.69 A ) to Ca™”
(Tcaz-= 1.34A ) and cu? (Tcy«= 0.57 A ). the Cs! ions produce a larger lattice spacing as a
substitute to Cu””. Thus. the increase in lattice parameter for the Cs doped samples (or the
XRD peaks shifted in inset (a) of Fig.1 is the result of substituting Ca*~ with Cs'[9, 10]. For
the Ce doping. the valance states of this ion are +3 and +4 with ionic radii of 1.06 and 0.97 A.
respectively. Since the ionic radii for Ca and Ti sites are 1.34 and 0.68 A, respectively. and

the lattice parameter for the Ce doped samples remained unchanged. this suggests that either
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the Ce ions did not enter into the lattices or did not change the average lattice spacing where
they did enter. This evidence is similar to the work done by Kwon er al. [12].

The density and shrinkage values versus doping concentration of Ce and Cs are
shown in the inset of Fig.2. The general trend indicates that doping slightly increased the
density and shrinkage value. However, the Ce doped samples showed a higher increase. This
result indicates that Ce doping helped to improve the densification of the doped CCTO
ceramics. The microstructures of the doped samples are shown in Fig.3. For the Cs doping,
average grain size increased from ~ 20.4 pum for unmodified CCTO (Fig.3 (a)) to ~28.9 pm
for the 2.0mol% sample (Fig.3 (b)). In contrast to the Ce doping. a notable decrease in grain
size was observed where the 2.0 mol% Ce sample had an average grain size of only 1.9 pm
(Fig.3 (c)). This result implies that Cs doping promoted grain growth, while Ce doping
inhibited grain growth. Furthermore. the reduced grain growth seen with the Ce ions gave rise
to a segregation of the doping oxide which formed small scale secondary phases at the grain
boundaries without being detected by XRD [10].

Plots of the dielectric properties as a function of temperature (Fig. 4 (a)) for the pure
CCTO ceramic (100 Hz - 500 kHz) illustrated a high dielectric constant with temperature
stability over the temperature range of ~ 27-60 °C of the pure CCTO ceramics, while a
tangent loss was less than 0.01 over a range of 27-70 °C at 10 kHz (Fig. 5 (a)).  The
dielectric constants as a function of temperature of the Cs (Fig. 4 (b)) and Ce (Fig. 4 (c))
doped CCTO ceramics (100 Hz - 500 kHz), indicates that doping of Cs produced a weak of
frequency dispersion of the dielectric constant. in contrast to that of the Ce doping where a
strong of frequency dispersion was observed. However, all doping conditions exhibited a
reduction in dielectric constant at room temperature. This reduction has been observed for

many modified CCTO ceramics [9-11].
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The values of the loss tangent (fan 8) as a function of temperature for the Cs and Ce
doped CCTO ceramics are shown in Figs. 5 (b) and (c). respectively. The Ce samples showed
a change of tan & about 150% (from 0.2 at 27°C to 0.5 at 70°C) at 1 kHz. while Cs samples
exhibited temperature and frequency stability (2% change) over the same temperature range.

The dielectric constants versus frequency plots at room temperature for the Cs and Ce
doped ceramics (Fig.6) show decreasing trend with frequency. Furthermore, a significant
decrease in the dielectric constant was observed for the Ce samples comparing to that of the
Cs samples. Plots of the loss tangent versus frequency of the pure CCTO ceramic(Fig. 6) at
room temperature, show that the loss tangent decreased with increasing frequency up to 1
kHz and then increased with further increases in frequency. However. the additions
significantly lowered the rise in loss tangent at high frequencies (>1 kHz), implying a
reduced conductivity of the doped ceramics.

From the IBLC model [6.7]. the CCTO system can be viewed as a circuit consisting
of two parallel RC elements connected in series which represent the semiconducting bulk,

grain and insulating grain boundary. and grain boundary capacitor. It has also been proposed
that the apparent dielectric constant (&, ) can be related to the grain size (d) and the thickness

of the grain boundary (barrier width. 7) and internal dielectric constant of the grain boundary

( €4 ) using the following expression:[13]

, d
£, =Eg (7) (1)

In the present work, the reason for the reduction of the dielectric constant of the
doped samples are uncertain. but could be linked to the characteristics of the grain
boundaries. According to Eq. (1) it is possible that the dielectric constant of the grain
boundaries for the doped samples decreased after doping [13] which could cause a decrease

in the dielectric constant. Further. it should be noted that the dielectric constant for the Ce
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doped samples is lower that the Cs doped samples. This could also result from a decrease in
grain size (see also Eq.(1)). as seen in Fig.3. where a sharp decrease in grain size was
recorded for the Ce doped samples.

In the case of the loss tangent behavior of the present samples, the reduction of tan &
could be correlated to changes in transport behavior. i.e. an increase in total resistivity of the
grain boundaries [14] (which in turn depends on the value of grain boundary resistance)
which results in a lowered loss tangent. However. further investigation using different

techniques should be performed to clarify the evidence.

4. Conclusions

The properties of Ce and Cs doped CCTO ceramics were investigated for the first
time. The pure and modified (CCTO) ceramics were prepared by a conventional solid-state
reaction technique. The different dopant resulted in different grain sizes. where Cs doping
promoted grain growth. while Ce doping inhibited grain growth. Although these dopants
produced a reduction in the dielectric constant. the dielectric constant after doping was still
high especially for Cs doping. The loss tangent performance of the Cs samples was found to
improve independently with temperature and frequency. It was proposed that the change in

the microstructures could be related to the changes in the dielectric properties.

Acknowledgements

This work was supported by Development and Promotion of Science and Technology
Talents Project (DPST). Thailand. Faculty of Science and Graduate School Chiang Mai
University. the Thailand Research Fund (TRF). We also wish to thank the National Research
University Project under Thailand’s Office of the Higher Education Commission (OHEC) for

financial support.



171

References

[1]

[6]

M.A. Subramanian, D. Li, N. Duan. B.A. Reisner, and A. W. Sleight, High dielectric
constant in ACu;TisO, and ACusTisFeO,, phases. Journal of Solid State Chemistry
151 (2000) 323-325.

A.P. Ramirez, M. A. Subramanian, M. Gardel, G. Blumberg, D. Li. T. Vogt, and S. M.
Shapiro, Giant dielectric constant response in a copper-titanate. Solid State
Communications 115 (2000) 217-220.

W. Si. EM. Cruz, P.D. Johnson. P. W. Barnes, P. Woodward. and A. P. Ramirez,
Epitaxial thin films of the giant-dielectric-constant material CaCu;Ti4Oy, grown by
pulsed-laser deposition . Applied Physics Letters 81(2002) 2056.

Y. Lin, Y.B. Chen, T. Garret. S'W. Liu, C.L. Chen. L. Chen, R.P. Bontchev, A.
Jacobson, J.C. Jiang, E.I. Meletis. J. Horwitz, HD. Wu, Epitaxial growth of dielectric
CaCu;3Tig0y; thin films on (001) LaAlO; by pulsed laser deposition, Applied Physics
Letters 81 (2002) 631.

P. Lunkenheimer, V. Bobnar, A.V. Pronin, A.I. Ritus, A.A. Volkov, A. Loidl, Origin of
apparent colossal dielectric constants. Physical Review B 66 (2002) 052105.

D.C. Sinclair. T.B. Adams, F.D. Morrison, and A. R. West, CaCu3Ti,O;2: One-step
internal barrier layer capacitor, Applied Physics Letters 80 (2002) 2153.

TB. Adams. D.C. Sinclair, and A.R. West, Characterization of grain boundary
impedances in fine- and coarse-grained CaCusTis012 ceramics. Advanced Materials 14
(2002) 1321.

G.F. Vander Voort, A M. Gokhale, Comments on Grain size measurements, Scripta
Materialia 26 (1992) 1655.

RD. Shannon, C.T. Prewitt, Revised values of effective ionic radii. Acta

Crystallographica Section B 26 (1970) 1046-1048.



[10]

[11]

[14]

172

Chun-Hong Mu, Peng Liu. Ying He. Jian-Ping Zhou., Huai-Wu Zhang. An effective
method to decrease dielectric loss of CaCu;TiyO;> ceramics, Journal of Alloys and
Compounds 471 (2009) 137-141.

S.Y. Chung. S.I. Lee. J.LH. Choi. S.Y. Choi. Initial cation stoichiometry and current-
voltage behavior in Se-doped calcium copper titanate. Applied Physics Letters 89

S. Kwon, C.-C. Huang. E.A. Patterson. D.P. Cann. The effect of Cr,0s. ND,Os and
Z10; doping on the dielectric properties of CaCusTigO12. Materials Letters 62 (2008)
633-636.

F. Amaral, M.A. Valente, L.C. Costa, Dielectric properties of CaCuszTi4O12 (CCTO)
doped with GeO,. Journal of Non-Crystalline Solids 356 (2010) 822-827.

L. Ni, X.M. Chen, X.Q. Liu and R.Z.Hou, Microstructure-dependent giant

Dielectric response in CaCu3Ti4012 ceramics. Solid State Communications 139

(2006) 45-50.



173

Figure captions

Fig. 1

Fig. 2

Fig4

Fig. 6

XRD patterns of pure and doped CCTO ceramics. Insets (a) and (b) show XRD peaks
of (422) planes for Cs and Ce doped CCTO ceramics. respectively.

Lattice constant of doped CCTO ceramics as a function of Cs and Ce Concentrations.
Inset shows density and shrinkage of doped CCTO ceramics versus Cs and Ce
concentrations.

Fracture surfaces of selected samples: (a) Cs 2.0 mol% doped CCTO and (b) Ce 2.0
mol% doped CCTO.

Dielectric constant as a function of temperature for the ceramics: (a) pure CCTO. (b)
Cs 2.0mol% doped CCTO and (c) Ce 2.0 mol% doped CCTO.

Loss tangent as a function of temperature of the ceramics: (a) pure CCTO, (b) Cs
2.0mol% doped CCTO and (c) Ce 2.0 mol% doped CCTO.

Dielectric constant as a function of frequency of the ceramics and the inset shows

their loss tangent.
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Fig. 3

Fig. 4
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Fig.5

Fig. 6
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