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Abstract

Project Code : TRG5680047

Project Title : Synthesis, Characterization, Dielectric Properties, and Electrical
Response in (Na,,Ca,,Ln,,)Cu,Ti,0,, Ceramics: Ln = La”", Bi"’, Sm”’, Gd™, Y*, Yb™,
Nd*’, and Dy’’

Investigator : Asst. Prof.Dr. Prasit Thongbai

E-mail Address : pthongbai@kku.ac.th; prasitphysics@hotmail.com

Project Period : 2 years

The aims of this research work are to seek a new giant dielectric material system
of (NaysCaslnys)CusTiO, (Ln=La’, Bi, Sm>, Y°', and Yb" ions) and to improve
the dielectric properties of CaCu;Ti,O4,-based ceramics. Ceramic samples were
prepared by solid state reaction method and combustion route. Phase composition and
crystal structure were characterized by X-ray diffraction (XRD) technique. Scanning
electron microscope (SEM) coupled with an energy dispersive X-ray spectroscopy
(EDS) was used to characterize the ceramic microstructure. The dielectric properties
were investigated as functions of frequency and temperature. (Na;;3Cay;3Ln4;3)CusTizO45
ceramics with Ln = Bi3+, Y3+, and Yb3+ exhibited high dielectric permittivity (¢') and low
loss tangent (tand). Interestingly, Na;;Cay;3Biq;3CusTisO4, exhibited a low tand~0.038
and high 8’~2.5x104 with good temperature stability. For CaCu;Ti,O4,-based ceramics,
a novel strategy to improve the dielectric and non-Ohmic properties that deliberately
created composite systems of CaCu; A, Ti,O,,/CaTiO; and CaCu;TisB,0,,/CaTiO; (A
= Mg, Zn and B = Sn, Zr) was carried out. These ceramics were prepared by using
starting nominal formulas of Ca,Cu, A, Ti,O4, and Ca,Cu,Ti,B,O1,, respectively. The
greatly reduced tand and improved non-Ohmic properties were successfully
accomplished, which were attributed to the improved electrical properties of the grain
boundaries. Investigation to further extremely enhance €' is important for fabricating

ultra-small size capacitors with very high performance.

Keywords : Dielectric properties; Capacitor; Impedance spectroscopy.
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CHAPTER |
INTRODUCTION

1.1 Introduction to the research problem and its significance

In recent years, CaCu;Ti,O;, (CCTO) gained considerable attention due to
abnormal high dielectric constants (8'~1O3—105) over the temperature range from 100
to 600 K and its apparent nonlinear current—voltage (current density—electric field,
J—E) properties [1—16]. These ceramics are so called “giant dielectric materials”. By
considering the dielectric and nonlinear electrical properties of these perovskite—type
materials, it is believed that these ceramics are promising materials for many
applications. Normally, the degree of electronic device miniaturization utilizing capacitive
components is decided by the €' value of a dielectric material. The size of such devices
can be reduced by replacing dielectric layers with a relative high—dielectric material.
However, the loss tangent (tanS) of CCTO and related materials is still too large
(tan6 > 0.05 at 1 kHz), making them unsuitable for capacitor applications. Therefore,
reduction of tand value is an important and urgent issue requiring investigation.

The dielectric properties of Ln—doped CCTO ceramics have been widely
investigated, where Ln is lanthanide metal ions such as La3+ [18—23], Y3+ [22,23], Gd3+
[22—24], Eu3+ [23,25], and Nd3+ [26]. All of these doping ions have an influence on the
microstructure and dielectric properties as well as the nonlinear current—voltage
behavior of CCTO ceramics. Some doping ions can reduce significantly tand of CCTO
ceramics. La3+ substitution into CCTO can reduce tanO to be less than 0.03 [19].
However, the reduction of tanO is usually accompanied by a decrease in g’ value
(~2,000-3,000). Generally, the perovskite structure can be considered highly flexible.
For ACu;Ti,O4, compounds (e.g., CCTO) [27], the octahedra have tilted to produce
square planar sites. As a result, the structure of CCTO becomes very rigid. The space
for the Ca2+ cations in CCTO structure is therefore essentially fixed. As well known, the
ionic radius of doping ions is one of the most important parameters to determine the

incorporation site. It was found that lattice parameters of some closely related

Ln,sCusTisO4, (especially for Ln = Eu’ (7.390 A), La’ (7.417 A), Nd*~ (7.400 A), Tb""
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3+ 3+

(7.383 A), Dy>" (7.379 A), Y (7.378 A), Gd°* (7.388 A), and Sm’  (7.394 A))
compounds and CCTO (7.391 A) are nearly the same in value [27]. This indicates that

Eu3+, Gd3+, and Sm3+ ions can perfectly substitute into Ca2+ sites in CCTO structure.
Besides CCTO—based ceramics, there are several brief reports on the giant
dielectric properties of related oxides in the family of (Na,,Ln)Cu;Ti;O4, compounds,

where Ln is lanthanide metal ions. These related compounds conclude of Na;;Biq;
[28—32], Naj,Laq, [33], Na,Yqn [34]. As reported by Subramanian et al. [1], it was
found that only CCTO exhibits a giant value of the dielectric constant (8'~10,286 at 100

kHz). The values of €’ for other materials in this ACu;Ti O, material system were found
to be considerably lower than 3600 at 100 kHz. Further investigation revealed that by

varying sintering conditions, some (Na;;,Ln)CusTi,O4, ceramics could exhibit very high
€' values, on the order of 104, as was observed in CCTO ceramics [28—34]. These are

of approximately the same magnitude as values of €' exhibited by CCTO materials.

Notably, many types of these (Na,;,Ln)Cu;Ti,O4, ceramics can exhibit good

dielectric properties. For example, it was found that (Na,;Bi;;,)CusTi,O4, [29] and La—

doped (Nay;Bi;»)CusTisO4, ceramics [30] exhibited good dielectric properties. These

materials showed high g (13,495 and 10,200 at 10 kHz, respectively) and low tanO
(0.031 and 0.022 at 10 kHz, respectively). (Naj,Laq,)CusTisO4, ceramics can also
exhibit high g of 6,100—8,700 with tan6 values of 0.073—0.114 at 1 kHz [33]. The
lowest tanO value observed in (NaypLlaq)CusTiyO4, ceramics was 0.032 at 10 kHz.
These results indicate that the (Na,,Ln)Cu;Ti;O4, ceramic system is one of dielectric
material systems with potential for capacitor applications.

It was observed that the ceramic microstructure of (Na;,Ln)CusTi,O4, ceramics
is highly dense, consisting of small grain sizes with narrow distribution size. It was
clearly proved that these ceramics compounds as well as CCTO ceramics are
electrically heterogeneous, consisting of semiconducting grains and insulating grain
boundaries [3]. High density of insulating grain boundary layer is obtained in a ceramic
that possesses a highly dense microstructure with small grains. Reduction of grain size
to increase the grain boundary density is one of the most effective methods to greatly
reduce the low—frequency values of tan® of dielectric ceramic materials. Therefore, it is
important to seek new giant dielectric materials that process small and fine grains. It is

likely that the grain growth rate of (Na;,Ln)Cu;Ti,O4, compounds is lower than that of
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CCTO ceramics. Abnormal grain growth cannot be exhibited in these compounds; while,
this behavior is usually observed in CCTO ceramics. Although the mechanism of
microstructure evolution of (Na,,Ln)Cu;Ti,O,, compounds is still unclear, different types
and valent states of cations in A-site of (Na;;,Ln)Cu;Ti,O4, compounds may be another
one important factor that can cause an influence on the microstructure evolution.
Therefore, incorporation of various types with different valent states (+1, 2+, and +3) in
A-site (e.g., Ca-site for CaCu;TisO4,) of ACusTisO4, structure may increase a degree of
disorder in structure. It is also possible that heavy ions with high atomic mass such as
La3+, Bi3+, Sm3+, Gd3+, Y3+, Yb3+, Nd3+, and Dy3+ may be a primary cause to inhibit the
grain boundary mobility due to a solute drag effect. As a result, the grain growth rate of
these compounds is inhibited, producing a fine-grained microstructure. Thus, giant
dielectric properties can be improved and modified.

In the first part of this research project, (Na;s;Ca4;sLny;3)CusTisOq, ceramics,
where Ln = La3+, Bi3+, Sm3+, Gd3+, Y3+, Yb3+, Nd3+, and Dy3+, are synthesized by using a
standard solid state reaction method. The phase formation and microstructure of the
sintered ceramics are investigated. The dielectric properties and electrical nonlinear
current-voltage characteristics are investigated systematically.

Generally, lowering o, to reduce low-frequency tand can be done by enhancing
the resistances of internal interfaces in CCTO-based compounds. These could be the
interface between grains or the interface between a CCTO grain and a second phase
particle. Enhancement may be accomplished by (1) doping CCTO with suitable metal
ions to intrinsically improve electrical properties of grain boundaries [38-41], (2) altering
Ca2+ and Cu2+ molar ratios to produce CCTO/CaTiO; (CTO) composites [42-47], (3)
filing oxygen vacancies at grain boundaries [48], among others. Unfortunately,
improved dielectric properties of CCTO produced using these strategies rarely result in
materials that fulfill all of the requirements of electronic applications, i.e., high €', low
tand, and dielectric response with good temperature stability. It was also found that
most of the metal ion substitutions or other strategies, which have been successfully
used to improve a particular dielectric property, simultaneously worsen other important
dielectric properties of CCTO. For example, a large decrease in tand (~0.02 at 1 kHz)
observed in a binary compound system of Ca,Cu,Ti,O4, (consisting of 33.3 mol% of
CCTO and 66.7 mol% of CTO) caused a large decrease in &' (~2><103) [44,49]. Given a

very low-tand value of CCTO/CTO, with its low-¢’ value are still acceptable values for
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use in capacitor applications compared to commercial BaTiO; and Pb(Sc,Ta ;)04
ceramics [49]. Unfortunately, the condition of A&'(%)<+15% within CCTO/CTO exists
only in a narrow temperature range of -60 to 90 °c [44,45]. Hence, these properties are
consistent with the EIA temperature standard for application in X5R capacitor only, but
not for X7R or X8R capacitors [50]. It is very important to note the advantages of

CCTO/CTO composite ceramics. First, this composite system can be synthesized using

a one—step process from a nominal composition of Ca,Cu,Ti,O, [xxx]. Second, this
composite ceramic showed no piezoelectricity, which is advantageous to reduce
mechanical damage in ac operation [49]. Third, its sintering temperature is lower than
that of BaTiO; [44,49]. Thus, it is better if all of the dielectric properties of Ca,Cu,Ti;O4,
ceramics can simultaneously be improved. This will support progress in communications
technology. Enhanced €', reduced tand, and increased A&'(%) are valuable for
enhancing volumetric efficiency, reducing dissipation of stored energy into heat, and
extending the temperature use range of capacitors, respectively.

Interestingly, it was found that substitution of suitable ions such as Mgz+[51],
Zn2+ [52], La3+ [53], Bi3+ [54], Sn4+ [55], and Zr4+ [39] can reduce low-frequency tand
values of CCTO ceramics. Although these tand values were still slightly higher than the
standard value, these behaviors are rarely found in CCTO ceramics. We hypothesize
that substitution of theses ions into Ca,Cu,Ti;O4, ceramics may enhance the overall
dielectric properties. Therefore, the aim of this part for this research work is to provide a
novel strategy to improve the overall dielectric properties of CCTO-based ceramics by
substitution of MgZH, Zn2+, La3+, Bi3+, Sn4+, and Zr4+ ions to the composite system of

CaQCUZTi4O12.

1.2 Literature review

Figure 1.2.1 shows the structure of CaCu;Ti;O;, compound. The structure of
CaCu;Ti O, has been determined from neutron powder diffraction data [36], indexing in
space group /Im3 (No. 204) at 100 and 35 K to study the possible occurrence of a
ferroelectric phase transition. It was found that there is no indication of any phase
transition in the CaCu;Ti,O4,. The structure remains cubic and centric down to 35 K [1].

In general, the perovskite structure with formula of AMO; is considered highly
flexible. Thus, the perovskite structure can accommodate a large range of A cation

sizes through tilting of MOg octahedra such as TiOg for BaTiO; compound. If the TiOg
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octahedra have tilted to produce square planar sites for three quarters of the A cations
(such as in ACu;Ti,O4, compounds), the structure will be very rigid. The space for the A
cations is therefore essentially fixed, and the twelve equal A-O distances must be very
close to 2.6 A. Thus, only Ca and Cd ions can be filled in the A-site of the ACu;Ti,O1,

compounds [27].
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Figure 1.2.1 The Im3 average crystal structure of CaCu;Ti,O,, in projection along

<001> showing the tilted TiOg octahedral network as well as the CuO,

square planar coordination of the Cu ions [35].

There are several brief reports on the giant dielectric properties of related oxides

in the family of (Na;,Ln)CusTi,O, compounds, where Ln is lanthanide metal ions.

These related compounds conclude of Nay,Biy, [28—32], Nay,Laq, [33], Naj,Yq, [34].
As reported by Subramanian et al. [1], it was found that only CaCu;Ti O, exhibits a
giant value of the dielectric constant (8'~10,286 at 100 kHz). The values of g’ for other
materials in this ACu;Ti,O,, material system were found to be considerably lower than
3600 at 100 kHz. Ferrarelli et al. [37] have found that Na,;Bi;,CusTi,O4, ceramic can
also exhibit a giant dielectric constant of about 104 at room temperature just as
observed in CaCu;Ti O, ceramics. As demonstrated in Fig. 1.2.2, the dielectric
constant of the Na;;Bi;»CusTi;O4, is slightly higher than that of the CaCusTi O45
ceramic. Unfortunately, the authors did not provide the values of tan5 for these two

ceramics [37]. However, according to this observation, it is expected that other related
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(Nay;Ln)Cu;Ti,O4, compounds may produce a high dielectric constant as observed in
CaCuj;Ti 04, ceramics.

Ren et al. [29] reported the effect of sintering conditions on the dielectric
properties of Na,;,Bi;»Cu;Ti;O4, ceramics. They found that a high dielectric constant
value of about 13,495 with very low dielectric loss 0.031 was obtained in the
Na;;,Biy»,CusTiO4, ceramic sintered at 1000 °C for 7.5 h. It is interesting that this
ceramics also showed an excellent temperature stability of dielectric constant values (-
4.00 to -0.69%) in the temperature range of -50 - 150 °C. As shown in Fig. 1.2.3, the
dielectric properties of Nay,,Bi;,»Cu;Ti,O¢, ceramics sintered at various temperatures for

5 h are depended on the sintering temperatures.
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Figure 1.2.2 Variation of permittivity at 100 kHz for Na,,Bi;,Cu;Ti,O4, and

CaCus;Ti 04, ceramics [37].
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Figure 1.2.3 Frequency dependence of dielectric constant for specimens prepared at

different temperatures for 5 h [29].

Recently, we found that Na,,La;,Cu;Ti,O4, ceramics can exhibit good dielectric

properties just as observed in Na;;Bi;,Cu;Ti;O4, ceramics [15]. High dielectric constant

values and low tan® (0.032—-0.038 at 10 kHz) were abserved in Na,;,La;,CusTisO4,
ceramics. Moreover, we also found that the Na,;,lLa;,Cu;TisO4, ceramics can also
exhibit nonlinear current-voltage properties as observed in CaCu;Ti;O4, ceramics. As
shown in Fig. 1.2.4, the Nay,La;,,Cu;Ti,O4, ceramics exhibit non-Ohmic properties, and
shows very high breakdown electric field strength of 4.40 and 2.87 kV cm_1. The overall
dielectric and nonlinear electrical properties of Nay,Bi;,CusTi,O, and
Na,La,CusTisO4, ceramics are likely to better than that of CaCu;TisO4, ceramics.
These results may be associated with the fine-grained ceramic microstructure of the
samples, as revealed in Figs. 1.2.5 and 1.2.6. Obviously, an abnormal grain growth is
not observed in these two figures for Na;,Bi;»CusTi;O, and Naj,LapCusTiO45

ceramics. Microstructures of both ceramics are dense and consist of small grain sizes.
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Figure 1.2.4 Non-Ohmic characteristics (J vs. E) for Na,,lLa;,Cu;TisO4, ceramics

sintered at different temperatures [15].

Figure 1.2.5 SEM images of surface morphologies of Na;,lLa,Cu;Ti;O4, ceramics

sintered at (a) 1080 °C and (b) 1090 °C for 5 h [15].
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Figure 1.2.6 SEM images of surface morphologies of Na;,Bi;,CusTi,O4, ceramics
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sintered at (a) 970, (b) 980, (c) 990 and (d) 1000 °Cfor5h [15].
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1.3 Objectives

1.3.1 To synthesize the (Na,;Ca;;zLn,3)CusTisO4, ceramics, where Ln = La3+,
B sm, Gd ", Y, Yo~ Nd, and Dy,

1.3.2 To study the structure and microstructure of the sintered
(Na,;3Cay;sLny3)CusTiyO4, ceramics.

1.3.3 To seek new giant dielectric materials with high performance properties:
high dielectric constant, low loss tangent, and good temperature stability.

1.3.4 To improve the dielectric properties of CaCu;Ti;O4,-based ceramics by
fabricating CaCu,Ti,04,/CaTiO; composites in which were substituted by La3+, Bi3+,
Mgz+, Zn2+, Sn4+, and Zr4+ ions.

1.3.5 To explain the giant dielectric behavior and nonlinear electrical

properties of all the synthesized ceramic samples.

1.4 Scope of research

1.4.1 (Na,sCaysLny3)CusTiyO4, ceramics, where Ln = La3+, Bi3+, Sm3+, Gd3+,
Y3+, Yb3+, Nd3+, and Dy3+, were prepared by solid state reaction method and combustion
route.

1.4.2 CaCu; A Ti 04,/CaTiO; (A = Mg, Zn), CaCu;Ti,B,04,/CaTiO; (B = Sn,
Zr), and Cay,C,CusTi 04,/CaTiO; (C = La, Bi) composites were prepared by solid state
reaction method.

1.4.3 The microstructure, phase composition, and valent states of the sintered
ceramics were characterized by using the SEM-EDS, XRD, and XPS techniques,
respectively.

1.4.4 The dielectric properties were investigated in the frequency range of 102-
107 Hz and temperature range from -70 to 220 °C.

1.4.5 The nonlinear current-voltage properties were investigated at room

temperature.

12
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CHAPTERII
RESEARCH METHODOLOGY

21 Sample Preparation

211 (Na,Ca,,Ln,;)Cu,Ti,0,, ceramics (Ln = La", Bi’, Sm™, Gd™, Y”,

Yb*, Nd*, and Dy

In this part of the research work, (Na;sCajsLny;s)CusTi,O4, ceramics,
where Ln = La3+, Bi3+, Sm3+, Gd3+, Y3+, Yb3+, Nd3+, and Dy3+, were prepared by a solid
state reaction method. CaCO; (99.95% purity), CuO (99.9% purity), TiO, (99.9% purity),
La,O3 (>99% purity), Y,03 (>99% purity), Yb,O3 (>99% purity), Sm,05; (>99% purity),
Gd,03 (>99% purity), Dy,05; (>99% purity), Nd,O3 (>99% purity), and Bi,O3; (>99%
purity), were used as starting raw materials. First, stoichiometric amounts of the raw
materials were weighted to produce (Na,;Cay;sLn43)Cu;TisO4,. Second, the mixture was
ball milled in ethanol for 24 h. Next, the mixed slurry was dried and calcined at 900° C

for 6-15 h. Then, the calcined powder was ground and pressed into pellets of 9.5 mm in

diameter and ~1 mm in thickness by uniaxial compression at 200 MPa. Finally, these

pellets were sintered at 1050—1100 °C for 1—30 h using heating and cooling rates of 5

°C/min.

21.2 CaCu, A Ti,0,/CaTiO, (A = Mg, Zn), CaCu,Ti, B ,O,,/CaTiO, (B = Sn,

Zr), and Ca, C Cu,Ti,O,,/CaTiO, (C = La, Bi)

In this part of the research work, CaCus A Ti O,,/CaTiO; (A = Mg, Zn),
CaCu;Tiy,B,04,/CaTiO; (B = Sn, Zr), and Ca,,C,Cu;Ti,0,,/CaTiO; (C = La, Bi) were
prepared by a solid state reaction method. These three compound systems were
prepared using nominal chemical compositions of Ca,Cu,_ A, Ti;O4,, CayCu,TiyByO1,,
and Ca,_,C,Cu,Ti;O4, (x = 0, 0.05, 0.10, 0.20, and 0.30), respectively. CaCO3; (99.95%
purity), CuO (99.9% purity), TiO, (99.9% purity), MgO (99.99% purity), ZnO (99.99%
purity), Bi,O5; (>99% purity), La,O3 (>99% purity), SnO, (>99% purity), and ZrO, (>99%
purity) were used as starting raw materials. A stoichiometric mixture of the starting
materials for each composition was ball-milled in ethanol for 24 h using ZrO, balls. The
mixed slurries were dried and then calcined at 900 “C for 15 h. The calcined powders

were ground and pressed into pellets (without a binder) of 9.5 mm diameter and ~1.0

13
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mm thickness by uniaxial compression at 200 MPa. Finally, these pellets were sintered

at 1100 "C for 6-24 h.

2.2 Characterization techniques

X-ray diffraction (XRD) (Philips PW3040, The Netherlands) was used to
characterize the crystal structure and phase composition of all powders and sintered
ceramics. Scanning electron microscopy (SEM) (LEO 1450VP, UK and Hitachi S-3400,
Japan) coupled with energy—dispersive X-ray spectrometry (EDS) was used to
characterize the microstructure of the synthesized ceramics. Valence states of cations in
the sintered ceramics were investigated using x-ray photoelectron spectroscopy (XPS)
(AXIS Ultra DLD, UK). Transmission electron microscopy (TEM) (FEI Tecnai Gz,
Eindhoven, The Netherlands) was used to characterize the morphologies of the

prepared powders.

2.3 Dielectric and nonlinear current-voltage measurements

Dielectric properties of the samples were measured using an Agilent E4980A
Precision LCR Meter and Agilent 4294A Precision LCR Meter over the frequency range
from 102 to 107 Hz and at an oscillation voltage of 0.5 V. The measurements were
performed over the temperature range from -70 to 200 °C. Each measured temperature
was kept constant with an accuracy of *1 °C. Current-voltage measurements were
made at room temperature using a high voltage measurement unit (Keithley Model
247). Prior to measurements, Au electrodes were sputtered on each pellet face at a
current of 25 mA for 8 min using a Polaron SC500 sputter coating unit. Current—voltage
measurements were made at room temperature using a high voltage measurement unit
(Keithley Model 247). Prior to measurements, Au electrodes were sputtered on each
pellet face at a current of 25 mA for 8 min using a Polaron SC500 sputter coating unit.

The breakdown electric field (E,) was achieved at J = 1 mA.cm_z. The nonlinear

coefficient () values were calculated from the following formula:

o = log(J,/J))

= (2.3.1)
log(E,/E))
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where E, and E, are, respectively, the electric fields corresponding to J; = 1 and
J, =10 mA.cm”.

The complex impedance (Z*) was calculated from the relation,

* rooson 1 _ 1
iC,Z"  iaC,(Z' —iZ")’

(2.3.2)

where €' and €'’ are, respectively, the real (dielectric constant) and imaginary parts
(dielectric loss) of the complex permittivity (E%). Z' and Z'' are the real part and
imaginary parts of Z*, respectively. ® is the angular frequency (0=2TTf) and i = J-1.
Co = €,S/d is the empty cell capacitance, where S is the sample area, d is the sample

thickness, and €, is the permittivity of free space, &€, = 8.854><1O'12 F/m. The complex

admittance (Y ") of the samples was calculated from the relation,

Y =Y'+jY"= :

(2.3.3)

% 7

where Y and Y’ are the real part and imaginary parts of Y*, respectively.
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CHAPTERIIII
RESULTS AND DISCUSSION

31  (Na,Ca,Ln,;)Cu,Ti,0,, ceramics (Ln =La", Bi"’, Sm™, Gd", Y, Yb™", Nd™,
and Dy3+)

In this part of the research work, (Na;3Ca4;sLn;3)CusTiO4, ceramics (Ln = La3+,
B, sm>, Gd>, Y, Yb™, Nd’', and Dy’) were synthesized. It was found that pure
phase can be achieved in the (Na;3zCa;;Biy;3)CusTisOq,, (NaysCaysY4/3)CusTisOyo,
(Na;3Caq3Yby3)CusTiyOq,, (NaysCayslays)CusTisOrp, and  (Nag;sCaqzSMys)CusTisOyy
compounds. Unfortunately, the main phase of the (Na,;3Ca;;3Gd;;3)CusTiOqs,
(Na,;3Caq;3Nd43)CusTiyO4,, and (Nayz3Cay3Dyq3)CusTisO45 cannot be produced by using
a solid state reaction method. A large amount of impurities were detected in these
compounds.

The best dielectric properties were achieved in the (Na;;3Cay;3Biq;3)CusTisOq2
(NCBCTO) ceramics. According to this part of the research, a new approach to achieve
a novel perovskite ceramic compound, ACu;Ti;O4,, is demonstrated. A-sites in the
ACu;Ti O, structure were occupied by Na+, Ca2+, and Bi3+ each at a level of ~33.3

at.%, leading to formation of Na,;Ca;;3Bi;3CusTi;O4,. This ceramic exhibited a low loss

tangent (tan6~0.038) and a high ¢’ value of ~2.5><104 at 1 kHz with good temperature
stability. The high-frequency dielectric relaxation behavior showed activation energies of
0.110-0.121 eV. Nonlinear J-E characteristics were observed, indicating the existence of
Schottky barriers at grain boundaries. Valence states of Cu cations (i.e., Cu+, Cu2+, and
Cu3+) in Na;sCaq3Biy;3CusTisOq, ceramic were investigated using X-ray photoelectron
spectroscopy. Impedance spectroscopy analysis revealed that Na;zCaq;Biy;sCusTisOq0
was electrically heterogeneous and comprised of semiconducting grains and insulating
grain boundaries. Interfacial polarization at the insulating layer of grain boundaries was
suggested to be the origin of this high dielectric response. Details of the experimental
results and discussion are as follows:

Figure 3.1.1 shows the surface morphologies of NCBCTO ceramics sintered
under different conditions. Abnormal grain growth was observed in all samples. Large

grain sizes of ~10-20 um and fine grains with sizes of 2-5 um were observed. The
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overall surface morphologies of the NCBCTO ceramics were similar to those observed

in [Na';,Ln""1,]CusTi,O4, rather than like CCTO ceramics [1-6].

Figure 3.1.1 SEM images of un-polished surface of NCBCTO ceramics sintered at
different conditions: (a) 1060 °C for 5 h, (b) 1070 °C for 5 h, (c) 1080 °C
for 5 h, and (d) 1080 °C for 10 h.

From the nominal formula of Na;;Ca;;3Bi3CusTiyOq,, there are at least two
possible mechanisms of the phase formation. A two—phase composite system of
CCTO—Na,Bi;,CusTisO4, could form. Alternatively, a single phase may form following

the nominal composition by random distribution of Na+, Ca2+, and Bi3+ ions in A—sites of
the crystal lattice. To clarify, the XRD technique was used to determine phase
composition(s). As shown in Fig. 3.12(a), all of the XRD patterns indicated a single
phase. However, it is difficult to differentiate CCTO and Na;;,Bi;,CusTi,O4, phases
because their lattice parameters are very close (7.391 and 7.412 A, respectively) [7].
Thus, splitting of XRD peaks could not be observed using our X—ray spectrometer

instrument. It is notable that these XRD patterns confirm the formation of a
CaCu;TisO4,—like structure (JCPDS 75—2188). All diffraction peaks in XRD patterns for

NCBCTO ceramics are well indexed based on the body—centered cubic structure within
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space group /m3. Lattice parameters were calculated and found to be 7.40074, 7.4001,
7.3960, and 7.3966 A for NCBCTO ceramics sintered at 1060 °C for 5 h, 1070 °C for 5
h, 1080 °C for 5 h, and 1080 °C for 10 h, respectively. It was observed that these lattice

parameter values were intermediate between the corresponding values of CCTO and

Nay2Bi12CuzTisO1p.
a §
—_ - o = 8 § =
: S 849 % . g
= = 9o n = =
o lmweosn | T 1 7 T 1 b
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= | |
2 | |
2 leosesn | .o b
(4)I080-t0h|L__A ) lL A
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20 (Degree)

- d X. ,J'
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Figure 3.1.2 (a) XRD patterns of NCBCTO ceramics. (b-c) Secondary electron and
backscattered SEM images of polished surfaces of the NCBCTO ceramic
sintered at 1060 °C for 5 h. (d) EDS spectrum detected in the circle area,

as shown in its inset.

As seen in Figs. 3.1.2(b) and (c), the SEM images of the polished surfaces in
the same area showed no difference in contrast in the backscattered SEM image [Fig.
3.1.2(c)]. This may indicate a single phase in the NCBCTO ceramic. The microstructure
was characterized using an EDS technique. The results are shown in Fig. 3.1.2(d). It

was found that the EDS peaks of all metal elements (i.e., Na, Ca, Bi, Cu, Ti) were
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detected at the same point (as marked in the circle area). These results indicate that
Na+, Ca2+, and Bi3+ ions may well randomly occupy A-sites in the ACu;Ti O, lattice
structure.

As depicted in Fig. 3.1.3, all the sintered ceramics exhibited giant dielectric
properties with 8’~1.5-2.75><104 at frequencies less than 105 Hz as was observed in
CCTO ceramics and some ACu;TisO, compounds [1, 8-12]. The frequency
dependence of tand at 20 °C is demonstrated in the inset of Fig. 3.1.3. Based on the

experimental results of the current study, the optimal sintering condition was 1060 °C for

5 h, resulting in values of 8’~2.59><104 and tand~0.038 at 1 kHz. €' decreased as the

sintering temperature was increased. This is similar to that reported in published

literature for Na,,Bi;,Cu;Ti,O¢, ceramics [1]. At 1 kHz, tand values of NCBCTO
ceramics sintered at 1060 °C for 5 h, 1070 °C for 5 h, 1080 C for 5 h, and 1080 °C for
10 h were approximately 0.038, 0.046, 0.067, and 0.057, respectively. The overall
frequency dependence of €' and tand behavior were similar to those observed in many

compounds in the ACu;Ti,O4, family.

4
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4 020} 4 A 1080°Cfor5h
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Figure 3.1.3 Variation in €' with frequency at 20 °C for NCBCTO ceramics sintered at

different conditions; inset shows tand as a function of frequency at 20 °C.
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Figure 3.1.4 Frequency dependence of &' at various temperatures of the NCBCTO
ceramics sintered at (a) 1060 °C and (b) 1080 °C for 10 h; their insets
show the frequency dependence of tand in a temperature range from -70

to 30 °C.

As can be seen in Fig. 3.1.4, the frequency dependence of & for NCBCTO
ceramics at different temperatures showed three main parts of dielectric relaxation
processes. Three plateau-like features in the plots of €' vs. frequency were observed in
the temperature range from -70 to 190 oC, especially for the NCBCTO ceramic sintered
at 1080 °C for 10 h [Fig. 3.1.14(b)]. The first plateau at low frequencies was observed

at the highest temperatures, whereas the high frequency plateau can only be seen in
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parts at the lowest temperature measured. The first plateau in a low-frequency range is
attributed to an sample-electrode interface response, while the high frequency plateau is
originated from the bulk response. At intermediate frequencies, the primary plateau is
obvious. This is attributed to the dielectric response of the grain boundaries [13, 14].
The dielectric responses of these three parts were clearly shown by Li et al [14]. A step-
like decrease in €' and a concurrent appearance of tand-relaxation peaks [as shown in
the insets] were observed. Both of a step-like decrease in €' and tand peak shift to
higher frequencies with increasing temperature, indicating to thermally activated
dielectric relaxation process. This dielectric relaxation process is usually observed in
CCTO and related ceramics [2, 11, 15, 16]. The primary dielectric relaxation process is
referred to Maxwell-Wagner relaxation. According to the Maxwell-Wagner model, Liu et
al [17]. demonstrated that the dielectric relaxation behavior was governed by the
electrical response of the grains. It was found that the high-frequency bulk relaxation
activation energies of the NCBCTO ceramics sintered at 1060 °C for 5 h, 1070 °C for 5
h, 1080 °C for 5 h, and 1080 °C for 10 h were 0.110, 0.116, 0.113, and 0.121 eV,
respectively. These bulk values are comparable to those observed in CCTO (0.103 eV)

[18], Bi,5CusTisO4, (0.095 eV) [17], and Na,Y4,CusTi,O4, ceramics (0.112 eV) [12].

m 1060 °C for 5h _.'
20F o 1070°Cfor 5h "
A 1080 °C for 5h
15 & 1080 °C for 10h
g
Q
< 10
g
)
5
O 1 " 1 " 1 " 1
0 1000 2000 3000
-1
E(V.cm)

Figure 3.1.5 Nonlinear J-E characteristics of NCBCTO ceramics at room temperature.
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Nonlinear electrical behavior was also observed in NCBCTO ceramics, as
shown in Fig. 3.1.5. The breakdown electric field strength (E,) was obtained at a current
density of J = 1 mA.cm'z. The nonlinear coefficient (&) was calculated in the range of
J=1-10 mA.cm_z. The values of & in NCBCTO ceramics sintered at 1060 °C for 5 h,
1070 “C for 5 h, 1080 °C for 5 h, and 1080 °C for 10 h were found to be 3.67, 3.72,
3.19, and 3.74, respectively. E, values were 569, 739, 836, and 704 V.cmhz,
respectively. The nonlinear properties of NCBCTO ceramics slightly changed with
sintering conditions. However, these values were still too low for practical application in

varistor devices.
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Figure 3.1.6 Temperature dependence of € and tand at selected frequencies of the

NCBCTO ceramic sintered at 1060 oC for 5 h.

To describe the dielectric and electrical properties of NCBCTO ceramics, the
ceramic sample with the best dielectric properties was selected for further investigation.
The temperature dependences of £ and tand of the NCBCTO ceramic sintered at 1060
°C for 5 h are shown in Fig. 3.1.6. At 20 °C and 1 kHz, €' and tand values of this

NCBCTO ceramic were 2.59><104 and 0.038, respectively. Moreover, €' was slightly
dependent upon temperature in the range from -70 to 110 °C with a temperature
coefficient less than =15% (at 1 kHz). According to previous reports [1, 3], at 10 kHz,
Na,,Bis;»,Cu,Ti;O4, and La-doped Na,Bi,,Cu;Ti,O4, ceramics showed high €' values of
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~1.34><1O4 and ~1.02><1O4 and low tand of ~0.031 and 0.022, respectively. In these
two materials, € at 10 kHz was slightly dependent upon temperature in the ranges of
50 - 150 °C and -60-120°C, respectively. It was found that at 10 kHz, high €&
(~1.1><104) and low tand (~0.033) with good thermal stability of €’ in the range of -60 -
150 °C were achieved in Y,;3Cu;Ti,Oq5, ceramics.[11] To compare the dielectric
properties with other ACu;Ti,O;, ceramics, € and tand values as well as the
temperature coefficient of the NCBCTO ceramic at 10 kHz were evaluated, i.e.,
8'~2.52><104, tand~0.032, and temperature coefficient less than £15% in the range of
70 - 200 °C. These results produced better dielectric properties in the NCBCTO
ceramic than other ACu;Ti,O4, ceramics.

Impedance spectroscopy was used to study the electrical properties of grains and
grain boundaries to elucidate possible mechanisms resulting in the giant dielectric
response of NCBCTO ceramics. According to the brick—work layer model for
polycrystalline electroceramics [13, 14], an equivalent circuit consisting of two parallel
resistor-capacitor (R-C) elements connected in series was presented. For CCTO
ceramics, one R-C element represents the electrical response of semiconducting grains
and other represents the electrical response of grain boundaries. It is notable that the
impedance data of all the ceramic samples were calculated by considering the ratio of
area of electrode/pellet thickness. As can be seen in Fig. 3.1.7 and its inset, the
diameter of the large semicircle arc of the impedance complex plane plot (Z*) decreased
with increasing temperature. This indicated that the total resistance decreased as
temperature increased. The total resistance might be governed by the grain boundary
resistance (Ry,) or Ry, combined with the electrode interface resistance (Ry,*R,).
Generally, the grain (bulk) and grain boundary responses can each be described by a
parallel R-C element, whereas the macroscopic dielectric response is usually
represented by a series connection of two R—C elements [13]. To clarify, impedance
data were fitted to a single R—C parallel circuit using the modified equation for a Z* plot

(171,

Z" =

Reo
: : (3.1.1)
1+ (i@Ry,C,,
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where Cgy, is the capacitance of the grain boundaries, ¢ is a constant parameter (0 <&
< 1), and ® is the angular frequency of an applied electric field. As shown in Fig. 3.1.7
and its inset, Z* plots of the experimental data in the temperature range of 100 - 170 °Cc
are well fitted by Eq. (3.1.1). This indicates that there are no two overlapping arcs of Ry,
and R. Thus, the large semicircle arc of Z* plots at various temperatures is attributed to
the grain boundary response only. The conduction activation energy of the grain
boundary determined by variation in R, was found to be 0.551 eV. The nonzero
intercept of the high-frequency impedance data was also observed (not shown).
Therefore, one can conclude that NCBCTO ceramics are electrically heterogeneous,
consisting of conductive and insulating elements. These are the electrical properties of
grains and grain boundaries, respectively. Thus, it is reasonable to suggest that the
giant dielectric response of NCBCTO ceramics may be caused by the interfacial
polarization at the grain boundaries. Under an applied electric field, charges inside the
semiconducting grains were forced to move accumulating at the insulating grain
boundaries, producing a strong interfacial polarization. This is responsible for the

observed giant dielectric properties of NCBCTO ceramics.
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Figure 3.1.7 Impedance complex plan plot (Z*) at different temperatures for the
NCBCTO ceramic sintered at 1060 °C for 5 h; the inset is an expanded
view near the origin for high frequency data. The solid curves are the

fitted data using Eq. (3.1.1).
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The oxidation states of polyvalent cations were investigated using an XPS
technique. Fig. 3.1.8 shows the XPS spectrum of Cu2Zp regions of the NCBCTO
ceramic. The Cu,, peak region was divided into three peaks using Gaussian-Lorentzian
profile fitting. The highest peak height represents Cu2+. The other two peaks at lower
and higher binding energies were produced by cu’ and Cu3+, respectively [18-20]. The
XPS spectrum also indicated the presence of Ti3+ in the NCBCTO ceramic. Polyvalent
cations, i.e., Cu+, Cu3+, and Ti3+ ions, may have a remarkable effect on the electrical
semiconducting properties of grains. For CCTO ceramics, n-type semiconductor
characteristic of the grains was confirmed by measuring the thermoelectric power with a
negative Seebeck coefficient value [21]. Thus, it is reasonable to suggest that the
conduction mechanism inside the n-type semiconducting grains of the NCBCTO

+ 2+ 3+ 4+
ceramics is primarily due to electron hopping between Cu <>Cu and Ti <>Ti sites.

Sintered at 1060 °C for Sh

Photoemission intensity (a.u.)

930 935 940 945 950 955
Binding energy (eV)

Figure 3.1.8 XPS spectrum of the NCBCTO ceramic sintered at 1060 °C for 5 h.

The microstructures of other (Na,;Caq;Llny3)CusTiyO, ceramics  were
characterized using SEM technique. As shown in Fig. 3.1.9, the microstructure of the
(Na,;3Caq;5Lny3)CusTiO4, ceramics, where Ln = La3+, Sm3+, Y3+, and Yb3+ consisted of
grains and grain boundaries. The mean grain sizes of these ceramics are smaller than
that of the NCBCTO ceramics. Residual pores were observed in the microstructures of

the (Na1/3C31/3Y1/3)CU3Ti4O12 and (Na1/3Ca1/8m1/3)Cu3Ti4O12 ceramics.
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3+ 3+

Figure 3.1.9 SEM images of (Na;sCay;sLny3)CusTisOq,, where Ln = La3+, Sm ,Y ,
and Yb3+.

The dielectric properties at room temperature of the (Na;;3Ca;;3Y43)CusTizOqs
ceramics sintered at various conditions are illustrated in Figs. 3.1.10 and 3.1.11.
According to the capacitance values, €' values were calculated and found to be in the
range of 104 at the frequency of 1 kHz. Notably, low tand values of about 0.03 at 1 kHz
were obtained in the (Na,;Caq3Y43)CusTisO4, ceramics sintered at 1100 °C for 15 h
and 1110 °C for 10 h. This is the interesting result, in which was successfully
accomplished from this research work. It was also found that € was slightly dependent
on temperature in the range of -70 to 110 °’c (does not show). Unfortunately, tand
values of other ceramics were larger than 0.05, which are unsuitable for capacitor
applications. Thus, we did not focus on these materials. The origin of the observed
giant dielectric response in this ceramic was attributed to the interfacial polarization at

the grain boundaries, just as occurred in CCTO ceramics.
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Figure 3.1.10 Capacitance values as a function of frequency at room temperature of
the (Na,;Cay;3Y43)CusTi,O4, ceramics sintered at 1100 °C for different

sintering times.
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Figure 3.1.11 tand values as a function of frequency at room temperature of the
(Na;;3Cay3Y43)CusTiOq, ceramics sintered at 1100 °C for different

sintering times.
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3.2 CaCu, Mg,Ti,0,,/CaTiO,

In this part of the research work, a novel strategy to improve the dielectric and
non-Ohmic properties of CaCu;Ti,O4, ceramics that deliberately created a binary-phase
system of CaCu; Mg, Ti,O4,/CaTiO; was proposed and can be performed with a starting
nominal formula of Ca,Cu,.,Mg,Ti;O15. Mg2+ doping ions were preferentially incorporated
only into the CaCu;TisO4, phase. Substitution of Mg2+ into CaCu,;Ti,04,/CaTiO; can
cause a significant increase in dielectric permittivity and a large reduction of the loss
tangent to <0.015 at 1 kHz; while, retaining excellent temperature dielectric-stability.
Sintering time had a slight influence on the dielectric properties, but remarkable effects
upon the nonlinear electrical properties of CaCu; Mg,Ti,O4,/CaTiO; ceramics.
Degradation of nonlinear properties with increased sintering time is suggested to be the
result of the dominant effect of oxygen vacancies. Impedance spectroscopy analysis
demonstrated that improved dielectric and nonlinear properties could be attributed to the
enhanced electrical responses of CaCu;Ti;O4,-CaTiO; and CaCu;Ti;O4,-CaCusTi,O4,
interfaces resulting from Mg2+ doping ions. Details of the experimental results and
discussion are as follows:

An Mg-doped Ca,Cu,Ti;O4, ceramics with a nominal chemical composition of
Ca,Cuy Mg, Ti,O4; (x = 0, 0.05, 0.10, 0.20, and 0.30) ceramics were synthesized. These
materials are referred to as the CCTO/CTO, Mg05, Mg10, Mg20, and Mg30 ceramics,
respectively. Finally, the composite ceramics were sintered at 1100 °C for 6 and 24 h.

Figure 3.2.1 shows the XRD patterns of Ca,Cu, Mg, Ti;O4, (x = 0, 0.05, 0.10,
0.20, and 0.30) ceramics sintered for 24 h. All of the 24h samples (as well as the 6h
samples) consisted of two phases of CCTO (JCPDS 75-2188) and CTO (JCPDS 82-
0231). This result is similar to that reported in the literature [1-8]. According to the
nominal formula of Ca,Cu,Ti;O,,, two phases of ~33.3 mol% of CCTO and ~66.7 mol%
of CTO should be formed due to the imbalance between Ca’ and Cu’" ions. This is
confirmed by a Rietveld quantitative analysis of a Ca,Cu,Ti,O4, ceramic as reported in
the literature [2]. The ionic radius of Ca2+ is much larger than that of Cu2+. As a result,
Ca2+ cannot enter into Cu2+ sites in a planar square to form Ca(CaCu,)Ti,O;, structure.
Interestingly, no impurity related to Mg2+ doping ions was observed. This likely indicates
the formation of a solid solution between the Mg2+ doping ions and CCTO, CTO or both.
To clarify this, lattice parameters (a) of the CCTO phase in all composite ceramics were

calculated and are summarized in Table 3.2.1. These values showed no significant
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change even through the M92+ concentration was increased to x = 0.3. There are two
possible mechanisms that may be responsible for this observation. First, Cu2+ might
form a solid solution with CTO phase, leading to an unchanged lattice parameter value
of the CCTO structure. Second, Mg2+ ions might replace Cu2+ sites in the CCTO phase,
forming a solid solution with the CCTO phase. In the latter explanation, the a value of a
CCTO phase is unchanged due to the same ionic radii of Mg2+ (r,=0.57 A) and Cu2+
(r,=0.57 A) ions [9].
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Figure 3.2.1 XRD patterns of CCTO/CTO and Mg-doped CCTO/CTO composite

ceramics sintered for 24 h.

Figures 3.2.2(a-e) and 3.2.2(f) show backscattered SEM images of the
polished 24h samples and 6h samples, respectively. Two phases with different
contrasts were observed, i.e., darker and lighter phases. This observation is consistent
with the XRD result and similar to those reported in the literature for un-doped
Ca,Cu,Ti 04, ceramics [1, 2, 4]. As shown in Figures 3.2.3(a) and (b), the darker and
lighter phases are clearly CTO and CCTO phases, respectively. Only the EDS peaks
corresponding to Ca, Ti, and O appeared in the EDS spectra measured in the darker
region. All possible EDS peaks for Ca, Cu, Ti, O, and Mg were detected in the lighter
CCTO phase. This clearly indicates that Mg2+ doping ions preferentially form solid
solution only within the CCTO phase. Therefore, it is likely that Mgz+ ions were

substituted into Cu2+ sites in the CCTO phase. Thus, it is reasonable to suggest that the
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prepared Ca,Cu, Mg, Ti,O,, ceramics consist of ~33.3 mol% of CaCu; Mg, Ti O,
(x =0, 0.05, 0.10, 0.20, 0.30) and ~66.7 mol% of CTO.

Table 3.2.1 Lattice parameter (a), €' and tand (at 1 kHz and 30 OC), resistance at
GBs (Ry,) at 120 °C, nonlinear coefficient (o), and breakdown field strength (E,).

Sample a (A) g’ tand Rgo (MQ.cm) o  E, (Viem)
Sintered for 6 h
CCTO/CTO 7.388 2,182 0.023 0.62 13.1 8,211
Mg05 7.386 3,372  0.014 0.83 11.9 7,811
Mg10 7.382 3,298 0.011 1.52 20.7 10,221
Mg20 7.390 2,748 0.015 2.62 18.5 10,869
Mg30 7.390 3,550 0.014 1.77 27.2 8,859
Sintered for 24 h
CCTOI/CTO 7.389 1,877  0.075 0.33 9.9 5,817
Mg05 7.391 6,824  0.020 0.17 7.3 3,452
Mg10 7.391 5,201 0.011 0.72 8.1 5,088
Mg20 7.391 4,903 0.017 0.78 7.5 4,486
Mg30 7.395 4,810 0.023 0.46 9.5 5,700

As shown in Figs. 3.2.2(a) and 3.2.2(f), the distribution of CCTO and CTO
phases in the microstructures of the CCTO/CTO samples sintered for 24 and 6 h is
quite uniform. The mean grain sizes of the CCTO phase in the CCTO/CTO samples
sintered for 24 and 6 h were estimated to be ~2.9010.97 and ~3.07£0.77 pm,
respectively; whereas, the mean grain sizes of the CTO phase are of about ~1.9610.48
and ~2.0910.47 um, respectively. The sintering time has no significant influence on the
microstructural evolution of CCTO/CTO composites. It is worth noting that the mean
grain sizes of CCTO phase in the CCTO/CTO samples are smaller than the mean grain
size of ~7 um for the sample sintered at 1050°C for 0.5 h sintered using a microwave
sintering method [10]. Ramirez et al [1, 2]. found that the CCTO/CTO ceramic sintered
at 1100 °C for 3 h using a conventional furnace exhibited two different grain size
distributions for the CCTO phase with mean grain sizes of d = 10-15 and 3-4 um. Grain
sizes of the CTO phase of the CCTO/CTO composites sintered using a microwave and
conventional furnace were found to be ~2 and ~4 lum, respectively. These values are
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closed to grain sizes of ~2-3 um of the CTO phase in the CCTO/CTO samples

presented in this work.

(a) CCTO/CTO 24 h () CCTO/CTO 6 h

(b) Mg05_24 h

(2) Mg05_6 h

(h) Mgl0 6 h

(1) Mg20 6h

(d) Mg20 24 h

(e) Mg30 24 h (i) Mg30_6 h

Figure 3.2.2 (a-e) Backscattered SEM images of polished—surfaces of CCTO/CTO,
Mg05, Mg10, Mg20, and Mg30 samples sintered for 24 h, respectively.

(f-j) Backscattered SEM images of polished—surfaces of CCTO/CTO,
Mg05, Mg10, Mg20, and Mg30 samples sintered for 6 h, respectively.
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Figure 3.2.3 EDS spectra of the (a) Mg05 and (b) Mg30 samples detected at a darker

and lighter regions.

After doping adding Mg2+ ions with x =0.05 and 0.10 (sintered for 24 h), some

grains of the CCTO phase increased to sizes of ~8-20 lim with the mean grain size of

~11.114.6 Wm for the Mg05 sample. For the Mg05 sample sintered for 6 h, large grain
sizes of the CCTO phase were also observed with the mean grain size of ~4.7412.46
|m. The mean grain sizes of the CTO phase in the Mg05 samples sintered for 24 and
6 h were estimated to be ~3.6110.95 and ~2.42+0.69 Lm, respectively. For the
samples sintered for 24 h with x=0.20-0.30 and the samples sintered for 6 h with
x=0.10-0.30, the grain sizes of CCTO and CTO phases become homogeneous.
Morphologies of both CCTO and CTO phases of these samples were well dispersed
and separate from each other. Large clusters of CTO grains no longer appeared. The
mean grain sizes of the CCTO and CTO phases in the Mg10, Mg20, and Mg30
samples sintered for 24 h were estimated to be ~4.82+2.7 and ~2.6610.74 um,
~3.0911.04 and ~2.08+0.39 um, and ~5.11£1.4 and ~3.121£0.68 [m, respectively.
For the 6h samples, the mean grain sizes of the CCTO and CTO phases in these
compositions were ~3.0310.86 and ~2.14+0.54 um, ~2.6520.72 and ~1.75%£0.32 pum,
and ~3.1210.98 and ~1.88%0.61 LLm, respectively.

Grain sizes of the CTO phase in these samples showed slight change. As
reported by Ni and Chen [11], the mean grain size of CCTO ceramics was increased by
doping with Mgz+. This indicates the ability of Mg2+ doping ions to increase the sintering

rate of CCTO ceramics through the liquid phase sintering mechanism. In CCTO-based
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ceramic oxides, the grain growth is widely accepted to be primarily caused by the liquid
phase sintering mechanism [12, 13]. It is possible that, during the sintering, the
formation of MgO-related liquid phase in the microstructures of Mgz+-doped CCTO/CTO
composites occurred. Liquid phases have long been referred as a primary cause of
abnormal grain growth. Usually, physical and chemical inhomogeneities, such as
inhomogeneous packing of powders and non-uniform distribution of dopants, can result
in local variation in the microstructure [14]. This was considered a main cause of
abnormal grain growth. Thus, it is likely that the abnormal grain growth of CCTO phase
in the Mg05 (sintered for 6 and 24 h) and Mg10 (sintered for 24 h) composite samples
may be caused by a local liquid phase sintering because of non-uniform distribution of
Mg2+ doping ions in the green body of composites. The local liquid phase sintering
produces inequalities in the GB mobility, resulting in the initiation of abnormal growth
[14]. When the concentration of Mg2+ doping ions increased, it may be well distributed
throughout the compacted powders. On heating, equalities in the GB mobility are
approximately equal throughout the composite microstructure, leading to a normal grain
growth. Thus, homogeneous microstructure of the composite ceramics with high
concentration of Mg2+ was achieved in this way.

Figures 3.2.4(a-b) and their insets show the frequency dependence of €' and
tand at 30 "C for the 6h and 24h samples, respectively. Interestingly, €' values of all
the samples were independent of frequency in the range from 102 to 105 Hz. €' values
of all Mg-doped CCTO/CTO ceramics were higher than for un-doped ceramics. It is
worth noting that a low-frequency tand of CCTO/CTO was remarkably reduced by
doping with Mgz+. € and tand (1 kHz and 30 0C) of all composite ceramics are
summarized in Table 3.2.1. €’ values of the un-doped CCTO/CTO samples sintered for
6 and 24 h are close to the €’ value of ~1800 for a sample sintered at 1090 °C for 24
h, as first reported by Kobayashi and Terasaki [15]. However, these two values are
larger than the €' value of ~1300 for the sample sintered at 1050 °C for 0.5 h sintered
using a microwave sintering method [10]. Ramirez et al [1], found €'~2960 at 1 kHz for
CCTO/CTO ceramic sintered at 1100 °C for 3 h using a conventional furnace. According
to our previous work [5], €'~2104 at 1 kHz was obtained in a CCTO/CTO ceramic
sintered at 1050 °C for 10 h. These indicate that the sintering method and sintering

conditions have an influence on €' of a CCTO/CTO ceramic system.
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Figure 3.2.4 Frequency dependence of €' for the ceramic samples sintered for (a) 6

and (b) 24 h; their insets show tand as a function of frequency.

Interestingly, €' values of the Mgz+-doped CCTO/CTO composites sintered for
24 h were about 2-3 times larger than that of the un-doped ceramics. Notably, their
tand values were reduced by factors of 3-6. It was seen that after increasing sintering
time from 6 to 24 h, €' of Mg-doped CCTO/CTO composites increased by a factor of
1.5-2 over that of samples sintered for 6 h, while tand slightly changed. At 102 Hz, the
values of tand at 30°C of the CCTO/CTO, Mg05, Mg10, Mg20, and Mg30 samples
sintered at 1100°C for 6 h were found to be 0.118, 0.034, 0.018, 0.026, and 0.029,
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respectively, while tand values of the 24h samples were 0.303, 0.095, 0.024, 0.032,
and 0.107, respectively. For the 6h and 24h samples, tand values at the low frequency
of 102 Hz for all Mg-doped CCTO/CTO composites were significantly reduced compared
to the un-doped CCTO/CTO samples sintered for the same time. As is well known, dc
conduction in dielectric materials leads to an apparently high value of low-frequency

tand at room temperature and higher [16], i.e..tan S ~ o, /we s, where &/ is the

dielectric permittivity in a low-frequency range. This large reduction in tanO is therefore
attributed to a strong reduction of G4, in these samples.

For the 6h samples, the Mg30 sample exhibited the highest g': while, €' of the
Mg30 sample was found to be highest among the 24h samples. It is widely believed
that the giant €' of CCTO ceramics is attributed to the interfacial polarization at the GBs
through the internal barrier layer capacitor (IBLC) effect [17-22]. This polarization is
likely to be a cause of high dielectric response in CCTO/CTO composites as well.
According to the IBLC model, €' is associated with the area of insulating GB layer
between grains, which is approximately equal to the mean grain size, and the GB
capacitance that related to the intrinsic GB dielectric permittivity. Schmidt et al [20].
found that the GB dielectric permittivity strongly increased with sintering temperature.
They have suggested this observation as a result of chemical changes, even though it
is difficult to detect significant changes in defect chemistry. By using this model, a
higher value of €' for the Mg30 sample (sintered for 6 h) should be primarily attributed
to stronger enhanced dielectric response of the GBs. For the 24h samples, the mean
grain size of the Mg05 samples is much larger than those of other samples. Thus, €' of
the Mg05 sample might be dominated by the grain size effect over the improved

electrically active of interfaces.
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Figure 3.2.5 (a-b) Temperature dependence of €' for the composite ceramics sintered

for 6 and 24 h, respectively. (c-d) Temperature dependence of tand for

the composite ceramics sintered for 6 and 24 h,

respectively.

(e-f)

Temperature coefficient of &' at 103 Hz for the composite ceramics

sintered for 6 and 24 h, respectively: &, is the dielectric permittivity at 30

o

C.
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The temperature dependencies of € at 1 kHz for all the 6h and 24h samples
are shown in Figures 3.2.5(a) and (b), respectively. When the temperature is higher
than 100 0C, €' rapidly increases in value. The temperature dependence of €' in un-
doped CCTO/CTO ceramics was similar to that observed in CCTO ceramics [11, 23-
25]. Mg2+ substitution into CCTO/CTO ceramics not only caused an increase in €' and
reduction of tand, but also can contribute to the temperature stability of €. The
temperature dependencies of tand at 1 kHz for all the 6h and 24h samples are shown
in Figs. 3.2.5(c) and (d), respectively. When the temperature is higher than 100 OC, tand
is higher than 0.1 for Mg-doped CCTO/CTO composites. The large increase in tand at
high temperatures is consistent with the increase in €'. It is likely that the large value of
tand in a high temperature range is one of the most serious problems for using CCTO-
based compounds in high temperatures. Further investigation is needed to improve
high-temperature tand of CCTO ceramics.

As shown in Fig. 3.2.5(e), for the 6h samples, the conditions of Ag’' < +15% for
the CCTO/CTO, Mg05, Mg10, Mg20, and Mg30 samples were found to be in the
temperature ranges of -60°C - 90°C, -60°C - 120°C, -60°C - 140°C, -60°C - 160°C, and
-60°C - 170°C, respectively. Dielectric properties of these samples satisfy the EIA X5R,
X5R, X7R, X8R, and X8R standard capacitor specifications, respectively. It is worth
noting that the temperature stability of €' in CCTO-based compounds satisfying the
X8R capacitor requirement was rarely reported [26, 27]. Thus, substitution of Mg2+ into
a Ca,Cu,Ti,O4, binary system is one of the most effective and interesting methods to
improve the overall dielectric performance of CCTO ceramics, making them suitable for
practical application in capacitors.

As shown in Fig. 3.2.5(f), conditions where A¢' < +15% for the 24h samples
were in the temperature ranges of -60°C - 60°C, -60°C - 100°C, -60°C - 130°C, -60°C -
140°C, and -60°C - 110°C, respectively. When the sintering time was increased to 24 h,
the temperature stability of the un-doped CCTO/CTO sample greatly decreased, putting
its properties out of the standard specification. Furthermore, the temperature stability of
each Mgz+-doped CCTO/CTO composite also decreased as the sintering time increased
to 24 h. Ag'(%) values of the Mg05, Mg10, Mg20, and Mg30 samples satisfy the X5R,
X7R, X7R, and X5R capacitor applications, respectively. Notably, for the Mg10 and
Mg20 samples, €' increased more than 2 times with high temperature stability, whereas

tand was reduced by factors of ~4-6.
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Figure 3.2.6 J-E curves of the composite ceramics sintered for 6 h; inset shows J-E

curves of the ceramics sintered for 24 h.

Figure 6 and its inset demonstrate the nonlinear electrical characteristics of the
6 h and 24 h samples, respectively. All the composite ceramics exhibited nonlinear J-E
behavior. Two important parameters (00 and E,) of all the composites were calculated
from these curves and are summarized in Table 3.2.1. The overall non-Ohmic results
revealed that values of & and E, for the 24 h samples slightly changed with Mg2+
concentration. This is in contrast to their dielectric properties. E, and O values were
reduced by increasing sintering time. Interestingly, an O value of 27.2 observed for the
Mg30 sample sintered for 6 h is much larger than that of the CCTO/CTO sample
(0t=13.1). This result indicates that Mg2+ doping ions had significant effects on both the
dielectric and nonlinear electrical properties of CCTO/CTO composites sintered for 6 h.
The high value of a=27.2 for the Mg30 sample can be compared to values of 29.67
and 25.3 achieved in a Tb-doped CCTO ceramic [28] and VO, (3 mol%)-added
(66.7 mol%)CCTO/(33.7 mol%)CTO ceramic [8]. However, these values are much lower
than the value of 42 for un-doped CCTO/CTO ceramic sintered at 1100°C for 3 h
reported by Ramirez et al [1]. It is worth noting that . of CCTO-based ceramics is
strongly dependent on the rate increase of applied voltage [29]. O was found to
decrease when this rate was increased. In this work, the rate of increase in an applied

voltage was 1.33 V/s. Unfortunately, rate of voltage increase used in other work to
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measure J-E characteristics of CCTO/CTO composites has not been reported.
Therefore, the large difference in QL values in many reports might be due to different

rates of voltage increase used in these studies.
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Figure 3.2.7 Impedance complex plane (Z*) plots at 120 °C for the composites sintered

for 6 h; inset shows Z* plots at 120 °C for the composites sintered for 24

h.

To elucidate the possible mechanism(s) of the nonlinear properties and dielectric
response in Mg2+-doped CCTO/CTO composites, impedance spectroscopy was used to
study electrical responses inside the grains and at internal interfaces. Figure 7 and its
inset show impedance complex plane (Z*) plots at 120°C for 6h and 24h samples,
respectively. The total resistance (R, was estimated from the diameter of a large
semicircle arc of the CCTO/CTO ceramic enhanced by doping with Mgz+, except for the
Mg05 sample sintered for 24 h [17]. Generally, Ry is governed by the resistance of
GBs (Rg) [17, 30]. In this CCTO/CTO composite system, GBs or interfaces between
grains consist of interfaces between CCTO-CCTO grains, CCTO-CTO grains, and CTO-
CTO grains. The Ry, values determined at 120°C for all the samples are summarized in
Table 3.2.1. According to the microstructure analysis, Mg2+ doping ions prefer to form
solid solution only within CCTO phase. Thus, the molar ratio and volume fraction of the

CTO phase of each composition should ideally be the same. Thus, the difference in Ry,
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values indicated a significant effect of Mg2+ doping ions upon the electrical responses of
internal interfaces.

According to the previous work of Ramirez et al. [2], using electrostatic force
microscopy (EFM), it was clearly shown that CCTO-CTO and CCTO-CCTO interfaces
were electrically active, indicating the presence of potential barriers. However, a CTO-
CTO interface was electrically inactive. This indicates the important role of Cu atoms in
generating potential barriers. Mg2+ doping ions might improve the electrical responses of
these active interfaces. This is because of undetectable Mg2+ doping ions in CTO
grains, which make the CTO-CTO interfaces electrically inactive. The improved
electrically active of interfaces can cause increases in both Ry, and E, of 6 h samples.
This indicates to the effect of M92+ doping ions on the intrinsic properties of the
interfaces (GBs) of the CCTO/CTO composites.

Generally, both the intrinsic and geometric properties of the GBs of CCTO
ceramics are key factors determining their overall properties. The geometric properties
of the GBs are also important as well and cannot be ignored. Using the geometric
approach, the increase in the GB density due to the reduction in grain size can cause
enhancement of Ry, and E,. For the 6h samples, as shown in Table 3.2.1, it is clear
that variations of Ry, and E, values of the Mg05, Mg10, Mg20, and Mg30 samples are
both closely related to the changes in their mean grain sizes. The geometric approach
cannot describe the difference in values of Ry, between the un-doped CCTO/CTO
sample and Mg-doped CCTO/CTO samples (especially for the Mg05 sample). As
mentioned above, the increase in Ry, of the Mg05 sample compared to the CCTO/CTO
sample is mainly attributed to the improved intrinsic properties of the GBs, which may
be caused by the modified electrically active interfaces. These results indicate that both
the geometric and intrinsic properties of the GBs have a remarkable effect on the
electrical properties of the CCTO/CTO composites.

For the 24h samples, changes in Ry, and E, values of the CCTO/CTO and
Mg05 samples are both correlated with the variation of their grain sizes. Ry, and E,
values of the CCTO/CTO sample were reduced as the mean grain size increased for
the Mg05 sample. Interestingly, variation of Ry, values of the Mg05, Mg10, Mg20, and
Mg30 samples sintered for 24 h are closely correlated with the changes in their mean
grain sizes just as observed in the Mg-doped CCTO/CTO composites sintered for 6 h.
Note that, both of the 6h and 24h samples, Ry, of the Mg30 samples is lower than that
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of the Mg20 samples. This result is primarily attributed to the increase in the mean grain
size of the Mg30 samples. Variation of E, values of the Mg05, Mg10, Mg20, and Mg30
samples cannot be explained by using the geometric approach. Generally, the formation
mechanism of electrostatic barrier at GBs of traditional metal oxide non-Ohmic materials
and CCTO ceramics is closely related the oxygen content at GBs [10, 31]. As shown in
Table 3.2.1, E, and O values of each sample were reduced by increasing sintering time
from 6 to 24 h. The concentration of oxygen vacancy at GBs of the ceramic composites
sintered for 24 h may be higher than that of the 6h samples, resulting in the
degradation of nonlinear properties. This indicates that the effect of oxygen vacancies
on the nonlinear properties in the 24h samples is dominant.

It was observed that the E, value of the Mg30 sample is larger than that of the
Mg20 sample; while, the mean grain size of the Mg30 sample is larger than of the
Mg20 sample. It is possible that substitution of Mg2+ ions into CCTO/CTO composites
with a suitable high-concentration might suppress the existence of oxygen vacancies at
the GBs during sintering process at high temperatures and long reaction time. This can
retain a high value of E,. However, further work is needed to explore the exact origin of

this observation.
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Figure 3.2.8 (a) Correlation between Ry, and tand at 120 °C of composite ceramics

sintered for 6 h. (b) Correlation between Ry, (at 120°C) and E, (measured

at room temperature) of composite ceramics sintered for 6 h.
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As mentioned above, a high value of low-frequency tand at high temperatures is
primarily caused by long-range migration of charges (G4.) of CCTO/CTO composites.
This is governed by Gg,. Thus, a low-frequency tand value should be inversely
proportional to Ry,, as clearly seen in Fig. 3.2.8(a). With increasing Mg2+ concentration,

2+
tand values decreased while those of Rgo increased. With increasing Mg concentration

(x = 0.20 to 0.30), tanO increased as Ry decreased. Although Ry, values at 30°C for all
the samples could not be calculated, it is reasonable to suggest that a reduction of tand
at 30°C for Mgz+-doped CCTO/CTO composites can be attributed to enhancement of
Rgs, as a result of the presence of Mg2+ doping ions. As shown in Fig. 3.2.8(b), although
E, of the Mg05 sample is slightly lower than that of the un-doped CCTO/CTO
composite, a correlation between Ry, and E, likely exists. From the results in Fig. 3.2.8,
it is clearly demonstrated that a low-frequency tand value of CCTO-based compounds
was closely related to resistances of internal interfaces. However, for the Ry-E,
relationship, these two parameters may not be correlated with each other. As shown in
the inset of Fig. 3.2.6 and in Table 3.2.1, E, values of all the Mgz+-doped CCTO/CTO
composites sintered for 24 h were found to be lower than those of the un-doped
CCTO/CTO sample. On the other hand, the Rgb-tan5 relationship is still quite similar to
that observed in the 6 h samples. This means that E, or nonlinear properties may not
have any relationship to Ry, or tand. As reported by Ramirez et al. [2], E, and O
values of a CCTO/CTO composite that possessed higher volume fraction of CTO phase
were less than those of the values obtained in a sample with a lower CTO volume
fraction. For the 24 h samples, E, and O were slightly changed by variation in the
concentration of MgZ+. It is possible that the effect of oxygen vacancies in the
24 h samples is more dominant than the effect of Mgz+-modified GB response. This may
make some electrically active interfaces weakly active or inactive. Evidence of a strong
effect of oxygen vacancies on low-frequency tand values is clearly observed in the inset

of Fig. 3.2.4(b).
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3.3 CaCu, Zn Ti,0,,/CaTiO,

The aim of this part is to provide a new strategy to enhance the dielectric
performance of CCTO/CTO composites by doping with Zn2+. CaCu,;_Zn, Ti,04,/CaTiOg
composites with strongly enhanced €' and lower tand can be synthesized from a binary
compound system with a nominal composition of Ca,Cu, Zn Ti;O4,, where x=0, 0.2,
and 0.3, which were referred to as CCTO/CTO, CCTO/CTO_Zn1, and CCTO/CTO_Zn2
composites, respectively.

The important results of this part are that the dielectric and nonlinear properties
of a composite system derived from Ca,Cu,Ti,O4, were greatly improved by doping with
Zn2+ to deliberately create CaCuj,Zn TisO4,/CaTiO; composites. Ca,CuysZng,TisO4;
composition can exhibit an enhanced €'~6,513, with a strong reduction of tand to
~0.015 (at 1 kHz). The nonlinear coefficient and breakdown field strength were
significantly enhanced. The maximum stored energy density was very high, 39.4 kJ/m3.
The dielectric and nonlinear properties were described based on the effect of Zn2+
substitution upon electrical response of internal interfaces. Details of the experimental

results and discussion are as follows:
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The XRD patterns of Ca,Cu, Zn Ti,O4, ceramics are shown in Fig. 3.3.1. All the
samples consisted of CCTO (JCPDS 75-2188) and CTO phases (JCPDS 82-0231).
This observation is similar to those reported in the literature [1-4]. Considering the
nominal formula of Ca,Cu,Ti;O4,, phases of CCTO (~33.3 mol%) and CTO (~66.7
mol%) should be formed. This was further confirmed by a Rietveld quantitative analysis
[2]. The reason for this is that the ionic radius of Ca2+ is much larger than that of Cu2+.
Thus, Ca2+ cannot enter into Cu2+ sites in a planar square to create a Ca(CaCu,)Ti,O4,
structure. Interestingly, an impurity phase related to Zn2+ doping ions was not observed.
Lattice parameters (a) of the CCTO phase were calculated and found to be 7.3893,
7.3929, and 7.4002 A for CCTO/CTO, CCTO/CTO_Zn1, and CCTO/CTO_Zn2
composites, respectively. The increase in the value of a for the CCTO phase may be
due to different ionic radii being formed between Zn’ " (r,=0.60 A) and Cu”" (r,=0.57 A)

ions [5].
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Figure 3.3.1 XRD patterns of Ca,Cu, Zn,Ti,O4, (x = 0, 0.20, and 0.30) ceramics.

Figures 3.3.2(a-c) show backscattered SEM images of the polished CCTO/CTO,
CCTO/CTO_Zn1, and CCTO/CTO_Zn2 composites, respectively. Darker and lighter
phases were observed, which is consistent with the XRD results and similar to those
reported in the literature for un-doped Ca,Cu,Ti,O;, ceramics [2, 4]. Figure 3.3.2(d)
reveals unpolished surface of the CCTO/CTO_Zn2 composite, showing the smooth and

rough surfaces, which were expected as CCTO and CTO phases [4], respectively.
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Figure 3.3.2 Backscattered SEM images of polished surfaces of (a) CCTO/CTO, (b)
CCTO/CTO_Zn1, and (c) CCTO/CTO_Zn2 composites. (d) Backscattered
SEM image of unpolished surface of CCTO/CTO_Zn2 composite.
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Figure 3.3.3 (a) EDS spectra of CCTO/CTO and CCTO/CTO_Zn2 composites. (b)

Enlarged view of (a).
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As seen in Fig. 3.3.3(a) for the EDS spectra (spectra (#1)-(#3)) of the
CCTO/CTO and CCTO/CTO_Zn2 composites, the lighter and darker phases are clearly
CCTO and CTO phases, respectively. Grain sizes of CCTO and CTO phases are
slightly changed. Notably, highly dense microstructure of CCTO/CTO composites was
obtained by doping with Zn2+. However, the EDS peak of Zn cannot be observed in
either phase. This was due to similarity of values of the energy of the X-ray emissions
for L, of Cu2+ (~0.929 keV) and Zn2+ (~1.011 keV) ions. In Fig. 3.3.3(b), the shoulder
of EDS-Cu peak detected at the lighter grain of the CCTO/CTO_Zn2 composite was
observed. This indicates to Zn2+ ions, which were preferentially substituted into Cu2+
sites but only in the CCTO phase. It was estimated that the Ca,Cu, Mg, Ti,O4, ceramics
prepared in the current study consisted of ~33.3 mol% of CaCu; Mg,TiOq, (x =0,
0.20, and 0.30) and ~66.7 mol% of CTO.
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Figure 3.3.4 Frequency dependence of €' at 20°C for Ca,Cu, 2Zn,Ti,O4, (x = 0, 0.20,

and 0.30) ceramics; inset shows tand at 20°C.

As shown in Fig. 3.3.4, €' at 20°C of the CCTO/CTO and CCTO/CTO_Zn1
composites was independent of frequency in the range from 102 to 106 Hz. Notably, &’
of CCTO/CTO composites was strongly enhanced by doping with Zn2+, whereas, tand

was significantly reduced [inset of Fig. 3.3.4]. The €' values at 20 °C and 1 kHz of
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CCTO/CTO, CCTO/CTO_Zn1, and CCTO/CTO_Zn2 composites were found to be 1863,
6513, and 4821, respectively. Values of tand were found to be 0.045, 0.015, and 0.168,
respectively. It was noted that €' of the CCTO/CTO composite sample was close to the
€' value of ~1800 for a sample sintered at 1090 °C for 24 h as was reported in the
literature [6]. Interestingly, the CCTO/CTO_Zn1 composite exhibited a greatly enhanced
€' with a significantly reduced tand. High performance dielectric properties of the
CCTO/CTO_Zn1 composite can be comparable to that observed in CaCus-,La,,3Ti,O4;
ceramics (€'~7500 and tand~0.02 at 1 kHz) [7].
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Figure 3.3.5 Nonlinear properties of Ca,Cu,.,Zn Ti;O4, ceramics.

The effect of Zn2+ doping ions on non-Ohmic properties of CCTO/CTO
composites was also investigated. The results are shown in Fig. 3.3.5. All the composite
ceramics of the current study exhibited nonlinear E-J behavior. 00 and E, of the
CCTO/CTO, CCTO/CTO_Zn1 and CCTO/CTO_Zn2 composites were calculated and
found to be 9.89 and 5,817 V/cm, 12.43 and 11,689 V/cm, and 4.77 and 2,295 V/cm,
respectively. Interestingly, improved nonlinear electrical properties were achieved in the
CCTO/CTO_Zn1 composite. Zn2+ doping ions had significant influences on both the
dielectric and nonlinear electrical properties of CCTO/CTO composites. Generally, the

energy density (U) performance of capacitors can be expressed as U = g'gOE,f /2. The
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maximum stored energy densities of the CCTO/CTO, CCTO/CTO_Zn1, and
CCTO/CTO_Zn2 composites were 2.52, 39.40, and 1.12 kJ/m3, respectively. The high U
value of the CCTO/CTO_Zn1 composite was equal to that observed in a CCTO/CuAl,O,
composite [8]. This is the highest U value among CCTO-based oxides that has ever
been reported.

Using electrostatic force microscopy (EFM) [2], it was clearly shown that CCTO-
CCTO and CCTO-CTO interfaces were electrically active. This indicated the presence
of potential barriers at these interfaces. However, a CTO-CTO interface was electrically
inactive. Enhancement of non-Ohmic properties of the CCTO/CTO_Zn1 composite was
therefore attributed to the improved electrical response of these interfaces, resulting
from substitution of Zn2+. Higher concentrations of Zn2+ doping ions caused degradation
of nonlinear properties in the CCTO/CTO_Zn2 composite. This result is similar to that
reported in literature for Zn-doped CCTO ceramics with high zn”" content [9]. It was
reported that €' and E, of the CCTO/CTO system decreased as the content of the CTO
phase increased [2]. For CCTO ceramics, the giant €' response is now widely accepted
to be caused by the interfacial polarization at the CCTO-CCTO interface [10, 11].
Therefore, a strong increase in €' of Zn-doped CCTO/CTO composites may be primarily
caused by the enhanced electrical response at the CCTO-CCTO interface alone. This is
reasonable because € of CCTO/CTO was found to be slightly dependent upon
sintering temperature [3]. Although the mechanism responsible for these observations is
still unclear, this work provides an important novel route to strongly enhance the

dielectric response and non-Ohmic properties of CCTO-based ceramics.
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3.4 CaCu,Ti, Zr O,,/CaTiO,

In this part of the research work, a composite system of CaCu;Ti,O,,/CaTiO3
doped with Zr4+ was deliberately created using a one-step processing method.
Investigation of the microstructural evolution and electrical responses of internal
interfaces of Zr4+-doped CaCu;Ti 04,/CaTiO; composites was performed to clarify the
exact nature of its high dielectric response. Grain sizes of the CaCu,Ti,O4, phase in the

CaCu;Tis0,4,/CaTiO5 microstructure were largely increased by doping with Zr4+, resulting

in an increase in €' (at 103 Hz) from 1.86><1O3 to 1.03><1O4. This is in complete contrast
to observations of a single phase of Zr4+-doped CaCu;TiyO4,. This observation
confirmed an extrinsic effect as the origin of high dielectric properties of
CaCu;Ti 04,/CaTiO; composites, rather than intrinsic factors. The macroscopic dielectric
relaxation was well described by the Maxwell-Wagner relaxation model. Furthermore,
changes of the loss tangent resulting from different doping levels of Zr4+ correlated well
with variation of the resistance of insulating internal interfaces. Experimental results
gave an important clue indicating that electrical responses of internal interfaces were
the cause of the giant dielectric response in the CaCu;Ti O, material system.

A solid state reaction method was used to prepare Zr-doped Ca,Cu,Ti O,
ceramics with a nominal chemical composition of Ca,Cu,Tis Zr O4,, where x = 0, 0.05,
0.10, 0.20, and 0.30 (abbreviated as CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 ceramics,

respectively). Details of experimental results and discussion are as follows:

52



TRG5680047

a . + CaCuTiO,  * CaTiO,

374712

" CaZiTi,O, (JCPDS 84-0163)
CCTO/CTO

Intensity (a.u.)

1
25 30 35 40 45 50 55 60 65
260 (degree)

7.404
7.402

7.400 -

7308}

739 | .

7304 . e \

7392 / ;
}

m)

-10

7.390 -
7.388
7.386

Lattice parameter (10

0.00 0.05 0.10 0.15 020 0.25 0.30
x (CaCuTi Zr O )

Figure 3.4.1 (a) XRD patterns of Ca,Cu,Ti,s,Zr,O4, ceramics. (b) Lattice parameter of
CCTO phase in Ca,Cu,Ti, , Zr 04, composites as a function of doping level

(x).

Ceramics with a nominal composition of Ca,Cu,Ti;O4, consisted of two phases,
i.e., CCTO and CTO at concentrations of ~33.3 and ~66.7 mol%, respectively [2, 3]. In
Fig. 3.2.1(a), CCTO (JCPDS 75-2188) and CTO (JCPDS 82-0231) phases appear in all
the XRD patterns of Ca,Cu,Ti,s,Zr,04, (x=0-0.3) compositions, which is similar to that
reported in literature [2-9]. The XRD result confirms creation of CCTO/CTO composite
system. An impurity phase was not detected in the XRD patterns of the CCTO/CTO,
Zr05, and Zr30 samples. This indicates substitution of Zr4+ into the Ti4+ sites of the
CCTO phase. However, an impurity phase of CaZrTi,O; (JCPDS 84-0163) was also
observed in the XRD patterns of the Zr20 and Zr30 samples. This indicates a limited
solid solution of 2t in CCTO and/or CTO phases. CCTO phase lattice parameters in
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the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 composite samples were calculated by
using Cohen’s least mean square method and found to be 7.3893%0.0012,
7.393310.0003, 7.395740.0003, 7.3914+0.0005, and 7.4004+0.0004 A, respectively.
These calculated values are comparable to the 7.391 A value for CCTO crystal
structure (JCPDS 75-2188) and published values of ~7.391 A [3, 8, 10-20]. Lattice
parameter calculations indicated an enlarged unit cell in the CCTO phase. As shown in
Fig. 3.4.1(b), lattice parameters of CCTO phase in Ca,Cu,Ti, Zr,0,, compositions tends
to increase with increasing concentration of zr" doping ions (x), except for the Zr02

sample for x = 0.2.
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Figure 3.4.2 Backscattered SEM images of polished-surfaces of (a) CCTO/CTO, (b)
Zr05, (c) Zr10, (d) Zr20, and (e) Zr30 samples.
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As depicted in the backscattered SEM images of Fig. 3.4.2, all the sintered
ceramics consisted of at least two phases with different contrasts. According to previous
work [5, 9], brighter and darker grains in CCTO/CTO composites were clearly shown to
be CCTO and CTO phases, respectively. In Figs. 3.4.3(a) and 3.4.3(b), EDS spectra
detected at the darker (point 1) and brighter (point 2) grains clearly indicate CTO and
CCTO phases, respectively. This is supported by published literature [5, 9]. Only EDS
peaks of Ca, Ti, and O were observed in the darker grain (point 1). In the brighter grain

(point 2), a small intensity Zr EDS-peak was observed as well as the main Ca, Cu, Ti,

and O EDS—peaks. This indicates that some portion of the Zr4+ ions was substituted
into the CCTO phase. As shown in Figs. 3.4.2(d) and 3.4.2(e), there is another phase in
addition to CCTO and CTO that appeared in the microstructure of the Zr20 and Zr30
samples. The observation of this third phase is consistent with their XRD patterns. In
Fig. 3.4.3(b), the EDS spectrum detected in this phase (point 3 in Fig. 3.4.3(a))
confirmed the existence of Ca, Zr, Ti, and O atoms in the impurities. Thus, it is
reasonable to infer that this phase was CaZrTi,O,, as it appeared in the XRD patterns.
According to the microstructure analysis shown in Figs. 3.4.2 and 3.4.3, grain
sizes of the CTO and CCTO phases in Zr4+-doped CCTO/CTO (Z-CCTO/CTO)
composites were much larger than those observed in the CCTO/CTO composite. The
mean grain sizes of the CCTO phase in the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30
samples were found to be 2.910.97, 9.04+3.44, 10.99%3.75, 13.40%x3.75, and
13.5415.22 um, respectively. The mean grain sizes of the CTO phase in these
samples were 1.9610.48, 6.221+2.13, 4.63%£1.79, 5.8512.28, and 6.2912.21 um,
respectively. These results are particularly interesting in light of previous work [14, 15],
where substitution of Zr4+ into a single phase CCTO ceramic caused a great decrease
in the mean grain size. Here, a small portion of Ca, Zr, Ti, and O reacted to form a new
CaZrTi,O; phase. Formation of a CaZrTi,O; phase might cause an excess of CuO-rich
phase within the microstructure. The grain growth of CCTO ceramics is correlated with
liquid phase sintering [21, 22]. A slight excess of CuO in the starting CCTO composition
could promote the grain growth rate in a single phase of CCTO ceramics. The CuO-rich
phase was believed to be a source of a liquid phase that existed during the sintering
process of CCTO ceramics. Therefore, the larger grain growth in Z-CCTO/CTO
composites may be attributed to the existence of a slight excess of CuO in their

microstructure. The density of all the samples was measured by the Archimedes
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method. The relative densities of the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 samples
were calculated and found to be 88.93, 91.33, 91.49, 89.93, and 88.96 %, respectively.
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Figure 3.4.3 (a) Backscattered SEM image of polished-surfaces of Zr30 sample,
showing EDS testing points at different phases. (b) EDS spectra detected

at different points on the surface of the Zr03 sample.
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Table 3.4.1 €' and tand (at 1 kHz and 20 0C), activation energy for dielectric relaxation
(E.), activation energy for conduction inside grain (E,), resistance of CCTO grain at
20°C (Ry), estimated capacitance of GB at room temperature (Cg,), nonlinear coefficient

(), and electric breakdown field strength (E,) at room temperature for ceramic

samples.
Samples g tand E, E, R, Cgo o E,
(eV) ev) (Q.cm) (nF) (V/icm)
CCTO/CTO 1,863 0.045 0.122 0.098 ~160 ~0.72 9.9 5,817
Zr05 8,501 0.193 0.137 0.122 ~110 ~275 3.2 519
Zr10 10,355 0.442 0.139 0.119 ~120 ~298 2.8 396
Zr20 7,073 0.089 0.144 0.125 ~230 ~2.28 441 973
Zr30 4,610 0.038 0.157 0.144 ~500 ~149 35 917

Figure 3.4.4 shows the frequency dependence of €' and tand at 20 °C for all

samples of the current study. The values of € at f = 1 kHz are summarized in Table

3.4.1. The inset of Fig. 5(a) demonstrates the values g at 103 and 104 Hz as a function
of doping level. €'~1,863 of the CCTO/CTO sample was comparable to the value 1,800
first reported by Kobayashi and Terasaki [4], and others [8]. According to microstructural
analyses, it is likely that the Zr05 and Zr10 samples consisted of CTO and CCTO
phases with concentrations roughly estimated to be about 66.7 and 33.3 mol%,
respectively. This is the same as in the CCTO/CTO composite. The Zr20 and Zr30
samples consisted of three phases with an additional CaZrTi,O; phase. According to
previous work [14, 15, 23], it was found that substitution of Zr4+ ions into CCTO
ceramics caused a large decrease in €' values. According to simple mixing models that
excluded the effect of interfacial interaction between the two phases [4], €' of the Z-
CCTO/CTO composite system should be reduced compared to the un-doped
CCTO/CTO composite. This is because €& of the un-doped CCTO grains in the
CCTO/CTO composite was expected to be larger than that of the Zr-doped CCTO
grains in the CaCujTi, Zr,04,/CaTiO; composites. Interestingly, g at f< 105 Hz of
CCTO/CTO composites was strongly enhanced by doping with Zr4+, as clearly seen in

the inset of Fig. 3.4.3(a). The dielectric response in Z-CCTO/CTO composite system
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could not be described by simple mixing models or a mixing law such as the Maxwell-
Garnett model, Bruggeman self-consistent effective medium model, and Lichtenecker’s
logarithmic law [4, 24]. This result strongly suggested that the high dielectric response
of a CCTO/CTO system as well as in CCTO ceramics was not primarily due to intrinsic
effects. Obviously, a high dielectric response should be caused by an electrical
response of internal interfaces such as the CCTO-CCTO interface, CCTO-CTO
interface, and/or domain boundaries in the large grains of CCTO. Therefore, a strongly

enhanced €' in Z-CCTO/CTO system may be attributed to the modified electrical

response at these internal interfaces caused by Zr4+ doping ions.
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The frequency dependence of tand at 20 °C and tand values (at f =1 kHz) are
shown in Fig. 3.4.4(b) and Table 3.4.1, respectively. Over the range of f = 102-104 Hz,
tand of all samples increased rapidly with decreasing frequency. This was mainly due to
the effect dc conduction in the bulk ceramics [22, 25]. A low-frequency tand of
Ca,Cu,Ti,s Zr O4, ceramics increased as x increased from 0-0.1. Then, it decreases as
x was further increased from 0.2 to 0.3. Interestingly, the Zr30 sample exhibited
improved dielectric properties with €'~4,610 and a reduced tand ~ 0.038. When f>105
Hz, tand of all samples rapidly increased with increasing frequency. This was clearly

due to the dielectric relaxation process [25].
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Figure 3.4.5 Frequency dependence of (a,c) € and (b,d) €' at various temperatures

over the range of -70—30 °C for the CCTO/CTO and Zr30 samples.

To study the effect of Zr4+ substitution upon the dielectric relaxation mechanism
in the CCTO/CTO composites, the frequency dependence of € and &'’ (¢''=¢'tand) at
different temperatures was investigated. As shown in Fig. 3.4.5, the frequency-

dependence characteristics of the CCTO/CTO and Zr30 samples were quite similar. At
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-70 0C, a sudden drop in €' at a relatively high-frequency was observed. This was
accompanied with the &'’ peak. Frequencies at which rapidly decreasing €' and €'’-
peaks were observed, shifted to higher frequencies with increasing temperature. This
result indicates a thermally activated dielectric relaxation mechanism. The activation
energy (E,) required for this thermally activated relaxation could be calculated using the

Arrhenius law [26],

~E,
(kBT

f = f,exp ), (3.4.1)

max,s’

where f is the frequency at which the €'’ peak (e .) was observed, T is absolute

max, &’

temperature (K), kg is the Boltzmann constant, and f; is a constant term.
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Figure 3.4.6 Arrhenius plots of temperature dependence of f,,.

As shown in Fig. 3.4.6, the temperature dependence of f is linearly well

max, &’

fitted by Eq. (3.4.1). According to the fitted results, E, values were calculated and found
to be 0.12210.007, 0.13710.003, 0.139£0.004, 0.144%0.002, and 0.15710.002 eV for
the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 composite samples, respectively. E, tended
to slightly increase with increasing Zr4+ concentration. As shown in Figs. 3.4.5 and

3.4.6, at a particular temperature, the f value of CCTZO/CTO composites

max,&’

decreased with increasing Zr4+ dopant concentration. For example, f values at -70

max, &’

°C for the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 samples were obtained and found to
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be 1.0x10°, 2.8x10°, 2.0x10°, 1.0x10°, and 0.5x10° Hz, respectively. This indicated

the effects of 7" doping ions on the dielectric relaxation behavior of CCTO/CTO
composite systems. It is notable that the current study is the first report of dielectric
relaxation behavior in CCTO/CTO composite systems. E;~0.122 eV for the CCTO/CTO
sample was slightly higher than the value of a single CCTO phase system. Thus, the

origins of the dielectric relaxation mechanism in CCTO/CTO composites and CCTO

ceramics might have resulted from a similar cause.
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Figure 3.4.7 Impedance complex plane plot (Z*) at 20 °C for Ca,Cu,Tiy Zr, 04,
ceramics; inset (a) shows an expanded view of the high—frequency data

close to the origin, and inset (b) the Arrhenius plots of temperature

dependence of G

Using the M-W relaxation model [27, 28], the macroscopic relaxation time

(c=1/24 .,

of grain resistance (R,) and GB capacitance (Cg,), i.e., T= RyCq,. Furthermore, it was

) was derived and estimated to correlate with the microscopic parameters

demonstrated that E, should be nearly the same value as the activation energy of

conduction inside the semiconducting grains (Ey) [27]. For clarification, the dielectric

relaxation behavior in Zr-CCTO/CTO composites was related to the M-W relaxation
type. This was performed using impedance spectroscopy (IS) to investigate the

electrical parameters of internal interfaces (or GB) and in the grain interior at different
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temperatures. IS data were interpreted based on the brick-work layer model [29]. In Fig.
3.4.7, the observed incomplete semicircular arcs (at 20 oC) indicate to the electrical
response of insulating internal interfaces [29, 30] of CCTO-CCTO and CCTO-CTO
interfaces, as described by Ramirez and co-workers [3]. They used electrostatic force
microscopy (EFM) to show that these two interfaces were electrically active, while the
CTO-CTO interface was electrically inactive. Thus, the total resistance is governed by
the resistance of these internal interfaces (R, or Ry,). The nonzero intercept on Z' axis
at high frequency data indicated the electrical response in the semiconducting part of
CCTO/CTO composites [inset (a) of Fig. 3.4.7], which is the electrical response of
CCTO grains [31]. Concurrently, the CTO phase is well known as a good insulator. In
inset (b) of Fig. 3.4.7, the temperature dependence of R, follows the Arrhenius law [27].
Ry = Roexp(EylkgT) or Oy = Opexp(Eq4lksT), where, Ry and O are constant parameters
and Oy is the grain conductivity. E; values were calculated and found to be
0.098+0.001, 0.1121+0.001, 0.119%0.001, 0.125%0.003, and 0.144%0.001 eV for the
CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 samples, respectively. Both E, and E, of the
Zr-CCTO/CTO composites increased as Zr4+ concentration increased. This result might
indicate the dielectric relaxation in CCTO/CTO composite system was of the M-W
relaxation type [27].

To further investigate the relationship between the macroscopic 7 values
obtained from the dielectric relaxation peak of €'’ and the product of RyCqp: Cgp values
were calculated from the M'’-f plots. From the magnitude of the maximum value of
M"(f) (M) it can be shown that f_ .=1/22RC and M =C;/2C [1]. As

max

seen in Fig. 3.4.8(a) for the Zr20 sample, the height of M is nearly independent of

X

temperature. These values are proportional to the reciprocals of the associated

capacitance. This result indicated that capacitance related to observed M/ ~ only

weakly depended on temperature. The calculated values of capacitances at various
temperatures for all samples are shown in Fig. 3.4.8(b). The capacitance values of Zr-
CCTO/CTO composites were in the range of =1.5-3.0 nF. According to the brick-work
layer model for CCTO polycrystalline ceramics [29], it reasonable to suggest that these
capacitance values were a result of the dielectric response of the insulating internal
interfaces or Cg, [30]. The grain capacitance (Cg4) of CCTO is usually in the order of
10_12 F (or pF) [1, 29]. Only Cg, values of the Zr05 and Zr10 samples were calculated at

20 OC, which were found to be 2.75 and 2.98 nF, respectively. Due to a small variation
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in temperature dependence of Cy, the Cgy, values at 20 °C of other samples were
roughly estimated and are summarized in Table 3.4.1. The effect of Zr4+ doping ions on
the value of Cg4, of CCTO/CTO composites is clearly seen in the inset of Fig. 3.4.8(b).
Obviously, variations of Cy, values are consistent with observed variation of g, as
demonstrated in the inset of Fig. 3.4.4(a). The dielectric response of CCTO/CTO
composite systems might be caused by the dielectric responses at internal interfaces.
The values of R,Cgy, were calculated using Ry values at 20 °C and the estimated values

of Cy, at 20 °C.
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Figure 3.4.8 (a) Frequency dependence of M'’ of the Zr20 sample at various
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Ca,Cu,Tiy Zr, Oy, ceramics at different temperatures; the inset

demonstrates Cg, values at 100 °C as a function of doping level.

63



TRG5680047

As shown in Fig. 3.4.9, variations of macroscopic T values are consistent with
RyCqp values. The R,Cy, value of the Z-CCTO/CTO composites increased with
increasing Zr4+ dopant concentration. Therefore, the dielectric relaxation behavior in
CCTO/CTO composite systems may be due the M-W relaxation type, which is related to
interfacial or space charged polarization [27, 28]. Interfacial polarization at the internal
interfaces of CCTO-CCTO and CCTO-CTO interfaces is a major cause of the observed
high dielectric response in CCTO/CTO composites. Changes in €' in the Z-CCTO/CTO
composites likely resulted from modified electrical polarization at the internal interfaces.
A much larger grain size of the Z-CCTO/CTO composites than un-doped CCTO/CTO
composite gave rise to the space charged sheet region. This enhances polarization
intensity, increases €' magnitude of the Z-CCTO/CTO composites compared to that of
CCTO/CTO samples. The decrease in &' of the Zr20 and Zr30 samples compared to
those values of the Zr05 and Zr10 samples was attributed to the incorporation of a

CazrTi,0; phase.
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Figure 3.4.9 Relationship between T (calculated from 7=1/®..) at -30 °C and the
product of Ry and Cy, (RyCgy, values) at 20 °C of Ca,Cu,Tiy Zr, 04,

ceramics.

To study the effect of insulating internal interfaces on tand® of Zr-CCTO/CTO
composites, the relationship between tand and R4, was investigated. As shown in Fig.

3.4.7, Ry, at 20°C of Zr-CCTO/CTO composites tended to decrease strongly when
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increasing Zr4+ concentration from 1.25 and 2.5 at.% (for Zr05 and Zr10 samples,
respectively), indicating a decrease in Ry,. When the concentration of Zr4+ was further
increased to 5.0-7.5 at.% for Zr20 and Zr30 samples, respectively, Ry, increased. This
result is consistent with variations in tand as a function of Zr4+ concentration.

The effect of 7" doping ions on the non-Ohmic properties of CCTO/CTO

composites at room temperature was investigated. As illustrated in Fig. 13.4.0, E, of

nonlinear J-E curves was greatly reduced by substitution of Zr4+. E, and Ol values are
provided in Table 3.4.1. The nonlinear properties of Z-CCTO/CTO composites were
strongly degraded when compared to the un-doped CCTO/CTO samples. From SEM
images, it is clear that one of the most important factors that remarkably decreases E,
is the larger mean grain sizes of the CCTO phase. This was especially true for the Zr05
and Zr10 samples when compared to the CCTO/CTO sample [31]. The increase in E,
values after further increasing Zr4+ concentrations may have resulted from the third
CaZrTi,O; phase. It is notable that J-E curves of the Zr20 and Zr30 samples were
almost identical in the range of J = 0-5 mA/cmz. The large increase in the mean grain
size of CCTO phase reduced insulating GB density, resulting in a reduction of E, [31].
Another important factor may be due to the interface of CCTO-CaZrTi,O,, but this is of

lesser magnitude.
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Figure 3.4.10 J-E characteristics at room temperature of Ca,Cu,Ti, Zr O, ceramics.
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3.5 CaCu,Ti, Sn 0,,/CaTiO,

In this part of the research work, CaCu;Ti, Sn 0,,/CaTiO; composites were
prepared using a solid state reaction method employing a simple one-step process. A
minor phase of CaTiO; grains was very well dispersed into the CaCu;Ti,O4, matrix and
these two phases were clearly separated from each other in CaTiO5/CaCu;Tiy;O4,. The
grain size of the CaCu;Ti;O4, phase was largely enhanced by Sn4+ doping.
Furthermore, CaTiO; grains were also found inside the enlarged CaCu;TisO4, grains.
The microstructural evolution can be described based upon liquid phase sintering and
the pinning effect by second-phase particles. The dielectric permittivity of
CaCu;Tis,Sn,04,/CaTiO; was greatly enhanced from ~2><1O3 to ~0.6-1.3><1O4 at 103

Hz, while, the loss tangent was still too low. The nonlinear properties were degraded as
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a main result of microstructural evolution. These results strongly indicated an extrinsic
effect upon both of the giant dielectric response and nonlinear properties of
CaCu;Ti 045-based compounds.

CaCu;Tiys,Sn O4,/CaTiO; composites were prepared by using a starting nominal
formula of Ca,Cu,Ti, Sn O4,, where x=0, 0.1, 0.20, and 0.30. These were abbreviated
as CCTO/CTO, Sn10, Sn20, and Sn30 composites, respectively. Details of experimental
results and discussion are as follows:

Figure 3.5.1 shows the XRD patterns of the composite ceramics sintered for 6 h
with nominal compositions of Ca,Cu,Ti,. Sn 04, (x=0-0.3). Two phases of CCTO
(JCPDS 75-2188) and CTO (JCPDS 82-0231) were detected in all samples, indicating
the existence of a CCTO/CTO composite system as reported in published literature [1-
5]. Impurity phases were not observed in the XRD patterns of the composites sintered
for 6 and 24 h. Thus, sn*" could substitute into Ti'~ sites in CCTO andior CTO
structures. The lattice parameters (a) of the CCTO phase of CCTO/CTO, Sn10, Sn20,
and Sn30 composites sintered for 6 h were found to be 7.4040, 7.4066, 7.4057, and
7.4098 A, respectively. Lattice parameter (a) values of the composites sintered for 24 h
were found to be 7.3891, 7.4011, 7.3958, and 7.4075 A, respectively. Values of a
tended to increase with increasing Sn4+ content. This might be due to the larger ionic

radius of Sn"* (0.69 A) compared to Ti' (0.605 A) [6].
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Figure 3.5.1 XRD patterns of Ca,Cu,Ti,,Sn, O, (x=0-0.3) ceramics sintered for 6 h.
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Figure 3.5.2 Backscattered SEM images of (a) CCTO/CTO, (b) Sn10, (c) Sn20, and (d)

Sn30 samples sintered for 6 h.

Figures 3.5.2(a-d) show backscattered SEM images of polished surfaces of all
composite samples sintered for 6 h. In each sample, at least two phases with different
contrasts were observed, supporting the XRD results. Both the darker and lighter
phases in CCTO/CTO composites were enhanced by Sn4+ doping. Fig. 3.5.3 shows
EDS spectra of the Sn30 composite measured in darker and lighter contrast regions,
clearly indicating CTO and CCTO phases. This result is similar to that reported in
published literature [1,3-5]. In the lighter grains, a small intensity EDS-peak of Sn was
detected as well as main EDS-peaks for Ca, Cu, Ti, and O. The EDS-peak for Sn was
not observed in the darker CTO grain. This indicated that a relatively large portion of
the Sn4+ ions were substituted into the CCTO phase. Note that the microstructural
evolution in the composite samples sintered for 24 h (does not show) is similar to that

observed in the samples sintered for 6 h.
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Figure 3.5.3 EDS spectra of Sn30 sample detected at darker and lighter phases.

As shown in Fig. 3.5.2, the grain sizes of the CCTO and CTO phases in
CCTO/CTO composites (both of the composites sintered for 6 and 24 h) was greatly
enlarged by Sn4+ doping. The mean grain sizes of the CCTO phase in the CCTO/CTO,
Sn10, Sn20, and Sn30 composites sintered for 6 h were of ~3.1, ~18.0, ~17.0, and
~19.8 um, respectively. The mean grain sizes of the composites sintered for 24 h were
of ~2.9, ~16.9, ~17.4, and ~21.5 um, respectively. This is completely different from
that observed in the Sn-doped single phase CCTO [7,8]. As shown in Fig. 3.5.2(d),
white spots were observed in the microstructure of the Sn30 samples. This was
confirmed to be an impurity of the Cu-rich phase.

Generally, dispersion of solid particles in a polycrystalline ceramic matrix, i.e.,
one in which these particles are insoluble and immobile, can decrease the grain growth
rate by the pinning effect. This is because grain boundary mobility was reduced. If there
is a sufficient content of particles, grain boundary migration of the sintered
polycrystalline ceramic will be pinned when it encounters the particles [9]. For a
Ca,Cu,Ti,04, composition, the calcined powder consisted of CCTO and CTO particles
with volume fractions of ~0.66 and ~0.34, respectively [2]. The average grain sizes of

the un-doped CCTO/CTO composites sintered for 6 and 24 h were nearly the same in

value. According to the Zener model [9], limiting grain size (G =2(r/3f, where « is

geometrical shape factor) is only proportional to inclusion particle size (r) and inversely
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proportional to the inclusion volume fraction (f). This result indicates that the grain
growth of the CCTO matrix phase was sufficiently inhibited by (f = 0.34) CTO particles.

It was also observed that small CTO particles (darker grains) appeared in the
large CCTO grains of Sn-doped CCTO/CTO composites. This observation indicated that
grain boundary mobility of Sn-doped CCTO/CTO composites cannot be pinned by CTO
particles. This supports the hypothesis that liquid phase sintering may be a primary
cause of the microstructural changes in Sn-doped CCTO/CTO composites. This is
because enhanced grain boundary mobility due to the existence of the liquid phase in
the green body during sintering process is the primary factor responsible for increasing
grain growth rate of polycrystalline ceramics. In this case, grain boundaries can break
away from some small particles of the CTO phase, retaining these particles internally
within the CCTO grains. Normally, the grain growth of a single phase CCTO ceramic is
correlated with liquid phase sintering [10]. The Cu-rich related phase is generally
believed to be a source of a liquid phase during the sintering process. Therefore, the
observed Cu-rich particles in Sn-doped CCTO/CTO composites may be an important
clue to explaining the large increase in the mean grain size of CCTO phase. In
polycrystalline ceramics, a metal doping ion may react with a small portion of the major
phase to form a eutectic liquid. The eutectic temperature of SnO,-CuO was found to be
~940 °C [11]. Thus, it is strongly suggested that the eutectic liquid phase of the SnO,-
CuO system has a remarkable influence on the increase mean grain size of the CCTO
phase in Sn-doped CCTO/CTO composites.

According to previous work, substitution of Sn4+ into a single phase CCTO
caused a large decrease in the mean grain size and resulting €' values [7, 8]. The
cause of the decrease in €' was suggested to be intrinsic factors inside the grains. The
nanosized barrier layer capacitor model and mixed-valent structure model were
proposed to describe the giant dielectric response in CCTO ceramics. In these two
models, a high &' value was not strongly correlated with the electrical response at grain
boundaries. In the case of Sn-doped CCTO/CTO composites, substitution of Sn4+ ions
into Ti4+ sites in the CCTO structure can cause a decrease in €' of the CCTO phase. In
the absence of the dominant electrical response of internal interfaces or grain
boundaries, the effective €' of CCTO/CTO composites should decrease if the €' value

of the CTO phase was not greatly enhanced by Sn4+ doping.
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Figure 3.5.4 &' as a function of frequency at 20 °C for the composites sintered at 1100
°C for (@) 6 h and (b) 24 h; inset of (a) shows tand as a function of dopant

content.

However, in this current study, € of CCTO/CTO composites was greatly
increased by Sn4+ doping, as shown in Figures 3.5.4(a) and 3.5.4(b). The €' values at
20 °C and 1 kHz of the CCTO/CTO, Sn10, Sn20, and Sn30 samples sintered for 6 h
were approximately 2173, 6057, 7968, and 10435, respectively. Concurrently, €' values
of the samples sintered for 24 h were 1863, 8457, 7097, and 13036, respectively. The
discrepancy between the expected and experimental results may indicate a strong
effect of Sn4+ doping ions upon the enhanced dielectric response at grain boundaries in
CCTO/CTO composites. Based upon the experimental results of the current study, the

intrinsic effect can be excluded from possible mechanisms contributing to the
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enhancement of €' values of Sn-doped CCTO/CTO composites. This observation

strongly suggests that the high dielectric response in CCTO/CTO composites does not

originate from intrinsic effects inside the grains. In the inset of Fig. 3.5.4(a), tand was

slightly changed by Sn4+ doping ions. The values of tand at 20 °C and 1 kHz of the

CCTO/CTO, Sn10, Sn20, and Sn30 samples sintered for 6 h were approximately 0.017,

0.019, 0.031, and 0.054, respectively. However, tand values of the samples sintered for

24 h were found to be 0.045, 0.023, 0.034, and 0.076, respectively. Notably, high-S'

and low-tand values were achieved in the Sn-doped CCTO/CTO composite system.
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Figure 3.5.5 (a) Frequency dependence of -Z'’ of Ca,Cu,Tiy, Sn 04, ceramics sintered

for 6 h. (b) Impedance complex plane plot (Z) at 110 °C of

Ca,Cu,Tiy Sn Oy, ceramics sintered for 6 h; inset shows the dependence

of £’ on Cgyp for Ca,Cu,Ti,,Sn Oy, ceramics.
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Although the grain sizes of CCTO ceramics may not be a primary factor
contributing to their very high €' values, it is still one of the most significant parameters
influencing the dielectric properties of many polycrystalline ceramics. Most recent
investigation revealed that variation of &' values in CCTO ceramics has a close
relationship to their mean grain size [12-17]. Recently, we found that largely reduced
grain size of CCTO ceramics did not result in a decrease in their €' values [18]. Thus,
the enhanced grain size of Sn-doped CCTO/CTO composites may be a slight effect
contributing to the overall enhanced €' values. For single phase CCTO ceramics, high
€' values were shown to correlate with the capacitance of the grain boundary (Cyp) [13,
19]. Thus, the enhanced €' values of Sn-doped CCTO/CTO composites may originate
from the improved electrical response of internal interfaces.

Impedance spectroscopy was therefore used to characterize the electrical
responses of the CCTO grains and internal interfaces of Sn-doped CCTO/CTO
composites. Based upon the brick—work layer model [19], the electrical structure model
can be described by an equivalent circuit consisting of two parallel resistor—capacitor
(RC) elements connected in series. In the current study, one RC element represents the
electrical response of semiconducting grains of the CCTO phase, consisting of grain
resistance (R;) and capacitance of grains (C,). The other represents the insulating layer
of internal interfaces, consisting of the resistance and capacitance of internal interfaces
(R,, and C, ). It was clearly shown that CCTO-CTO and CCTO-CCTO interfaces were
electrically active, indicating the presence of potential barriers [1], whereas, a CTO-CTO
interface was electrically inactive [1]. Thus, the electrical response of internal interfaces
in Sn-doped CCTO/CTO composite system is likely to result from CCTO-CTO and
CCTO-CCTO interfaces. Figure 3.5.5(a) shows the frequency dependence of the
imaginary part (-Z'") of the complex impedance at 110 °C for all composites sintered for
6 h. Relaxation peaks were observed at high temperatures, which are generally
attributed to be the electrical responses of internal interfaces [20,21]. The resistance of
the internal interfaces, R,,, (or Ry,) can be calculated from the peak height (Z ) using
the relationship Z =R /2. The peak height decreased with increasing sn"" content,
indicating a reduction in Ry,. The decrease in Ry, of a CCTO/CTO composite due to the
effect of Sn4+ doping ions is clearly illustrated in Fig. 3.5.5(b). The diameter of a
semicircle arc of the CCTO/CTO sample decreased with increasing Sn4+ dopant

concentration. Ry, values at 110 °C of the CCTO/CTO, Sn10, Sn20, and Sn30 samples
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sintered for 6 h were approximately 1.05><106, 2.01><105, 1.87><105, and 5.24><104 Q,
respectively. Ry, values of the samples sintered for 24 h were found to be 5.45><105,
1.67><105, 6.63><105, and 4.77><1O4 Q), respectively. The result achieved in the
composites sintered for 6 h is consistent with the observed increase in tand as the Sn4+
dopant concentration was increased. Reduction of R, results in the enhancement of
tand [13]. However, the decrease in tand of the Sn10 sample compared to the
CCTO/CTO sample sintered for 24 h cannot be explained by the effect of R,.

According to impedance spectroscopic analysis, the capacitance of internal interfaces

(or C,) can be calculated using the relationship C, = 1/27f R, where f s the

max’ ‘gb’ m

frequency at which Z” occurred. At 110 0C, C,» values of the CCTO/CTO, Sn10,

Sn20, and Sn30 samples sintered for 6 h were approximately 0.38, 0.71, 0.96, and 1.21
nF, respectively. C,, values of the composites sintered for 24 h were found to be 0.52,
1.07, 0.85, and 1.67 nF, respectively. These C_, values of each composite sample are
consistent with their €' values, as clearly seen in the inset of Fig. 3.5.5(b). A clear
correlation of €' and C,» was observed. This result supports the hypothesis that an
enhanced €' value of Sn-doped CCTO/CTO composites is likely caused by improved

electrical response at the grain boundaries.
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Figure 3.5.6 Nonlinear J-E characteristics of Ca,Cu,Ti,.,Sn,O4, ceramics sintered for 6

h at room temperature.
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Figure 3.5.6 illustrates the effect of Sn4+ on the nonlinear J-E characteristics of
CCTO/CTO composites sintered for 6 h. & values of the CCTO/CTO, Sn10, Sn20, and
Sn30 samples were found to be 13.1, 5.68, 6.04, and 5.56, respectively, whereas, &
values of the composites sintered for 24 h were 9.90, 6.40, 5.66, and 6.75 respectively.
The E, value of CCTO/CTO composites sintered for 6 and 24 h was strongly reduced,
as shown in Fig. 3.5.6. Clearly, the nonlinear J-E properties of CCTO/CTO composites
were degraded by Sn4+ doping. Although it is quite difficult to clarify the mechanism that
affects different nonlinear J-E properties among Sn-doped CCTO/CTO composites, the
different J-E properties of the un-doped CCTO/CTO and doped samples were primarily
due to the greatly enlarged grain size in the CCTO phase. This can cause a decrease
in the number of active CCTO-CCTO and CTO-CCTO interfaces, leading to degradation
of nonlinear electrical properties.

According to our previous report for the Zn-doped CCTO/CTO composite system
[3], a large increase in €' without any significant changes in the shape and mean grain
size was observed. Concurrently, the nonlinear J-E properties were significantly
improved by Zn2+ doping. This may be dominated by the intrinsic factor of the grain
boundaries rather than the geometric factor. In the case of a Sn-doped CCTO/CTO
composite system, obviously, the geometric properties of the microstructure (i.e., grain
boundaries) is the primary factor contributing to the variation in nonlinear J-E properties.
It was suggested that Zn2+ doping ions may improve the electrical response at the
CCTO-CCTO interface, increasing the value of g'. For CCTO ceramics, interfacial
polarization at the grain boundary (i.e., CCTO-CCTO interface) is widely thought to be
the origin of a giant €' [12, 14, 19, 22]. Therefore, a greatly increased €' in Sn-doped
CCTO/CTO composites might have resulted from stronger interfacial polarization at
internal interfaces or grain boundaries rather than the intrinsic dielectric response inside
CCTO grains. This resulted from the enlarged grain size of the CCTO phase coupled
with the primary factor of enhanced electrical responses at interfaces, giving rise to

increased capacitance values of the active interfaces.
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3.6 Ca, LaCu,Ti,O,,/CaTiO,

In this part of the research work, the influences of La3+ substitution on the
dielectric properties and formation of Schottky barriers at internal interfaces of a
Ca,Cu,Ti 04, (CaTiOs/CaCu;Ti04,) composite system were investigated. It was found
that electrostatic potential barrier height was greatly reduced by doping with La3+,
leading to a large decrease in the total resistance of internal interfaces between grains.
This observation was attributed to the creation of conduction electrons, which were
possibly induced by electrical charge compensation of La3+ substitution into Ca2+ sites.
Variations in the dielectric properties of La3+-doped CaTiO,/CaCu;Ti,04, composite
ceramics and nonlinear properties can be described based on the electrical responses
at the internal interfaces between CaCu;Ti0,,-CaCu;TiyO4, grains and CaTiOs-
CaCu;Ti 04, grains. Influence of possible charge compensation due to different levels of
La3+ dopant on the formation of potential barriers was discussed.

Ceramics with nominal compositions of  Ca,Cu,Ti 043 (La-0),
Caj gsLag g5Cu,TisO4, (La-05), and Ca,;,Lagy;Cu,TisO4, (La-30) were prepared by a solid
state reaction method and sintered at 1100 °C for 24 h. Details of experimental results

and discussion are as follows:
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Figure 3.6.1 XRD patterns of (a) Ca,Cu,Ti,O4, (La-0 sample), (b) Ca, gsLag ¢sCu,Ti;O45

(La-05 sample), and (c) Ca, ;Lay 3Cu,Ti,O4, (La-30 sample) ceramics.
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The XRD patterns of Ca,_ La Cu,Ti;O4, (x = 0, 0.05, and 0.30) compositions are
shown in Fig. 3.6.1. It is clearly seen that all of the ceramic compositions consisted of
two main phases, CCTO (JCPDS 75-2188) and CTO (JCPDS 82-0231), forming a
composite system of CCTO/CTO. These XRD patterns are similar to those reported in
the literature for Ca,Cu,Ti,O4, ceramics [1-4]. An impurity phase of CuO was observed
in the La-30 samples. This may be due to the decomposition of CuO from the lattice [5].
Theoretically, a ceramic that was prepared using a starting composition of Ca,Cu,Ti O,
should consist of ~33.3 mol% of CCTO and ~66.7 mol% of CTO. This was
experimentally confirmed by a Rietveld quantitative analysis [2]. Formation of a
CCTO/CTO composite system was due to the much larger ionic radius of Ca2+ than of
Cu2+. Therefore, excess Ca2+ ions could not be substituted into Cu2+ sites in a planar
square to create a Ca(CaCu,)Ti O, structure. Lattice parameters of the CCTO phases
of La-0, La-05 and La-30 samples were calculated and found to be 7.3891, 7.3928, and
7.3943 A, respectively. The lattice parameter of CCTO phase in the CCTO/CTO
composites increased with increasing La3+ doping concentration. The increase in the
lattice parameter may be attributed to the different ionic radii between Ca2+ and La3+
ions.

Figure 3.6.2 and its insets show &’ and tand at 20 °C as a function of frequency
for the La-0, La-05, and La-30 samples. In a low frequency range of 102-103 Hz, €' of
the La-doped samples was much higher than that of the un-doped sample. €' values at
102 Hz for the La-0, La-05, and La-30 samples were found to be 2060, 11162, and
6378, respectively. It was observed that these high €' values in a low frequency range
decreased as the frequency was increased from 102 to 103 Hz. This result indicates the
dominant effect of dc conduction and/or low-frequency dielectric relaxation [6]. As
shown in the inset of Fig. 3.6.2, tand greatly increased as frequency was decreased.
However, the increase in tand was not exponentially. Conversely, the magnitude of the
tand relaxation peak was not large. Therefore, the frequency dependence of tand in a
low—frequency range was affected by the combined effects of dc conduction and a
relaxation process [7]. tand values of La-0, La-05, and La-30 samples at 102 Hz were
found to be 0.219, 0.517, and 2.971, respectively. tand of CCTO/CTO composites
increased with increasing La3+ doping concentration. Variations in tand with changing

: 3+ : : :
concentration of La~ were not consistent with changes in €’.
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Generally, variations in the properties of CCTO ceramics were consistent with
each other. Increases in € of CCTO ceramics were usually accompanied by an
increase in tand [8]. This result can be described by considering interfacial polarization
at GBs. High €' values are attributed to large polarization intensity at the interfaces
between adjacent grains, which are insulating GBs. Concurrently, a large polarization
intensity indicates a high density of accumulated charges at GBs, driven by an external
electric field. High concentrations of mobile charges inside semiconducting grains are a
source of space charges. Conversely, high concentrations of charges not only
contribute to polarization intensity and €', but also increase the possibility of leaked
current in bulk ceramics. This is a major cause of high tand. Therefore, the dielectric
response behavior in La3+-doped CCTO/CTO composites might be significantly

influenced by the electrical characteristics of GBs as well.
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Figure 3.6.2 &’ at 20 °C in the frequency range of 102-106 Hz for all samples; the inset

shows the frequency dependence of tand.
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Figure 3.6.3 (a-c) Nonlinear J-E characteristics at various temperatures for La-0, La05,

and La30 samples, respectively. (d-f) Plots of InJ vs. E1/2.

In the current study, the effects of La3+ doping on the J-E characteristics of
CCTO/CTO composites were investigated. Figure 3.6.3 shows the nonlinear J-E
properties of the study samples at different temperatures. E, values at room

temperature of the La-0, La-05, and La-30 samples were found to be 4811, 732, and
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665 V/cm, respectively. & values of the same samples at room temperature were found
to be 7.66, 3.14, and 1.62, respectively. The nonlinear properties of CCTO/CTO
composites were degraded as La3+ ions were substituted for Ca2+ sites. According to a
previous work [9], substitution of La3+ into CCTO with nominal chemical compositions of
Cays,oLa,CusTiyOq, (x=0-0.09) caused a decrease in dc conduction activation energy
when x>0.05. Cheng et al. [10] found an increase in E, in Ca;La,CusTi,O, as La3+
concentration increased. From these two studies, the molar ratio of Ca2+ was adjusted
to obtain an electrical charge equilibrium and thus freed electrons since an aliovalent
dopant was not expected. In the current study, electronic charge compensation by
conduction electrons may have existed due to La3+ ions being substituted into Ca2+
sites. This may have been the primary cause of the degradation of nonlinear properties.
Ramirez et al. [2] used electrostatic force microscopy (EFM) to characterize possible
electrical responses in a CCTO/CTO composite system. They found that a CTO-CTO
interface was electrically inactive, while CCTO-CTO and CCTO-CCTO interfaces were
electrically active. This indicates the presence of potential barriers.

To study the effect of La3+ doping ions on the formation of electrostatic potential
barriers at internal interfaces of CCTO/CTO composites, nonlinear J-E properties were
determined at different temperatures. As shown in Figs. 3.6.3(a-c), E, linearly decreased
with increasing temperature. This indicated the influence of temperature upon the
electrostatic potential barriers at internal interfaces. According to previous work [10-14],
the electrical response of GBs (CCTO-CCTO interfaces) for a single phase CCTO
polycrystalline ceramic clearly resulted from the Schottky effect. It was also further
suggested that the potential barriers at CCTO-CTO interfaces were also Schottky-type
barriers [2]. Therefore, electrical conduction at CCTO-CCTO and CCTO-CTO interfaces
in the pre-breakdown region should be due to thermion emission of the Schottky barrier
[10,14]. This emission is usually affected by the electric field (E) and temperature (7).

Variations of J with E and T will follow the relationship [13]:

B B

1/2
InJ = e +|InAT? - ®y (3.6.1)
Ko T K, T
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where @, is the Schottky potential-energy barrier height at the GBs, A is the
Richardson constant, and S is a constant related to the potential barrier width. The last

term on the right hand side of Eq. (3.6.1) is expressed as:

(DB
kT

InJ,=InAT? - )

Values of InJ, at various temperatures were calculated from the plots of InJ vs. E1/2 by
linearly fitting data at E = 0. Figures 3.6.3(d-f) show the fitted results, indicating a good
linear relationship between InJ vs. sz' Using Eq. (3.6.2), @, values for all the samples

were calculated by fitting data of the plots of InJ; vs. 1000/T.

— .
[\ oo
T T T

InJ; (A.cm”)

—_
o

- ® La-0; o, = 0.919 eV
| ® La-05; o, = 0.321 eV
¢ La30;0 =0216eV

1 | 1

26 28 30 32 34 36
1000/T (K™

Figure 3.6.4 Plots of InJy vs. 1000/T for all samples; the solid lines are results fitted to

Eq. (3.6.2).

As shown in Fig. 3.6.4, a good linear relationship between J, and temperature
was observed. Values of CDB were approximately 0.919, 0.321, and 0.216 eV for the La-
0, La-05, and La-30 samples, respectively. It is notable that (DB ~ 0.919 eV for the La-0
(CCTO/CTO) sample can be comparable to that observed in the CCTO/CTO composite
prepared by a simple thermal decomposition method (0.856 eV) [15]. This value is also
comparable to that observed in Na;,,Sm;,Cu;Ti,O4, ceramics (0.925-0.964 eV) [16]. q)B
of CCTO/CTO composites was greatly reduced by doping with La3+. This means that

La3+ doping ions have an effect on the formation of electrostatic potential barriers at
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CCTO-CTO and CCTO-CCTO interfaces. For a single phase of CCTO ceramics, the

Schottky barrier at GBs can be expressed as [12]:

_aN;

= , 3.6.3
8s,EN, (3:69)

B

where N; and Ny are the acceptor (surface charge) concentration and the charge
carrier concentration in semiconducting grains (i.e., CCTO grains), respectively. €' is the
relative permittivity of materials, and q is the electronic charge. Using Eq. (3.6.3), it is
possible that the strong reduction of (DB observed in CCTO/CTO composites can be
attributed to either an increase in Ny or a large decrease in N,. Generally, an increase
in Ny can cause a decrease in resistance of grain interiors (Ry). In Ta5+ and Nb5+-doped
CCTO ceramic systems [17], it was found that Ta5+ and Nb5+ doping ions had no
significant effect on Ry of CCTO ceramics. Thus, the observed strong decrease in
potential barriers at GBs of these materials was not related to any change of Ny and
other proposed mechanism. Charge compensation mechanisms were investigated in
nominal compositions of La Cay3,,CusTi,O4, and La Ca, Cu;Ti,O4;, [9]. It was clearly
shown that in the latter material, electrical compensation was found to be conduction
electrons.

In the current study, impedance spectroscopy was used to investigate the
electrical properties of grains and GBs. As shown in Fig. 3.6.5(a), at 20 oC, the
diameter of a large semicircle arc in the plot of the complex impedance plane (Z*) of
CCTO/CTO composites decreased with increasing La3+ dopant concentration. This
result indicated a large reduction of the total resistance at internal interfaces [18], i.e.,
GBs between CCTO-CCTO grains and CTO-CCTO grains [2]. The insets (1) and (2) of
Fig. 3.6.5(a) show the nonzero intercept on the Z' axis of the impedance spectra in a
high-frequency range at 20 and -70 oC, respectively. The resistances of semiconducting
grains or Ry values of CCTO/CTO composites can be estimated from these nonzero
intercepts [18]. At -70 0C, Ry values of ~200 (d.cm for the La-05 and La-30 samples
were much lower than R;~500 Q.cm for the La-0 sample (un-doped CCTO/CTO
composites). Ry values at various temperatures in the range from -70 to 30 oC for all
the samples are shown in Fig. 3.6.5(b). This result indicates that Ny values of the La-05

and La-30 samples were enhanced. Thus, substitution of La3+ ions to Ca2+ sites was
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electrically compensated by conduction electrons. As demonstrated in Fig. 3.6.5(b), Ry
decreases with increasing temperature. It was found that the temperature dependence

of Ryq follows the Arrhenius law:

E
R, =R, exp[—g] : (3.6.4)
K, T

B

where E, is the activation energy for conduction in the grain interiors, R, is a constant
term, T is absolute temperature (K), and kg is Boltzmann constant. The temperature
dependence of R, is well fitted by Eq. (3.6.4). Eg4 values of the La-0, La-05, and La-30
samples were calculated from the fitted result and found to be 94, 74, and 69 meV,
respectively.

According to Eq. (3.6.3), the strong decrease in observed @, values for the La-
05 and La-30 samples can be attributed to the increase in charge carrier concentration
in the semiconducting grains compared to the La-0 sample. It is important to note that
@, of the La-30 sample was slightly reduced further to 0.216 eV. This observation is
similar to that observed in Ta5+ and Nb5+-doped CCTO systems [17]. Ry values of these
two samples were nearly the same in value. R, of the La-30 sample was slightly larger
than that of the La-05 sample. This result means that Ny did not increase even though
La3+ dopant concentration was further increased from x = 0.05 to 0.3. Charge
compensation for La3+ substituted to Ca2+ sites by conduction electrons no longer
occurred when La3+ concentration was increased to a higher level of 15 mol% (x = 0.3).
In contrast, the ionic compensation by cation vacancies may have occurred in grain
interiors, just as it occurred in La3+-doped BaTiO3 [19]. Chung et al. [17] proposed that
at GBs, the positive charge of the dopant cations could efficiently make compensation
of the negative charge of unknown acceptors without the creation of electrons or cation
vacancies in this region. Consequently, the number of active acceptor states at GBs
(CCTO-CCTO and/or CTO-CCTO interfaces) that contribute to the formation of potential
barriers decreases with La3+ addition. It is notable that the large increase in €' of the
La-05 sample compared to the La-0 sample (un-doped CCTO/CTO composite) might be
due to a high intensity of interfacial polarization at the internal interfaces. Conversely,
the decrease in €' of the La-30 sample might be due to its low q)B value. It is possible

that this potential barrier height of the La-30 sample was not sufficient to completely
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restrict the motion of conduction electrons within the grains. Most of them can move

across GBs. Thus, the intensity of polarization at interfaces decreased, leading to a

decrease in €. This is consistent with its tand value, which was highest among these

three composites under study. Such a high value of tand was primarily caused by a dc

current that resulted from a high concentration of conduction electrons across GBs.
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Figure 3.6.5 (a) Comparison of impedance complex plane (Z*) plots at 20 °C for all

samples; insets (1) and (2) show high-frequency data close to the origin at

20 and -70 °C,

ceramic samples.
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3.7 Ca, Bi Cu,Ti,0,,/CaTioO,

In this part of the research work, the effects of Bi3+ doping ions on the
microstructure and dielectric properties of CaCu;Ti,04,/CaTiO; (CCTO/CTO) composites
prepared by using a conventional solid state reaction method were investigated.
Microstructure analysis revealed that Bi3+ doping ions can be substituted into Ca2+ sites
in both the CCTO and CTO phases. It is notable that the value of €' at 1 kHz and 30
°C of the CCTO/CTO composite was greatly increased to 4.1><1O4 by doping with Bi3+
ions, compared to the un-doped sample (8'~1.8><103). Non-Ohmic properties of Bi3+-
doped CCTO/CTO composites were also investigated. The electrical responses of
grains and internal interfaces were investigated using impedance spectroscopy. Strongly
enhanced dielectric responses and variation in nonlinear electrical properties can be
well described based on the electrical responses at internal interfaces of the
composites.

Ca,Cu,Tis04, (CCTO/CTO), CaygsBigsCusTisOq, (Bi_05), CaygoBig10CU,TisO4,
(Bi_10), and Ca, ;Biy3,Cu,Ti,O4, (Bi_30) were prepared by using a solid state reaction
method and sintered in air at 1100 °C for 24 h at heating and cooling rates of 5 °C/min.
Details of experimental results and discussion are as follows:

The XRD patterns of Bi-doped CCTO/CTO composites are illustrated in Fig.
3.7.1. It is clearly seen that all of the composite samples consisted of two phases of
CTO (JCPDS 82-0231) and CCTO (JCPDS 75-2188). This result is similar to those
reported in the literature [1-4]. Considering the nominal formula of Ca,Cu,Ti,O4,, ~66.7
mol% of CTO and ~33.3 mol% of CCTO should be created during the sintering process
due to an imbalance between Ca’ and Cu’ ions. The creation of CCTO/CTO
composites was confimed by a Rietveld quantitative analysis of synthesized
Ca,Cu,Ti 04, ceramics as reported in the literature [1]. The formation can be explained
as follows. Due to a relatively large ionic radius of Ca2+ compared to that of Cu2+, Ca2+
cannot enter into Cu2+ sites in a planar square to form a Ca(CaCu,)Ti O, structure

[3,4].
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Figure 3.7.1 XRD patterns of Bi-doped CCTO/CTO composites.

Figure 3.7.2 shows surface morphologies of CCTO/CTO and Bi-doped
CCTO/CTO composites. It was found that some grains in the microstructure of Bi-doped
CCTO/CTO grew rapidly. This indicates that an abnormal grain growth occurred in the
Bi-doped CCTO/CTO composites [5]. Such grain growth may be related to the liquid
phase sintering behavior as a result of a Bi-related liquid phase. This is reasonable
because the melting point of Bi,O; is lower than the sintering temperature of
CCTO/CTO composites (1100 oC). As revealed in the insets of Figs. 3.7.2(a) and
3.7.2(b) for the backscattered SEM images, two phases with different contrasts were
observed, i.e., darker and lighter phases in the CCTO/CTO sample. This observation is
consistent with the XRD results and similar to those reported in the literature for un-
doped CCTO/CTO [1, 3, 4]. The darker and lighter phases were CTO and CCTO
phases, respectively [1, 3, 4]. However, varying contrast could not be clearly observed
in the Bi_05 sample as well as in other Bi-doped CCTO/CTO samples. As depicted in
Figs. 3.7.33(a) and 3.7.3(b), EDS peaks corresponding to Bi, Ca, Ti, and O appeared in
the EDS spectra measured in a small grain (point 2). All EDS peaks for Bi, Ca, Cu, Ti,
and O were detected in the larger grain. This clearly indicates that Bi3+ doping ions

preferentially formed solid solution within both the CCTO and CTO phases.
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Figure 3.7.2 SEM images of (a) CCTO/CTO, (b) Bi_05, (c) Bi_10, and (d) Bi_30

samples; insets of (a) and (b) are backscattered SEM images of the
CCTO/CTO and Bi_05 samples.
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Figure 3.7.3 (a) EDS spectra of a Bi_30 sample detected at different regions on the

surface of the sample. (b) SEM image of Bi_30 sample showing EDS-
detection points.
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Figure 3.7.4 and its inset show the frequency dependence of €' and tand at 30
0C, respectively. Clearly, Bi3+ doping ions have a great influence on the dielectric
properties of CCTO/CTO composites. The values of & and tand of CCTO/CTO
composites were strongly enhanced by doping with Bi3+. This is likely due to the
enhanced dielectric responses of internal interfaces [6]. At 30 °C and 1 kHz, the €'
values of the CCTO/CTO, Bi_05, Bi_10, and Bi_30 samples were found to be 1877,
19153, 41468, and 6458, respectively. Variation in tan® due to substituted Bi3+ ions was
similar to that observed in the change in €'. Fig. 3.7.5 shows the temperature
dependence of €. It was observed that €' values of all the samples increased with
increasing temperature. The increase in €' at high temperatures for CCTO ceramics is
usually observed. This may be related to the effect of dc conduction in the bulk sintered
ceramic composites [7]. It is notable that strong increases in &' were observed in the

Bi_05 and Bi_30 samples.
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Figure 3.7.4 Frequency dependence of & at 30 °C for Bi-doped CCTO/CTO

composites; inset depicts tand as a function of frequency at 30 °C.
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Figure 3.7.5 &’ as a function of temperature at 1 kHz.

To understand the possible mechanism(s) of the strongly enhanced dielectric
response in Bi-doped CCTO/CTO composites, impedance spectroscopy was used to
evaluate the electrical resistances of the grains and internal interfaces. Figure 3.7.6 and
its inset show impedance complex plane (Z*) plots at 120°C and an expanded view
near the origin. The total resistance (R,:) estimated from the diameter of a large
semicircle arc of the CCTO/CTO ceramic was greatly reduced by doping with Bi"". In
general, Ry, is governed by the resistance of GBs (Ry,) [6]. In CCTO/CTO composites,
GBs or interfaces between different types of grains consisted of interfaces between
CCTO-CCTO grains, CCTO-CTO grains, and CTO-CTO grains. The value of R, is
usually determined from the non-zero intercept on the Z' axis [6]. It was also found that

substitution of Bi3+ ions can reduce the resistance of grains (R;), as shown in Fig. 3.7.7.
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Figure 3.7.6 Impedance complex plane plots (Z* plots) of Bi-doped CCTO/CTO

composites at 120 oC; inset shows an expanded view near the origin to

reveal the impedance spectra of Bi_05 and Bi_10 samples.
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Figure 3.7.7 Z* plots at high frequencies of Bi-doped CCTO/CTO composites at -70 °c,

showing the non-zero intercept on the Z' axis.
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Figure 3.7.8 Nonlinear J-E characteristics of Bi-doped CCTO/CTO composites.

Fig. 3.78 shows the nonlinear electrical characteristics of the CCTO/CTO and
Bi-doped CCTO/CTO composites. Although all the composite samples exhibited
nonlinear J-E behavior, different characteristics were observed in Bi-doped CCTO/CTO
composites. Two important parameters (0. and E,) of all the composites were
calculated. At room temperature, O values of the CCTO/CTO, Bi_05, Bi_10, and Bi_30
samples were found to be 9.9, 3.79, 3.60, and 5.22, respectively. E, values of
CCTO/CTO composites were greatly reduced by Bi3+ doping ions. These results
indicate that the nonlinear J-E properties were degraded by doping with Bi3+ ions.

In CCTO and CTO ceramics, Bi3+ substitution for Ca2+ requires charge
compensation. This may be achieved by one or more of the following mechanisms: (1)
filing oxygen vacancies, (2) decrease of cation valence, (3) creation of cation
vacancies, or (4) creation of conduction electrons. It is likely that creation of conduction
electrons may be primarily responsible for the observed decrease in Ry of Bi-doped
CCTO/CTO composites. Ramirez et al. [1] used electrostatic force microscopy (EFM) to
characterize possible electrical responses in a CCTO/CTO composite system. It was
found that a CTO-CTO interface was electrically inactive, whereas, CCTO-CTO and
CCTO-CCTO interfaces were electrically active. This indicates the presence of potential
barriers at the CCTO-CTO and CCTO-CCTO interfaces. Thus, the degradation in the
nonlinear electrical properties of CCTO/CTO due to substitution of Bi” may have been
related to weak electrical responses at these active interfaces. The reduction of the

breakdown field in Bi-doped CCTO/CTO composites is primarily associated with a
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decrease in the potential barrier height (D) at internal interfaces. For a single phase of

CCTO ceramics, the Schottky barrier at GBs can be expressed as [8]:

_aN;

= , 3.7.1
8s,EN, G710

B

where N, and Ny are the acceptor (surface charge) concentration and the charge
carrier concentration in semiconducting grains (i.e., CCTO grains), respectively. €' is the
relative permittivity of materials, and q is the electronic charge. Using Eq. (3.7.1), the
large reduction in @, observed in CCTO/CTO composites is clearly attributable to an
increase in Ny. Generally, an increase in Ny can cause a decrease in resistance of grain
interiors (Ry). This is clearly observed in Fig. 3.7.7 showing a decrease in Ry of Bi-
doped CCTO/CTO composites. It is reasonable to conclude that the increase in tand
(inset of Fig. 3.7.4) was due to the reduction of total resistance of internal interfaces.
Greatly enhanced dielectric response in Bi-doped CCTO/CTO composites (especially for
the Bi_05 and Bi_10 samples) may be due to the increase in charge carriers inside the
grains. Under an applied electric field, more charge carries were accumulated at the
internal interfaces (CCTO-CTO and CCTO-CCTO interfaces) of Bi-doped CCTO/CTO
composites. This produces a relatively high intensity of interfacial polarization compared
to that of the un-doped CCTO/CTO sample. This is responsible for the observed large
increase in € in the Bi-doped CCTO/CTO composites. It is notable that the total
resistance of the Bi_30 sample was found to be larger than those of the Bi_05 and
Bi_10 samples. This resulted in a lower tand value of the Bi_30 sample compared to
those of the Bi_05 and Bi_10 samples. For the Bi_30 sample, a high value of Ry
compared the other samples might be due to precipitation of Bi,O5 at interfaces, just as

was observed in commercial ZnO-Bi,O; varistor ceramics [9].
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CHAPTER IV
CONCLUSIONS AND SUGGESTIONS

4.1 (Na,,Ca,,Ln,,)Cu,Ti,O,, ceramics (Ln = La”, Bi"", sm™, Gd”, Y, Yb”', Nd”,
and Dy3+)

A new NCBCTO perovskite compound was successfully prepared using a solid
state reaction method. This NCBCTO ceramic exhibited a high €' value of ~2.5><104
and low tand of ~0.038 at 1 kHz and 20 °C with a temperature coefficient less than
115% in the range of -70 to 110 °C. The observed dielectric relaxation behaviors were
similar to those reported for other ACu,;Ti,O4, compounds. Nonlinear J-E characteristics
were observed, suggesting the existence of Schottky barriers at the grain boundaries.
Polyvalent cations, i.e., Cu+, Cu3+, or Ti3+ ions were detected in the NCBCTO ceramics.
This ceramic compound was found to be electrically heterogeneous, consisting of
semiconducting grains and insulating grain boundaries. The origin of the giant dielectric
response in the NCBCTO was likely caused by an electrical response at grain

boundaries.

4.2 CaCu, Mg, Ti,O,,/CaTiO,
The dielectric properties of CCTO/CTO composites were improved by doping
with Mg2+ ions. It was found that Mg2+ was incorporated into only the CCTO phase. An

enhanced €' of 3,550 with good temperature stability (Ag'<*15% in the temperature

range of -60 - 160°C) and a reduced tanO value to ~0.014 (at 30°C and 1 kHz) were
achieved in a CaCu,;Mgq3Ti,O4,/CTO ceramic sintered at 1100 °C for 6 h.
Furthermore, the nonlinear coefficient of this ceramic was greatly enhanced to 27.2.
Using impedance spectroscopy analysis, it was suggested that improved dielectric and
nonlinear properties were attributed to the enhanced electrical responses of CCTO-CTO

and CCTO-CCTO interfaces resulting from the presences of Mg2+ doping ions.

4.3 CaCu, Zn Ti,0,,/CaTiO,
In conclusion, the dielectric and non-Ohmic properties of CCTO/CTO can be
improved by doping with Zn2+ to deliberately create Zn-doped CCTO/CTO composites.

g’ of Ca,Cu,Zny,Ti;04, composite was strongly enhanced to ~6513, whereas tand
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was found to be very low, 0.015 at 1 kHz and 20°C. Ol and E, of this ceramic were
significantly enhanced to 12.43 and 11,689 V/cm, respectively. The maximum value of
U for the CCTO/CTO_Zn1 composite was greatly increased to 39.40 kJ/m3. The
dielectric and nonlinear properties of Zn-doped CCTO/CTO composites were described
and found to be influenced by Zn2+ doping ions influencing the electrical response of

internal interfaces.

4.4 CaCu,Ti, Zr O,,/CaTiO,

Zr4+-doped CCTO/CTO ceramic composites were created from a nominal
formula of Ca,Cu,Ti,. Zr,O4,. Doping Zr4+ into CCTO/CTO composites resulted in an
increase in the mean grain sizes of both the CCTO and CTO phases. Zr4+ ions were
preferentially substituted into the CCTO phase. At Zr4+ dopant concentrations of more

than 2.5 mol%, Zr4+ was found to be over the limited solid solution, leading to formation

of a CaZrTi,O; impurity phase. A strong increase in €' of 1.03><1O4 for the 2.5 mol% of
Zr4+-doped CCTO/CTO composite was observed compared to that of the un-doped

composite (8'~1.86><103). This result is completely different from that observed in a
single phase Zr4+-doped CCTO ceramic. Here, €' was greatly reduced by doping with
Zr4+. Thus, the origin of the high dielectric response in CCTO/CTO composites was
confirmed to be an extrinsic effect related to the electrical responses of internal
interfaces, rather than being caused by an intrinsic effect originating in the grain
interiors. It was found that variations of E, and E, values were consistent with each
other. Furthermore, a change in the macroscopic dielectric relaxation time was clearly
consistent with the variation of RyCg, values, following the M-W relaxation model. These
results strongly support the conceptualization of an internal interface effect on the giant

dielectric response in CCTO-based compounds.

4.5 CaCu,Ti, Sn O,,/CaTiO,

Sn-doped CCTO/CTO composites were successfully prepared using a one-step
process. Grain size in the CCTO phase of CCTO/CTO composites was significantly
enlarged by Sn4+ doping. This resulted in a strong degradation of nonlinear electrical
properties. The €' value of Sn-doped CCTO/CTO composites was increased by more
than a factor of 3 with a slightly changed tand. The influences of Sn4+ doping on the

dielectric and electrical properties of CCTO/CTO composites were reasonably explained
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by the extrinsic factors. This is proposed as the origin of the giant dielectric response in
CCTO. The enhanced dielectric properties of CCTO/CTO composites likely originated
from the improved electrical response at the internal interfaces and enlarged CCTO

grain size, which were caused by substitution of Sn4+ ions.

4.6 Ca, LaCu,Ti,0,,/CaTioO,

La3+ doping ions have great effects on the dielectric properties and formation of
Schottky barriers at internal interfaces of a CCTO/CTO composite system. The high
potential barriers at internal interfaces of the CCTO/CTO composite were greatly
degraded by La3+ doping. The degradation of Schottky barriers resulted in a large
decrease in the total resistance of internal interfaces between grains. The creation of
conduction electrons due to charge compensation for La3+ ions substituted into Ca2+
sites is proposed as the primary cause. For high concentrations of La3+ dopant, ionic
compensation by cation vacancies was another cause that further reduced the potential
barrier height. The interfacial polarization mechanism at CCTO-CCTO and CTO-CCTO
interfaces can be used to described the dielectric response in La3+-doped CCTOI/CTO

composite ceramics.

4.7 Ca, Bi Cu,Ti,0,,/CaTiO,
In conclusion, we successfully prepared CCTO/CTO composites doped with Bi3+

3+
ions. Influences of Bi substitution of the microstructure, dielectric response, and

nonlinear J—E properties were studied. It was found that Bi3+ doping ions were
substituted into Ca2+ sites in both of CCTO and CTO phases. The dielectric response in
CCTO/CTO composites was greatly enhanced by doping with Bi3+ ions. This can be well
described based on the interfacial polarization at internal interfaces of CCTO/CTO
composites. The increase in tand was consistent with the decrease in the total
resistance of internal interfaces. The non—Ohmic properties of Bi3+—doped CCTOI/CTO

composites were degraded, which might have resulted from a decrease in the potential

barrier height at internal interfaces, i.e., CCTO—CCTO and CTO—CCTO interfaces.
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4.8 Suggestions

4.12.1 In this research work, although the loss tangent of CCTO and related
oxide ceramics can be effectively reduced, it is likely that the temperature coefficient or
variation of dielectric permittivity with temperature in a high temperature range is still a
serious problem. The dielectric permittivity of the synthesized ceramics is independent
on temperature only in the range of -55 — 125 °C. lItis important to improve this to
achieve higher-performance dielectric materials that their temperature coefficient is low
in a temperature range higher than 105 °C.

4.12.2 Although the loss tangent of CCTO and related oxide ceramics can be
effectively reduced into an acceptable standard value for capacitor applications, the
dielectric permittivity was also decreased greatly. Ultra high dielectric permittivity in the
order of >105 and very low loss tangent should be investigated by engineering lattice

structure and microstructure of dielectric ceramics.

100



TRG5680047

Output 31n1AIN13IVS ﬂﬁlé’%'m;%mn &nn.

1. Kum-onsa P, Thongbai P* Putasaeng B, Yamwong T, Maensiri S.
Na;3Caq5Biy;sCusTisOq2: A New Giant Dielectric Perovskite Ceramic in ACu;TisOq5
Compounds. J. Eur. Ceram. Soc. 2015; 35: 1441-1447. (Impact Factor2013 =
2.307)

2. Jumpatam J, Putasaeng B, Yamwong T, Thongbai P*, Maensiri S. A novel strategy
to enhance dielectric performance and non-Ohmic properties in Ca,Cu, Mg, Ti,O,,, J.
Eur. Ceram. Soc. 2014; 34: 2941-2950. (Impact Factor2013 = 2.307)

3. Jumpatam J, Putasaeng B, Yamwong T, Thongbai P*, Maensiri S. A Novel Route
to Greatly Enhanced Dielectric Permittivity with Reduce Loss Tangent in
CaCu, Zn,Ti0,/CaTiO, Composites, J. Am. Ceram. Soc. 2014; 97[8]: 2368—
2371. (Impact Factor2013 = 2.428)

4. Jumpatam J, Thongbai P*, Yamwong T, Maensiri S. Effects of B’ Doping on
Microstructure and Dielectric Properties of CaCu,Ti,O,,/CaTiO, Composite Ceramics,
Ceram. Int. 2015; hitp://dx.doi.org/10.1016/j.ceramint.2015.03.197. (Impact
Factor2013 = 2.086)

5. Thongbai P*, Jumpatam J, Putasaeng B, Yamwong T, Amornkitbamrung V,
Maensiri S. Effects of La3+ doping ions on dielectric properties and formation of
Schottky barriers at internal interfaces in a Ca,Cu,Ti,O;, composite system. J.
Mater. Sci: Mater. Electron. 2014; 25: 4657—4663. (Impact Factor2013 = 1.966)

6. Thongbai P*, Jumpatam J, Putasaeng B, Yamwong T, Maensiri S. Microstructural
evolution and Maxwell-Wagner relaxation in Ca,Cu,Ti,Zr,O¢,: The important clue
to achieve the origin of the giant dielectric behavior. Mater. Res. Bull. 2014; 60:
695—703. (Impact Factor2013 = 1.968)

7. Tuichai W, Thongbai P*, Amornkitbamrung V, Yamwong T, Maensiri S.
Na, Bi, ,Cu,Ti,O,, nanocrystalline powders prepared by using a glycine-nitrate
process: preparation, characterization, and their dielectric properties. Microelectron.

Eng. 2014; 126: 118-123. (Impact Factor2013 = 1.338)

101



TRG5680047

102



TRG5680047

APPENDIX

Paper publications

103



®

CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 35 (2015) 1441-1447

EERRS

www.elsevier.com/locate/jeurceramsoc

Na;;3Ca;3B113CusTisOqo: A new giant dielectric perovskite ceramic in
ACu;3Ti40;, compounds

Pornsawan Kum-onsa?, Prasit Thongbai *, Bundit Putasaeng ¢, Teerapon Yamwong °,
Santi Maensiri ¢

& Materials Science and Nanotechnology Program, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
Y Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
¢ National Metal and Materials Technology Center (MTEC), Thailand Science Park, Pathumthani 12120, Thailand
4 School of Physics, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

Received 4 October 2014; received in revised form 21 November 2014; accepted 21 November 2014
Available online 12 December 2014

Abstract

A new approach to achieve a novel perovskite ceramic compound, ACu;Ti4O,,, is presented. A-sites in the ACu;TizO1, structure were occupied
by Na*, Ca?*, and Bi** each at a level of ~33.3at.%, leading to formation of Na,;3Ca;;3Bi;;3CusTisO},. This ceramic exhibited a low loss
tangent (tan§ ~ 0.038) and a high &’ value of ~2.5 x 10* at 1kHz with good temperature stability. The high-frequency dielectric relaxation
behavior showed activation energies of 0.110-0.121 eV. Nonlinear J-E characteristics were observed, indicating the existence of Schottky barriers
at grain boundaries. Valence states of Cu cations (i.e., Cu*, Cu?*, and Cu**) in Na;;3Ca;;3Bi;;3Cu;3Ti;O,, ceramic were investigated using X-ray
photoelectron spectroscopy. Impedance spectroscopy analysis revealed that Na,;3Ca; 3Bi;,3Cu;3Tis Oy, was electrically heterogeneous and comprised
of semiconducting grains and insulating grain boundaries. Interfacial polarization at the insulating layer of grain boundaries was suggested to be

the origin of this high dielectric response.
© 2014 Elsevier Ltd. All rights reserved.

Keywords: Perovskite oxide; Loss tangent; Dielectric permittivity; Microstructure

1. Introduction

Due to the requirement of many high-technology elec-
tronic devices for materials with high dielectric permittivity,
CaCu3sTi4Op (CCTO) ceramics have attracted considerable
attention in recent years.'” This is because CCTO has very
high dielectric permittivity (&) values of 103-10° at room
temperature and frequencies below 10° Hz. The primary imped-
iment to the use of CCTO is that its loss tangent (tan d) is still
higher than necessary for practical application. Investigation to
reduce tan § of CCTO ceramics has been extensively performed
in recent years.*'*"!> Additionally, there has been increas-
ing interest in the giant dielectric properties of related-CCTO

* Corresponding author. Tel.: +66 84 4190266; fax: +66 43 202374.
E-mail address: pthongbai @kku.ac.th (P. Thongbai).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.11.028
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

structural oxides in the family of ACu3TizO12 compounds. In
these compounds, A can be Cd,”> Biys3,>'>!* Lay;,>! 51510
Y23, NaypBiin,? > NajpSmin,”® NaynpYip,? and
NajpLajp. 5%

Subramanian and Sleight first reported the dielectric
responses of many compounds in the family of ACu3TizO1;.”
They found that all but CCTO exhibited &’ values at 100 kHz
and 25 °C considerably less than 3600. However, further inves-
tigation showed that by varying sintering conditions, strongly
enhanced ¢ values were achieved, on the order of 10%,13:17:20.27
Furthermore, good dielectric properties of many types of these
ACu3TigOq, ceramics were observed. Naj»BijpCusTigO;2 and
La-doped Naj;Bi»Cu3zTigO1, ceramics exhibited interesting
dielectric properties with high &’ values of ~1.34 x 10* and
~1.02 x 10* at 10kHz, respectively, and low tan§ values of
0.031 and 0.022 at 10kHz, respectively.””>! In our previous
work, high &’ (~0.61 to 0.87 x 10*) and low tan § (0.073-0.114)
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were found at 1kHz in NajpLaj,CusTigOqp ceramics. The
lowest tand was 0.032 at 10kHz.”® Liang et al.'”~'° found
high ¢ and low tand with good thermal stability at 10kHz
in Y2/3CU3Ti4012, Na-doped Y2/3Cu3Ti4012, and La-doped
Y;3Cu3TigO1, ceramics. These favorable dielectric properties
of ACu3TizO12 compounds were thought to be caused by high
resistance of grain boundaries (Rg). Although the origin of this
enhanced Ry, value is still unexplained, ACu3TisO12 ceramic
systems are dielectric materials with good potential for capacitor
applications.

Structurally, an unusual change in the perovskite struc-
ture was observed in compounds of the type AA’3sM4O1;. In
this structure, MOg has a tilted octahedral structure, result-
ing in formation of a square planar coordination for the A’
ion.> As a result, the structure of many ACu3TigO12 com-
pounds, as well as CCTO, is very rigid. The space for
the A cations (e.g., Ca®* for CCTO structure) in the struc-
ture is therefore essentially fixed. Thus, among A% jons,
only Ca’* and Cd** ions can occupy the A-site in the
ACu3TisO1, lattice structure.” However, it was reported that
many related ceramic compounds of A3*53CusTigO;, can be
formed, where A-sites were occupied by ~66.7at.% of A3*
ions and with ~33.3 at.% of the A-sites vacant to meet charge
neutrality,z’14*1(”17'30 Another sub-family of ACu3Ti4O12 com-
pounds is [Na*;»Ln>*/,]Cu3TizO12, where Ln** can be La,
Bi, Gd, Dy, Yb, Y, or Sm.? Half of the A-sites are occupied by
Na* ions, and the remained spaces in the A-sites are occupied
by Ln3* ions. The dielectric properties of some ACu3TisO12
compounds are of interest. It is still very important to seek
new CCTO related materials in the ACu3Ti4O1, family of com-
pounds to produce more giant dielectric compounds exhibiting
good dielectric properties.

In this work, we developed a new approach to achieve a
novel compound in the ACu3TisO1, family. The A-sites in
the ACusTigOj; structure were occupied by ~33.3at.% of
Na*, ~33.3at.% of Ca?*, and ~33.3 at.% of Bi*, forming a
new material system of Naj;3Ca3Bij;3CuzTisO12 (NCBCTO).
Through optimization of sintering conditions, it was found that
NCBCTO exhibited a high ¢’ value of ~2.59 x 10* with a low
tan § of ~0.038 at 1 kHz and 20 °C. The electrical responses of
grains and grain boundaries were investigated using impedance
spectroscopy.

2. Experimental details

Nay;3Cai3Bi13Cu3TigO12 (NCBCTO) ceramics were pre-
pared using a solid state reaction method. Na;CO3 (99.9%
purity), CaCO3 (99.9% purity), BioO3 (99.9% purity), CuO
(99.9% purity) and TiO2 (99.9% purity) were selected as start-
ing raw materials. First, stoichiometric amounts of the raw
materials were weighted to produce Naj;3Cay/3Bi1;3Cu3TigO1s.
Second, the mixture was ball milled in ethanol for 24 h. Next,
the mixed slurry was dried and calcined at 900°C for 6h.
It was found that a single phase of NCBCTO was achieved.
This indicated that Na*, Ca*, and Bi®* ions substituted in the
lattice structure, forming the NCBCTO crystal structure. The
complete formation of NCBCTO structure can prevent Bi from

evaporating at high sintering temperatures. Then, the calcined
powder was ground and pressed into pellets of 9.5 mm in diame-
ter and ~1 mm in thickness by uniaxial compression at 200 MPa.
Finally, these pellets were sintered at 1050-1100°C for
5-10h.

Scanning electron microscopy (SEM; LEO 1450VP;
Cambridge, UK) and energy dispersive X-ray spectrometry
(EDS, Hitachi S-3400, Japan) were used to characterize the
ceramic microstructure of the sintered ceramics. X-ray diffrac-
tion (XRD; Philips PW3040, the Netherlands) was used to study
the phase composition and crystal structure of these ceramics.
Valence states of cations in the NCBCTO ceramic were investi-
gated using X-ray photoelectron spectroscopy (XPS, AXIS Ultra
DLD, UK). For the dielectric measurements, surfaces of the
sintered ceramics were polished until smooth and coated with
Au on their surfaces at a current of 25 mA for 8§ min using a
Polaron SC500 sputter coating unit. The dielectric response of
the sintered ceramics was determined using an Agilent E4980A
Precision LCR Meter over the frequency and temperature ranges
of 102-10° Hz and —70 to 200 °C, respectively, with an oscilla-
tion voltage of 0.5 V. Nonlinear current—voltage measurements
were performed at room temperature using a high voltage mea-
surement unit (Keithley Model 247).

3. Results and discussion

Fig. | shows the surface morphologies of NCBCTO ceramics
sintered under different conditions. Abnormal grain growth was
observed in all samples. Large grain sizes of ~10 to 20 um and
fine grains with sizes of 2-5 um were observed. The overall
surface morphologies of the NCBCTO ceramics were similar
to those observed in [Na*2Ln3*/2]Cu3TisO1, rather than like
CCTO ceramics. 21232829

From the nominal formula of Na;j;3Ca;3Bij;3CusTisOq2,
there are at least two possible mechanisms of the phase
formation. A two-phase composite system of CCTO-
Naj;»Bi2CuzTigO12 could form. Alternatively, a single phase
may form following the nominal composition by random distri-
bution of Na*, Ca>*, and Bi** ions in A-sites of the crystal lattice.
To clarify, the XRD technique was used to determine phase
composition(s). As shown in Fig. 2(a), all of the XRD patterns
indicated a single phase. However, it is difficult to differentiate
CCTO and Naj;Bi»Cu3zTisO1,> phases because their lattice
parameters are very close (7.391 and 7.412 A, respectively).?
Thus, splitting of XRD peaks could not be observed using our
X-ray spectrometer instrument. It is notable that these XRD pat-
terns confirm the formation of a CaCu3TizOjz-like structure
(JCPDS 75-2188). All diffraction peaks in XRD patterns for
NCBCTO ceramics are well indexed based on the body-centered
cubic structure within space group Im3. Lattice parameters
were calculated and found to be 7.4007, 7.4001, 7.3960, and
7.3966 A for NCBCTO ceramics sintered at 1060 °C for 5h,
1070°C for 5h, 1080 °C for 5h, and 1080 °C for 10h, respec-
tively. It was observed that these lattice parameter values were
intermediate between the corresponding values of CCTO and
Nay/2Bi12Cu3TigO12.
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Fig. 1. SEM images of un-polished surface of NCBCTO ceramics sintered at different conditions: (a) 1060 °C for 5h, (b) 1070 °C for 5h, (c) 1080 °C for 5h, and

(d) 1080 °C for 10h.

As seen in Fig. 2(b) and (c), the SEM images of the polished
surfaces in the same area showed no difference in contrast in
the backscattered SEM image (Fig. 2(c)). This may indicate a
single phase in the NCBCTO ceramic. The microstructure was
characterized using an EDS technique. The results are shown
in Fig. 2(d). It was found that the EDS peaks of all metal ele-
ments (i.e., Na, Ca, Bi, Cu, Ti) were detected at the same point
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(as marked in the circle area). These results indicate that Nat,
Ca”*, and Bi** ions may well randomly occupy A-sites in the
ACu;3TigO1, lattice structure.

Asdepicted in Fig. 3, all the sintered ceramics exhibited giant
dielectric properties with & ~ 1.5-2.75 x 10* at frequencies
less than 10° Hz as was observed in CCTO ceramics and
some ACu3TizOq3 compounds.1’10’13’17’20’27 The frequency

Fig. 2. (a) XRD patterns of NCBCTO ceramics. (b and c) Secondary electron and backscattered SEM images of polished surfaces of the NCBCTO ceramic sintered
at 1060 °C for 5Sh. (d) EDS spectrum detected in the circle area, as shown in its inset.
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Fig. 3. Variation in &’ with frequency at 20 °C for NCBCTO ceramics sintered
at different conditions; inset shows tan § as a function of frequency at 20 °C.

dependence of tand at 20°C is demonstrated in the inset
of Fig. 3. Based on the experimental results of the current
study, the optimal sintering condition was 1060 °C for 5h,
resulting in values of & ~2.59 x 10* and tan§~0.038 at
1 kHz. ¢’ decreased as the sintering temperature was increased.
This is similar to that reported in published literature for
Na;»BijnCusTisO12 ceramics.’’ At 1kHz, tand values of
NCBCTO ceramics sintered at 1060 °C for 5h, 1070°C for
5h, 1080 °C for 5h, and 1080 °C for 10 h were approximately
0.038, 0.046, 0.067, and 0.057, respectively. The overall
frequency dependence of ¢’ and tan § behavior were similar to
those observed in many compounds in the ACuzTigO1, family.

As can be seen in Fig. 4, the frequency dependence of &
for NCBCTO ceramics at different temperatures showed three
main parts of dielectric responses. Three plateau-like features in
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Fig. 4. Frequency dependence of ¢ at various temperatures of the NCBCTO
ceramics sintered at (a) 1060 °C and (b) 1080 °C for 10 h; their insets show the
frequency dependence of tan § in a temperature range from —70 to 30 °C.
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Fig. 5. Nonlinear J-E characteristics of NCBCTO ceramics at room tempera-
ture.

the plots of &' vs. frequency were observed in the temperature
range from —70 to 190 °C, especially for the NCBCTO ceramic
sintered at 1080 °C for 10 h (Fig. 4(b)). The first plateau at low
frequencies was observed at the highest temperatures, whereas
the high frequency plateau can only be seen in parts at the low-
est temperature measured. The first plateau in a low-frequency
range is attributed to an sample-electrode interface response,
while the high frequency plateau is originated from the bulk
response. At intermediate frequencies, the primary plateau is
obvious. This is attributed to the dielectric response of the grain
boundaries.”'*? The dielectric responses of these three parts
were clearly shown by Li et al.>> A step-like decrease in ¢’ and
a concurrent appearance of ¢'/-relaxation peaks [as shown in the
insets] were observed. Both of a step-like decrease in ¢’ and
&'’ peak shift to higher frequencies with increasing temperature,
indicating to thermally activated dielectric relaxation process.
This dielectric relaxation process is usually observed in CCTO
and related ceramics.'”?%3%3% The primary dielectric relaxation
process is referred to Maxwell-Wagner relaxation. According
to the Maxwell-Wagner model, Liu et al.'* demonstrated that
the dielectric relaxation behavior was governed by the electri-
cal response of the grains. It was found that the high-frequency
relaxation activation energies of the NCBCTO ceramics sin-
tered at 1060 °C for 5h, 1070 °C for 5h, 1080 °C for 5h, and
1080 °C for 10 h were 0.110,0.116,0.113, and 0.121 eV, respec-
tively. These activation energy values are comparable to those
observed in CCTO (0.103 eV),* Bis3Cu3TisO12 (0.095eV),'
and Naj2Y12CusTisO12 ceramics (0.112eV).?’

Nonlinear electrical behavior was also observed in NCBCTO
ceramics, as shown in Fig. 5. The breakdown electric field
strength (Ep) was obtained at a current density of /= 1 mA cm™2.
The nonlinear coefficient («) was calculated in the range of
J=1-10mA cm~2. The values of o in NCBCTO ceramics sin-
tered at 1060 °C for 5h, 1070 °C for 5h, 1080 °C for 5h, and
1080 °C for 10h were found to be 3.67, 3.72, 3.19, and 3.74,
respectively. E; values were 569, 739, 836, and 704V cm™2,
respectively. The nonlinear properties of NCBCTO ceramics
slightly changed with sintering conditions. However, these val-
ues were still too low for practical application in varistor devices.

To describe the dielectric and electrical properties of
NCBCTO ceramics, the ceramic sample with the best dielec-
tric properties was selected for further investigation. The
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Fig. 6. Temperature dependence of ¢ and tané at selected frequencies of the
NCBCTO ceramic sintered at 1060 °C for 5h.

temperature dependences of & and tand of the NCBCTO
ceramic sintered at 1060°C for 5h are shown in Fig. 6.
At 20°C and 1kHz, ¢ and tand values of this NCBCTO
ceramic were 2.59 x 10* and 0.038, respectively. More-
over, ¢ was slightly dependent upon temperature in the
range from —70 to 110°C with a temperature coeffi-
cient less than £15% (at 1kHz). According to previous
reports,zo’21 at 10kHz, Naj;Bij»Cu3TisO12 and La-doped
Naj»BijpCusTigOpp ceramics showed high & values of
~1.34 x 10* and ~1.02 x 10* and low tan§ of ~0.031 and
0.022, respectively. In these two materials, ¢ at 10kHz was
slightly dependent upon temperature in the ranges of —50
to 150°C and —60 to 120°C, respectively. It was found
that at 10kHz, high &' (~1.1 x 10%) and low tan$ (~0.033)
with good thermal stability of & in the range of —60 to
150 °C were achieved in Y,3Cu3TisO;s ceramics.!” To com-
pare the dielectric properties with other ACu3TizO1> ceramics,
¢ and tand values as well as the temperature coefficient
of the NCBCTO ceramic at 10kHz were evaluated, i.e.,
g ~2.52 x 10, tan § ~0.032, and temperature coefficient less
than +£15% in the range of —70 to 200 °C. These results pro-
duced better dielectric properties in the NCBCTO ceramic than
other ACu3TigOj; ceramics.

Impedance spectroscopy was used to study the electrical
properties of grains and grain boundaries to elucidate possi-
ble mechanisms resulting in the giant dielectric response of
NCBCTO ceramics. According to the brick-work layer model
for polycrystalline electroceramics,”'*> an equivalent circuit
consisting of two parallel resistor—capacitor (R—C) elements
connected in series was presented. For CCTO ceramics, one
R-C element represents the electrical response of semicon-
ducting grains and other represents the electrical response of
grain boundaries. It is notable that the impedance data of all
the ceramic samples were calculated by considering the ratio
of area of electrode/pellet thickness. As can be seen in Fig. 7
and its inset, the diameter of the large semicircle arc of the
impedance complex plane plot (Z*) decreased with increasing
temperature. This indicated that the total resistance decreased
as temperature increased. The total resistance might be gov-
erned by the grain boundary resistance (Rgp) or Ry, combined
with the electrode interface resistance (Rgp, + R, ). Generally, the
grain (bulk) and grain boundary responses can each be described

100°C
110°C
120°C
130°C
140°C
150°C
160 °C %0 50x10° 1.0x10° 1.5x10°
170°C Z (Q.cm)

15x10°F

8.0x10* |

10x10'F

7" (©.cm)

50x10°

6.0x10° |

e v A e aDPeon

20x10°

4.0x10" -

-Z" (Q.cm)

20x10* F

0.0 . .
0.0 3.0x10°" 6.0x10" 9.0x10" 1.2x10°

7' (Q.cm)

Fig. 7. Impedance complex plan plot (Z*) at different temperatures for the
NCBCTO ceramic sintered at 1060 °C for 5 h; the inset is an expanded view
near the origin for high frequency data. The solid curves are the fitted data using
Eq. (1).

by a parallel R—C element, whereas the macroscopic dielectric
response is usually represented by a series connection of two
R—C elements.”! To clarify, impedance data were fitted to a sin-
gle R—C parallel circuit using the modified equation for a Z*
plot,14

_ Reb
1+ (ia)Rgngb)“ ’

*

ey

where Cgp, is the capacitance of the grain boundaries, « is a
constant parameter (0 <o < 1), and w is the angular frequency
of an applied electric field. As shown in Fig. 7 and its inset,
Z* plots of the experimental data in the temperature range of
100-170°C are well fitted by Eq. (1). This indicates that there
are no two overlapping arcs of Ry, and R.. Thus, the large
semicircle arc of Z* plots at various temperatures is attributed
to the grain boundary response only. The conduction activa-
tion energy of the grain boundary determined by variation in
Rgp was found to be 0.551eV. The nonzero intercept of the
high-frequency impedance data was also observed (not shown).
Therefore, one can conclude that NCBCTO ceramics are elec-
trically heterogeneous, consisting of conductive and insulating
elements. These are the electrical properties of grains and grain
boundaries, respectively. Thus, it is reasonable to suggest that
the giant dielectric response of NCBCTO ceramics may be
caused by the interfacial polarization at the grain boundaries.
Under an applied electric field, charges inside the semiconduct-
ing grains were forced to move accumulating at the insulating
grain boundaries, producing a strong interfacial polarization.
This is responsible for the observed giant dielectric properties
of NCBCTO ceramics.

The oxidation states of polyvalent cations were investigated
using an XPS technique. Fig. 8 shows the XPS spectrum of
Cu2p regions of the NCBCTO ceramic. The CuZp peak region
was divided into three peaks using Gaussian—Lorentzian profile
fitting. The highest peak height represents Cu*. The other two
peaks at lower and higher binding energies were produced by
Cu* and Cu*, respectively.”®2>3¢ The XPS spectrum also indi-
cated the presence of Ti** in the NCBCTO ceramic. Polyvalent
cations, i.e., Cu*, Cu®*, and Ti’* ions, may have a remark-
able effect on the electrical semiconducting properties of grains.
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Fig. 8. XPS spectrum of the NCBCTO ceramic sintered at 1060 °C for 5 h.

For CCTO ceramics, n-type semiconductor characteristic of the
grains was confirmed by measuring the thermoelectric power
with a negative Seebeck coefficient value.?” Thus, it is reason-
able to suggest that the conduction mechanism inside the n-type
semiconducting grains of the NCBCTO ceramics is primarily
due to electron hopping between Cu* <> Cu”* and Ti** « Ti**
sites.

4. Conclusion

In conclusion, a new NCBCTO perovskite compound was
successfully prepared using a solid state reaction method. This
NCBCTO ceramic exhibited a high ¢’ value of ~2.5 x 10* and
low tan § of ~0.038 at 1 kHz and 20 °C with a temperature coef-
ficient less than +15% in the range of —70 to 110°C. The
observed dielectric relaxation behaviors were similar to those
reported for other ACuz TisO1, compounds. Nonlinear J-E char-
acteristics were observed, suggesting the existence of Schottky
barriers at the grain boundaries. Polyvalent cations, i.e., Cu*,
Cu3*, or Ti3* ions were detected in the NCBCTO ceramics.
This ceramic compound was found to be electrically heteroge-
neous, consisting of semiconducting grains and insulating grain
boundaries. The origin of the giant dielectric response in the
NCBCTO was likely caused by an electrical response at grain
boundaries.
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Abstract

A novel strategy to improve the dielectric and non-Ohmic properties of CaCu3TisO;, ceramics that deliberately created a binary-phase system of
CaCu;z_ Mg, Ti;0,,/CaTiOz was proposed and can be performed with a starting nominal formula of Ca,Cu,_,Mg, Ti4O;,. Mg?** doping ions were
preferentially incorporated only into the CaCu3TisO;, phase. Substitution of Mg?* into CaCu;3TisO;,/CaTiO; can cause a significant increase in
dielectric permittivity and a large reduction of the loss tangent to <0.015 at 1 kHz; while, retaining excellent temperature dielectric-stability. Sintering
time had a slight influence on the dielectric properties, but remarkable effects upon the nonlinear electrical properties of CaCu;_,Mg,Ti;O,,/CaTiO;
ceramics. Degradation of nonlinear properties with increased sintering time is suggested to be the result of the dominant effect of oxygen vacancies.
Impedance spectroscopy analysis demonstrated that improved dielectric and nonlinear properties could be attributed to the enhanced electrical

responses of CaCu3Ti;O,,—CaTiO3 and CaCu;3TiyO,,—CaCu;sTi O, interfaces resulting from Mg?* doping ions.

© 2014 Elsevier Ltd. All rights reserved.

Keywords: Ceramic composite; Dielectric properties; Varistor; Impedance spectroscopy; Loss tangent

1. Introduction

Over the past few years, CaCu3Ti4O12 (CCTO) has been
extensively studied in the field of high-permittivity dielectric
materials. This is due to the fascinating physics underly-
ing the origin of an ultra-high dielectric permittivity (¢') in
CCTO without any detectable phase transition over a wide
temperature range. It holds promise for a new generation of mul-
tilayer ceramic capacitors.'~!® The origin of the giant dielectric
response in CCTO is still unclear today. According to sev-
eral elegant works, CCTO is clearly electrically heterogeneous,

* Corresponding author at: Department of Physics, Faculty of Science, Khon
Kaen University, Khon Kaen 40002, Thailand. Tel.: +66 84 4190266;
fax: +66 43 202374.
E-mail addresses: pthongbai @kku.ac.th, prasitphysics @hotmail.com
(P. Thongbai).
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consisting of n-type semiconducting grains and relatively low
conductivity at grain boundaries (GBs).>* Therefore, it is
believed that the overall dielectric performance can be tuned
by engineering the internal interfaces at the GBs. Generally,
tan 8 of CCTO ceramics is still too high (>0.05)." %10 This is
one of the most serious problems preventing the use of CCTO
ceramics in practical applications. Another difficulty is the poor
temperature stability of &', Ag'(%) = [(¢} — exp)]/ery) X 100,
where ek and &f are & (at 10° Hz) at room temperature and
at any selected temperature, respectively. Usually, ¢’ at 103 Hz
of CCTO-based compounds is strongly dependent on temper-
ature when temperatures are higher than 100°C.'"?! Such an
increase in the ¢’ value is also accompanied by an increase in
the low-frequency tan §. These undesirable behaviors are closely
associated with high dc conductivity (og.).>>

Generally, lowering og4c to reduce low-frequency tané can
be done by enhancing the resistances of internal interfaces in
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CCTO-based compounds. These could be the interface between
grains (GB) or the interface between a CCTO grain and a second
phase particle. Enhancement may be accomplished by (1) doping
CCTO with suitable metal ions to intrinsically improve electri-
cal properties of GBs,>!#20-23 (2) altering Ca>* and Cu®* molar
ratios to produce CCTO/CaTiO3 (CTO) composites,®’ >+
(3) filling oxygen vacancies at GBs,”’ among others. Unfor-
tunately, improved dielectric properties of CCTO produced
using these strategies rarely result in materials that fulfill all
of the requirements of electronic applications, i.e., high &, low
tan §, and dielectric response with good temperature stability.
It was also found that most of the metal ion substitutions or
other strategies, which have been successfully used to improve
a particular dielectric property, simultaneously worsen other
important dielectric properties of CCTO. For example, a large
decrease in tané (~0.02 at 1kHz) observed in a binary com-
pound system of CapCu,TisO1, (consisting of 33.3mol% of
CCTO and 66.7 mol% of CTO) caused a large decrease in &’
(~2 % 10%).9%% Given a very low-tan$ value of CCTO/CTO,
with its low-¢’ value are still acceptable values for use in
capacitor applications compared to commercial BaTiO3 and
Pb(Scy/2Tay2)03 ceramics.® Unfortunately, the condition of
A&’ (%) < £15% within CCTO/CTO exists only in a narrow
temperature range of —60 to 90°C.”%?° Hence, these prop-
erties are consistent with the EIA temperature standard for
application in X5R capacitor only, but not for X7R or X8R
capacitors.’! It is very important to note the advantages of
CCTO/CTO composite ceramics. First, this composite system
can be synthesized using a one-step process from a nominal
composition of CapyCuyTig012.9252% Second, this composite
ceramic showed no piezoelectricity, which is advantageous to
reduce mechanical damage in ac operation.":® Third, its sin-
tering temperature is lower than that of BaTi03.9>%%° Thus,
it is better if all of the dielectric properties of CayCu,TisO17
ceramics can simultaneously be improved. This will support
progress in communications technology. Enhanced ¢’, reduced
tan §, and increased Ag’(%) are valuable for enhancing vol-
umetric efficiency, reducing dissipation of stored energy into
heat, and extending the temperature use range of capacitors,
respectively.

It was reported that Mg?* substitution in CCTO ceramics
can enhance their dielectric response.®” Interestingly, low-
frequency tand values of Mg-doped CCTO ceramics were
slightly reduced to ~0.05 compared to un-doped CCTO.?
Although this value is still slightly higher than the standard
value, these behaviors are rarely found in CCTO ceram-
ics. Normally, the variation of both ¢ and tan§ are directly
proportional. ' It is likely that the temperature stability of Mg-
doped CCTO was slightly higher than the un-doped material.®
We hypothesize that substitution of Mg2+ into CapCuyTigO1o
ceramics may enhance the overall dielectric properties if the
majority of Mg?* doping ions are substituted into Cu®* sites
of the CCTO phase. Therefore, the aim of this work was
to provide a novel strategy to improve the overall dielectric
properties of CCTO-based ceramics by substitution of Mg>*
ions to a binary compound system of Ca;Cu,TisO1, to form
CaCuz_,Mg,Ti4O1,/CaTiO3 composite ceramics.

2. Experimental procedure

An Mg-doped binary compound Ca;Cu;TisO1, system with
anominal chemical composition of CayCu,_ Mg, TisO12 (x=0,
0.05, 0.10, 0.20, and 0.30) ceramics was prepared using a
solid state reaction method. These materials are referred to
as CCTO/CTO, Mg05, Mgl0, Mg20, and Mg30 ceramics,
respectively. CaCOs3 (Cerac, 99.95% purity), CuO (Cerac,
99.9% purity), TiOy (Sigma—Aldrich, 99.9% purity), and MgO
(Sigma—Aldrich, 99.99% purity) were used as starting raw mate-
rials. A stoichiometric mixture of the starting materials for each
composition was ball-milled in ethanol for 24 h using ZrO; balls.
The mixed slurries were dried and then calcined at 900 °C for
15 h. The calcined powders were ground and pressed into pellets
(without a binder) of 9.5 mm diameter and ~1.0 mm thickness
by uniaxial compression at 200 MPa. Finally, these pellets were
sintered at 1100 °C for 6 and 24 h.

X-ray diffraction (XRD; PW3040, Philips, the Netherlands)
was used to characterize the phase compositions and crys-
tal structures of the sintered CayCuy_ Mg, TisO12 composite
system. Scanning electron microscopy (SEM; LEO 1450VP;
Cambridge, UK) and energy-dispersive X-ray spectrometry
(EDS) were used to reveal the distribution of CCTO and CTO
phases as well as the chemical elements in the sintered ceram-
ics. The capacitance and dispassion factor (D or tand) of
the ceramic samples were measured using an Agilent 4294A
Precision Impedance Analyzer over the frequency and temper-
ature ranges of 10°—~107 Hz and —70 to 200°C, respectively.
Current—voltage measurements were made at room tempera-
ture using a high voltage measurement unit (Keithley Model
247, Estado St. Pasadena, CA). Before measurements, Au was
sputtered on each pellet face at a current of 25 mA for 8 min
using a Polaron SC500 sputter coating unit (Sussex, UK). The
breakdown electric field (Ey) was achieved at a current density
of J=1mA cm™2. The nonlinear coefficient (&) was calculated
from the following formula:

log(J2/J1)
o= —">
log(EL2/Eq)

where E1 and Ej represent the electric fields corresponding to
J1=1and J, =10mA cm™2, respectively.

(D

3. Results and discussion

Fig. 1 shows the XRD patterns of CayCuy_ Mg, TisO1>
(x=0,0.05,0.10, 0.20, and 0.30) ceramics sintered for 24 h. All
of the 24 h samples (as well as the 6 h samples) consisted of two
phases of CCTO (JCPDS 75-2188) and CTO (JCPDS 82-0231).
This result is similar to that reported in the literature.>* %3233
According to the nominal formula of CayCu;TigO12, two phases
of ~33.3mol% of CCTO and ~66.7 mol% of CTO should be
formed due to the imbalance between Ca?* and Cu?* ions. This is
confirmed by a Rietveld quantitative analysis of a CayCu,TigO12
ceramic as reported in the literature.”® The ionic radius of Ca’*
is much larger than that of Cu?*. As a result, Ca?* cannot enter
into Cu?* sites in a planar square to form Ca(CaCu;)Ti4O12
structure. Interestingly, no impurity related to Mg+ doping ions
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Fig. 1. XRD patterns of CCTO/CTO and Mg-doped CCTO/CTO composite
ceramics sintered for 24 h.

was observed. This likely indicates the formation of a solid solu-
tion between the Mg?* doping ions and CCTO, CTO or both. To
clarify this, lattice parameters (a) of the CCTO phase in all com-
posite ceramics were calculated and are summarized in Table 1.
These values showed no significant change even through the
Mg?* concentration was increased to x = 0.3. There are two pos-
sible mechanisms that may be responsible for this observation.
First, Cu®* might form a solid solution with CTO phase, leading
to an unchanged lattice parameter value of the CCTO structure.
Second, Mg?* ions might replace Cu?* sites in the CCTO phase,
forming a solid solution with the CCTO phase. In the latter expla-
nation, the a value of a CCTO phase is unchanged due to the
same ionic radii of Mg?* (r4=0.57 A) and Cu®* (r4,=0.57A)
ions.**

Fig. 2(a)-(e) and (f)—(j) shows backscattered SEM images
of the polished 24 h samples and 6 h samples, respectively. Two
phases with different contrasts were observed, i.e., darker and
lighter phases. This observation is consistent with the XRD
result and similar to those reported in the literature for un-doped
CayCuyTigOy ceramics.?” 2 As shown in Fi g.3(a) and (b), the
darker and lighter phases are clearly CTO and CCTO phases,
respectively. Only the EDS peaks corresponding to Ca, Ti, and
O appeared in the EDS spectra measured in the darker region.
All possible EDS peaks for Ca, Cu, Ti, O, and Mg were detected

in the lighter CCTO phase. This clearly indicates that Mg>*
doping ions preferentially form solid solution only within the
CCTO phase. Therefore, it is likely that Mg>* ions were substi-
tuted into Cu?* sites in the CCTO phase. Thus, it is reasonable to
suggest that the prepared Cap;Cuy— Mg, Ti4O1, ceramics consist
of ~33.3mol% of CaCus_Mg,Ti4O12 (x=0, 0.05, 0.10, 0.20,
0.30) and ~66.7 mol% of CTO.

As shown in Fig. 2(a) and (f), the distribution of CCTO and
CTO phases in the microstructures of the CCTO/CTO samples
sintered for 24 and 6 h is quite uniform. The mean grain sizes of
the CCTO phase in the CCTO/CTO samples sintered for 24 and
6h were estimated to be ~2.90£0.97 and ~3.07 £ 0.77 pm,
respectively; whereas, the mean grain sizes of the CTO phase are
of about ~1.96 £ 0.48 and ~2.09 £ 0.47 wm, respectively. The
sintering time has no significant influence on the microstructural
evolution of CCTO/CTO composites. It is worth noting that the
mean grain sizes of CCTO phase in the CCTO/CTO samples are
smaller than the mean grain size of ~7 wm for the sample sin-
tered at 1050 °C for 0.5 h sintered using a microwave sintering
method.” Ramirez et al.””-*® found that the CCTO/CTO ceramic
sintered at 1100 °C for 3 h using a conventional furnace exhib-
ited two different grain size distributions for the CCTO phase
with mean grain sizes of d=10-15 and 3—4 pm. Grain sizes of
the CTO phase of the CCTO/CTO composites sintered using a
microwave and conventional furnace were found to be ~2 and
~4 m, respectively27 [see Figs. 2(a) and 3(a) in Ref. 27]. These
values are closed to grain sizes of ~2-3 um of the CTO phase
in the CCTO/CTO samples presented in this work.

After doping adding Mg?* ions with x=0.05 and 0.10 (sin-
tered for 24 h), some grains of the CCTO phase increased to
sizes of ~8-20 wm with the mean grain size of ~11.1 4.6 pm
for the Mg05 sample. For the Mg05 sample sintered for 6h,
large grain sizes of the CCTO phase were also observed with
the mean grain size of ~4.74 £2.46 pwm. The mean grain sizes
of the CTO phase in the Mg05 samples sintered for 24 and
6h were estimated to be ~3.61 £0.95 and ~2.42 + 0.69 pm,
respectively. For the samples sintered for 24 h with x =0.20-0.30
and the samples sintered for 6 h with x=0.10-0.30, the grain
sizes of CCTO and CTO phases become homogeneous. Mor-
phologies of both CCTO and CTO phases of these samples
were well dispersed and separate from each other. Large

Table 1
Lattice parameter (a), ¢’ and tan § (at 1 kHz and 30 °C), resistance at GBs (Rgp) at 120 °C, nonlinear coefficient (), and breakdown field strength (Ey).
Sample aA) g tan § Rgp (M2 cm) o Ey, (V/cm)
Sintered for 6 h
CCTO/CTO 7.388 2182 0.023 0.62 13.1 8211
Mg05 7.386 3372 0.014 0.83 11.9 7811
Mgl0 7.382 3298 0.011 1.52 20.7 10,221
Mg20 7.390 2748 0.015 2.62 18.5 10,869
Mg30 7.390 3550 0.014 1.77 27.2 8859
Sintered for 24 h
CCTO/CTO 7.389 1877 0.075 0.33 9.9 5817
Mg05 7.391 6824 0.020 0.17 7.3 3452
Mgl0 7.391 5201 0.011 0.72 8.1 5088
Mg20 7.391 4903 0.017 0.78 7.5 4486
Mg30 7.395 4810 0.023 0.46 9.5 5700
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Fig. 2. (a)—(e) Backscattered SEM images of polished-surfaces of CCTO/CTO, Mg05, Mg10, Mg20, and Mg30 samples sintered for 24 h, respectively. (H)—()
Backscattered SEM images of polished-surfaces of CCTO/CTO, Mg05, Mg10, Mg20, and Mg30 samples sintered for 6 h, respectively.
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Fig. 3. EDS spectra of the (a) Mg05 and (b) Mg30 samples detected at a darker and lighter regions.

clusters of CTO grains no longer appeared. The mean grain sizes
of the CCTO and CTO phases in the Mg10, Mg20, and Mg30
samples sintered for 24h were estimated to be ~4.824+2.7
and ~2.66 &+ 0.74 pm, ~3.09 £ 1.04 and ~2.08 &= 0.39 pm, and
~5.11+1.4 and ~3.12 4+ 0.68 pum, respectively. For the 6h
samples, the mean grain sizes of the CCTO and CTO phases in
these compositions were ~3.03 +0.86 and ~2.14 £ 0.54 pm,
~2.65+£0.72 and ~1.75+£0.32 um, and ~3.12+£0.98 and
~1.88 £ 0.61 pwm, respectively.

Grain sizes of the CTO phase in these samples showed
slight change. As reported by Ni and Chen,’ the mean grain
size of CCTO ceramics was increased by doping with Mg?*.
This indicates the ability of Mg?* doping ions to increase the
sintering rate of CCTO ceramics through the liquid phase sin-
tering mechanism. In CCTO-based ceramic oxides, the grain
growth is widely accepted to be primarily caused by the lig-
uid phase sintering mechanism.>>-*® It is possible that, during
the sintering, the formation of MgO-related liquid phase in
the microstructures of Mg>*-doped CCTO/CTO composites
occurred. Liquid phases have long been referred as a primary
cause of abnormal grain growth. Usually, physical and chemical
inhomogeneities, such as inhomogeneous packing of powders
and non-uniform distribution of dopants, can resultin local varia-
tion in the microstructure.’” This was considered a main cause of
abnormal grain growth. Thus, it is likely that the abnormal grain
growth of CCTO phase in the Mg05 (sintered for 6 and 24 h)
and Mg10 (sintered for 24 h) composite samples may be caused
by a local liquid phase sintering because of non-uniform distri-
bution of Mg?* doping ions in the green body of composites.
The local liquid phase sintering produces inequalities in the GB
mobility, resulting in the initiation of abnormal growth.?” When
the concentration of Mg?* doping ions increased, it may be
well distributed throughout the compacted powders. On heating,
equalities in the GB mobility are approximately equal through-
out the composite microstructure, leading to a normal grain
growth. Thus, homogeneous microstructure of the composite
ceramics with high concentration of Mg+ was achieved in this
way.

Fig. 4(a)—(b) and their insets show the frequency depend-
ence of ¢ and tan§ at 30°C for the 6h and 24h samples,

respectively. Interestingly, &' values of all the samples were
independent of frequency in the range from 107 to 10 Hz. ¢’
values of all Mg-doped CCTO/CTO ceramics were higher than
for un-doped ceramics. It is worth noting that a low-frequency
tan § of CCTO/CTO was remarkably reduced by doping with
Mg?*. ¢ and tan$ (1 kHz and 30°C) of all composite ceram-
ics are summarized in Table 1. & values of the un-doped
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CCTO/CTO samples sintered for 6 and 24 h are close to the
¢’ value of ~1800 for a sample sintered at 1090 °C for 24 h,
as first reported by Kobayashi and Terasaki. However, these
two values are larger than the &’ value of ~1300 for the sample
sintered at 1050 °C for 0.5h sintered using a microwave sin-
tering method.” Ramirez et al.>’ found & ~ 2960 at 1 kHz for
CCTO/CTO ceramic sintered at 1100 °C for 3 h using a conven-
tional furnace. According to our previous work,”® &’ ~ 2104 at
1 kHz was obtained in a CCTO/CTO ceramic sintered at 1050 °C
for 10 h. These indicate that the sintering method and sintering
conditions have an influence on ¢ of a CCTO/CTO ceramic
system.

Interestingly, &’ values of the Mg?*-doped CCTO/CTO com-
posites sintered for 24 h were about 2-3 times larger than that of
the un-doped ceramics. Notably, their tan § values were reduced
by factors of 3-6. It was seen that after increasing sintering
time from 6 to 24 h, ¢ of Mg-doped CCTO/CTO composites
increased by a factor of 1.5-2 over that of samples sintered for
6 h, while tan 8 slightly changed. At 10> Hz, the values of tan
at 30°C of the CCTO/CTO, Mg05, Mg10, Mg20, and Mg30
samples sintered at 1100 °C for 6h were found to be 0.118,
0.034, 0.018, 0.026, and 0.029, respectively, while tan § values
of the 24 h samples were 0.303, 0.095, 0.024, 0.032, and 0.107,
respectively. For the 6 h and 24 h samples, tan § values at the
low frequency of 10> Hz for all Mg-doped CCTO/CTO com-
posites were significantly reduced compared to the un-doped
CCTO/CTO samples sintered for the same time. As is well
known, dc conduction in dielectric materials leads to an appar-
ently high value of low-frequency tand at room temperature
and higher,”” i.e., tan 8 ~ ogc Jwepel, where &, is the dielectric
permittivity in a low-frequency range. This large reduction in
tan § is therefore attributed to a strong reduction of o4 in these
samples.

For the 6h samples, the Mg30 sample exhibited the high-
est ¢'; while, ¢ of the Mg30 sample was found to be highest
among the 24 h samples. It is widely believed that the giant &’
of CCTO ceramics is attributed to the interfacial polarization
at the GBs through the internal barrier layer capacitor (IBLC)
effect.”1%15:18.23 This polarization is likely to be a cause of high
dielectric response in CCTO/CTO composites as well. Accord-
ing to the IBLC model, ¢’ is associated with the area of insulating
GB layer between grains, which is approximately equal to the
mean grain size, and the GB capacitance that related to the intrin-
sic GB dielectric permittivity. Schmidt et al.'” found that the GB
dielectric permittivity strongly increased with sintering tempera-
ture. They have suggested this observation as a result of chemical
changes, even though it is difficult to detect significant changes
in defect chemistry. By using this model, a higher value of ¢’ for
the Mg30 sample (sintered for 6 h) should be primarily attributed
to stronger enhanced dielectric response of the GBs. For the
24 h samples, the mean grain size of the Mg05 samples is much
larger than those of other samples. Thus, &’ of the Mg05 sample
might be dominated by the grain size effect over the improved
electrically active of interfaces.

The temperature dependencies of &' at 1kHz for all the
6h and 24 h samples are shown in Fig. 5(a) and (b), respec-
tively. When the temperature is higher than 100°C, & rapidly

increases in value. The temperature dependence of ¢’ in un-
doped CCTO/CTO ceramics was similar to that observed in
CCTO ceramics.®'%?! Mg?* substitution into CCTO/CTO
ceramics not only caused an increase in &' and reduction of
tan §, but also can contribute to the temperature stability of &’.
The temperature dependencies of tan at 1 kHz for all the 6 h
and 24 h samples are shown in Fig. 5(c) and (d), respectively.
When the temperature is higher than 100 °C, tan 6 is higher than
0.1 for Mg-doped CCTO/CTO composites. The large increase
in tan § at high temperatures is consistent with the increase in &’.
It is likely that the large value of tané in a high temperature
range is one of the most serious problem for using CCTO-
based compounds in high temperatures. Further investigation
is needed to improve high-temperature tan § of CCTO ceram-
ics. As shown in Fig. 5(e), for the 6 h samples, the conditions
of Ag’ < £15% for the CCTO/CTO, Mg05, Mgl0, Mg20, and
Mg30 samples were found to be in the temperature ranges of
—60°Cto90°C, —60°C to 120°C, —60°C to 140°C, —60°C
to 160 °C, and —60 °C to 170 °C, respectively. Dielectric prop-
erties of these samples satisfy the EIA X5R, X5R, X7R, X8R,
and X8R standard capacitor specifications, respectively. It is
worth noting that the temperature stability of &’ in CCTO-based
compounds satisfying the X8R capacitor requirement was rarely
1rep01rted.38'39 Thus, substitution of Mg2+ into a CapCupTizOp2
binary system is one of the most effective and interesting meth-
ods to improve the overall dielectric performance of CCTO
ceramics, making them suitable for practical application in
capacitors.

As shown in Fig. 5(f), conditions where Ag’ < +15% for
the 24 h samples were in the temperature ranges of —60 °C to
60°C, —60°C to 100°C, —60°C to 130°C, —60°C to 140°C,
and —60°C to 110°C, respectively. When the sintering time
was increased to 24 h, the temperature stability of the un-doped
CCTO/CTO sample greatly decreased, putting its properties
out of the standard specification. Furthermore, the tempera-
ture stability of each Mg?*-doped CCTO/CTO composite also
decreased as the sintering time increased to 24 h. Ag’(%) val-
ues of the Mg05, Mg10, Mg20, and Mg30 samples satisfy the
X5R, X7R, X7R, and X5R capacitor applications, respectively.
Notably, for the Mg10 and Mg20 samples, &’ increased more than
2 times with high temperature stability and tan § was reduced by
factors of ~4-6.

Fig. 6 and its inset demonstrate the nonlinear electrical char-
acteristics of the 6h and 24 h samples, respectively. All the
composite ceramics exhibited nonlinear J—E behavior. Two
important parameters (o« and Ep) of all the composites were
calculated from these curves and are summarized in Table 1.
The overall non-Ohmic results revealed that values of « and
Ey for the 24h samples slightly changed with Mg?* concen-
tration. This is in contrast to their dielectric properties. Ep, and
o values were reduced by increasing sintering time. Interest-
ingly, an o value of 27.2 observed for the Mg30 sample sintered
for 6h is much larger than that of the CCTO/CTO sample
(e =13.1). This result indicates that Mg>* doping ions had sig-
nificant effects on both the dielectric and nonlinear electrical
properties of CCTO/CTO composites sintered for 6 h. The high
value of a=27.2 for the Mg30 sample can be compared to
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the dielectric permittivity at 30 °C.

values of 29.67 and 25.3 achieved in a Tb-doped CCTO
ceramic’® and VO, (3mol%)-added (66.7 mol%)CCTO/
(33.7 mol%)CTO ceramic.”* However, these values are much
lower than the value of 42 for un-doped CCTO/CTO ceramic
sintered at 1100 °C for 3 hreported by Ramirez et al.”’ It is worth
noting that & of CCTO-based ceramics is strongly dependent on
the rate increase of applied voltage.*! o was found to decrease
when this rate was increased. In this work, the rate of increase in

an applied voltage was 1.33 V/s. Unfortunately, rate of voltage
increase used in other work to measure J-E characteristics of
CCTO/CTO composites has not been reported. Therefore, the
large difference in « values in many reports might be due to
different rates of voltage increase used in these studies.

To elucidate the possible mechanism(s) of the nonlinear
properties and dielectric response in Mg>*-doped CCTO/CTO
composites, impedance spectroscopy was used to study
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Fig. 6. J-F curves of the composite ceramics sintered for 6 h; inset shows J-E
curves of the ceramics sintered for 24 h.

electrical responses inside the grains and at internal interfaces.
Fig. 7 and its inset show impedance complex plane (Z*) plots
at 120 °C for 6 h and 24 h samples, respectively. The total resis-
tance (Ryot) was estimated from the diameter of a large semicircle
arc of the CCTO/CTO ceramic enhanced by doping with Mg?*,
except for the Mg05 sample sintered for 24 h.” Generally, Ry is
governed by the resistance of GBs (Rgb).z’42 In this CCTO/CTO
composite system, GBs or interfaces between grains consist of
interfaces between CCTO-CCTO grains, CCTO-CTO grains,
and CTO-CTO grains. The Ry, values determined at 120 °C for
all the samples are summarized in Table 1. According to the
microstructure analysis, Mg?* doping ions prefer to form solid
solution only within CCTO phase. Thus, the molar ratio and
volume fraction of the CTO phase of each composition should
ideally be the same. Thus, the difference in Ry, values indi-
cated a significant effect of Mg?* doping ions upon the electrical
responses of internal interfaces.

According to the previous work of Ramirez et al.,”® using
electrostatic force microscopy (EFM), it was clearly shown
that CCTO—CTO and CCTO-CCTO interfaces were electrically
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® Mg05 3 Mgw 24h
250 | Mg10 2 v Mg20
G 40| ¢ Mg30_ . yyvrvy
_ v Mg20 < 0 -
E 500l ¢ Mg30 %
9 @120°c A
G 6h . - N
< 150 - 0 20 40 60 80
= v 4
T 2 AAAAAA LT Z' (10* Q.cm)
~ vy vy
= 100 v vovon
L 2
N 70000 00%0
50+
Y 1 1 1 1 L L
0 50 100 150 200 250 300 350

Z' (10° Q.cm)

Fig.7. Impedance complex plane (Z*) plots at 120 °C for the composites sintered
for 6 h; inset shows Z* plots at 120 °C for the composites sintered for 24 h.

active, indicating the presence of potential barriers. However,
a CTO-CTO interface was electrically inactive. This indicates
the important role of Cu atoms in generating potential barri-
ers. Mg+ doping ions might improve the electrical responses
of these active interfaces. This is because of undetectable Mg?*
doping ions in CTO grains, which make the CTO-CTO inter-
faces electrically inactive. The improved electrically active of
interfaces can cause increases in both R., and E}, of 6 h sam-
ples. This indicates to the effect of Mg=* doping ions on the
intrinsic properties of the interfaces (GBs) of the CCTO/CTO
composites.

Generally, both the intrinsic and geometric properties of the
GBs of CCTO ceramics are key factors determining their over-
all properties. The geometric properties of the GBs are also
important as well and cannot be ignored. Using the geomet-
ric approach, the increase in the GB density due to the reduction
in grain size can cause enhancement of Ry, and Ey,. For the 6 h
samples, as shown in Table 1, it is clear that variations of Rgp
and Ey, values of the Mg05, Mg10, Mg20, and Mg30 samples are
both closely related to the changes in their mean grain sizes. The
geometric approach cannot describe the difference in values of
Rgp between the un-doped CCTO/CTO sample and Mg-doped
CCTO/CTO samples (especially for the Mg05 sample). As men-
tioned above, the increase in Ry, of the Mg05 sample compared
to the CCTO/CTO sample is mainly attributed to the improved
intrinsic properties of the GBs, which may be caused by the mod-
ified electrically active interfaces. These results indicate that
both the geometric and intrinsic properties of the GBs have a
remarkable effect on the electrical properties of the CCTO/CTO
composites.

For the 24 h samples, changes in Ry and E, values of the
CCTO/CTO and Mg05 samples are both correlated with the vari-
ation of their grain sizes. Ry and Ey, values of the CCTO/CTO
sample were reduced as the mean grain size increased for the
Mg05 sample. Interestingly, variation of Ry, values of the Mg05,
Mg10, Mg20, and Mg30 samples sintered for 24 h are closely
correlated with the changes in their mean grain sizes just as
observed in the Mg-doped CCTO/CTO composites sintered for
6h. Note that, both of the 6h and 24 h samples, Ry, of the
Mg30 samples is lower than that of the Mg20 samples. This
result is primarily attributed to the increase in the mean grain
size of the Mg30 samples. Variation of E}, values of the Mg05,
Mg10, Mg20, and Mg30 samples cannot be explained by using
the geometric approach. Generally, the formation mechanism of
electrostatic barrier at GBs of traditional metal oxide non-Ohmic
materials and CCTO ceramics is closely related the oxygen con-
tent at GBs.”39 As shown in Table 1, Ep and « values of each
sample were reduced by increasing sintering time from 6 to 24 h.
The concentration of oxygen vacancy at GBs of the ceramic
composites sintered for 24 h may be higher than that of the
6 h samples, resulting in the degradation of nonlinear proper-
ties. This indicates that the effect of oxygen vacancies on the
nonlinear properties in the 24 h samples is dominant.

It was observed that the Ey, value of the Mg30 sample is larger
than that of the Mg20 sample; while, the mean grain size of the
Mg30 sample is larger than of the Mg20 sample. It is possible
that substitution of Mg?* ions into CCTO/CTO composites with
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Fig. 8. (a) Correlation between Ry, and tan § at 120 °C of composite ceramics sintered for 6 h. (b) Correlation between Ry, (at 120 °C) and Ep, (measured at room

temperature) of composite ceramics sintered for 6 h.

a suitable high-concentration might suppress the existence of
oxygen vacancies at the GBs during sintering process at high
temperatures and long reaction time. This can retain a high value
of Ey. However, further work is needed to explore the exact
origin of this observation.

As mentioned above, a high value of low-frequency tané at
high temperatures is primarily caused by long-range migration
of charges (oqc) of CCTO/CTO composites. This is governed
by ogp. Thus, a low-frequency tan§ value should be inversely
proportional to Ry, as clearly seen in Fig. 8(a). With increasing
Mg2+ concentration, tan § values decreased while those of Rgp,
increased. With increasing Mg?* concentration (x =0.20-0.30),
tan § increased as Rgp, decreased. Although Ry, values at 30 °C
for all the samples could not be calculated, it is reasonable
to suggest that a reduction of tan8 at 30°C for Mg?*-doped
CCTO/CTO composites can be attributed to enhancement of
Rgp, as a result of the presence of Mg?* doping ions. As shown
in Fig. 8(b), although Ey of the Mg05 sample is slightly lower
than that of the un-doped CCTO/CTO composite, a correlation
between Ry, and Ey likely exists. From the results in Fig. 8,
it is clearly demonstrated that a low-frequency tan§ value of
CCTO-based compounds was closely related to resistances of
internal interfaces. However, for the Ryp—Ej relationship, these
two parameters may not be correlated with each other. As shown
in the inset of Fig. 6 and in Table 1, Ey, values of all the Mg?*-
doped CCTO/CTO composites sintered for 24 h were found to
be lower than those of the un-doped CCTO/CTO sample. On
the other hand, the Ryp-tan § relationship is still quite similar to
that observed in the 6 h samples. This means that Ey, or nonlin-
ear properties may not have any relationship to Ry, or tand. As
reported by Ramirez et al.,”® Ey, and o values of a CCTO/CTO
composite that possessed higher volume fraction of CTO phase
were less than those of the values obtained in a sample with a
lower CTO volume fraction. For the 24 h samples, E}, and o were
slightly changed by variation in the concentration of Mg?*. It is
possible that the effect of oxygen vacancies in the 24 h samples is
more dominant than the effect of Mg?*-modified GB response.
This may make some electrically active interfaces weakly active
or inactive. Evidence of a strong effect of oxygen vacancies on

low-frequency tan§ values is clearly observed in the inset of
Fig. 4(b).

4. Conclusions

The dielectric properties of CCTO/CTO composites were
improved by doping with Mg”* ions. It was found that Mg**
was incorporated into only the CCTO phase. An enhanced
& of 3550 with good temperature stability (Ae’ <+15% in
the temperature range of —60 to 160°C) and a reduced tan§
value to ~0.014 (at 30°C and 1kHz) were achieved in a
CaCuy7Mgp3Ti4012/CTO ceramic sintered at 1100 °C for 6 h.
Furthermore, the nonlinear coefficient of this ceramic was
greatly enhanced to 27.2. Using impedance spectroscopy anal-
ysis, it was suggested that improved dielectric and nonlinear
properties were attributed to the enhanced electrical responses
of CCTO—CTO and CCTO-CCTO interfaces resulting from the
presences of Mg+ doping ions.
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Dielectric and nonlinear properties of a binary compound
derived from Ca,Cu,Ti4O;, were greatly improved by doping
with Zn** to deliberately create CaCuz_.Zn,Ti4O,/CaTiO3
composites. Ca,CuygZng,TisO;, composition can exhibit an
enhanced ¢, ~6,513, with a strong reduction in tand to ~0.015
(at 1 kHz). The nonlinear coefficient and breakdown field
strength were significantly enhanced. The dielectric and nonlin-
ear properties were described based on the effect of Zn*>* sub-
stitution on electrical response of internal interfaces.

I. Introduction

ECENTLY, there have been extensive studies of the giant
dielectric permittivity of CaCu3TizO;, (CCTO) materi-
als."”” This is because CCTO holds promise for use in devel-
opment of a new generation of multilayer ceramic capacitors.
They also have fascinating physics underlying the exact ori-
gin of giant dielectric permittivity (¢') in CCTO without any
detectable phase transition over a wide temperature range.
CCTO polycrystalline ceramics are electrically heterogeneous,
consisting of n-type semiconducting grains and insulating lay-
ers of grain boundaries.>® Unfortunately, tand of CCTO
ceramics is still too large (>0.05). This is one of the most
serious problems preventing the use of CCTO in capacitor
applications.'
A large decrease in tand of ~0.02 (1 kHz) was observed in
a binary compound system of Ca,Cu,TizO;,, which consists
of 333 mol% of CCTO and 66.7 mol% of CaTiO;
(CTO).®? However, such a decrease in tand also caused a
large decrease in ¢ of CCTO (~1800 at 300 K and 1 kHz). It
is notable that this CCTO/CTO composite can be fabricated
using a one-step process starting with a nominal composition
of Ca,Cu,TisO, at a relatively lower sintering temperature
than BaTiOj ferroelectric oxide. Furthermore, this material
system showed no piezoelectricity, which is helps reduce
mechanical damage during AC operation.® Therefore, eluci-
dation of ways to enhance & of CCTO/CTO composites
while retaining a low tand value is very important.
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The aim of this work was to provide a new strategy to
enhance the dielectric performance of CCTO/CTO composites
by doping with Zn*". CaCus_,Zn,Tiz0;,/CTO composites
with strongly enhanced & and lower tand can be synthesized
from a binary compound system with a nominal composition
of Ca,Cu,_,Zn,Ti4O, (x =0, 0.2, and 0.3).

II. Experimental Section

Ca,Cu,_,Zn,Ti4Oy,> ceramics, where x =0, 0.20, and 0.30
(referred to as CCTO/CTO, CCTO/CTO_Znl, and CCTO/
CTO_Zn2 composites, respectively), were prepared using a
solid-state reaction method. First, a stoichiometric mixture of
the starting materials (CaCOjz, CuO, ZnO, and TiO,) for
each composition was ball-milled in ethanol for 24 h. Sec-
ond, the resulting slurries were dried and calcined at 900°C
for 15 h. Then, the calcined powders were pressed into pel-
lets of 9.5 mm diameter and ~1.0 mm in thickness. Finally,
these green body pellets were sintered at 1100°C for 24 h.

X-ray diffraction (XRD; PW3040 Philips; Eindhoven, the
Netherlands) was used to characterize phase compositions of
the sintered Ca,Cu,_,7Zn,Ti;O;, composites. Scanning elec-
tron microscopy (SEM; LEO 1450VP; Cambridge, UK) and
energy dispersive-X-ray spectrometry (EDS) were used to
characterize ceramic microstructure. Au was sputtered on to
each pellet face for dielectric and current-voltage measure-
ments. The dielectric properties were measured using an Agi-
lent 4294A Precision Impedance Analyzer over the frequency
range of 10°-10” Hz. Current—voltage measurements were car-
ried out using a high voltage measurement unit (Keithley
Model 247, Estado St Pasadena, CA). The breakdown electric
field (Ep) was calculated at a current density of J = 1 mA/cm?>.
The nonlinear coefficient (o) was calculated in the range of
1-10 mA/em?.

III. Results and Discussion

The XRD patterns of Ca,Cu,_,Zn,Ti4O;, ceramics are
shown in Fig. 1. All the samples consisted of CCTO (JCPDS
75-2188) and CTO phases (JCPDS 82-0231). This observa-
tion is similar to those reported in the literature.” '? Consid-
ering the nominal formula of Ca,Cu,Ti4O;,, phases of
CCTO (~33.3 mol%) and CTO (~66.7 mol%) should be
formed. This was further confirmed by a Rietveld quantita-
tive analysis.'® The reason for this is that the ionic radius of
Ca®" is much larger than that of Cu?". Thus, Ca®>" cannot
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0.30) ceramics.

Fig. 2. Backscattered SEM images of polished surfaces of (a) CCTO/
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enter into Cu®’ sites in a planar square to create a Ca
(CaCu,)TisO4;, structure. Interestingly, an impurity phase
related to Zn>' doping ions was not observed. Lattice
parameters (a) of the CCTO phase were calculated and
found to be 7.3893, 7.3929, and 7.4002 A for CCTO/CTO,
CCTO/CTO_Znl, and CCTO/CTO_Zn2 composites, respec-
tively. The increase in the value of @ for the CCTO phase
may be due to different ionic radii being formed between
Zn®>" (r4 = 0.60 A) and Cu®" (ry = 0.57 A) ions."?

Figures 2(a)—(c) show backscattered SEM images of the
polished CCTO/CTO, CCTO/CTO_Znl, and CCTO/
CTO_Zn2 composites, respectively. Darker and lighter
phases were observed, which is consistent with the XRD
results and similar to those rel?orted in the literature for und-
oped Ca,Cu,TigO;, ceramics.'®? Figure 2(d) reveals unpol-
ished surface of the CCTO/CTO_Zn2 composite, showing
the smooth and rough surfaces, which were expected as
CCTO and CTO phases,'? respectively.

As seen in Fig. 3(a) for the EDS spectra [spectra (#1)-(#3)]
of the CCTO/CTO and CCTO/CTO_Zn2 composites, the
lighter and darker phases are clearly CCTO and CTO
phases, respectively. Grain sizes of CCTO and CTO phases

(b)

o —
=

CTO, (b) CCTO/CTO_Znl, and (c) CCTO/CTO_Zn2 composites. (d)

Backscattered SEM image of unpolished surface of CCTO/CTO_Zn2 composite.
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Fig. 3. (a) Energy-dispersive X-ray spectrometry spectra of CCTO/CTO and CCTO/CTO_Zn2 composites. (b) Enlarged view of (a).
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Fig. 5. Nonlinear properties of Ca,Cu, ,Zn,Ti4O;, ceramics.

are slightly changed. Notably, highly dense microstructure of
CCTO/CTO composites was obtained by doping with Zn>*.
However, the EDS peak of Zn cannot be observed in either
phase. This was due to similarity of values of the energy of
the X-ray emissions for Lo of Cu?* (~0.929 keV) and Zn**
(~1.011 keV) ions. In Fig. 3(b), the shoulder of EDS-Cu
peak detected at the lighter grain of the CCTO/CTO_Zn2
composite was observed. This indicates to Zn>" ions, which
were preferentially substituted into Cu®” sites but only in the
CCTO phase. It was estimated that the Ca,Cu,_,Zn,Ti4O;»
ceramics prepared in this study consisted of ~33.3 mol% of
CaCu;_,Zn, TizO15 (x =0, 0.20, and 0.30) and ~66.7 mol%
of CTO.

As shown in Fig. 4, ¢ at 20°C of the CCTO/CTO and
CCTO/CTO_Znl1 composites was independent of frequency
in the range from 10* to 10° Hz. Notably, ¢ of CCTO/CTO
composites was strongly enhanced by doping with Zn>",
whereas, tand was significantly reduced [inset of Fig. 4]. The
¢ wvalues at 20°C and 1 kHz of CCTO/CTO, CCTO/
CTO_Znl, and CCTO/CTO_Zn2 composites were found to
be 1863, 6513, and 4821, respectively. Values of tand were
found to be 0.045, 0.015, and 0.168, respectively. It was
noted that & of the CCTO/CTO composite sample was close
to the € value of ~1800 for a sample sintered at 1090°C for
24 h as was reported in the literature.® Interestingly, the
CCTO/CTO_Znl composite exhibited a greatly enhanced &
with a significantly reduced tand. High-performance dielectric
properties of the CCTO/CTO_Znl1 composite can be compa-
rable to that observed in CaCu;_.La,,;3Ti4O1, ceramics
(€/~7500 and tand~0.02 at 1 kHz).'
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The effect of Zn>" doping ions on non-Ohmic properties
of CCTO/CTO composites was also investigated. The results
are shown in Fig. 5. All the composite ceramics of this
study exhibited nonlinear E-J behavior. o and E;, of the
CCTO/CTO, CCTO/CTO_Znl, and CCTO/CTO_Zn2
composites were calculated and found to be 9.89 and
5817 V/em, 12.43 and 11 689 V/cm, and 4.77 and 2295 V/cm,
respectively. Interestingly, improved nonlinear electrical
properties were achieved in the CCTO/CTO_Znl composite.
7Zn*>" doping ions had significant influences on both the
dielectric and nonlinear electrical properties of CCTO/CTO
composites.

Using electrostatic force microscopy,'” it was clearly shown
that CCTO-CCTO and CCTO-CTO interfaces were electri-
cally active. This indicated the presence of potential barriers
at these interfaces. However, a CTO-CTO interface was elec-
trically inactive. Enhancement of non-Ohmic properties of
the CCTO/CTO_Znl composite was therefore attributed to
the improved electrical response of these interfaces, resulting
from substitution of Zn>*. Higher concentrations of Zn>"
doping ions caused degradation of nonlinear properties in the
CCTO/CTO_Zn2 composite. This result is similar to that
reported in literature for Zn-doped CCTO ceramics with high
Zn>" content.' It was reported that & and Ej of the CCTO/
CTO system decreased as the content of the CTO phase
increased.'’ For CCTO ceramics, the giant & response is now
widely accepted to be caused by the interfacial polarization at
the CCTO-CCTO interface.”* Therefore, a strong increase in
¢ of Zn-doped CCTO/CTO composites may be primarily
caused by the enhanced electrical response at the CCTO-
CCTO interface alone. This is reasonable because & of
CCTO/CTO was found to be slightly dependent on sintering
temperature.!' Although the mechanism responsible for these
observations is still unclear, this work provides an important
novel route to strongly enhance the dielectric response and
non-Ohmic properties of CCTO-based ceramics.

IV. Conclusions

In conclusion, the dielectric and non-Ohmic properties of
CCTO/CTO can be improved by doping with Zn>" to delib-
erately create Zn-doped CCTO/CTO composites. & of
Ca,Cuy gZn(,Ti4O > composite was strongly enhanced to
~6513, whereas tand was found to be very low, 0.015 at
1 kHz and 20°C. o and E of this ceramic were significantly
enhanced to 12.43 and 11 689 V/cm, respectively. The dielec-
tric and nonlinear properties of Zn-doped CCTO/CTO com-
posites were described and found to be influenced by Zn>™"
doping ions influencing the electrical response of internal
interfaces.
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Abstract

The effects of Bi** doping ions on the microstructure and dielectric properties of CaCusTi4O1,/CaTiO; (CCTO/CTO) composites prepared by
using a conventional solid state reaction method were investigated. Microstructure analysis revealed that Bi* ™ doping ions can be substituted into
Ca®™ sites in both the CCTO and CTO phases. It is notable that the value of ¢ at 1 kHz and 30 °C of the CCTO/CTO composite was greatly
increased to 4.1 x 10* by doping with Bi** ions, compared to the un-doped sample (¢ ~ 1.8 x 10%). Non-Ohmic properties of Bi’*-doped
CCTO/CTO composites were also investigated. The electrical responses of grains and internal interfaces were investigated using impedance
spectroscopy. Strongly enhanced dielectric responses and variation in nonlinear electrical properties can be well described based on the electrical

responses at internal interfaces of the composites.
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: CaCu;TiyO,,/CaTiO3; Dielectric permittivity; Non-Ohmic properties; Loss tangent

1. Introduction

In recent years, giant dielectric materials, especially CaCus-
Ti4O1, (CCTO), have been intensively investigated due to their
very high dielectric permittivity (¢') and novel physical behavior
[1-10]. The electrical responses of different internal interfaces in
CCTO polycrystalline ceramics and related ACu;Ti4O;, com-
pOUHdS (A:Biz/3, La2/3, Na]/zBil/z, Na]/zsml/z, etc.) were inves-
tigated in order to clarify the unexpected appearance of giant
dielectric properties [2,3,7,11-15]. The internal interfaces studied
were domain boundaries (DBs) [16], grain boundaries (GBs)
[2,3,7], planar defects due to stacking faults in the grains [17], and
interfaces between the CCTO grain matrix and secondary phases
of other substances [18-21]. Furthermore, CCTO can exhibit
electrical properties that show a nonlinear relationship between

*Corresponding author.
E-mail address: pthongbai @kku.ac.th (P. Thongbai).

http://dx.doi.org/10.1016/j.ceramint.2015.03.197
0272-8842/© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

current density and electric field strength (J-E) [2]. Most results
suggested that the observed nonlinear J—E behavior of CCTO
polycrystalline ceramics was caused by the electrical response of
the insulating GBs [2-5,12,20]. Unfortunately, the loss tangent
(tand) of CCTO is still too large [1,4-7,21], which is undesirable
for many applications such as capacitors and memory devices.
To improve the dielectric properties of CCTO ceramics,
Kobayashi and Terasaki [18] reported a strategy to greatly reduce
tand of CCTO ceramics by producing a composite system of
CCTO/CaTiO; (CCTO/CTO) from a starting composition with a
nominal formula of Ca,Cu,Ti4O1,. The nonlinear J—E properties of
this composite system were improved [19,22]. Generally, tand
values of CCTO/CTO composites are very low (tand~0.02)
[23,24]. Moreover, very high breakdown electric field (E;,) and
large nonlinear coefficient (@) values were achieved in this
composite system compared to a single phase of CCTO ceramics
[19,22]. Enhancement of nonlinear electrical properties of CCTO/
CTO composites was mainly attributed to the electrical response of

Please cite this article as: J. Jumpatam, et al., Effects of Bi* " doping on microstructure and dielectric properties of CaCu;Ti4O;,/CaTiO5 composite ceramics,
Ceramics International (2015), http://dx.doi.org/10.1016/j.ceramint.2015.03.197



www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
mailto:pthongbai@kku.ac.th
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
http://dx.doi.org/10.1016/j.ceramint.2015.03.197
http://dx.doi.org/10.1016/j.ceramint.2015.03.197

2 J. Jumpatam et al. / Ceramics International 1 (11l) INI—EEN

the CTO-CCTO interface [19,23,24], which does not appear
in a single phase CCTO ceramic. It is often observed that
substitution of metal ions into CCTO ceramics significantly
changes both the dielectric response and nonlinear properties.
Changes in properties of CCTO ceramics were ascribed to the
changing electrical properties of grains and GBs as a result of
dopants [4,5,25-27].

In this work, we substituted aliovalent Bi’* ions in various
concentrations into Ca®" sites of material with a starting
composition of Ca,Cu,Ti401,. Two CCTO and CTO phases
were observed in the XRD patterns. It was found that Bi’™
doping ions had remarkable effects on the microstructure,
dielectric response, and electrical properties of CCTO/CTO
composites. Very large changes in dielectric properties were
described based on interfacial polarization at internal interfaces.

2. Experimental details

In this work, ceramic powders with nominal compositions of
C32CU2Ti4012 (CCTO/CTO), Cal'gsBiOA()SCU2Ti4012 (BI_OS),
CalAgoBimoCuzTL‘O]z (B1_10), and Ca147Bi0_30Cu2Ti4012
(Bi_30) were prepared by using a solid state reaction method.
CaCO;3 (99.9% purity), Bi,O3 (99.99% purity), TiO, (99.9%
purity), and CuO (99.9% purity) were used as starting raw
materials. First, stoichiometric amounts of these raw materials
were mixed by ball milling in ethanol for 24 h using 2 mm in
diameter ZrO, balls. Next, each slurry mixture was dried and
calcined in air at 900 °C for 15 h. Then, the calcined powders
were ground and pressed to form green bodies each with a
diameter of 9.5 mm and a thickness of ~ 1.2 mm. Finally, the
green bodies were sintered in air at 1100 °C for 24 h at heating
and cooling rates of 5 °C/min.

Phase compositions of sintered ceramics were investigated
by X-ray diffraction spectrometer (XRD; Philips PW3040).
Scanning electron microscopy (SEM; LEO 1450VP; Cam-
bridge, UK) and energy-dispersive X-ray spectrometry (EDS)
were used to reveal the distribution of CCTO and CTO phases
as well as the chemical elements in the sintered ceramics at
different areas. The dielectric properties of the sintered
ceramics were measured using an Agilent 4294A Precision
Impedance Analyzer over a frequency range of 10°-107 Hz
with an oscillation voltage of 0.5 V. The dielectric properties
were measured over the temperature range of —70 to 150 °C.
Each step increase in measurement temperature was 10 °C
with a precision of +0.1°C. J-E measurements were
determined at room temperature using a high voltage measure-
ment unit (Keithley Model 247). The value of E}, was obtained
at J=1 mA cm™ 2. a values of all the samples were calculated
over the range of J=1—10 mA cm™~. Before electrical and
dielectric measurements, Au was sputtered onto each pellet
face at a current of 25 mA for 8 min using a Polaron SC500
sputter coating unit (Sussex, UK).

3. Results and discussion

The XRD patterns of Bi-doped CCTO/CTO composites are
illustrated in Fig. 1. It is clearly seen that all of the composite
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+
- A + 3+ *
E Bi_30
= ,
3 | A A
$ [Bi_10
=
Bi_05
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Fig. 1. XRD patterns of Bi-doped CCTO/CTO composites.

samples consisted of two phases of CTO (JCPDS 82-0231)
and CCTO (JCPDS 75-2188). This result is similar to those
reported in the literature [19,23,24,28]. Considering the
nominal formula of Ca,Cu,TizO;,, ~66.7 mol% of CTO
and ~33.3mol% of CCTO should be created during the
sintering process due to an imbalance between Ca’* and
Cu®>" ions. The creation of CCTO/CTO composites was
confirmed by a Rietveld quantitative analysis of synthesized
Ca,Cu,Ti4O1, ceramics as reported in the literature [19]. The
formation can be explained as follows. Due to a relatively
large ionic radius of Ca®>" compared to that of Cu?™, Ca®™
cannot enter into Cu®™ sites in a planar square to form a Ca
(CaCu,)Ti140,, structure [23,24].

Fig. 2 shows surface morphologies of CCTO/CTO and Bi-
doped CCTO/CTO composites. It was found that some grains in
the microstructure of Bi-doped CCTO/CTO grew rapidly. This
indicates that an abnormal grain growth occurred in the Bi-doped
CCTO/CTO composites [29]. Such grain growth may be related
to the liquid phase sintering behavior as a result of a Bi-related
liquid phase. This is reasonable because the melting point of
Bi,O5 is lower than the sintering temperature of CCTO/CTO
composites (1100 °C). As revealed in the insets of Fig. 2(a) and
(b) for the backscattered SEM images, two phases with different
contrasts were observed, i.e., darker and lighter phases in the
CCTO/CTO sample. This observation is consistent with the XRD
results and similar to those reported in the literature for un-doped
CCTO/CTO [19,23,24]. The darker and lighter phases were CTO
and CCTO phases, respectively [19,23,24]. However, varying
contrast could not be clearly observed in the Bi_05 sample as
well as in other Bi-doped CCTO/CTO samples. As depicted in
Fig. 3(a) and (b), EDS peaks corresponding to Bi, Ca, Ti, and O
appeared in the EDS spectra measured in a small grain (point 2).
All EDS peaks for Bi, Ca, Cu, Ti, and O were detected in the
larger grain. This clearly indicates that Bi’* doping ions
preferentially formed solid solution within both the CCTO and
CTO phases.

Fig. 4 and its inset show the frequency dependence of ¢ and
tand at 30 °C. Clearly, Bi* " doping ions have a great influence
on the dielectric properties of CCTO/CTO composites. The
values of ¢ and tand of CCTO/CTO composites were strongly
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Fig. 3. (a) EDS spectra of a Bi_30 sample detected at different regions on the surface of the sample. (b) SEM image of Bi_30 sample showing EDS-detection points.
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Fig. 4. Frequency dependence of ¢ at 30 °C for Bi-doped CCTO/CTO
composites; inset depicts tand as a function of frequency at 30 °C.

enhanced by doping with Bi’*. This is likely due to the
enhanced dielectric responses of internal interfaces [7]. At
30 °C and 1 kHz, the & values of the CCTO/CTO, Bi_05,

Bi_10, and Bi_30 samples were found to be 1877, 19153,
41468, and 6458, respectively. Variation in tand due to
substituted Bi*" ions was similar to that observed in the
change in €'. Fig. 5 shows the temperature dependence of €. It
was observed that ¢ values of all the samples increased with
increasing temperature. The increase in ¢ at high temperatures
for CCTO ceramics is usually observed. This may be related to
the effect of dc conduction in the bulk sintered ceramic
composites [30]. It is notable that strong increases in & were
observed in the Bi_05 and Bi_10 samples.

To understand the possible mechanism(s) of the strongly
enhanced dielectric response in Bi-doped CCTO/CTO compo-
sites, impedance spectroscopy was used to evaluate the
electrical resistances of the grains and internal interfaces.
Fig. 6 and its inset show impedance complex plane (Z*) plots
at 120 °C and an expanded view near the origin, respectively.
The total resistance (R,,) estimated from the diameter of a
large semicircle arc of the CCTO/CTO ceramic was greatly
reduced by doping with Bi* . In general, R, is governed by
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Fig. 6. Impedance complex plane plots (Z* plots) of Bi-doped CCTO/CTO
composites at 120 °C; inset shows an expanded view near the origin to reveal
the impedance spectra of Bi_05 and Bi_10 samples.

the resistance of GBs (Rg,) [7]. In CCTO/CTO composites,
GBs or interfaces between different types of grains consisted
of interfaces between CCTO-CCTO grains, CCTO-CTO
grains, and CTO-CTO grains. The resistance of grains (R,)
is usually determined from the non-zero intercept on the Z'
axis [7]. It was also found that substitution of Bi** ions can
reduce the value of R, as shown in Fig. 7.

Fig. 8 shows the nonlinear electrical characteristics of the
CCTO/CTO and Bi-doped CCTO/CTO composites. Although
all the composite samples exhibited nonlinear J-E behavior,
different characteristics were observed in Bi-doped CCTO/
CTO composites. Two important parameters (a and Ey) of all
the composites were calculated. At room temperature, @ values
of the CCTO/CTO, Bi_05, Bi_10, and Bi_30 samples were
found to be 9.9, 3.79, 3.60, and 5.22, respectively. E;, values of
CCTO/CTO composites were greatly reduced by Bi* ™ doping
ions. These results indicate that the nonlinear J—E properties
were degraded by doping with Bi* " ions.

In CCTO and CTO ceramics, Bi** substitution for Ca’*
requires charge compensation. This may be achieved by one or
more of the following mechanisms: (1) filling oxygen vacan-
cies, (2) decrease of cation valence, (3) creation of cation
vacancies, or (4) creation of conduction electrons. It is likely
that the creation of conduction electrons may primarily be
responsible for the observed decrease in R, of Bi-doped
CCTO/CTO composites. Ramirez et al. [19] used electrostatic
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Fig. 8. Nonlinear J-E characteristics of Bi-doped CCTO/CTO composites.

force microscopy (EFM) to characterize possible electrical
responses in a CCTO/CTO composite system. It was found
that a CTO-CTO interface was electrically inactive, whereas,
CCTO-CTO and CCTO-CCTO interfaces were electrically
active. This indicates the presence of potential barriers at the
CCTO-CTO and CCTO-CCTO interfaces. Thus, the degrada-
tion in the nonlinear electrical properties of CCTO/CTO due to
the substitution of Bi’T may have been related to weak
electrical responses at these active interfaces. The reduction
of the breakdown field in Bi-doped CCTO/CTO composites is
primarily associated with a decrease in the potential barrier
height (®p) at internal interfaces. For a single phase of CCTO
ceramics, the Schottky barrier at GBs can be expressed as [31]:

gN?

Pp= 32—,
B 8808/Nd

(1)
where N and Ny are the acceptor (surface charge) concentra-
tion and the charge carrier concentration in semiconducting
grains (i.e., CCTO grains), respectively. ¢ is the relative
permittivity of materials, and ¢ is the electronic charge. Using
Eq. (1), the large reduction in @z observed in CCTO/CTO
composites is clearly attributable to an increase in Ng.
Generally, an increase in Ny can cause a decrease in R,. This
is clearly observed in Fig. 7 showing a decrease in R, of Bi-
doped CCTO/CTO composites. It is reasonable to conclude
that the increase in tand (inset of Fig. 4) was due to the
reduction of total resistance of internal interfaces. Greatly
enhanced dielectric response in Bi-doped CCTO/CTO
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composites (especially for the Bi_05 and Bi_10 samples) may
be due to the increase in charge carriers inside the grains.
Under an applied electric field, more charge carries were
accumulated at the internal interfaces (CCTO-CTO and
CCTO-CCTO interfaces) of Bi-doped CCTO/CTO compo-
sites. This produces a relatively high intensity of interfacial
polarization compared to that of the un-doped CCTO/CTO
sample. This is responsible for the observed large increase in &’
in the Bi-doped CCTO/CTO composites. It is notable that Ry,
of the Bi_30 sample was found to be larger than those of the
Bi_05 and Bi_10 samples. This resulted in a lower tand value
of the Bi_30 sample compared to those of the Bi_05 and Bi_10
samples. For the Bi_30 sample, a high value of R,,; compared
the other samples might be due to precipitation of Bi,O5 at
interfaces, just as was observed in commercial ZnO-Bi,03
varistor ceramics [32].

4. Conclusions

In conclusion, we successfully prepared CCTO/CTO compo-
sites doped with Bi*™ ions. Influences of Bi® "substitution of
the microstructure, dielectric response, and nonlinear J—E
properties were studied. It was found that Bi** doping ions
were substituted into Ca®" sites in both of CCTO and CTO
phases. The dielectric response in CCTO/CTO composites was
greatly enhanced by doping with Bi* " ions. This can be well
described based on the interfacial polarization at internal
interfaces of CCTO/CTO composites. The increase in tand
was consistent with the decrease in the total resistance of
internal interfaces. The non-Ohmic properties of Bi® " -doped
CCTO/CTO composites were degraded, which might have
resulted from a decrease in the potential barrier height at internal
interfaces, i.e., CCTO-CCTO and CTO-CCTO interfaces.
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Abstract Influences of La®" substitution on the dielectric
properties and formation of Schottky barriers at internal
interfaces of a C32CU.2Ti4012 (CaTlO3/CaCu3T14012)
composite system were investigated. It was found that
electrostatic potential barrier height was greatly reduced by
doping with La>", leading to a large decrease in the total
resistance of internal interfaces between grains. This
observation was attributed to the creation of conduction
electrons, which were possibly induced by electrical charge
compensation of La’* substitution into Ca** sites. Varia-
tions in the dielectric properties of La>"-doped CaTiOs/
CaCu;Ti40O;, composite ceramics and nonlinear properties
can be described based on the electrical responses at the
internal interfaces between CaCu;TizO;,—CaCu;TizO1,
grains and CaTiOz—CaCu3Ti4O;, grains. Influence of
possible charge compensation due to different levels of
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La>" dopant on the formation of potential barriers was
discussed.

1 Introduction

Recently, CaCu3Ti4O;, (CCTO) has been widely studied
due to its very high dielectric permittivity (&) and it fas-
cinating but incompletely understood physical behavior [1—
14]. Electrical responses of various CCTO internal inter-
faces and related compounds were investigated to elucidate
the abnormal dielectric response in this material. The
internal interfaces are grain boundaries (GBs) [2, 3],
domain boundaries (DBs) [15], line defects due to stacking
faults [16], and interfaces between the CCTO grain matrix
and secondary phases of other particles [6, 9, 10, 16-21]. In
addition to these interesting dielectric properties, CCTO
can also exhibit non-Ohmic properties that reveal a non-
linear relationship between current density and electric
field (J-E). The internal interface or GB was clearly shown
to be the cause of observed nonlinear J-E behavior of
CCTO polycrystalline ceramics [2, 22].

Kobayashi and Terasaki [17] improved the dielectric
properties of CCTO ceramics by creating a composite
system of CCTO/CaTiO; (CCTO/CTO) from a starting
material with the chemical formula of Ca,Cu,TizOq,. It
was further found that improved nonlinear J-E properties
were also observed in this composite system [16, 18, 19].
CCTO/CTO composites have very low loss tangents
(tand ~ 0.02) with very high breakdown field values (Ey)
and large nonlinear coefficients (o) compared to a single
phase of CCTO ceramics [16—19]. The enhanced perfor-
mance of nonlinear J-E properties in CCTO/CTO com-
posites was mainly due to the electrical response of the
CTO-CCTO interface, which does not appear in a single
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phase CCTO ceramic. It was often observed that doping
metal ions in CCTO ceramics can change macroscopic
dielectric and nonlinear J-E properties [4, 5, 7, 8, 10-12,
23-29]. Changes in dielectric response and nonlinear
properties may be due to the effect of dopants upon the
electrical properties of GBs in a CCTO microstructure.
Possible charge compensation due to substitution of alio-
valent cations was hypothesized to responsible for the
electrical properties of grains and GBs [26, 28, 29].

There are several brief reports on the giant dielectric
properties of related oxides in the family of ACu;TizO4,
compounds, especially for A = La** and [Na*La>"],,, [,
30, 31]. Lattice parameters of these two ceramics (7.417 10\)
and CCTO (7.391 A) are nearly the same in value.
Therefore, this indicates that La>" ions can perfectly sub-
stitute into Ca®" sites in related-perovskite structure of
CCTO. In La3+-d0ped BaTiO; [32], both the electronic (by
electrons) and ionic compensations (by cation vacancies)
can occur, depending on doping concentration levels. To
our knowledge, investigation of dielectric and J-E proper-
ties of CCTO/CTO composites substituted by aliovalent
cations (e.g., for La®* doping into Ca”" site) has never
been reported. Different charge-compensation mechanisms
may have an effect on the non-Ohmic properties and/or
dielectric response in CCTO/CTO composites.

In this work, we substituted aliovalent La** cations at
different concentration levels into Ca®" sites of CCTO/
CTO composites in order to study the possible impacts of
charge compensation on the dielectric and electrical non-
linear properties. It was found that La®" substitution had
great effects on both of dielectric and nonlinear properties.
The electrostatic potential barriers at internal interfaces of
CCTO/CTO composites were strongly reduced by doping
with 2.5 mol % La>". Higher concentrations of 15 mol %
La®>" dopant ions had a slight influence on the potential
barrier height compared to a relatively low concentration of
2.5 mol % La’". This resulted from different mechanisms
of charge compensations, i.e., electronic and ionic com-
pensations, respectively.

2 Experimental details

Ceramics with nominal compositions of Ca,Cu,TizO,
(La—O), Ca1,95La0A05Cu2Ti4012 (La—OS), and Ca147La0_3
Cu,TisO,, (La-30) were prepared by a solid state reaction
method using CaCOs; (99.9 % purity), La,O3 (99.99 %
purity), CuO (99.9 % purity) and TiO, (99.9 % purity) as
starting raw materials. First, stoichiometric amounts of raw
materials were mixed during ball milling in ethanol for
24 h using ZrO, balls. Second, the mixed slurry was dried
and calcined at 900 °C for 10 h. Third, the resulting
powder was ground and re-calcined at 900 °C for 5 h.

@ Springer

Then, all calcined powders were ground and pressed into
pellets to form green bodies. Finally, the green bodies were
sintered at 1,100 °Cfor 24 h.

Phase compositions were investigated using X-ray dif-
fraction (XRD) (Philips PW3040). The dielectric response
of the samples was measured using an Agilent 4294A
Precision Impedance Analyzer over a frequency range of
10°-10” Hz with an oscillation voltage of 500 mV. The
dielectric properties as a function of temperature were
measured over the range of —70~150 °C. The step
increase in each measurement temperature was 10 °C with
an accuracy of =1 °C. J-E measurements were determined
at various temperatures using a high voltage measurement
unit (Keithley Model 247). The breakdown electric field
(E,) was obtained at J=1mA cm 2 The nonlinear
coefficient (o) values were calculated over the range of
J = 1-10 mA cm™,

3 Results and discussion

The XRD patterns of Ca,_La,Cu,Ti;O, (x = 0, 0.05, and
0.30) compositions are shown in Fig. 1. It is clearly seen
that all of the ceramic compositions consisted of two main
phases, CCTO (JCPDS 75-2188) and CTO (JCPDS
82-0231), forming a composite system of CCTO/CTO.
These XRD patterns are similar to those reported in the
literature for Ca,Cu,Ti40, ceramics [16, 18, 21, 33]. An
impurity phase of CuO was observed in the La-30 samples.
This may be due to the decomposition of CuO from the
lattice [34]. Theoretically, a ceramic that was prepared
using a starting composition of Ca,Cu,Ti4O;, should
consist of ~33.3 mol % of CCTO and ~66.7 mol % of
CTO. This was experimentally confirmed by a Rietveld

+ CCTO
* CTO
# CuO
S a
= oo 3F o 3
E 88+ S
~— on
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& ”
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Fig. 1 XRD patterns of a Ca,Cu,TisO, (La-0 sample), b Ca; g5
Lao,OSCuzTi4012 (La-05 Sample), and ¢ Ca1'7La0‘3Cu2Ti4012 (La-30
sample) ceramics
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quantitative analysis [16]. Formation of a CCTO/CTO
composite system was due to the much larger ionic radius
of Ca®* than of Cu®>*. Therefore, excess Ca>* ions could
not be substituted into Cu”" sites in a planar square to
create a Ca(CaCu,)TisO,, structure. Lattice parameters of
the CCTO phases of La—0, La-05 and La-30 samples were
calculated and found to be 7.3891, 7.3928, and 7.3943 A,
respectively. The lattice parameter of CCTO phase in the
CCTO/CTO composites increased with increasing La>™
doping concentration. The increase in the lattice parameter
may be attributed to the different ionic radii between Ca®"
and La** ions.

Figure 2 and its insets show ¢ and tand at 20 °C as a
function of frequency for the La-0, La-05, and La-30
samples. In a low frequency range of 10°~10° Hz, ¢’ of the
La-doped samples was much higher than that of the un-
doped sample. € values at 10> Hz for the La-0, La-05, and
La-30 samples were found to be 2,060, 11,162, and 6,378,
respectively. It was observed that these high €' values in a
low frequency range decreased as the frequency was
increased from 10? to 10* Hz. This result indicates the
dominant effect of dc conduction and/or low-frequency
dielectric relaxation [35]. As shown in the inset of Fig. 2,
tand greatly increased as frequency was decreased. How-
ever, the increase in tand was not exponentially. Con-
versely, the magnitude of the tand relaxation peak was not
large. Therefore, the frequency dependence of tand in a
low-frequency range was affected by the combined effects
of dc conduction and a relaxation process [36]. tand values
of La-0, La-05, and La-30 samples at 10 Hz were found to
be 0.219, 0.517, and 2.971, respectively. tand of CCTO/
CTO composites increased with increasing La** doping
concentration. Variations in tand with changing concen-
tration of La*™ were not consistent with changes in €.
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Fig. 2 € at 20 °C in the frequency range of 10°>-10° Hz for all
samples; the inset shows the frequency dependence of tand

Generally, variations in the properties of CCTO
ceramics were consistent with each other. Increases in &' of
CCTO ceramics were usually accompanied by an increase
in tand [37]. This result can be described by considering
interfacial polarization at GBs. High €’ values are attributed
to a large polarization intensity at the interfaces between
adjacent grains, which are insulating GBs. Concurrently, a
large polarization intensity indicates a high density of
accumulated charges at GBs, driven by an external electric
field. High concentrations of mobile charges inside semi-
conducting grains are a source of space charges. Con-
versely, high concentrations of charges not only contribute
to polarization intensity and €', but also increase the pos-
sibility of leaked current in bulk ceramics. This is a major
cause of high tand. Therefore, the dielectric response
behavior in La®>"-doped CCTO/CTO composites might be
significantly influenced by the electrical characteristics of
GBs as well.

In the current study, the effects of La** doping on the J—
E characteristics of CCTO/CTO composites were investi-
gated. Figure 3 shows the nonlinear J—E properties of the
study samples at different temperatures. E;, values at room
temperature of the La-0, La-05, and La-30 samples were
found to be 4,811, 732, and 665 V/cm, respectively. o
values of the same samples at room temperature were
found to be 7.66, 3.14, and 1.62, respectively. The non-
linear properties of CCTO/CTO composites were degraded
as La*" ions were substituted for Ca*" sites. According to
a previous work [38], substitution of La** into CCTO with
nominal chemical compositions of Ca;_j3,,La,Cu3TisO1,
(x = 0—0.09) caused a decrease in dc conduction activa-
tion energy when x > 0.05. Cheng et al. [5] found an
increase in Ep in Ca;_s,,La,CusTisO;, as La’" concen-
tration increased. From these two studies, the molar ratio of
Ca”* was adjusted to obtain an electrical charge equilib-
rium and thus freed electrons since an aliovalent dopant
was not expected. In the current study, electronic charge
compensation by conduction electrons may have existed
due to La*" ions being substituted into Ca*" sites. This
may have been the primary cause of the degradation of
nonlinear properties. Ramirez et al. [16] used electrostatic
force microscopy (EFM) to characterize possible electrical
responses in a CCTO/CTO composite system. They found
that a CTO-CTO interface was electrically inactive, while
CCTO-CTO and CCTO-CCTO interfaces were electri-
cally active. This indicates the presence of potential
barriers.

To study the effect of La>" doping ions on the formation
of electrostatic potential barriers at internal interfaces of
CCTO/CTO composites, nonlinear J-E properties were
determined at different temperatures. As shown in Fig. 3a—
¢, Ey, linearly decreased with increasing temperature. This
indicated the influence of temperature upon the
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According to previous work [2, 5, 6, 20, 22], the electrical
response of GBs (CCTO-CCTO interfaces) for a single
phase CCTO polycrystalline ceramic clearly resulted from
the Schottky effect. It was also further suggested that the
potential barriers at CCTO-CTO interfaces were also
Schottky-type barriers [16]. Therefore, electrical conduc-
tion at CCTO-CCTO and CCTO-CTO interfaces in the
pre-breakdown region should be due to thermion emission
of the Schottky barrier [5, 6]. This emission is usually
affected by the electric field (E) and temperature (7).
Variations of J with E and T will follow the relationship
[20]:

£/ @
InJ = BkBT + {lnATz —~ kBBT} (1)

where ®@p is the Schottky potential-energy barrier height at
the GBs, A is the Richardson constant, and f is a constant

@ Springer

right hand side of Eq. (1) is expressed as:

Py

InJy, = InAT? — .
nJo n kBT

(2)

Values of InJy at various temperatures were calculated
from the plots of InJ versus E' by linearly fitting data at
E = 0. Figure 3d-f show the fitted results, indicating a
good linear relationship between InJ vs. E'2. Using Eq. (2),
@ values for all the samples were calculated by fitting data
of the plots of InJy versus 1,000/T. As shown in Fig. 4, a
good linear relationship between J, and temperature was
observed. Values of ®p were approximately 0.919, 0.321,
and 0.216 eV for the La-0, La-05, and La-30 samples,
respectively. It is notable that ®z ~ 0.919 eV for the La-0
(CCTO/CTO) sample can be comparable to that observed
in the CCTO/CTO composite prepared by a simple thermal
decomposition method (0.856 eV) [39]. This value is also
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Fig. 4 Plots of InJ, versus 1,000/T for all samples; the solid lines are
results fitted to Eq. (2)

comparable to that observed in Na;,Sm;,CusTisO,
ceramics (0.925-0.964 eV) [40]. ®z of CCTO/CTO com-
posites was greatly reduced by doping with La**. This
means that La®>" doping ions have an effect on the for-
mation of electrostatic potential barriers at CCTO-CTO
and CCTO-CCTO interfaces. For a single phase of CCTO
ceramics, the Schottky barrier at GBs can be expressed as
[22]:

e ®)
8808’Nd

where N; and Ny are the acceptor (surface charge) con-
centration and the charge carrier concentration in semi-
conducting grains (i.e., CCTO grains), respectively. & is
the relative permittivity of materials, and g is the electronic
charge. Using Eq. (3), it is possible that the strong reduc-
tion of @z observed in CCTO/CTO composites can be
attributed to either an increase in Ny or a large decrease in
N;. Generally, an increase in Ny can cause a decrease in
resistance of grain interiors (Ry). In Ta’" and Nb>"-doped
CCTO ceramic systems [26], it was found that Ta’* and
Nb>* doping ions had no significant effect on R, of CCTO
ceramics. Thus, the observed strong decrease in potential
barriers at GBs of these materials was not related to any
change of N4 and other proposed mechanism. Charge
compensation mechanisms were investigated in nominal
compositions of La,Ca;_3,,CusTisO, and La,Ca;_,Cu;
Ti401, [38]. It was clearly shown that in the latter material,
electrical compensation was found to be conduction
electrons.

In the current study, impedance spectroscopy was used
to investigate the electrical properties of grains and GBs.
As shown in Fig. 5a, at 20 °C, the diameter of a large
semicircle arc in the plot of the complex impedance plane
(Z*) of CCTO/CTO composites decreased with increasing
La®" dopant concentration. This result indicated a large
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Fig. 5 a Comparison of impedance complex plane @ plots at
20 °C for all samples; insets (1) and (2) show high-frequency data
close to the origin at 20 and —70 °C, respectively. b Temperature
dependence of R, of all ceramic samples

reduction of the total resistance at internal interfaces [3],
i.e., GBs between CCTO-CCTO grains and CTO-CCTO
grains [16]. The insets (1) and (2) of Fig. 5a show the non-
zero intercept on the Z' axis of the impedance spectra in a
high-frequency range at 20 and —70 °C, respectively. The
resistances of semiconducting grains or R, values of
CCTO/CTO composites can be estimated from these non-
zero intercepts [3]. At —70 °C, R, values of ~200 Q cm
for the La-05 and La-30 samples were much lower than
Ry, ~ 500 Q.cm for the La-0 sample (un-doped CCTO/
CTO composites). R, values at various temperatures in the
range from —70 to 30 °C for all the samples are shown in
Fig. 5b. This result indicates that N4 values of the La-05
and La-30 samples were enhanced. Thus, substitution of
La’" ions to Ca”" sites was electrically compensated by
conduction electrons. As demonstrated in Fig. 5b, R,
decreases with increasing temperature. It was found that
the temperature dependence of R, follows the Arrhenius
law:
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E
R, = Rpexp <kg—§"> , 4)

where E, is the activation energy for conduction in the
grain interiors, R, is a constant term, 7 is absolute tem-
perature (K), and kg is Boltzmann constant. The tempera-
ture dependence of R, is well fitted by Eq. (4). E, values of
the La-0, La-05, and La-30 samples were calculated from
the fitted result and found to be 94, 74, and 69 meV,
respectively.

According to Eq. (3), the strong decrease in observed @y
values for the La-05 and La-30 samples can be attributed to
the increase in charge carrier concentration in the semicon-
ducting grains compared to the La-0 sample. It is important to
note that Oy of the La-30 sample was slightly reduced further
to 0.216 eV. This observation is similar to that observed in
Ta’* and Nb>*-doped CCTO systems [26]. R, values of these
two samples were nearly the same in value. R, of the La-30
sample was slightly larger than that of the La-05 sample. This
result means that N4 did not increase even though La® " dopant
concentration was further increased from x = 0.05 to 0.3.
Charge compensation for La>" substituted to Ca*" sites by
conduction electrons no longer occurred when La** concen-
tration was increased to a higher level of 15 mol% (x = 0.3).
In contrast, the ionic compensation by cation vacancies may
have occurred in grain interiors, just as it occurred in La’*-
doped BaTiOj3 [32]. Chung et al. [26] proposed that at GBs,
the positive charge of the dopant cations could efficiently
make compensation of the negative charge of unknown
acceptors without the creation of electrons or cation vacancies
in this region. Consequently, the number of active acceptor
states at GBs (CCTO-CCTO and/or CTO-CCTO interfaces)
that contribute to the formation of potential barriers decreases
with La>* addition. It is notable that the large increase in €’ of
the La-05 sample compared to the La-0 sample (un-doped
CCTO/CTO composite) might be due to a high intensity of
interfacial polarization at the internal interfaces. Conversely,
the decrease in €’ of the La-30 sample might be due to its low
@y value. It is possible that this potential barrier height of the
La-30 sample was not sufficient to completely restrict the
motion of conduction electrons within the grains. Most of
them can move across GBs. Thus, the intensity of polarization
at interfaces decreased, leading to a decrease in €. This is
consistent with its tand value, which was highest among these
three composites under study. Such a high value of tand was
primarily caused by a dc current that resulted from a high
concentration of conduction electrons across GBs.

4 Conclusions

La>" doping ions have great effects on the dielectric proper-
ties and formation of Schottky barriers at internal interfaces of

@ Springer

a CCTO/CTO composite system. The high potential barriers
at internal interfaces of the CCTO/CTO composite were
greatly degraded by La** doping. The degradation of Scho-
ttky barriers resulted in a large decrease in the total resistance
of internal interfaces between grains. The creation of con-
duction electrons due to charge compensation for La*™ ions
substituted into Ca®" sites is proposed as the primary cause.
For high concentrations of La>" dopant, ionic compensation
by cation vacancies was another cause that further reduced the
potential barrier height. The interfacial polarization mecha-
nism at CCTO—CCTO and CTO-CCTO interfaces can be
used to described the dielectric response in La®"-doped
CCTO/CTO composite ceramics.
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processing method. Investigation of the microstructural evolution and electrical responses of internal
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were the cause of the giant dielectric response in the CaCusTi4O, material system.
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1. Introduction

Recently, anomalously high-dielectric constants (¢') in many
polycrystalline and single crystalline ceramic metal oxides have
been widely associated with an electrical response of the internal
interface(s) in the bulk ceramics [1-5]. CaCu3Ti4O1, (CCTO) is a
prototypically interesting case study for demonstrating the
effects of internal interfaces on apparent macroscopic dielectric
properties [1,6]. Electrical responses of various CCTO internal
interfaces and related compounds were investigated to show
their contribution to the overall dielectric spectra over a wide
range of frequencies and temperatures. The internal interfaces are
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grain boundaries (GBs) [1,11-13], domain boundaries (DBs)
[6,9,13], defects due to stacking faults [14,15], twin boundaries
in single crystals [16], and interfaces of the CCTO grain matrix and
secondary phases of other particles [7,8,17-21]. Furthermore, the
internal interface between grains i.e., GBs [7,8,11,18,19] was
widely accepted to be the cause of observed nonlinear current-
voltage (or current density-electric field, J-E) behavior of CCTO
polycrystalline ceramics. Generally, the nonlinear J-E properties
or non-ohmic properties of polycrystalline ceramics can be used
for application in varistor devices. Varistor is used to protect a
circuit from high-voltage transients by providing a path across
the power supply. It takes only a small current under normal
conditions. However, if the voltage increases abnormally, it takes
a large current. Thus, the circuit is protected by this way.
Dielectric properties and nonlinear J-E characteristics of CCTO
ceramics were improved by deliberately creating a composite
system of CCTO/CaTiOs (CCTO/CTO) from a starting material with
the chemical formula, Ca,Cu,TisOq5 [17,22-29]. This is because
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CCTO/CTO composites have very low loss tangents (tand ~ 0.02)
compared to a single phase of CCTO ceramics. Moreover, very high
breakdown field (E,) and nonlinear coefficient (o) were also
achieved in this composite system [23-25]. Ramirez et al. [25]
reported that there was no relationship between the dielectric
response and nonlinear properties of the CCTO/CTO composite
system. They demonstrated that high performance nonlinear J-E
properties were caused by the electrical responses of the CCTO-
CTO and CCTO-CCTO interfaces. The former interface does not
appear in a single phase CCTO ceramic. Conversely, the electrical
response of nanoscale barrier layer defects due to stacking faults
was proposed to be the origin of the high dielectric response in this
composite system. This novel model was referred to as the
Nanoscale Barrier Layer Capacitance (NBLC) model [15]. The
schematic representations of bulk polaronic defect that correlates
the NBLC model were clearly demonstrated in literature [15,30].
NBLC effect is mechanism that operates in the nanoscale region
due to polaron defects related to stacking fault in the CCTO
structure. As shown in Fig. 1(b-d), it was proposed that sliding
motion by half a lattice parameter, resulting in the formation of
stacking fault formed inside crystal grains of CCTO. This is the
structural planar defects. When the electric field was applied in the
direction of perpendicular to the planar defects, conduction of
charges cannot be generated. The electrical polarization is,
therefore, produced at the planar defects, giving rise to a giant
dielectric behavior in CCTO ceramics. Based on the NBLC model,
the effective ¢’ of CCTO/CTO composites was primarily governed by
the dielectric response inside CCTO grains. Therefore, effective ¢’ of
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CCTO/CTO composites should be dominated and directly propor-
tional to ¢ of the CCTO phase. This is because ¢ of CCTO is much
higher than that of CTO (¢ ~ 200 at 10?> Hz) [29]. This hypothesis is
reasonable because ¢’ values of CCTO/CTO composites were found
to be dependent upon the volume fraction of the CCTO phase. The
composite with the lowest CCTO fraction (referred to the CCTO/
8CTO sample in Ref. [25]) exhibited the lowest &' value.
Regarding CCTO ceramics, most researchers believed that their
giant ¢ response was attributed to the internal barrier (grain
boundary) layer capacitor (IBLC) effect [1,7,10,12,20,31]. In this
model, the dielectric response is due to the interfacial polarization
(or Maxwell-Wagner (M-W) polarization) at the interface
between semiconducting grains i.e., an insulating GB layer, as
illustrated in Fig. 1(a). In contrast to the NBLC model, it is also
possible that ¢’ of CCTO/CTO composites may result from the IBLC
effect as is seen in a single CCTO phase ceramic. In this IBLC model
hypothesis, dielectric responses of internal interfaces between
CCTO/CCTO grains and/or CCTO/CTO grains should make the
primary contribution to the macroscopic dielectric properties of
the CCTO/CTO composite. It is notable that the dielectric response
of CTO-CTO interfaces can be neglected because of the insulating
nature of CTO grains. Thus, the lowest & value of the CCTO/8CTO
sample can also considered to be caused by lower density of CCTO/
CCTO and CCTO-CTO interfaces compared to the composites
having higher volume fractions of a CCTO phase (CCTO/2CTO in Ref.
[25]). Due to this discrepancy between the intrinsic and extrinsic
effects, a novel approach was needed to systematically investigate
the relationship between macroscopic dielectric properties and

(b)
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Fig. 1. (a) Schematic representation of the microstructure of CCTO polycrystalline ceramics, showing theelectrically microstructure model of internal barrier layer capacitor
(IBLC) due to the electrical response of GBs. (b) Crystalline structure of CCTO. (c, d) Ideal crystalline structure of CCTO and planar defect resulting from a sliding motion by half
a lattice parameter, leading to the formation of nanoscale barrier layer capacitor (NBLC) structure inside the grains of CCTO [15].
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electrical responses of microscopic internal interfaces in CCTO-
CTO composites. The current investigation was performed to
further clarify the exact origin of giant-¢’ in CCTO ceramics or at the
very least to add support to a model that has already been
proposed.

It is often observed that doping metal ions in CCTO ceramics can
result in changes in macroscopic dielectric and nonlinear J-E
properties [6,14,18,20,26,32-38]. These properties may either be
enhanced or degraded. Most experimental results demonstrated
that changes in the macroscopic properties of CCTO ceramics were
primarily due to the effect of particular dopants upon the electrical
response at GBs (CCTO-CCTO interfaces) and/or upon microstruc-
tural changes [18,20,32-35]. Some research suggested that such
changes in macroscopic dielectric properties were attributed to
intrinsic effects [14,36-38]. However, in both cases, nonlinear
properties were still caused by GB electrical responses. Many
researchers found that substitution of Zr** ions into CCTO ceramics
caused a large decrease in ¢ [39-41]. This result was described
based on the reduction in grain size or modification of defect
equilibrium at GBs [39-41]. Using an intrinsic approach assuming
that the electrical response of internal interfaces had a slight
influence, a reduced effective ¢ of the CaCusTis_xZrxO12/CTO
composite system was expected. This is due to a degradation of ¢’ in
the CCTO phase. Furthermore, the effective & should be indepen-
dent of microstructural changes. If an effective ¢ of this composite
system could be enhanced by doping with Zr** and was strongly
dependent on ceramic microstructure, the result might not be
associated with intrinsic factors. To our knowledge, the investiga-
tion of dielectric and J-E properties of CCTO/CTO composites
substituted by metal ions has been rarely reported [26].

In this work, we proposed a novel conceptualization to clarify
the dielectric and electrical properties of CCTO/CTO composites
doped with Zr** ions. The effects of Zr*" upon microstructural
evolution, macroscopic ¢, dielectric relaxation behavior, nonlinear
J-E characteristics, and intrinsic parameters were systematically
investigated. Possible mechanisms explaining the experimental
results obtained are discussed.

2. Experimental

A solid state reaction method was used to prepare Zr-doped
Ca,Cu,Tig0q, ceramics with a nominal chemical composition of
CayCu,Tig_xZr,O012, where x=0, 0.05, 0.10, 0.20, and 0.30 (abbrevi-
ated as CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 ceramics, respec-
tively). Starting raw materials used in this work were CaCOs;
(99.95% purity), CuO (99.9% purity), TiO, (99.9% purity), and ZrO,
(99.9% purity). First, a stoichiometric mixture of the starting
materials for each x value was ball-milled in ethanol for 24 h using
ZrO, balls. Second, the mixed slurries of all compositions were
dried and then calcined in air at 900 °C for 15 h. Third, the calcined
powders were carefully ground and pressed into pellets (without a
binder) with a dimension of 9.5 mm in diameter and ~1.0 mm in
thickness. Finally, these pellets were sintered at 1100°C for 24 h.

To characterize the possible phase compositions of the sintered
CayCu,Tig_xZry 01, ceramics, X-ray diffraction (XRD; PW3040
Philips X-ray diffractometer with Cu K, radiation,
A =0.15406 nm; Philips, The Netherlands) was used to investigated.
Microstructural analysis was performed using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectrometry
(EDS) (SEM; 1450VP, LEO) to characterize the distribution of the
possible phases as well as the chemical elements in the sintered
ceramics. To reveal the distribution of multiple phases throughout
the microstructure, the polished surfaces were characterized using
SEM operating in backscattering electron mode. Before electrical
measurements, Au was sputtered on each pellet face at a current of
25mA for 8 min using a Polaron SC500 sputter coating unit. An

Agilent 4294A Precision Impedance Analyzer was used to measure
dielectric properties over the frequency and temperature ranges of
10%2-10’Hz and —70 to 220°C, respectively. Current-voltage
measurements were done at room temperature using a high
voltage measurement unit (Keithley Model 247). E;, is defined as a
value of an electric field at which J=1.0mA/cm?. Thus, E, was
directly obtained from J-E data. o was calculated using the
following formula:

IOgUZ/]l) (-l)v

o ==L
log(Ez/E1)’

where E; and E, are the applied electric fields, at which J; =1 and J,

= 10mA/cm™2, respectively. The complex impedance (Z*) and

complex electric modulus (M*) were calculated from the relation

[42],

1
e — ol _jell — _
&x & & lCL)C()Z* leO(Z/ _ iZ//)7 (2)
Ms =M +iM' = L, (3)
Ex

where ¢ and ¢ are, respectively, the real (dielectric constant) and
imaginary parts (dielectric loss) of the complex permittivity (&¢*). Z'
and Z” are the real part and imaginary parts of Z*, respectively. M’
and M" are the real and imaginary parts of M*. w is the angular
frequency (w=2mf) and i=+—1. Co=¢0S/d is the empty cell
capacitance, where S is the sample area, d is the sample thickness,
and ¢ is the permittivity of free space, £9=8.854 x 10712 F/m.

3. Results and discussion

Ceramics with a nominal composition of Ca,Cu,Ti4O1> con-
sisted of two phases i.e., CCTO and CTO at concentrations of
~33.3 and ~66.7 mol%, respectively [23,25]. In Fig. 2a, CCTO (JCPDS
75-2188) and CTO (JCPDS 82-0231) phases appear in all the XRD
patterns of CayCu,Tig_xZryOq2 (X =0 — 0.3) compositions, which is
similar to that reported in literature [17,22-28]. The XRD result
confirms creation of CCTO/CTO composite system. An impurity
phase was not detected in the XRD patterns of the CCTO/CTO, Zr05,
and Zr30 samples. This indicates substitution of Zr** into the Ti**
sites of the CCTO phase. However, an impurity phase of CaZrTi,0-
(JCPDS 84-0163) was also observed in the XRD patterns of the
Zr20 and Zr30 samples. This indicates a limited solid solution of
Zr*" in CCTO and/or CTO phases. CCTO phase lattice parameters in
the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 composite samples were
calculated by using Cohen’s least mean square method and found
to be 73893+0.0012, 7.3933+0.0003, 7.3957+0.0003,
7.3914 £ 0.0005, and 7.4004 + 0.0004 A, respectively. These calcu-
lated values are comparable to the 7.391 A value for CCTO crystal
structure (JCPDS 75-2188) and published values of ~7.391A
[12,16,20,21,25,27,32-34,36,37,40,41]. Lattice parameter calcula-
tions indicated an enlarged unit cell in the CCTO phase. As shown
in Fig. 2b, lattice parameters of CCTO phase in CayCu,Tis_»xZryO12
compositions tends to increase with increasing concentration of
Zr** doping ions (x), except for the Zr02 sample for x=0.2.

As depicted in the backscattered SEM images of Fig. 3, all the
sintered ceramics consisted of at least two phases with different
contrasts. According to previous work [24,28], brighter and darker
grains in CCTO/CTO composites were clearly shown to be CCTO and
CTO phases, respectively. In Fig. 4a and b, EDS spectra detected at
the darker (point 1) and brighter (point 2) grains clearly indicate
CTO and CCTO phases, respectively. This is supported by published
literature [24,28]. Only EDS peaks of Ca, Ti, and O were observed in
the darker grain (point 1). In the brighter grain (point 2), a small
intensity Zr EDS-peak was observed as well as the main Ca, Cu, Ti,
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Fig. 2. (a) XRD patterns of Ca;Cu,Tis_»ZrxO12 ceramics. (b) Lattice parameter of
CCTO phase in CayCu,Tis_»ZryOq, composites as a function of doping level (x).

and O EDS-peaks. This indicates that some portion of the Zr** ions
was substituted into the CCTO phase. As shown in Fig. 3d and e,
there is another phase in addition to CCTO and CTO that appeared
in the microstructure of the Zr20 and Zr30 samples. The
observation of this third phase is consistent with their XRD
patterns. In Fig. 4b, the EDS spectrum detected in this phase (point
3in Fig. 4a) confirmed the existence of Ca, Zr, Ti, and O atoms in the
impurities. Thus, it is reasonable to infer that this phase was
CaZrTi, 04, as it appeared in the XRD patterns.

According to the microstructure analysis shown in
Figs. 3 and 4, grain sizes of the CTO and CCTO phases in
Zr**-doped CCTO/CTO (Z-CCTO/CTO) composites were much
larger than those observed in the CCTO/CTO composite. The
mean grain sizes of the CCTO phase in the CCTO/CTO, Zr05,
Zr10, Zr20, and Zr30 samples were found to be 2.9+0.97,
9.04 £3.44, 10.99+3.75, 13.40+3.75, and 13.54+5.22 pm,
respectively. The mean grain sizes of the CTO phase in these
samples were 1.96+0.48, 6.22+2.13, 4.63+1.79, 5.85+2.28,
and 6.29 +2.21 wm, respectively. These results are particularly
interesting in light of previous work [40,41], where substitution
of Zr* into a single phase CCTO ceramic caused a great
decrease in the mean grain size. Here, a small portion of Ca,
Zr, Ti, and O reacted to form a new CaZrTi,0; phase. Formation
of a CaZrTi,0, phase might cause an excess of CuO-rich phase
within the microstructure. The grain growth of CCTO ceramics
is correlated with liquid phase sintering [43,44]. A slight excess
of CuO in the starting CCTO composition could promote the
grain growth rate in a single phase of CCTO ceramics. The CuO-
rich phase was believed to be a source of a liquid phase that
existed during the sintering process of CCTO ceramics.

Therefore, the larger grain growth in Z-CCTO/CTO composites
may be attributed to the existence of a slight excess of CuO in
their microstructure. The density of all the samples was
measured by the Archimedes method. The relative densities
of the CCTO/CTO, Zr05, Zr10, Zr20, and Zr30 samples were
calculated and found to be 88.93, 91.33, 91.49, 89.93, and
88.96%, respectively.

Fig. 5 shows the frequency dependence of ¢ and tan§ at 20°C
for all samples of the current study. The values of ¢’ at f=1kHz are
summarized in Table 1. The inset of Fig. 5a demonstrates the values
¢ at 10% and 10*Hz as a function of doping level. &’ ~ 1863 of the
CCTO/CTO sample was comparable to the value 1800 first reported
by Kobayashi and Terasaki [17], and others [27]. According to
microstructural analyses, it is likely that the Zr05 and Zr10 samples
consisted of CTO and CCTO phases with concentrations roughly
estimated to be about 66.7 and 33.3 mol%, respectively. This is the
same as in the CCTO/CTO composite. The Zr20 and Zr30 samples
consisted of three phases with an additional CaZrTi,O; phase.
According to previous work [39-41], it was found that substitution
of Zr** ions into CCTO ceramics caused a large decrease in ¢ values.
According to simple mixing models that excluded the effect of
interfacial interaction between the two phases [17],&' of the Z-
CCTO/CTO composite system should be reduced compared to the
un-doped CCTO/CTO composite. This is because ¢’ of the un-doped
CCTO grains in the CCTO/CTO composite was expected to be larger
than that of the Zr-doped CCTO grains in the CaCusTigxZrxO12/
CaTiO; composites. Interestingly, ¢ at f<10°Hz of CCTO/CTO
composites was strongly enhanced by doping with Zr#*, as clearly
seen in the inset of Fig. 4a. The dielectric response in Z-CCTO/CTO
composite system could not be described by simple mixing models
or a mixing law such as the Maxwell-Garnett model, Bruggeman
self-consistent effective medium model, and Lichtenecker’s
logarithmic law [17,45]. This result strongly suggested that the
high dielectric response of a CCTO/CTO system as well as in CCTO
ceramics was not primarily due to intrinsic effects. Obviously, a
high dielectric response should be caused by an electrical response
of internal interfaces such as the CCTO-CCTO interface, CCTO-CTO
interface, and/or domain boundaries in the large grains of CCTO.
Therefore, a strongly enhanced ¢’ in Z-CCTO/CTO system may be
attributed to the modified electrical response at these internal
interfaces caused by Zr** doping ions.

The frequency dependence of tand at 20°C and tan§ values
(at f=1kHz) is shown in Fig. 5(b) and Table 1, respectively. Over
the range of f=102-10%Hz, tan§ of all samples increased rapidly
with decreasing frequency. This was mainly due to the effect dc
conduction in the bulk ceramics [2,44]. A low-frequency tan§ of
Ca,Cu,Tig_xZryOq, ceramics increased as x increased from O to 0.1.
Then, it decreases as x was further increased from 0.2 to 0.3.
Interestingly, the Zr30 sample exhibited improved dielectric
properties with & ~4,610 and a reduced tand~ 0.038. When
f>10°Hz, tan§ of all samples rapidly increased with increasing
frequency. This was clearly due to the dielectric relaxation
process [2].

To study the effect of Zr** substitution upon the dielectric
relaxation mechanism in the CCTO/CTO composites, the frequen-
cy dependence of ¢ and ¢” (¢’ =¢'tan §) at different temperatures
was investigated. As shown in Fig. 6, the frequency-dependence
characteristics of the CCTO/CTO and Zr30 samples were quite
similar. At —70°C, a sudden drop in & at a relatively high-
frequency was observed. This was accompanied with the ¢’ peak.
Frequencies at which rapidly decreasing & and &’-peak were
observed, shifted to higher frequencies with increasing tempera-
ture. This result indicates a thermally activated dielectric
relaxation mechanism. The activation energy (E,) required for
this thermally activated relaxation could be calculated using the
Arrhenius law [6],
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Fig. 3. Backscattered SEM images of polished-surfaces of (a) CCTO/CTO, (b) Zr05, (c) Zr10, (d) Zr20, and (e) Zr30 samples.

Fras = foeXp (;B—ET) (@)

where fiax e is the frequency at which the ¢’ peak (ef,,) was
observed, T is absolute temperature (K), kg is the Boltzmann
constant, and fp is a constant term. As shown in Fig. 7, the
temperature dependence of fyax ¢ is linearly well fitted by Eq. (4).
According to the fitted results, E, values were calculated and
found to be 0.12240.007, 0.137+0.003, 0.139+0.004,
0.144 +0.002, and 0.157 +0.002 eV for the CCTO/CTO, Zr05, Zr10,
Zr20, and Zr30 composite samples, respectively. E, tended to
slightly increase with increasing Zr** concentration. As shown in

Figs. 6 and 7, at a particular temperature, the fiax .- value of CCTZO/
CTO composites decreased with increasing Zr** dopant concen-
tration. For example, fiaxe values at —70°C for the CCTO/CTO,
Zr05, Zr10, Zr20, and Zr30 samples were obtained and found to be
1.0 x 105, 2.8 x 10°, 2.0 x 10°, 1.0 x 10°, and 0.5 x 10° Hz, respec-
tively. This indicated the effects of Zr** doping ions on the
dielectric relaxation behavior of CCTO/CTO composite systems. It is
notable that the current study is the first report of dielectric
relaxation behavior in CCTO/CTO composite systems. E, ~0.122 eV
for the CCTO/CTO sample was slightly higher than the value of a
single CCTO phase system. Thus, the origins of the dielectric
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Fig. 4. (a) Backscattered SEM image of polished-surfaces of Zr30 sample, showing
EDS testing points at different phases. (b) EDS spectra detected at different points on
the surface of the Zr03 sample.

relaxation mechanism in CCTO/CTO composites and CCTO
ceramics might have resulted from a similar cause.

Using the M-W relaxation model [46,47], the macroscopic
relaxation time (t=1/27fmax ) Was derived and estimated to
correlate with the microscopic parameters of grain resistance (Rg)
and GB capacitance (Cgp), i.e., T~RyCyp. Furthermore, it was
demonstrated that E, should be nearly the same value as the
activation energy of conduction inside the semiconducting grains
(Eg) [46]. For clarification, the dielectric relaxation behavior in
Zr-CCTO/CTO composites was related to the M-W relaxation type.
This was performed using impedance spectroscopy (IS) to
investigate the electrical parameters of internal interfaces (or
GB) and in the grain interior at different temperatures. IS data were
interpreted based on the brick-work layer model [1]. In Fig. 8, the
observed incomplete semicircular arcs (at 20°C) indicate to the
electrical response of insulating internal interfaces [1,31] of CCTO-
CCTO and CCTO-CTO interfaces, as described by Ramirez et al. [25].
They used electrostatic force microscopy (EFM) to show that these
two interfaces were electrically active, while the CTO-CTO
interface was electrically inactive. Thus, the total resistance is
governed by the resistance of these internal interfaces (Rinc OT Rgp).
The non-zero intercept on Z' axis at high frequency data indicated
the electrical response in the semiconducting part of CCTO/CTO
composites [inset (a) of Fig. 8], which is the electrical response of
CCTO grains [11]. Concurrently, the CTO phase is well known as a
good insulator. In inset (b) of Fig. 8, the temperature dependence of
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Fig. 5. (a) ¢ and (b) tan§ of Cap,Cu,Tis »ZryOq5 ceramic at 20°C over a measured
frequency range; inset of shows ¢ as a function of doping level at 10* and 10*Hz.

R, follows the Arrhenius law [46]. Rg=Roexp(Eg/kgT) or o4=00exp
(Eg/kgT), where, Ry and o, are constant parameters and oy is the
grain conductivity. E; values were calculated and found to be
0.098 +0.001, 0.112+0.001, 0.119+0.001, 0.1254+0.003, and
0.144+0.001eV for the CCTO/CTO, Zr05, Zr10, Zr20, and
Zr30 samples, respectively. Both E; and E;, of the Z-CCTO/CTO
composites increased as Zr** concentration increased. This result
might indicate that the dielectric relaxation in CCTO/CTO
composite system was of the M-W relaxation type [46].

To further investigate the relationship between the macro-
scopic T values obtained from the dielectric relaxation peak of &”
and the product of RgCyp, Cgp, values were calculated from the M”-f
plots. From the magnitude of the maximum value of M"(f) (M., ), it
can be shown that fiaxns=1/27RC and M., = Co/2C [42]. As
seen in Fig. 9a for the Zr20 sample, the height of My, ., is nearly
independent of temperature. These values are proportional to the
reciprocals of the associated capacitance. This result indicated that
capacitance related to observed M., only weakly depended on
temperature. The calculated values of capacitances at various
temperatures for all samples are shown in Fig. 9b. The capacitance
values of Zr-CCTO/CTO composites were in the range of ~1.5-
3.0nF. According to the brick-work layer model for CCTO
polycrystalline ceramics [1], it is reasonable to suggest that these
capacitance values were a result of the dielectric response of the
insulating internal interfaces or Cgp, [31]. The grain capacitance (Cg)
of CCTO is usually in the order of 107'2F (or pF) [1,42]. Only Cgp,
values of the Zr05 and Zr10 samples were calculated at 20°C,
which were found to be 2.75 and 2.98 nF, respectively. Due to a
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Table 1
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¢ and tanéd (at 1kHz and 20°C), activation energy for dielectric relaxation (E,), activation energy for conduction inside grain (Eg), resistance of CCTO grain at 20°C (Rg),
estimated capacitance of GB at room temperature (Cgp,), nonlinear coefficient (o), and electric breakdown field strength (Ep) at room temperature for ceramic samples.

Samples g tand E, Eg Rg Cep o E,
(eV) (ev) (Qcm) (nF) (V/cm)
CCTO/CTO 1863 0.045 0.122 0.098 ~160 ~0.72 9.9 5,817
Zr05 8501 0.193 0.137 0.122 ~110 ~2.75 3.2 519
Zr10 10,355 0.442 0.139 0.119 ~120 ~2.98 2.8 396
Zr20 7073 0.089 0.144 0.125 ~230 ~2.28 4.1 973
Zr30 4610 0.038 0.157 0.144 ~500 ~1.49 3.5 917
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small variation in temperature dependence of Cgp, the Gy, values at
20°C of other samples were roughly estimated and are summa-
rized in Table 1. The effect of Zr** doping ions on the value of Cgp of
CCTO/CTO composites is clearly seen in the inset of Fig. 9b.
Obviously, variations of Cg, values are consistent with observed
variation of ¢, as demonstrated in the inset of Fig. 5a. The dielectric
response of CCTO/CTO composite systems might be caused by the
dielectric responses at internal interfaces. The values of RgCyp, were
calculated using Rg values at 20 °C and the estimated values of Cg,
at 20°C. As shown in Fig. 10, variations of macroscopic t values are
consistent with RgCyy, values. The RyCgy, value of the Z-CCTO/CTO
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Fig. 10. Relationship between t (calculated from T=1/wmax) at —30°C and the
product of Ry and Cgp, (RgCyp values) at 20°C of Ca,Cu,Tis ZryO;2 ceramics.

351 .
30
s L
‘T'E 25 |
3) [ —=— CCTO/CTO
< Xr —e— 7105
g 5[ —a—7r10 !
g I —— 7120 !
10 —<— 7130
5
0 1
0 2000 4000 6000 8000
-1
E(V.cm)

Fig. 11. J-E characteristics at room temperature of Ca,Cu,Tis »ZryO1> ceramics.

composites increased with increasing Zr** dopant concentration.
Therefore, the dielectric relaxation behavior in CCTO/CTO com-
posite systems may be due the M-W relaxation type, which is
related to interfacial or space charged polarization [46,47].
Interfacial polarization at the internal interfaces of CCTO-CCTO
and CCTO-CTO interfaces is a major cause of the observed high
dielectric response in CCTO/CTO composites. Changes in ¢’ in the Z-
CCTO/CTO composites likely resulted from modified electrical
polarization at the internal interfaces. A much larger grain size of
the Z-CCTO/CTO composites than un-doped CCTO/CTO composite
gave rise to the space charged sheet region. This enhances
polarization intensity, increases € magnitude of the Z-CCTO/CTO
composites compared to that of CCTO/CTO samples. The decrease
in ¢ of the Zr20 and Zr30 samples compared to those values of the
Zr05, and Zr10 samples was attributed to the incorporation of a
CaZrTi,O; phase.

To study the effect of insulating internal interfaces on tané of
Zr-CCTO/CTO composites, the relationship between tan§ and Ry,
was investigated. As shown in Fig. 8, Rgp, at 20°C of Z-CCTO/CTO
composites tended to decrease strongly when increasing Zr**
concentration from 1.25 and 2.5at% (for Zr0O5 and Zr10 samples,
respectively), indicating a decrease in Rgp. When the concentration
of Zr*" was further increased to 5.0-7.5at% for Zr20 and
Zr30 samples, respectively, Rg;, increased. This result is consistent
with variations in tan§ as a function of Zr** concentration.

The effect of Zr** doping ions on the non-ohmic properties of
CCTO/CTO composites at room temperature was investigated. As
illustrated in Fig. 11, E, of nonlinear J-E curves was greatly reduced
by substitution of Zr**. E, and « values are provided in Table 1. The
nonlinear properties of Z-CCTO/CTO composites were strongly
degraded when compared to the un-doped CCTO/CTO samples.
From SEM images, it is clear that one of the most important factors
that remarkably decreases Ey, is the larger mean grain sizes of the
CCTO phase. This was especially true for the Zr05 and Zr10 samples
when compared to the CCTO/CTO sample [11]. The increase in E,
values after further increasing Zr** concentrations may have
resulted from the third CaZrTi,O; phase. It is notable that J-E
curves of the Zr20 and Zr30 samples were almost identical in the
range of J=0-5mA/cm?. The large increase in the mean grain size
of CCTO phase reduced insulating GB density, resulting in a
reduction of Ey, [11]. Another important factor may be due to the
interface of CCTO-CaZrTi,0-, but this is of lesser magnitude.

4. Conclusions
Zr**-doped CCTO/CTO ceramic composites were created from a

nominal formula of Ca,Cu,Tis_»ZryO12. Doping Zr** into CCTO/CTO
composites resulted in an increase in the mean grain sizes of both
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the CCTO and CTO phases. Zr** ions were preferentially substituted
into the CCTO phase. At Zr** dopant concentrations of more than
2.5mol%, Zr** was found to be over the limited solid solution,
leading to formation of a CaZrTi,O; impurity phase. A strong
increase in ¢ of 1.03 x 10* for the 2.5 mol% of Zr**-doped CCTO/CTO
composite was observed compared to that of the un-doped
composite (&' ~ 1.86 x 10%). This result is completely different from
that observed in a single phase Zr**-doped CCTO ceramic. Here, &’
was greatly reduced by doping with Zr**. Thus, the origin of the
high dielectric response in CCTO/CTO composites was confirmed to
be an extrinsic effect related to the electrical responses of internal
interfaces, rather than being caused by an intrinsic effect
originating in the grain interiors. It was found that variations of
E, and E; values were consistent with each other. Furthermore, a
change in the macroscopic dielectric relaxation time was clearly
consistent with the variation of RCgy, values, following the M-W
relaxation model. These results strongly support the conceptuali-
zation of an internal interface effect on the giant dielectric
response in CCTO-based compounds.
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Nag sBipsCusTisO1, nanocrystalline powders were prepared by a combustion method using glycine as a
fuel. X-ray diffraction technique was used to characterize NagsBigp5CusTi4O12 nanocrystalline powders,
which were obtained by firing precursors at 800-900 °C for 6 h. Dense ceramic microstructure of
Nag 5Bigp5CusTisO1; was obtained by sintering ceramic powders at 980 °C for 12 h. The Nag 5Big 5CusTiz012
ceramics exhibited high dielectric constants in the order of 10# at room temperature and 1 kHz. The loss
tangent of the sintered NagsBig5CusTi4O1, ceramics was found to be less than 0.2 at room temperature
and 1 kHz. The impedance spectroscopy analysis revealed that Nag sBig5CusTi4O1, ceramics were electri-
cally heterogeneous, consisting of insulating grain boundaries and conductive part of the grains. The
dielectric relaxation behavior with activation energies of about 0.118-0.127 eV observed in the dielectric
spectra of the NagsBig5CusTisOq, ceramics was suggested to be the Maxwell-Wagner relaxation type,
which was originated from the polarization relaxation at grain boundaries.
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1. Introduction

CaCusTis04, (CCTO) attracted considerable attention since its
abnormal dielectric response was disclosed [1,2]. The dielectric
behavior of CCTO ceramics is very interesting. CCTO has very high
dielectric permittivity (¢') in the order of 103-10° [3-8]. Further-
more, according to the first report [1], it was found that ¢ at
1 MHz is nearly independent on temperature over the range from
room temperature to 300 °C. Therefore, CCTO ceramic is believed
to be a new promising dielectric material for capacitor applica-
tions. Recently, the dielectric properties of related oxides in the
family of ACu;Ti4O1> compounds, where A = Biy3 [9], Layz [9,10],
Y2/3 [9,11], Na”zBi]/z [12—16], Na1/2La1/2 [17,18], and Na]/2Y1/2
[19] have been widely studied. According to the first report on
the study of the dielectric properties of these ACusTisO;, com-
pounds [20], the & values of ACusTi4O,, ceramics were found to

* Corresponding author at: Department of Physics, Faculty of Science, Khon Kaen
University, Khon Kaen 40002, Thailand. Tel.: +66 84 4190266; fax: +66 43 202374.
E-mail address: pthongbai@kku.ac.th (P. Thongbai).

http://dx.doi.org/10.1016/j.mee.2014.07.002
0167-9317/© 2014 Elsevier B.V. All rights reserved.

be considerably lower than 3600 at 100 kHz. However, it was
found that by varying sintering conditions, & of some ACusTi4O1;
compounds can be enhanced to the order of 10% similar to that
observed in CCTO ceramics [9,11,12,14,18,19].

To study CCTO ceramics and related ACusTi,O1, compounds for
applications in electronic devices, selection of the preparation
method is one of the most important decisions, which can deter-
mine the final bulk properties of these materials. Usually, CCTO
ceramics and related ACusTi4O;, compounds are synthesized via
a solid state reaction (SSR) method [1,2,8-10,12,13,17,19]. Na,CO3,
CaCO0s, Cu0, TiO,, Bi,03, La,05, and Y,03 were selected as the start-
ing raw materials to synthesize ceramic powders, which were used
to form a green body before sintering. As well known, the SSR
method requires high temperatures and long reaction times to pro-
duce a pure phase.

In contrast to the SSR method, synthesis of ceramic powder by
using chemical solutions can offer the possibility of closer stoichi-
ometric control compared to the SSR method. Low-temperature
chemical reactions with short reaction times are usually sufficient
to produce a pure phase [4,5]. There have been many studies


http://crossmark.crossref.org/dialog/?doi=10.1016/j.mee.2014.07.002&domain=pdf
http://dx.doi.org/10.1016/j.mee.2014.07.002
mailto:pthongbai@kku.ac.th
http://dx.doi.org/10.1016/j.mee.2014.07.002
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee

W. Tuichai et al./ Microelectronic Engineering 126 (2014) 118-123

investigating synthesis of CCTO ceramics by chemical methods
[3-7,21,22]. Unfortunately, synthesis of ACusTi4O;, ceramic
compounds via chemical routes have been rarely reported [14-
16,18]. For the synthesis of CCTO ceramic powders, some chemical
methods can effectively produce a CCTO phase by firing at temper-
ature lower than 800 °C with short reaction times such as pyrolysis
of organic solutions [4], combustion method using ammonia as a
fuel [5], and ethylenediaminetetraacetic acid (EDTA) precursor
[21]. Although there have been reports on chemical preparation
of ACusTi4O1, ceramic compounds, it is useful to develop new
methods to increase the number of design options and to support
a variety of applications in the future. Therefore, a new wet chem-
ical solution route to prepare CCTO is worthy of study.

Among chemical routes used to prepare CCTO ceramics and
related ACusTizO1, compounds, the combustion method is one of
the most interesting routes to effectively prepare these ceramic
powders [5,7,21]. Normally, organic compounds such as urea, gly-
cine, citric acid, and EDTA are widely used as fuels for gel combus-
tion processes [23]. The glycine nitrate process (GNP) is one of the
most attractive combustion methods [24], which can be used effec-
tively to prepare homogeneous nanoparticles of ceramic powders.
The advantages of the GNP process are relatively low cost, fast
heating rates, short reaction times, high composition homogeneity,
and high energy efficiency [25,26]. To best of our knowledge, there
is no report on the preparation of ACusTi4O;, ceramic compounds
by using a combustion method. Therefore, in this work, we have
prepared Na;;;Bi;2CusTisO1, (NBCTO) ceramics using GNP. The
NBCTO powders and sintered ceramics were characterized. The
dielectric properties of the sintered NBCTO ceramics were investi-
gated and discussed.

2. Experimental procedure

NBCTO ceramics were prepared by the GNP. The starting raw
materials consist of NaNOs (99.99%, Kanto Chemical), (CH3CO;)3Bi
(99.99%, Sigma-Aldrich), Cu(NO3),-4H,0 (99.5%, Carlo Erba), Cy6.
H,506Ti (75 wt.% in isopropanol, Sigma-Aldrich), acetic acid,
deionized water, and glycine. First, stoichiometric amounts of
NaNOs, (CH3CO,)3Bi, and Cu(NOs),-4H,0 with molar ratio of
0.5:0.5:3 were dissolved in an aqueous solution of acetic acid with
constant stirring at room temperature. Then, a C;gH50¢Ti solution
was added into the metal ion solution under constant stirring until
the formation of a clear and transparent solution was accom-
plished. Next, 0.5 g (or 0.75 g) of glycine powder was added into
the mixed solution with stirring at 150 °C until a viscous gel was
observed. Finally, the gel was dried in air at 350 °C for 30 min. It
is worth noting that combustion was occurred in this step at a
temperature of about 200 °C. When 1.0 g of glycine was used to
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prepare NBCTO powders, the reactions occurring during ignition
were highly explosive and the combustion process cannot be con-
trolled. The resulting dried porous precursors were ground and cal-
cined at 800, 850, and 900 °C for 6 h. The NBCTO powders that
were prepared by using 0.5 g of glycine and calcined at 800, 850,
and 900 °C are referred to P1, P2, and P3 powders, respectively.
The NBCTO powders that were prepared by using 0.75 g of glycine
and calcined at 800, 850, and 900 °C are abbreviated as P4, P5, and
P6 powders, respectively. All of the calcined powders were pressed
into pellets with dimensions of 9.5 mm in diameter and ~1-2 mm
in thickness by uniaxial compression at 200 MPa. Finally, these pel-
lets were sintered in air at 980 °C for 12 h. The sintered NBCTO
ceramics synthesized by using P1-P6 powders to form green
bodies are assigned to be the S1-G0.5C800, S2-G0.5C850, S3-
G0.5C900, S4-G0.75C800, S5-G0.75C850, and S6-G0.75C900 cera-
mic samples, respectively.

The phase formation and crystal structure of the NBCTO pow-
ders and the sintered ceramics were analyzed by X-ray diffraction
(XRD) (Philips PW3040, the Netherlands) technique. Scanning elec-
tron microscope (SEM) (LEO 1450VP, UK) coupled with energy-dis-
persive X-ray spectrometry (EDS) were used to characterize the
microstructure of the NBCTO powders and the sintered ceramics.
Each pellet face of the sintered bulk ceramics was polished and
sputtered with Au at a current of 25 mA for 8 min using a Polaron
SC500 sputter coating unit. The dielectric properties were mea-
sured using an Agilent 4294A Precision Impedance Analyzer over
the frequency and temperature ranges from 10? to 107 Hz and
—70 to 220 °C with an oscillation voltage of 0.5 V.

In this work, the complex impedance (Z*) was calculated from
the equation,

1 1
" iwCy(Z —iZ"y’

(1)

where Z' and Z” are the real part and imaginary parts of Z*, respec-
tively. ¢ and ¢” are the real (dielectric constant) and imaginary parts
(dielectric loss) of the complex permittivity (&), respectively. w is
the angular frequency (w=2nf) and i=+v—1. Cy=¢¢S/d is the
empty cell capacitance, where d is the sample thickness, S is the
sample area, and ¢, is the permittivity of free space,
£0=28.854 x 1072 F/m.

3. Results and discussion

The phase compositions of the calcined powders were charac-
terized by using the XRD technique. Fig. 1 shows the XRD patterns
of NBCTO powders prepared by a GNP using 0.5 g and 0.75 g of
glycine and calcined in air at 800, 850, and 900 °C for 6 h. As shown
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Fig. 1. XRD patterns of NBCTO powders calcined at different temperatures and prepared by using different amount of glycine. (a) and (b) represent the XRD patterns in a wide
range scale of 20 = 25-65° and narrow range scale 20 = 32-38°, respectively, revealing the existence of a second CuO phase.



120 W. Tuichai et al./Microelectronic Engineering 126 (2014) 118-123

in Fig. 1(a), the main peaks of XRD corresponding to NBCTO crystal
structure were observed in all the samples. The overall XRD pat-
terns of all the samples (P1-P6 powders) are very similar to that
observed in literature for the NBCTO ceramics prepared by a con-
ventional solid state reaction method [12,13]. Furthermore, the
XRD patterns of the P1-P6 powders are also similar to those
observed in NBCTO ceramics prepared by using a Pechini method
[14], sol-gel method [15], and co-precipitation method [16]. As
demonstrated in Fig. 1(b), however, careful inspection revealed
that a very small amount of CuO secondary phase was still
observed in all the NBCTO powders, which is similar to that
observed in NBCTO powders prepared by using other chemical

routes [14-16]. It is important to note that when the precursors
were calcined at temperatures lower than 800 °C, a large amount
of impurity phases were detected in XRD patterns. On the other
hand, a relatively high calcination temperature (>900 °C) resulted
in the existence of powder agglomeration. This can cause an inho-
mogeneous packing of particles in the green body, which is unsuit-
able for fabricating highly dense microstructure.

Lattice parameters were calculated by using Cohen’s least mean
square method and found to be 7.411+0.0015, 7.409 + 0.0006,
7.414+0.0016, 7.407 £0.0004, 7.397+0.0012, and 7.408+
0.0006 A for the P1-P6 powders, respectively. It is important to
note that all of the sintered NBCTO ceramic samples are pure phase

Fig. 3. SEM images of surface morphologies of NBCTO ceramics sintered at 980 °C for 12 h: (a) S1-G0.5C800, (b) S2-G0.5C850, (c) S3-G0.5C900, (d) S4-G0.75C800, (e) S5-

G0.75C850, and (f) S6-G0.75C900 samples.
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with lattice parameters of 7.409 + 0.0009, 7.408 + 0.0013, 7.407 +
0.0007, 7.408 +0.0012, 7.408 +0.0006, and 7.407 + 0.0008 A for
the S1-G0.5C800, S2-G0.5C850, S3-G0.5C900, S4-G0.75C800,
$5-G0.75C850, and S6-G0.75C900 samples, respectively. These val-
ues of the NBCTO powders and bulk ceramics are comparable to
the value of 7.412 A reported in the literature [20]. SEM images
of the P1 and P4 powders that were calcined at 800 °C are shown
in Fig. 2. Particle sizes of these NBCTO powders prepared by a
GNP were in the range of 100-300 nm. The surface morphologies
of the sintered NBCTO ceramics are shown in Fig. 3, revealing the
grain and grain boundary structure. The mean grain sizes of
the S1-G0.5C800, S2-G0.5C850, S3-G0.5C900, S4-G0.75C800,
S$5-G0.75C850, and S6-G0.75C900 samples were estimated to be
~2.63, ~2.83, ~3.29, ~2.38, ~2.93, and ~2.09 pm, respectively.
Interestingly, the microstructure with highly dense grain packing
is observed in all the ceramic samples. The densities of all the
NBCTO ceramic samples were calculated using Archimedes
method and found to be 4.44, 4.48, 4.47, 5.01, 4.97, and 5.07
g/cm?, respectively. These values are comparable to the value of
5.053 g/cm® for the theoretical density of CCTO.

To describe the dielectric properties of NBCTO ceramics, first of
all, the data about the electrical properties of grains and grain
boundaries must be achieved. Thus, an impedance spectroscopy
was used to investigate the electrical responses of grain and grain
boundary of the sintered NBCTO ceramic samples. This method is a
powerful tool to separate the electrical responses of grain and the
grain boundary of polycrystalline ceramics [27]. Impedance com-
plex plane plots (—Z" vs. Z' plots) at a temperature of 60 °C and
their expanded view of high frequency data close to the origin
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Fig. 4. Impedance complex plane plots at 60 °C of NBCTO ceramics: (a) for the S1-
G0.5C800, S2-G0.5C850, S3-G0.5C900 samples, and (b) for the S4-G0.75C800, S5-
G0.75C850, S6-G0.75C900 samples. Their insets show an expanded view of the
high-frequency data close to the origin, indicating the electrical response of the
grains.
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Fig. 5. Frequency dependence of Z” in the temperature range of 90-180 °C for the
$3-G0.5C900 sample (each step increase in measured temperature is 10 °C); inset
shows Arrhenius plots for the grain boundary conductivity for all the ceramic
samples.

for the NBCTO samples are shown in Fig. 4(a) and (b) and their
insets, respectively. Basically, the grain resistance (Rg) and grain
boundary resistance (Rgp,) of a polycrystalline ceramic can be deter-
mined from the diameter of two semicircular arcs, which are
observed in the impedance spectrum at high and low frequency
ranges, respectively [27]. When only one arc is observed in the
measured frequency range at any temperatures, R, is usually esti-
mated from a nonzero intercept on the Z' axis at high frequencies.
As shown in Fig. 4(a) and (b), Rg, values of the S1-G0.5C800,
S$2-G0.5C850, and S3-G0.5C900 samples are nearly the same;
whereas, Ry, of the S6-G0.75C900 sample is less than that of the
$4-G0.75C800 and S5-G0.75C850 samples. R, values of all the sam-
ples are nearly the same in value. By using the impedance spectros-
copy analysis, it is strongly indicated that the NBCTO ceramics are
electrically heterogeneous, consisting of insulating grain bound-
aries and semiconducting grains. For example, at 60 °C, it can be
estimated that Rgp, values of NBCTO ceramic samples are of about
1-2 x 10° Q.cm; while, R, values are of about 1-2 x 10% Q.cm.
The frequency dependence of Z” was used to further investigate
the electrical characteristics of grain boundaries. According to the
equivalent circuit represented the internal barrier layer capacitor
(IBLC) electrical structure model, Z” can be expressed as [28],

CURgb Cgb :|
1+ (WRgCgp)?|’

» wR,C
Z" =R, £t 7| T Rep
1+ (wReCy)

As shown in Fig. 5, Z” peak shifts to higher frequencies with
increasing temperature, indicating a thermally activated electrical
response. It is observed that Z” peaks decrease with increasing
temperature. At the maximum value of Z”, it can be shown that
R=2Z, .. [29]. As shown in Fig. 4, at 60 °C, the values of Ry, of
all the samples are of about 1-2 MQ.cm. Thus, a step decrease in
Z,.x Tepresents a decrease in Rgp. Therefore, Ry, values of all the
samples can be calculated at different temperatures. As demon-
strated in the inset of Fig. 5, it was found that the grain boundary

conductivity, g, = 1/Rgp,, follows the Arrhenius law,

Ogp = Og EXP (ﬂ) 3)

@)

kBT

where Ey, is the activation energy required for conduction at grain
boundaries, oy is constant term, kg is the Boltzmann constant, and T
is absolute temperature. By using Eq. (3), the values of Eg, of all the
samples can be calculated from the slope of plots of Ina vs. 1000/T.
Egp values for the S1-G0.5C800, S2-G0.5C850, S3-G0.5C900, S4-
G0.75C800, S5-G0.75C850, and S6-G0.75C900 samples are found
to be 0.491, 0.498, 0.492, 0.523, 0.499, and 0.485 eV, respectively.
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These values are comparable to reported values of 0.720, 0.590, and
0.639 eV for Egb of the Bi2/3CU3Ti40]2 [30], L32/3CU3T140]2 [10], and
NajzLaq2CusTig0q, [17] ceramics, respectively. It is observed that
Eg, of the S6-G0.75C900 sample is lower than other samples.
According to the SEM images of the sintered ceramics (Fig. 3) and
the impedance spectroscopy analysis (Fig. 4), Ry, of the S6-
G0.75C900 sample is lower than Ry, values of the S4-G0.75C800
and S5-G0.75C850 samples even though its mean grain size is
smallest. This indicates that a low R}, value of the S6-G0.75C900
sample is primary caused by the intrinsic properties of the grain
boundary (i.e., Eg, or electrostatic potential barrier height), rather
than the geometric effect such as the grain boundary thickness.
Thus, it is reasonable to suggest that a low Rg;, value of the S6-
G0.75C900 sample is primary attributed to a low Eg, value.

The dielectric properties of the sintered NBCTO ceramics were
investigated as functions of temperature and frequency. Fig. 6(a)
and (b) shows the frequency dependence of ¢ at 20 °C for all the
samples. At 102Hz, ¢ values at 20°C of the S1-G0.5C800,
S2-G0.5C850, S3-G0.5C900, S4-G0.75C800, S5-G0.75C850, and
$6-G0.75C900 samples are of about 0.93 x 104, 1.11 x 10%,
1.08 x 10%, 0.88 x 10%, 0.74 x 10%, and 1.36 x 10%, respectively.
The values of ¢ of all the samples synthesized from powders that
were prepared by using different conditions are of about 10* at
low frequency range and nearly the same in value. & values at
10® Hz are of about 0.76 x 10% 0.87 x 10 0.82 x 10% 0.75 x 10,
0.60 x 10% and 1.00 x 10%, respectively. Xu et al. [15] reported &
value of ~1-2 x 10* (at 10? Hz) for NBCTO ceramics with grain
sizes of 1.0-2.2 um prepared by a sol-gel technique using the sin-
tering conditions of 950 and 1000 °C for 3 h. Qiu et al. [ 14] investi-
gated the dielectric properties of NBCTO ceramics that were
prepared by a modified Pechini method and sintered at 1000 °C
for 5 h. They found that the NBCTO ceramic with average grain size
of 1.9 um exhibited a high value of & ~ 2.0 x 10* at 1 kHz and
room temperature. Most recently, the dielectric properties of
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NBCTO ceramics prepared by a co-precipitation method have been
investigated [16]. At room temperature and 10% Hz, & values of
NBCTO ceramics sintered at 950-1020 °C for 8 h were found to
be ~0.3-2.0 x 10 In this current study, ¢ values of the NBCTO
ceramics with grain sizes of ~2-3 pm prepared by a GNP can be
comparable to ¢ values for NBCTO ceramics prepared by other
chemical routes. The insets of Figs. 6(a) and (b) show tand as a
function of frequency. The values of tans at 10° Hz of all the sam-
ples are lower than 0.2, except for the S6-G0.75C900 sample. When
the frequency increased to 10° Hz, ¢ rapidly decreased. This indi-
cates a dielectric relaxation mechanism in the NBCTO ceramics.
In this work, we also found that the sintering time had effects on
both microstructure and dielectric properties of NBCTO ceramics.
A large amount of pores were observed in the NBCTO ceramics sin-
tered at 980 °C for 3 h. Some residual pores were also observed in
the NBCTO ceramics sintered at 980 °C for 6 h. The existence of
pores in the microstructure of NBCTO ceramics resulted in a
decrease in ¢'.

In the low-frequency range of 10°-10*Hz, ¢ of the S6-
G0.75C900 sample is higher than that of the S4-G0.75C800 and
S5-G0.75C850 samples (Fig. 6(b)). This may be due to the effect
of sample-electrode interface, i.e., interfacial polarization at the
sample-electrode contact. As demonstrated by Li et al. [31], it
was clearly demonstrated that the electrical response of sample-
electrode contact can contribute to the low-frequency dielectric
response of CCTO ceramics. They have also demonstrated that a
low-frequency ¢ value is dominant when Rg;, was reduced. There-
fore, in the current study, the observed higher value of ¢ in a low-
frequency range of the S6-G0.75C900 sample might be associated
with a low value of R, resulting in the dominant effect of sam-
ple-electrode contact.

To study the dielectric relaxation behavior in NBCTO ceramics,
the frequency dependence of ¢ and ¢’ at various temperatures
in the range from —-70 to 50°C for the S$3-G0.5C900 and
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Fig. 6. (a, b) Frequency dependence of ¢’ at 20 °C for all of the NBCTO ceramics; insets of (a) and (b) show tans as a function of frequency. (c, d) Frequency dependence of ¢ at
various temperatures in the range from —70 to 50 °C of the S3-G0.5C900 and S6-G0.75C900 samples, respectively; their insets demonstrate the frequency dependence of ¢” at

different temperatures.
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Fig. 7. Arrhenius plots of the dielectric relaxation process for all the ceramic
samples: (A) S1-G0.5C800, (B) S2-G0.5C850, (C) S3-G0.5C900, (D) S4-G0.75C800, (E)
$5-G0.75C850, and (F) S6-G0.75C900 samples.

S6-G0.75C900 samples was measured. As shown in Figs 6(c) and
(d) and their insets, the rapid decrease (step-like decrease) in &
and the related &” peak move to a higher frequency as the measur-
ing temperature was increased. This behavior indicates a thermally
activated dielectric relaxation process in the NBCTO ceramics. Note
that the increase in ¢’ as the frequency decreased from 10% to
10? Hz is due to the dc conduction in the NBCTO ceramics accord-
ing to the relationship &” = g4c/€0w, Where, g4 is the dc conductiv-
ity. As shown in Fig. 7, the temperature dependence of the
frequency at a maxima peak of &’ (fmax) follows the Arrhenius
law [30],

fmax :fO exp(_Ea/kBT)7 (4)

where fo and E, are a constant value and the activation energy
required for relaxation process, respectively. From Eq. (4), E, can
be calculated from the linear slopes in Fig. 7. The values of E, for
the S1-G0.5C800, S2-G0.5C850, S3-G0.5C900, S4-G0.75C800, S5-
G0.75C850, and S6-G0.75C900 ceramic samples were found to be
0.104, 0.118, 0.119, 0.122, 0.127, and 0.122 eV, respectively. The
observed dielectric relaxation in the NBCTO ceramics may be attrib-
uted to the Maxwell-Wagner polarization mechanism [30].

4. Conclusion

In conclusion, NBCTO nanocrystalline powders have success-
fully been prepared by using a GNP. NBCTO nanocrystalline pow-
ders were obtained by firing precursors at 800-900 °C for 6 h.
Dense ceramic microstructure of NBCTO was achieved by sintering
the compact ceramic powders at 980 °C for 12 h. ¢ values of the
NBCTO ceramics were found to be very high as in the order of
10* at room temperature and 1 kHz. The values of tan of the sin-
tered NBCTO ceramics were found to be lower than 0.2 at room
temperature and 1 kHz. By using an impedance spectroscopy, it

was strongly indicated that the structure of NBCTO polycrystalline
ceramics consisted of insulating grain boundaries and semicon-
ducting grains. The dielectric relaxation behavior observed in the
dielectric spectra of NBCTO ceramics with E, of about 0.118-
0.127 eV was attributed to the Maxwell-Wagner relaxation polar-
ization at grain boundaries.

Acknowledgments

This work was financially supported by the Thailand Research
Fund (TRF) and Khon Kaen University, Thailand (Grant No.
TRG5680047) and the Integrated Nanotechnology Research Center
(INRC), Khon Kaen University, Thailand. W. Tuichai would like to
thank the Thailand Graduate Institute of Science and Technology
(TGIST) for his Master of Science Degree scholarship.

References

[1] M.A. Subramanian, D. Li, N. Duan, B.A. Reisner, A.W. Sleight, J. Solid State Chem.
151 (2000) 323-325.
[2] A.P. Ramirez, M.A. Subramanian, M. Gardel, G. Blumberg, D. Li, T. Vogt, S.M.
Shapiro, Solid State Commun. 115 (2000) 217-220.
[3] P. Jha, P. Arora, A.K. Ganguli, Mater. Lett. 57 (2003) 2443-2446.
[4] J. Liu, Y. Sui, C.-G. Duan, W.-N. Mei, RW. Smith, ].R. Hardy, Chem. Mater. 18
(2006) 3878-3882.
[5] J. Liu, RW. Smith, W.-N. Mei, Chem. Mater. 19 (2007) 6020-6024.
[6] C. Masingboon, S. Maensiri, T. Yamwong, P.L. Anderson, S. Seraphin, Appl. Phys.
A 91 (2008) 87-95.
[7] P.Thongbai, S. Pinitsoontorn, V. Amornkitbamrung, T. Yamwong, S. Maensiri, P.
Chindaprasirt, Int. J. Appl. Ceram. Technol. 10 (2013) E77-E87.
[8] P.Thongbai, T. Yamwong, S. Maensiri, Microelectron. Eng. 108 (2013) 177-181.
[9] W. Hao, J. Zhang, Y. Tan, W. Su, J. Am. Ceram. Soc. 92 (2009) 2937-2943.
[10] B. Shri Prakash, K.B.R. Varma, J. Mater. Sci.: Mater. Electron. 17 (2006) 899-
907.
[11] P. Liang, Z. Yang, X. Chao, Z. Liu, X.M. Chen, J. Am. Ceram. Soc. 95 (2012) 2218-
2225

[12] H. Ren, P. Liang, Z. Yang, Mater. Res. Bull. 45 (2010) 1608-1613.

[13] Z. Yang, H. Ren, X. Chao, P. Liang, Mater. Res. Bull. 47 (2012) 1273-1277.

[14] Y. Qiu, Z.Z. Ma, S.X. Huo, H.N. Duan, Z.M. Tian, S.L. Yuan, L. Chen, J. Mater. Sci.:
Mater. Electron. 23 (2012) 1587-1591.

[15] B. Xu, J. Zhang, Z. Tian, S.L. Yuan, Mater. Lett. 75 (2012) 87-90.

[16] Y. Su, J. Song, R. Liu, H. Huang, J. Electroceram. 30 (2013) 166-171.

[17] P. Thongbai, T. Yamwong, S. Maensiri, Mater. Res. Bull. 47 (2012) 432-437.

[18] Z. Liu, G. Jiao, X. Chao, Z. Yang, Mater. Res. Bull. 48 (2013) 4877-4883.

[19] W. Somphan, N. Sangwong, T. Yamwong, P. Thongbai, ]. Mater. Sci.: Mater.
Electron. 23 (2012) 1229-1234.

[20] M.A. Subramanian, A.W. Sleight, Solid State Sci. 4 (2002) 347-351.

[21] Y. He, T. Liu, Y. Xu, J. Zhao, Z. Du, Mater. Res. Bull. 47 (2012) 1181-1184.

[22] P. Thongbai, B. Putasaeng, T. Yamwong, S. Maensiri, . Alloys Comp. 509 (2011)
7416-7420.

[23] S. Mukherjee, M.R. Gonal, M.K. Patel, M. Roy, A. Patra, A.K. Tyagi, M. Menon, J.
Am. Ceram. Soc. 95 (2012) 290-295.

[24] L.A. Chick, L.R. Pederson, G.D. Maupin, J.L. Bates, L.E. Thomas, G.J. Exarhos,
Mater. Lett. 10 (1990) 6-12.

[25] B. Liu, Y. Zhang, J. Alloys Comp. 453 (2008) 418-422.

[26] M.N. Rahaman, Ceramic Processing and Sintering, second ed., M. Dekker, New
York, 2003.

[27] E.D. Morrison, D.C. Sinclair, A.R. West, . Am. Ceram. Soc. 84 (2001) 531-538.

[28] J. Liu, C.-G. Duan, W.N. Mei, RW. Smith, J.R. Hardy, J. Appl. Phys. 98 (2005)
093703.

[29] M. Li, A. Feteira, D.C. Sinclair, J. Appl. Phys. 105 (2009) 114109.

[30] J. Liu, C.-G. Duan, W.-G. Yin, W. Mei, R. Smith, J. Hardy, Phys. Rev. B 70 (2004).

[31] M. Li, D.C. Sinclair, A.R. West, ]. Appl. Phys. 109 (2011) 084106.


http://refhub.elsevier.com/S0167-9317(14)00286-X/h0005
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0005
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0010
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0010
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0015
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0020
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0020
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0025
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0030
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0030
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0035
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0035
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0040
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0045
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0050
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0050
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0055
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0055
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0060
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0065
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0070
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0070
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0075
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0080
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0085
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0090
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0095
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0095
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0100
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0105
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0110
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0110
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0115
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0115
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0120
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0120
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0125
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0130
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0130
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0130
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0135
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0140
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0140
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0145
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0150
http://refhub.elsevier.com/S0167-9317(14)00286-X/h0155

	1
	2
	3
	4
	5
	Na1/3Ca1/3Bi1/3Cu3Ti4O12: A new giant dielectric perovskite ceramic in ACu3Ti4O12 compounds
	1 Introduction
	2 Experimental details
	3 Results and discussion
	4 Conclusion
	Acknowledgments
	References


	6
	7
	11
	Na0.5Bi0.5Cu3Ti4O12 nanocrystalline powders prepared by a  glycine–nitrate process: Preparation, characterization, and their  dielectric properties
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	4 Conclusion
	Acknowledgments
	References





