Investigation on Giant Dielectric Constant Material

CaCu3Ti40i2

= M R CaCihTi 1Y BIF 5%
3

YUAN » Wenxiang
&S

A Thesis Submitted in Partial Fulfillment
of the Requirements for the Degree of
\ Doctor of Philosophy
in
Physics

The Chinese University of Hong Kong
August 2010



UMI Number: 3483329

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed.
a note will indicate the deletion.

UMI

AN Y . .
Dissertation Publishing

UML 3483329
Copyright 2011 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

Pro(Quesf

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor. Ml 48106-1346



Thesis/Assessment Committee

Professor KUI, Hin Wing (Chair)
Professor HARK, Sui Kong (Thesis Supervisor)
Professor NG, Hang Leung Dickon (Committee Member)
Professor MEI, Wai Ning (External Examiner)



Abstract

CaCu3Ti40i2 (CCTO), an unusual perovskite-like material, is known for
extraordinarily high (often reaching 10" and relatively frequency independent
dielectric constant. Recently, it has drawn a lot of attention, because of its potential

applications in microelectronics and microwave devices.

In this investigation, CCTO powders were synthesized by two routes, a conventional
solid-state reaction and a wet-chemistry method. Three kinds of materials, polyvinyl
alcohol (PVA, an organic binder), boric oxide (B203, a well-known glass former),
hafnium oxide (HfO] » a material with high dielectric constant 1 35 were added to the
pre-reacted CCTO powder and sintered into ceramics. The effects of these additives
on the microstructures, or electric and dielectric properties of CCTO ceramics were
investigated. In addition, CCTO thin films were also successfully prepared. The AC
conductivity, impedance, and complex dielectric permittivity were used to analyze the
data. These observations were well explained in terms of an internal barrier layer

capacitor (IBLC) model with Maxwell-Wagner (MW) dielectric relaxation.
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Chapter 1 Introduction

1.1 Background

The giant dielectric constant in calcium copper titanate, CaCu3Ti40i2 (CCTO), has
a high frequency dielectric constant of about I0Mo”’ which is practically frequency
independent between DC and 10" Hz and possesses good temperature stability over a
range from 100 to 400 K [1-4]. This remarkable property makes it highly suitable for
technological applications in capacitive memories and mobile phones [1,5],
Meanwhile, CCTO is also a Pb-free dielectric material, and will not be an
environmental hazard.

In fact, CCTO was first synthesized in 1967, and its crystalline structure was
found out in 1979 [6,7]. In 2000, Subramanian et al. [1] reported that it exhibits a high
dielectric constant. Due to the high and stable dielectric constant, it has been the
subject of extensive study in recent years. That is because, with the miniaturization of
microelectronic devices, the demand of high dielectric constant materials is increasing
rapidly. Dielectric materials can be applied to several devices, including dynamic
random access memory (DRAM), ceramic capacitors, and microwave devices [8-11].
However, CCTO ceramics have high dielectric constant values from 10" to IOA»
depending on their fabrication process [12-15]. So the dielectric constant is very
sensitive to the experimental conditions.

From the X-ray diffraction studies, the crystalline structure of CCTO is found to
be the ImS space group [1,7], a perovskite-like constructed by superimposing a body
centered ordering of Ca and Cu ions and a pronounced tilting of the titanium centered

octahedra. The lattice parameter is deduced to be 7.391 A > axd the Ti cation is found



to reside at the octahedral coordination, with a heavily distorted Ti-O-Ti bond angle of
141 - » which alters the coordination of Ca and Cu cations and leads to a square-planar
environment for Cu and 12-coordinated icosahedron for Ca. That is to say, the Ca and
Cu cations occupy crystallographically distinct A sites with a coordination of 12 and 4>
respectively. The Cu-O distance shows no variation with temperature in the range of
50-300 K, due to the high rigidity of its bond [16]. Therefore, it is unlikely that the
high dielectric-constant phenomenon is caused by a lattice structure change, and/or
other related intrinsic mechanisms, such as ferroelectric phase transition. Hence - it is
necessary to turn to the other direction, namely, searching for extrinsic mechanisms.
Considerable amount of efforts aimed at understanding the extrinsic origins have
been put forward by many research groups: characterizations of the temperature and
frequency dependences of the permittivity and impedance of CCTO and related
compounds, such as Bi2/3Cu3Ti40i2 [17,18], La2y3Cu3Ti40i2 [18], and SrCu3Ti40i2
[18], had been carried systematically, and it was found that, in all these compounds, a
Debye-like relaxation with a dielectric constant independent of temperature and
frequency was detected for a wide range. In complex impedance measurements, there
are evidences of two dielectric responses with different intensities and frequencies
were observed. These two dielectric responses were related to semiconducting grains
and other insulating grain boundaries, and ascribed as the Maxwell-Wagner (MW)
relaxation of the interfacial polarization, which was due to oxygen deficiency
occurred at the regions between grains and grain boundaries and generated the
detected Debye-like relaxation and large dielectric constant. Thus, a generally
accepted scenario, the internal barrier layer capacitance (IBLC) model [4,19-23], is

constructed to explain most of the dielectric behaviors of CCTO and related materials.



1.2 Empirical model and essential physical quantities

In this section, we shall introduce the equivalent circuit primarily used to analyze
the experiment data of dielectric properties, the physical quantities, such as complex
impedance Z*, complex dielectric permittivity £* AC conductivity and nonlinear
coefficient a, and their relations with each other. All these quantities are useful in

understanding the dielectric properties of CCTO samples.

1.2.1 Equivalent circuit

The resistor-capacitor equivalent circuit shown in Fig. 1.1 is inspired by the
observation and study of the MW relaxation in the dielectric spectroscopy, and often
used to analyze the dielectric responses of CCTO ceramic samples. ldentification of
the contributions from the bulk grain and grain boundary of the ceramic material is
derived from fitting the experimental response to the equivalent circuit, usually
comprised of a series of parallel resistor-capacitor {R-C) pairs. The circuit consists of
a series array of two subcircuits, one of which represents grain and the other grain
boundary effects. Each subcircuit is composed of a resistor and a capacitor joined in
plirallel. Let (Rg, Rgb) and (Q, Cgb) be the resistances and capacitances of the grains

and grain boundaries, respectively.

Fig. 1.1 Equivalent circuit used to represent the dielectrical properties of CCTO
ceramics that exhibit grain (Rg’ Q) and grain boundary (Rgb’ Cgb) effects.

J.2,2 Complex impedance (Z*)



From the above mentioned equivalent circuit of IBLC model, the complex

impedance (Z*) can be shown to be:

= +j [IC))-' + =Z0O -z 0 (1)
Rg Rgh

Z'= Rg | Rgb 0

where cois the angular frequency, j =V ~, Z' and Z" are the real and imaginary

parts of Z* From Equation (1), it can be seen that when — 0, Z*((0)-" Rg+Rgb.
Specifically, in the case of CCTO ceramics, we have to assume Rg « Rgi,and Q «
Cgb in order to deduce the intrinsic mechanism discussed later.

Graphically, the complex impedance of Equation (1) appears as two separate
semicirclar arcs when I/RgCg » 1I/RghCgbin the Z' vs Z" plot (complex impedance
plot) as shown in Fig. 1.2. The larger arc is due to the grain boundary (large resistance)
responses at low frequencies and the smaller arc is due to the bulk grain (small
resistance) responses at high frequencies. At the maximum of each arc-
YreX = iTifmax*= 1, whcrc/is the frequency of the applied field, and r(= RxCx. x=g
or gb) is the relaxation time. When plotting the complex impedance, one may obtain
both semicircles, when each term has distinctly different/f& values at different ranges
of frequencies. In order to distinguish the components in the equivalent circuit (Fig.
1.1) in the complex impedance diagram, /max must differ by at least two orders of
magnitude. In actual measurements, it is hard sometimes to obtain both semicircular

arcs in the complex impedance plot, especially for the small arc associated with the



interior of the bulk grain > because its/nax at room temperature is usually beyond the
highest available frequency of impedance analyzers. So, the nonzero Z’ intercept of
the larger arc at high frequencies usually represents the resistance of grains (Jig). Each

semicircle is separated into the two portions by (2;" =1 right one

(lower frequencies) and the left one (higher frequencies). In most cases that will be
presented later, we observed that the arcs corresponds to lower frequency (right)
portion of the small semicircle, and the higher frequency (left) portion of the large
semicircle, due to the limit of the measuring temperature and frequency.

From the above statements, we can see that each parallel R-C pair represents a
component with different capacitance and resistance values. So in the experiments,
we also find out the other components different from grains and grain boundaries,
such as domain boundaries and sample surface layers, which will described in detail
in Chapter 2. As a result » there will be four parallel R-C pairs in series in the
equivalent circuit, so four semicircular arcs should be observed. In fact - because their
Imax values are too close, their corresponding semicircular arcs are not separated out
from each other in complex impedance spectrum. Therefore, we have to adopt another

more efficient method to analyze the data, which will be introduced in Section 1.2.3.



Fig. 1.2 Complex impedance spectrum corresponding to the IBLC model. Arrows
indicate the direction of increasing frequency.

1.2.3 Complex dielectric permittivity (£*)

Another presentation of the dielectric response, the complex dielectric permittivity

{e*)y can be calculated as following:

e* =£'-je"= ‘
JcoCqZ

where Co is the empty cell capacitance,y = Vw > £' and e" are the real and imaginary

parts of e*.

In the Cole-Cole plot of complex dielectric permittivity (s" versus f)’ we usually
notice arcs close in shape to semicircles in Chapter 2, which are associated with the
different dielectric relaxation processes, that is to say, each semicircle corresponds to
each parallel R-C pair. The complex dielectric permittivity diagram can sometimes
reveal more information about the relaxation processes involved with grains and grain

boundaries.

1.2.4 Effective dielectric constant (e') and IBLC model



Following the thorough investigations of complex impedance and dielectric
permittivity, the high dielectric constant of CCTO at radio frequencies is associated
with the IBLC effect, arised from the core/shell structure. Accordingly » each grain
contains a conductive "core" at the interior of the grain (bulk CCTO) and a uniform
insulating shell on the outside. The insulating shell is formed by local reoxidation of
ions, and called as the grain boundary [24]" and its thickness is assumed to be
independent of the grain size > since it is controlled by the rate of diffusion. Because of
different electric properties between the bulk CCTO grain and grain boundary, that is
Rg « Rgb and Q « Cgb’ the Aeffective” dielectric constant (s") of the core/shell
structure at low frequencies can be approximated as:

Sgt,(tg+ tgb}igh. (5)
where Sgt is the dielectric constant of the insulating grain boundary phase (but is often
assumed to be the same as that of the bulk phase), tg the average grain size and tgb the
average grain-boundary thickness [17,25,26]. Like many other research groups
[26,27], we think the Sgb value is approximately 100.

If tgb« 1y the effective dielectric constant can be further simplified as [28-32]:
A% VW, (6)

Therefore, within the IBLC model, the dielectric constant is tightly related with
the average size of grains and the thickness of grain boundaries; more specifically, the

ratios of grain size versus grain-boundary thickness.

7.2.5 AC conductivity (crac)

To study the transport properties, we introduce the AC conductivity (ctac) that is



defined as:

aAc = coeoe'tanS = coeoe'D = cofoe'\ (7
where Eq is the permittivity in vacuum, co = 2nf and/is the frequency, and tanS (=D )
is the dielectric loss.

Usually, Oac increases with the frequency. We note that the AC conductivities of
CCTO ceramics fall within the range of those of the semiconductors. It is generally
believed that the presence of shallow levels in the band structure of CCTO renders it
semiconducting [33,34]. The shallow levels arise from the formation of oxygen

vacancies, expressed as: O[] (oxygeion at normal site) — N(oxygen vacancy) +

2e" results in the high conductivity of CCTO. The frequency-dependent AC

conductivity has been successfully utilized to distinguish the contributions of different
insulating layers to dielectric response, such as sample surface, grain boundary,
domain boundary, each of which acts as a depletion layer inducing its own respective

dielectric relaxation. The details will be described in Chapter 2. ‘

1.2.6 Nonlinear coefficient (a)

In the majority of situations, a polycrystalline material has a small leakage current
passing through its microstnicture, when it is subjected to a voltage below its
characteristic breakdown voltage [35]. Only when the voltage exceeds the breakdown
voltage, it becomes conductive and a sudden current increase is observed. In general,
when the applied voltage returns to a value lower than the breakdown voltage, the
material returns to its highly resistive state. In fact, there are two voltage ranges in the

current voltage characteristics of the material below breakdown voltage: a very low



voltage range in which the current-voltage behavior is expected to be Ohmic; a
relatively high voltage range in which the current-voltage behavior is highly
non-Ohmic and nonlinear. The material possessing a significant nonlinear
current-voltage (/-y) characteristic is called a varistor.

In the experiments reported here, we adopt a popular choice that sets the
breakdown electric field (£/,) of CCTO as the applied electric field that induces 1 mA
cm-2 current density [36,37]. Then the numerical value for the nonlinear coefficient a
was obtained by fitting a linear regression of the log/ versus logE plot from the
current density-electric field (J-E) characteristic of the samples within the 0.1-1 mA
cm-2 range.

Since the current-voltage characteristic of varistors is nonlinear, hence it is

expressed as.

=_9g/) =<9 7
d(logn c"OogE)

where K isa constant and a is the nonlinear coefficient.

1.3 Experimental methods

Usually, a CCTO powder is prepared in a process that involves solid-state
reactions, which yields large crystal grains with a wide range of sizes. In order to
produce a powder with small grains, another experimental method, a wet-chemistry
method [38], is also selected, which is operated without using a glove-box or refluxing
the solution, significantly reducing costs and time. In comparison, the solid state
method is easier to operate, and provides ample amounts of powder, the wet

chemistry method synthesizes less amount of powder at much lower temperature (800



°C) and in shorter time (1 h). Detailed descriptions of these two methods will be
summarized in Sections 1.3.1 and 1.3.2.

The extraordinary high dielectric constant of CCTO renders it a potential candidate
for DRAM capacitor material. Compared with bulk materials, the films are more
suitable for their potential applications in microelectronics and micromechanics,
especially thin films with thickness below 1 |im. In our research, the CCTO thin films
were prepared by using radiofrequency (rf) magnetron sputtering method, the
schematic of which is shown in Fig. 1.3, and the experimental details will be stated in

Section 1.3.3.

J~  Substrate and film growth

4 &

m .
®o0 e;

Sputtering Target

Fig. 1.3 Schematic image of rf magnetron sputtering.

7.3.7 Preparation of CCTO powder by a solid-state reaction

CCTO powder was synthesized by a traditional solid state method. Stoichiometric
amounts of CaCOs (99.0%), CuO (99%), and TiOz (98%) starting powders were
milled by a planetary mill machine for 2 h at a rotational speed of 240 rpm.
Afterwards, the mixture was first calcined at 900 [ Gor 10 h, and then its temperature
was quickly brought up to 1100 @n for a short duration of 10 min. The ramping rate
was 20 °C/min. Finally, the ftimace was allowed to cool to room temperature by

turning off its heating [39].



1.3.2 Preparation of CCTO powder by a wet-chemistry method

A wet-chemistry method was used to synthesize fine grain CCTO powder.
Ca(N03)2.4H20 (99%), Cu(N03)2.2.5H20 (99.99%) and Ti[OCH(CH:j)2]4 (97%) were
weighed accurately according to the stoichiometric ratio. 2.84 g Ti[OCH(CH3)2]4 was
first mixed with 1 g acetylacetone by magnetic stirring. 1.92 g citric acid previously
dissolved in 3 ml de-ionized water was added to the titanium solution and stirred for
30 min. 0.59 g Ca(N03)2.4H20 and 1.74 g Cu(N03)2.2.5H20 were dissolved in 20 ml
de-ionized water. They were added into the titanium-citric acid solution. After adding
several drops of agueous ammonia, the solution was heated to 70 °C to evaporate the
water, resulting in a blue gel, which was dried at 450(] Cfor 15 min. The resultant

porous powder was calcined at 8001 Gor 1h [40].

1.3.3 Preparation of CCTO thinfilm by rf magnetron sputtering method

A CCTO powder was prepared by the same solid state reaction described in
Section 1.3.1. It was then pressed into a pellet of 6 cm diameter and 5 mm thick under
a pressure of 16 MPa. Afterwards, the pellet was sintered at 10001 Gn air for 10 h
and cooled to the room temperature. Thus the target used in the rf magnetron
sputtering machine was ready. The films were sputtered on a Pt/Ti/SiOa/Si substrate
whose distance from the CCTO target was 6 cm. The vacuum chamber was initially
pumped down to a base pressure below 1x10™" Pa, and the working pressure during
sputtering was 1 Pa. The rf power was fixed at 150 W with a power density of 5.31
W/cm”; the deposition time was 2 h. The chamber was back-filled with Ar and the

substrate temperature was maintained at 4801 @uring sputtering.



1.3.4 Characterization  equipment

In this dissertation, we utilize the following equipment for different purposes. The
crystalline phase of the sintered ceramic pellets was characterized by X-ray
diffraction (XRD, Rigaku) using the Cu-Ka radiation produced at 40 kV and 160 mA.
The microstructures of the ceramic pellets were investigated by scanning electron
microscopy (SEM > LEO 1450 VP) with 20 kV as the typical accelerating voltage.
Elemental analysis was carried out using the energy-dispersive X-ray (EDX) detector
associated with SEM. For electrical measurements, the pellets were polished with SiC
paper, and then silver paint was applied on both surfaces of the pellet. Dielectric
measurements were performed at room temperature over a frequency range from 40
Hz to 30 MHz at an applied voltage of 1V root mean square (RMS) amplitude at
room temperature. In the frequency range of 40 Hz to 100 kHz, we used a NF
Electronic Instruments Model 2330 LCR meter, and in the frequency rang of 75 kHz

to 30 MHz, an Agilent 4285A Precision LCR meter.

1.4 Studies of CCTO ceramics with different additions and CCTO thin films

In Chapter 2, we describe the preparation and study of CCTO ceramics using the
powder synthesized by the wet chemistry method sintered at 9001 @nd 1050 Gor 3
h. Their microstructure evolutions and dielectric properties were studied. Through a
careful investigation of their dielectric responses with the help of complex dielectric
permittivity diagrams and frequency-dependent AC conductivity, we found out are
three different extrinsic effects associated with the sample surface, grain boundary

and domain boundary for their giant dielectric constants. Though the domains were



scarcely observed in the fine grains (<2 fim) [41,42], the dielectric relaxation
corresponding to the domain boundaries was apparently observed in both the CCTO
ceramics with comparatively finer and larger grains, which results in much larger
dielectric constant. The results presented here are different from those of CCTO
ceramics prepared by the solid state reaction.

On top of that, we also prepared three different series of CCTO ceramics with the
addition of three different kinds of materials: polyvinyl alcohol (PVA), boric oxide
(B203) and hafnium oxide (HfOz). These series of samples were all fabricated by

using the solid state reaction. The effects of the additives on the microstructures,

dielectric and electric properties of CCTO ceramics are reported in Chapters 3> 4> ad
5. We select the additives based on their special properties: namely, PVA is a
well-known organic binder, and usually used in the sintering process to help the
formation of compacted polycrystals [43-47]; B203 forms a glassy phase with a low
melting point (450 °C) and it has a low viscosity at the sintering temperature [48];
HfDz is a high dielectric-constant material with e*= 22-25 [49], Due to their specific
properties, after mixing with CCTO powder, we notice that these additives modify in
different ways the grain size distribution, average grain size, and /or grain-boundary
thickness of the ceramic samples. Hence, these CCTO+addition systems exhibit a
variety of intriguing dielectric phenomena that are interesting to study.

Finally, CCTO thin films were synthesized by using rf magnetron sputtering, and
their microstructures and dielectric properties were studies and described in Chapter 6.
During an annealing process, it is well known that temperature is crucial to the
microstructures and dielectric properties of films, we shall elaborate the details in

Chapter 6.
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Chapter 2 Microstructures and dielectric properties of

CaCu3Ti40i2 ceramics synthesized by a wet-chemistry route

The colossal dielectric phenomena in CCTO materials are extrinsic in nature and
are generally regarded as MW relaxations occurring at interfaces between samples
and the electrodes [1,2-5], depletion layers at domain boundaries [6,7-11], and
depletion layers at grain boundaries [2,3,5,12-17]. In addition, nanoscale barrier layer
capacitors (NBLC) within CCTO grains, caused by stacking faults [18,19] or strained
and composition-disorder boundaries [20], are found to play an important role in
explaining observed experimental findings. Because they are located within the
CCTO grains’ they can be thought of as a kind of domain boundaries. The basic
difference between the domain and grain boundaries is that the former have much
smaller scale of action compared with the latter. So the NBLC model is also ascribed
to as an IBLC model.

Based on the IBLC picture, it is believed that polarization effects at insulating
grain/domain boundaries between semiconducting grains/domains generate the
colossal dielectric constant values. Charge carriers residing on the interface between
electrodes and samples also generate a “surface barrier layer capacitor” (SBLC)
(electrode effects), because of the formation of Schottky diodes at the contact-bulk
interfaces [1,2-5]. Generally speaking, both IBLC and SBLC take place due to
discontinuous change in material distributions. In all, there are three dielectric
relaxations due to the extrinsic effects, which are associated with domain boundaries,
grain boundaries, and sample surface layers. The first two ones are related with IBLC
model, and the other one with SBLC model. Thus we expect to observe them in our

studies of CCTO at the same time and at room temperature (RT). Furthermore, based



on our understanding of the previous studies [2,3,5,21-23], the relaxations described
in the above-mentioned models were observed and discussed, but never three together
at RT. For example, Lunkenheimer et al. [2,3] and L. Zhang [5] had performed
extensive dielectric measurements of CCTO ceramics, but did not observe any

contribution originating from internal domain boundary effects. In the dielectric

[23], evidences of the existence of three relaxations are apparent in the figures, yet
they only recognized and explained two of them. In the case of former, the
low-frequency relaxation in Fig. 2 of Ref. [21] and Fig. 1 of Ref. [22] was referred to
as grain boundary effects; however, the majority opinion, such as in Refs. [1,4],
regarded it as due to electrode effects. These three relaxations are again observed in
Figs. 6 and 7 of Ref. [18], a later paper by the same group, but they only interpreted
the high-frequency (~4 MHz) and intermediate-frequency (10 kHz) relaxations as
caused by grain boundaries and stacking faults inside grains, respectively. As for the
latter's Oac measurements, in Fig. 3 of Ref. [23] the relaxations at low (3 Hz) and
intermediate (630 Hz) frequency regions were referred as contributions from grain
boundaries and domain boundaries. However, most studies attributed the low
frequency (3 Hz) relaxation to electrode effects [1-3].

In this study, first, we observe that all three dielectric relaxations appear at the
same time and at RT. Second, from the measurements of the dielectric properties, we
provide insight into the different relaxation mechanisms and propose a convenient
method to separate the contributing factors (domain boundaries, grain boundaries,
electrodes) through their frequency dependent responses. Third, from the overall cjac,
we derive an understanding of charge migration mechanisms that can also be adopted

to delineate the contributions of domain boundaries, grain boundaries and electrodes.



2.1 Experimental

CCTO powder was prepared by a wet-chemistry method. The synthesis process
was described in Chapter 1. The powder was pressed into two pellets at a pressure of
40 MPa, which were sintered for 3 h at 900 and 105001 dn air. The experimental

techniques and measurement conditions used were described in Section 1.3.4.

2.2 Results and discussion

2.2.JXRD measurements

The room temperature XRD patterns of both pellets are shown in Fig. 2.1. All the
diffraction peaks were indexed, which shows that both samples are single phase
CCTO. Both pellets show distinct (220), (400) and (422) orientations, thus
demonstrating a polycrystalline character. There is no change in their crystalline phase
compositions by sintering at different temperatures, but the relative intensities of

diffraction peaks of the two samples are different.
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Fig. 2.1 X-ray diffraction patterns of CCTO ceramics sintered at 900 and 1050

2.2.2 Dielectric measurements

In Fig. 2.2, we plotted the dielectric constant (€ ) ad loss tangent (D) of our
CCTO samples against frequency at two sintering temperatures, 900 and 1050
With careful examination of Fig. 2.2(a) » we notice that there are three oscillatory
variations over different frequency regions in the measured e'. At the high frequency
region (about 10" Hz) e’ declines sharply, but at the low and intermediate frequency
regions (below 100 Hz) it changes mildly. To support the above-mentioned
observations, we further examine the measured dielectric loss D, shown in Fig. 2.2(b),
and notice that there are three prominent Debye-like relaxations at low (<40 Hz),
intermediate (1O * Hz) and high (O [ H z)frequency regions, which have a
one-to-one correspondence with the oscillations in E», In fact, it is natural to expect
the relaxations to appear more pronounced in D, because it is the ratio of the

imaginary and real parts of the dielectric permittivity. For brevity, we shall indicate



them as the and relaxations. We would like to emphasize that these three
dielectric relaxations of ceramic CCTO prepared by the wet-chemistry method can be
simultaneously observed at RT and are extrinsic origins of the giant e’. The D peak
positions move towards low frequencies with an increase of the sintering temperature.
That is to say, higher sintering temperature leads to a lower relaxation frequency,
which is the frequency when the dielectric constant starts to decline. At frequencies
below the loss peaks, D shows a minimum marking the transition between two next
relaxations. The relaxation step closely resembles the Debye-type relaxation
[12,13,24]. The and dielectric relaxations are believed to be explained by IBLC
effects based on the Maxwell-Wagner (MW) relaxation mode and can be explained by
an equivalent circuit consisting of bulk semiconducting CCTO domains' contribution,
which is connected in series to the two parallel RC circuits of two different types of
internal insulating barrier layers: grain boundaries and domain boundaries [1,23,25].
In Fig. 2.2(a), the plot shows that e’ decreases with the increase of the frequency
from 40 Hz to 30 MHz. In addition, both the samples exhibit a very high dielectric
constant and the dielectric constant increases with an increase of the sintering
temperature. The ceramic pellet sintered at 1050 °C has e' of -80,400 at 40 Hz and
40,000 at 1 kHz. For the 900 °C pellet, e’ is about 31,000 at 40 Hz. Considering the
reported value E’ = 3,000 at 1 kHz with grain sizes of 1and 1.3 fim sintered at 1000
. C for 20 h using the polymeric citrate precursor and the organic gel-assisted citrate
routes by Jha et ai [26] and Briz" et al [27], this 900 °C pellet has much higher
dielectric constant 6,200 at 1 kHz, although it was sintered at lower temperature for
much less time and has smaller grain size as -0.3 |im (shown in Fig. 2.4(a)). That is to
say, the dielectric constant of CCTO ceramics prepared here is extremely enhanced. In

addition, E, of the 900  pellet decreases more sharply than that of the 1050, C one at



the intermediate frequency region. It is due to the relaxation, which is determined
by the interfacial space charge polarization resulting from that the charge carriers
accumulate at the interface between semiconducting CCTO grains and insulating
grain-boundary barrier layers [28]. So this kind of polarization is associated with the
porosities of the pellets [29]. The 900 pellet has smaller grains than the 1050 °C
one, which indicates that it has higher porosity and larger number of grain boundaries.
As a result, more charge carriers are trapped at grain boundaries due to their high
resistivity, which will give rise to stronger interfacial space charge polarization. On
the other side, the 1050 °C pellet has much higher e' at high frequency region than the
9000 Gne, which can be explained by the relaxation, the dipolar polarization
effect corresponding to self-intertwined domain structures present inside the grains
[20,25]. Due to the higher sintering temperature, the 10501 @Qellet has larger grains
and domains - rendering stronger dipolar polarization effect. Because the relaxation
due to domain boundaries is hardly observed at room temperature, relaxation
occurring at grain boundaries would become dominant in the dielectric properties,
when internal domains are not well developed within the grains. However, even in
fine grains of the 900 (1 (pellet, the domains are formed the same way as those in

large grains of the 1050 °C one.
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Fig. 2.2 (a) E» and (b) D versus frequency for CCTO ceramics sintered at different
temperatures.

In Fig. 2.3, we show the typical dielectric complex diagrams, e* plots, for our
CCTO samples. The analysis of the complex dielectric permittivity is useful for
distinguishing distinct relaxation processes and sometimes can beapplied to
determine different polarization effects that contribute to the entire dielectric response
in the measured frequency range. We prefer to adopt the dielectric complex diagram
approach rather than the complex impedance diagrams [30,31] following a similar
route by Bueno et al. [21,22,32], based on the fact that itis more efficient in

identifying the origins of dielectric relaxation processes. For example, even though



we obtained only a single semicircular arc within the measured frequency regions
through the impedance spectroscopy of our samples (not shown), three successive
semicircular arcs are clearly presented in Fig 2.3. For the 900 °C sintered sample, the
and 2nd are barely visible in Fig. 2.3(a), so we show an expanded plot of its
high frequency region in the inset. Nevertheless, for the 1050 sintered sample, the
] and arcs are clearly visible. The three arcs in the low, intermediate and high
frequency regions can be interpreted by using an equivalent circuit that is composed
of three parallel RC elements connected in series, representing three relaxations at
different frequencies. The arc located in the relatively low frequency region is
sensitive to surface treatments [33,34], dc electric field [33,34], type of the electrodes
[1,2], applied AC voltage [3], which is typical for the electrode relaxation, no doubt it
is electrode effects [5]. That is to say > unlike what is said in most reports [5,12,13,17],
the resistivity obtained from the intercept on the real axis of the semicircular arc at the
low frequency region is not the grain-boundary resistivity but the sample surface
resistivity. On the contrary, the | * and arcs at high and intermediate frequency
regions are more inert to field changes, therefore they are not related to an electrode
relaxation phenomenon [33,34]. Both of them are also not intrinsic in origin, because
the arc corresponding to intrinsic dielectric relaxation of domains/grains can not be
observed at RT, and was only observed at very low temperature (-100 K) as shown in
previous studies [12,35]. So, both of them have to be associated with IBLC effects
that have more to do with the microstructures of the samples. Therefore, we ascribe
them to contributions from grain and domain boundaries; and regard these two kinds
of insulating barrier layers as of a similar nature. Since the domain boundaries are
contained within the grains, their separations are shorter than those between grain

boundaries [21,22]. Hence, the relaxation associated with them occurs at higher



frequency. As a result, the Debye-like relaxation is related to domain boundaries,
and is most likely resulted from dipolar relaxations within CCTO grains. Because the
dielectric relaxation corresponding 