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Abstract 

CaCu3Ti40i2 (CCTO), an unusual perovskite-like material, is known for 

extraordinarily high (often reaching lO^) 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 (B2O3, a well-known glass former), 

hafnium oxide (HfO]，a material with high dielectric constant �25)，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. 



摘要 

作為一種不尋常的釣欽碼型的材料，CaCu3Ti40,“CCT0)由於其擁有的非常高的介 

電常数具有相對的頻率不依賴性，因而有名。更因為其在超小型的和微波的器件 

上的應用潛力，所以庚受_注。 

在這次的研究中，CCTO粉末被用傳統的固態反應和濕化學這兩種方法合成。然 

後聚乙炼醇（polyvinyl alcohol, PVA, —種有機粘合劑），氧化硼（boric 

oxide, BA,—種熟知的玻璃原料），和氧化給(hafnium oxide, HfO：̂, —種高介電 

广25)的材料)三種不同性質的材料再加入到製備好的CCTO粉末中，通過燒結成 

陶瓷材料，以便研究這些添加物對CCTO陶瓷的形貌電學或者介電性質的影蓉。 

同時，CCTO薄膜也被成功的製備了。交流電導，複阻抗和複介電常数被用來分 

析測量到的資料。基於内部障礙層電容器（ i n t e r n a l barrier layer 

capacitor, IBLC)的模型和相應的麥斯威爾-瓦格納(Maxwel 1-Wagner, MW)介電弛 

豫，所有親察到的現象都得到了很好的解釋。 
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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 lOMo^’ 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 lÔ ， 

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 人，and 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. Identification 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 � C,)-' + = Z�-jZ��， (1) 
Rg Rgh 

z'= Rg I Rgb � 

where co is 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*((o)-^ 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 l/RgCg » l/RgbCgb in 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， 

ŷ̂ naxX = iTifmax^ = 1, w h c r c / i s 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/臓 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 

/max 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. 



N 

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 ^"effective" dielectric constant (s") of the core/shell 

structure at low frequencies can be approximated as: 

Sgt,(tg+ tgb}/tgb. (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 « tgy the effective dielectric constant can be further simplified as [28-32]: 

^ �% / V W . (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 (CFAC) 

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



defined as: 

aAc = coeoe'tanS = coeoe'D = co£oe'\ (7) 

where Eq is the permittivity in vacuum, co = 2nf and / i s 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� (oxygen ion at normal site) — N ( o x y g e n 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. 

仅 = _ g / ) 二 • g 力 

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. 

厂 Substrate and film growth 

4 •*.:。； 

m m 
® o 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 9 0 0 � C for 10 h, and then its temperature 

was quickly brought up to 1100�C in 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 aqueous ammonia, the solution was heated to 70 °C to evaporate the 

water, resulting in a blue gel, which was dried at 4 5 0 � C for 15 min. The resultant 

porous powder was calcined at 8 0 0 � C for 1 h [40]. 

1.3.3 Preparation of CCTO thin film 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 1 0 0 0 � C in 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 4 8 0 � C during 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 1 V 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 o fCCTO 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 9 0 0 � C and 1050�C for 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 

(B2O3) 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，and 

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]; B2O3 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 ( �1 0 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 1 0 5 0 � C in air. The experimental 

techniques and measurement conditions used were described in Section 1.3.4. 

2.2 Results and discussion 

2.2. J XRD 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 (e’）and 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 10^ 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-Iike relaxations at low (<40 Hz), 

intermediate ( �l O * Hz) and high ( �l 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 
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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 1 and 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 

9 0 0 � C one, 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 1 0 5 0 � C pellet 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 9 0 0 � C 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 be applied 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 it is more efficient in 

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

广 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 to the domain boundaries is clearly revealed in 

both the CCTO samples with fine (-0.3 fim) and large (~55 ^m) grains, the domains 
I 

are well developed within fine grains as well as large ones, even though the domains 

were scarcely observed in the fine grains (<2 fim) [20]. Thus the discovery of domains 

inside the CCTO grains provides a unified picture for the giant dielectric response for 

both the polycrystalline ceramics and single crystals, because both of them possess 

domain boundaries that give rise to the relaxation. Following similar arguments, 

then the relaxation in the intermediate frequency region has to be ascribed to grain 

boundaries. 

To briefly conclude, we regard that the MW relaxation as related to 

semi-conducting domains separated by more insulating domain boundaries, the to 

semi-conducting grains separated by more insulating grain boundaries, and the to 

the formation of a metal-insulator diode, ordinarily called Schottky diodes, at the 

interfaces between the insulating sample surface layers and the electrodes [1,2-5]. On 

the basis of aforementioned discussions plus the relaxation associated with bulk 

CCTO phase (in this case, domains), the equivalent circuit for the dielectric relaxation 

responses of CCTO is represented by a series of four parallel RC elements, describing 

the contributions of domains, domain boundaries, grain boundaries and surface layers. 

Each relaxation has its own characteristic frequency. To be more specific, using the 

1050 °C sintered sample as an example, the relaxation associated with domain 

boundaries occurs at 6 MHz, while tjie one associated with grain boundaries at 

800 Hz. That is to say, the domain-boundary relaxation is not only clearly seen at RT, 

but also well separated from the relaxation associated with grain boundaries in this 



investigation. The relaxation due to electrode effects tends to occur at very low 

frequency, as low as 3 Hz [23], much lower than our lowest measurement frequency 

of 40 Hz. 

eVlO, 

Fig. 2.3 s* plots (a) and (b) for the 9 0 0 � C and 1050�C sintered CCTO, showing the 
whole relaxation pattern. The high frequency region exhibits a Debye-like relaxation 

relating to domain boundary effects, the intermediate frequency one to grain boundary 
effects and the low frequency one to the electrode effects. The arrows indicate the 
characteristic frequency of the relaxations. The inset is a magnification of the high 

frequency region of the 9 0 0 � C data. 

2.2.3 SEM examinations 

The evolution of the microstructures of CCTO ceramics is shown in Fig. 2.4. The 



grain size significantly increases with the sintering temperature. More importantly, at 

a sintering temperature of 900 °C, the sample consists of fine spherical grains with an 

average size of about 0.3 |im. The grains of the 1050�C sample, however, have an 

angular shape with the automatically flat interface and a size distribution in the range 

of 30-100 |im, and its average grain size is � 5 5 fim. Even though domains usually 

develop inside the large grains (> 2 |im) of CCTO [20,36], they have been shown to 

exist within fine grains as small as -0.3 jim. Hence, the formation of the domains in 

such small grains might result from the much finer CCTO powder synthesized by the 

wet-chemistry method than the conventional solid-state reaction. 

Fig. 2.4 SEM images for CCTO ceramics after sintered at (a) 900 and (b) 1050�C. 

2.2.4 AC conductivity 

In Fig. 2.5, we show the dependence of AC conductivity (CJAC) of CCTO ceramics. 



It can be observed that the conductivities of CCTO ceramics are within the 

conductivity range of semiconductors. This general picture of conductivity indicates 

that there are multiple step-like increases as a function of frequency, which is another 

evidence of the existence of three kinds of insulating barriers in CCTO ceramics and 

suggests the existence of multiple dielectric relaxation processes. The multiple 

step-like increases in the middle and high frequency regions are demonstrated to be 

associated with grain boundaries and domain boundaries, respectively. From the 

experimental results, the 1050 °C pellet has a higher conductivity, which results from 

larger density of oxygen vacancies introduced by higher sintering temperature 

[37,38]. 

AC conductivity measurements were used to corroborate our dielectric 

spectroscopy study. Always the conductivity measurement sheds light into different 

relaxation mechanisms and provides a straightforward way to distinguish different 

contributing factors through inspecting their frequency dependence, because the 

different spatial densities of domain and grain boundaries may influence the mobility 

of the charge carriers at different frequency regions. Hence in Fig. 2.5 we observed 

multiple variations in AC conductivity spectra of our CCTO. The conductivity starts 

at low frequencies as aoc, then increases smoothly and finally becomes dispersive 

with increasing frequency. Around 10"* and 10^ Hz for the 900 and 1050。C sintered 

samples, respectively, we observe onsets of an intermediate frequency relaxation. 

Around 10^ Hz, a high frequency relaxation starts to occur. By connecting the 

crossover points at near DC and dispersive conductivities of the two samples, straight 

lines that divide the AC conductivity-frequency spectra into four regions, labeled as I’ 

II, III and rV in the figure, are obtained. As it turns out, these crossover frequencies 

coincide with those of dielectric relaxations. We note that the relaxation frequencies 
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Fig. 2.5 Cac versus frequency for ceramic CCTO at RT. 
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shift to lower values with increasing sintering temperature. Higher sintering 

temperature reduces the amount of defects and allows grains to grow big, as a result, 

rendering electronic excitations easier at domain and grain boundaries. The multiple 

step-like increases in cjac are generally believed to be caused by a potential well 

profile with multiple barrier heights [39]. There are reports [5,23] suggesting that 

these increases are manifestations of multiple relaxation processes that reveal a 

succession from DC to AC conductivities, which is typical for hopping of localized 

charge carriers [40]. There are three kinds of insulating barriers in CCTO associated 

with domain boundaries, grain boundaries and sample surfaces, which can affect 

conductivity [10,25,41]. Summarizing the above, a clear and complete picture is in 

order: corresponding to Regions I, II, III and IV，the potential barriers, associated with 

domain boundaries, grain boundaries and sample surfaces, lead to four 

frequency-dependent contributions to conductivity: namely, carrier migration 

localized within domains [23], carrier migration localized within grains [23], carrier 

migration localized within the samples, long range diffusion of carriers [23], 

according to the jump relaxation model [42]. 
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2.3 Conclusions 

CaCu3Ti40i2 has been successfully synthesized by a wet-chemistry method and 

calcining route, at relatively lower temperature and in shorter time than the 

conventional solid-state reaction. The main purpose of this investigation is to directly 

distinguish three dielectric relaxations resulting from extrinsic origins that render the 
« 

giant dielectric constant and resolve the conflicts on the resistivity deduced from the 

impedance spectroscopy. We report complex dielectric spectroscopy and AC 

conductivity measurements of CCTO ceramics, and observe clearly the occurrence of 

three relaxations at RT. After close examinations, we conclude that they are caused by 
V • 

) 

dielectric relaxations associated with three kinds of insulating layers at internal 

domain boundaries, grain .boundaries, and sample surfaces. Meanwhile, various 

mechanisms of the migration of charge carriers, which tend to show different 

frequency dependence, are manifested in CTAC. Based on the assumption of Schottky 

diode formation (electrode effects) and IBLC model (domain and grain boundary 

• effects), an entirely interface-related mechanism accounts for not only the observed 

dielectric relaxations but also the frequency dependent AC conductivity. More 
� v 

Specifically, the presence of the domains embedded inside the grains of CCTO 
* ^ 

ceramics not only, elucidates the dielectric responses of the polycrystalline and 

singe-crystal CCTO, but also justifies that the extrinsic effects are the major causes 
�• 

for enhancing the dielectric response. 
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Chapter 3 Effects of adding PVA binder on dielectric and electric 

properties of CaCu3Ti40i2 ceramics 

It is observed that CCTO prepared by different methods possesses dielectric 

constant values that varies from 450 to 300,000 [1-6]; hence it is straightforward to 

conclude that dielectric constant of CCTO is very sensitive to experimental 

procedures. Polyvinyl alcohol (PVA), a well-known organic binder, was added to 

CCTO by several research groups for the purpose of producing more compact 

samples [7-12]. In the present study, a series of ceramic CCTO samples were prepared 

with various PVA contents, whose influence on microstructure characteristics, 

frequency-dependent dielectric properties, AC conductivities, and complex impedance 

spectra were investigated at room temperature. In addition, we also looked into the 

effect of PVA addition on the current density-electric field behavior of CCTO 

ceramics. 

3.1 Experimental 

CCTO ceramics were prepared by a solid state reaction, the details of which were 

described in Chapter 1. The formation of a monophase powder was confirmed by 

X-ray diffraction (XRD). The organic binder PVA, at different weight ratios from 

0-8%, was added to the calcined powder to assist the formation of compact samples. 

Then the powder was uniaxially cold pressed into pellets with a diameter of 1 cm at 

4000 psi. Sintering was conducted at 1000。C for 10 h. The sintered pellets prepared 

from starting mixtures with different PVA contents, 0，0.4, 0.8, 2 and 8%, were named 

as P0-P4 as shown in Table 3.1. 



Table 3.1 Dielectric and electric parameters of samples P0-P4. 
Sample no. PVA (wt%) E' at 1 kHz e' al 100 kHz a 丘办(Vcnv,) 

PO 0 7383 5510 3.12 324 58 
PI 0.4 5911 4798 2.76 237.75 
P2 0.8 7074 6018 2.80 243 88 
P3 2 6208 5349 291 251.03 
P4 8 4951 4380 3 34 280 46 

The experimental techniques and measurement conditions used were described in 

Section 1.3.4. In addition, current-voltage {I-V) characteristics were also measured by 

applying DC voltages from 1 V to 30 V on the samples at room temperature. 

3.2 Results and discussion 

3.2. J XRD analysis and microstructure 

XRD patterns of CCTO ceramics with different PVA additions are shown in Fig. 

3.1. Carefiil analysis reveals that there is a perovskite-like phase, and traces of a 

secondary CuO phase were also identified. 

In Fig. 3.2, from (a) to (e) for samples P0-P4, are the SEM images taken from the 

as-sintered surface. We noticed that CCTO microstructures were not apparently 

changed after adding PVA binder. That means, under the current experimental 

conditions, there is no obvious evidence showing that PVA is capable of modifying 

the grain growth. To further examine the location of the CuO phase, we took SEM 

images of the as-sintered and fractured surfaces of PI, selected as examples, and show 

them in Figs. 3.2 (f) and (g). We notice that the liquid-like brilliant phase is located at 

grain boundaries of the fractured surface, which indicates that the secondary 

liquid-like phase existed on the as-sintered sample surface layer and interior, even 

though the amount of the secondary phase inside the samples is smaller in comparison 
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Fig. 3.1 XRD patterns from as-sintered surfaces of samples P0-P4 with different 
amounts of PVA binder. 

with on the surface. We also take a typical EDX diagram of the liquid-like phase, Fig. 

3.2(h), showing that there are strong Cu peaks. It is deduced that in the Cu-rich 

secondary phase the Ca:Cu molecular ratio is 1:17.73, the Cu content is much higher 

than the CCTO stoichiometric value of 1:3. 
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Fig. 3.2 SEM images (a)-(e) obtained from the surface of CCTO ceramics P0-P4. (f) 
is the magnification of (b) to manifest the grain boundary phase, and (g) is taken from 

the fractured surface of PI. (h) is typical EDX spectrum of secondary phase. 

3.2.2 Dielectric property analysis 

The frequency dependence of the dielectric constant (e’）and loss (D) at room 

temperature for the five samples are shown in Fig. 3.3. We notice that while large 

differences in E’ show up at the low frequency region, the values of E’ range from 

6,000 to 11,000 at 40 Hz, the high-frequency behavior remains similar. We tabulated 

the 8' values of all the samples at 1 kHz and 100 kHz in Table 3.1. From P1-P4, P2 

has the largest e', and indeed adding more PVA results in smaller E’. Yet the dielectric 

constant of P4 is still rather high -5,000. Moreover, adding the PVA binder weakens 

the frequency dependence: for example, in case of PO, e* at 100 kHz is 74.6% of that 

at 1 kHz, yet for P4, that is about 88.5%. Meanwhile, D decreases with an increase of 



PVA binder at the measured frequencies below 10 kHz. In addition, D has the 

minimum values at different frequencies: 0.093 for PO at 40 kHz, 0.068 for PI at 40 

kHz, 0.056 for P3 at 20 kHz, 0.045 for P4 at 10 kHz. Though D is not generally 

influenced by the size of grains and the thickness of grain boundaries, the addition of 

the PVA binder improves the density of the ceramic pellets，which might result in the 

smaller D. Basically, the PVA binder provides stable dielectric responses at the low 

frequency range. 
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Fig. 3.3 Frequency-dependent (a) e’ and (b) D of P0-P4. 

3.2.3 Electric property analysis 

In Fig. 3.4, we show the current density-electric field {J-E) curves at room 

temperature for samples P0-P4, which were obtained from the current-voltage {I-V) 

curves after taking into account the diameter and thickness of the samples. Since in 
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Fig. 3.4 J-E curves for samples (a) PO and (b) P1-P4. 

In Table 3.1, we also provide essential data about nonlinear J-E behavior of CCTO, 

such as nonlinear coefficient a and breakdown electric field Eb�which are important 

parameters for non-Ohmic devices (varistors). Though PVA decomposes rapidly 

above 2 0 0 � C as it undergoes pyrolysis at high temperatures，it does have effect on the 

electric properties of the samples. We notice that the change of a and Eb values is 

drastic at first, when small amount (0.4%) of PVA was added, a and Eb values 

increase from 2.76 to 3.34 and from 237.75 to 280.46 V cm•丨 with the PVA addition 

these systems, we expect the relation between J and £ to be non-Ohmic, J oc , 

where the nonlinear coefficient (x=^log(J)/dlog(E) can be obtained by using linear 

regression analysis of the log(J) versus log(E) plot within 0.1-1 mA cm"^ range, where 

it is most non-Ohmic. Conventionally, the breakdown electric field {Eb) was chosen to 

be the value to cause a 1 mA cm'^ current density [10]. 

(b) 
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changes from 0.4 to 8 wt%. All Et, values of samples P1-P4 are smaller than that of PO 

(324.58 V cm"'). All these electric characteristics are strongly influenced by the 

secondary phase located at grain boundaries, particularly as a matter of the thickness 

of secondary phase between grains, which was explained in detail by Ref. [9]. That is, 

after adding PVA, the samples are more compact than the pure CCTO ceramics, so the 

insulating secondary phase at grain boundaries becomes thinner, which reduces the 

breakdown electric field for all the PVA-added ceramics. 

3.2.4 Impedance spectroscopy study 

Cole-Cole plots for the complex impedance (Z*) spectra of P0-P4 are shown in 

Fig. 3.5. As is conventionally done, we interpret the results using an equivalent circuit 

consisting of two parallel RC elements in series. One pair of RC elements corresponds 

to the grain response and the other to the grain-boundary response [13]. The plots at 

low frequencies in Fig. 3.5(a) present approximately a straight line of progressively 

increasing slopes from PI to P4 with increasing PVA contents, which suggest an 

increase in Rgb, the resistivity of grain boundaries. Furthermore, different values of 

grain resistivity (Rg) for P0-P4 ranging from 60 to 280 Q cm could be deduced from 

the diameters of the high-frequency semicircular arcs shown in Fig. 3.5(b). In most 

cases, we only observe less than half of a semicircle, due to the limitation of the 

measuring temperature and frequency range. 
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Fig. 3.5 (a) Cole-Cole Z* plots for P0-P4 at room temperature, (b) shows the 
enlargement of high-frequency parts of (a). 

3.2.5 AC conductivity study 

In Fig. 3.6，we exhibit frequency-dependent AC conductivities (CJAC) of samples 

P0-P4 at room temperature. We notice that the low frequency gac of P0-P4 are close 

in value as shown in Fig. 3.6(a), so we amplify them by plotting log (OAC) versus 

frequency in Fig. 3.6(b). Then we realize a strong frequency dependence, indicating 

hopping of localized charge carriers [14], whereas the dispersion in OAC is a 

manifestation of interfacial polarizations that formed because of the inhomogeneous 

structure. Gac at low frequencies decreases with increasing PVA, as shown in Fig. 

3.6(b). Generally, for all samples, gac increases strongly with frequency at the range 

below 10 MHz, which is the feature of the hopping model, and the transport is 

dominated by contributions of electron hopping [15]. In a hopping model, different 

characteristic regions of frequency can be distinguished [16-18]. The conductivity at 

the lowest frequencies is supposed to be contributed by the sample surface 

conductivity, which results in electrode effects [17，18]. These effects are formed at the 

interfaces between sample surfaces and metal electrodes, usually called the Schottky 
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Fig. 3.6 Frequency-dependent o^c of P0-P4 at room temperature. 

3.3 Conclusions 

diode. Due to the decrease of the surface conductivity, electrode effects of P4 became 

weaker, which renders its dielectric constant lower than the other samples at low 

frequencies. The main difference between PO and P1-P4 is the OAC response at high 

frequency range above 10 MHz: as we can see that OAC of PO increases with the 

measuring frequencies, because the transport of charge carriers is dominated by 

contribution from the cluster hopping. Yet for P1-P4, OAC is saturated at a certain 

frequency, then declines at high frequencies from 10 to 30 MHz. That is because the 

fast varying applied field obstructs hopping conduction in more compact structures. 

This is clearly demonstrated in Fig. 3.6(a). 
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In conclusion, a series of CCTO ceramics were prepared from calcined powder 

with different amounts of PVA binder in this investigation. The effects of adding the 

organic binder on microstructures, dielectric and electric properties of high dielectric 

constant were studied. Adding PVA does not prominently influence the 

microstructures, yet it modifies the electric and dielectric properties in the following 

ways. First, it causes a Cu-rich secondary liquid-like phase to reside not only on the 

surfaces but also between the grains inside the samples, which was not observed in 

CCTO samples made without using PVA. Second, it stabilizes the frequency 

dependence response of dielectric constant and reduces the dielectric loss at low 

frequencies. Third, increase of the PVA content increases the nonlinear coefficient of 

the I- V curves and the breakdown electric field. And fourth, it hinders the hopping of 

the localized charge carriers. The addition of PVA has a compacting effect to the 

inhomogeneous structures of CCTO. 
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Chapter 4 Effects of adding B2O3 on dielectric and electric 

properties of CaCusTi-Ou ceramics 

Boric oxide (B2O3) is a commonly used glass constituent; it has a low melting 

temperature -450 and has a low viscosity at the elevated sintering temperature 

(1000 ®C). As a result, adding B2O3 will introduce a continuous grain boundary glassy 

phase. Prakash et al. added directly B2O3 powder in weigh ratios of 1, 2, and 3% into 

a CCTO powder and sintered the mixture at 1000 to form ceramic samples. They 

observed that the low density of B2O3 results in an enhancement of the grain size; the 

dielectric constant increases with increasing amounts of B2O3, and the dielectric loss 

of samples with B2O3 added is larger than that of pure CCTO sample. 

In this work, to make homogeneous mixtures of B2O3 and CCTO, we selected to 

first dissolve B2O3 by ethanol, and then drop the solution into CCTO powders. And 

also B2O3 with different weight ratios of 0.4，0.8, 2，5, and 8% was chosen to be 

mixed with CCTO powder. As a result, the phenomena observed in our samples will 

be reported later. In the present work, a systematic investigation of the microstnicture, 

electric and dielectric properties of CCTO ceramics as function of B2O3 concentration 

were carried out. 

4.1 Experimental 

The CCTO powder was prepared by the solid state reaction, using starting 

materials CuO, Ti02 and CaCOs and following procedures described in Chapter 1. 

After mixing with B2O3, in the form of 4 wt% alcohol solution, at weight 

concentrations ranging from 0.4% to 8%, the obtained powders were pressed into 



pellets and sintered at 1000 °C for 10 h. 

XRD and SEM of the free surfaces and surfaces with several tens of micrometers 

polished away of the sintered samples were used to monitor phase changes at room 

temperature. The experimental techniques and measurement conditions used were 

described in Section 1.3.4. From EDX measurements, the chemical compositions on 

the surface and few micrometers below were analyzed. Electric and dielectric 

measurements were carried out at room temperature. 

4.2 Results and discussion 

In Fig. 4.1, we show the XRD patterns of the samples. They confirm the formation 

of single phase CCTO for the samples containing less than 5% B2O3. It is also evident 

that the addition of B2O3 brings about undesirable secondary phases of CU3B2O6 and 

CuO, the corresponding diffraction peaks are indicated by the symbols ！ and These 

peaks start to appear when the B2O3 content was increased to 5%. When the 

concentration of B2O3 was increased to 8% , these extraneous peak intensities increase 

significantly and they were indentified to be a result of the emergence of the CuO 

phase. Hence, we notice that the addition of B2O3 results in the decomposition of 

CCTO, and brings about the secondary phase CuO. Yet all the XRD peaks from the 

secondary phase disappears after the samples were polished, indicating that the 

secondary phase only exists on the surface of the sintered pellets, and this is further 

confirmed by the SEM images of a fractured surface, as shown in Fig. 4.3. 
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Fig. 4.1 XRD patterns for (a) free surfaces of 0%，0.4%, 0.8%, 2%, 5% and 8% 
added samples and (b) polished surfaces of 5% and 8% doped samples. 

Microstructures of the pellets containing various amounts of B2O3 are depicted in 

Fig. 4.2. We notice that, after adding B2O3, small grains start to show up within the 

samples. With further increases of B2O3, more small grains segregate out and stay 

between the large grains, resulting in a typically bimodal grain size distribution, i.e. 

the ceramics are composed of large grains and small grains. Generally, we notice that 

adding B2O3 caused reduction in the average grain size due to appearance of small 

grains. Hence, based on the IBLC model, we expect a significant change in the 

dielectric properties of CCTO pellets added with B2O3. With continuing increment 

(5% and 8%) of the glassy B2O3 phase, we see further reduction of the grain size, and 

the morphologies of these two samples are distinctly different from those containing 

lower B2O3. There are indications of the glass phase evolving around CCTO grains, 

which are particularly clear in the samples containing higher amounts of B2O3 (Figs. 

4.2 (e) and (f)). The segregation of B2O3 especially at grain boundaries hinders the 

movement of CCTO particles, hence weakens the grain growth. Indeed, for higher 

concentrations of B2O3, most CCTO grains are separated by a thick layer of glassy 

phase. However, larger amounts (80/0-B2O3) of the glass phase leads to the increasing 

grain size. For example, the sample has larger grains than that of 5%. Basically, SEM 
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micrographs in Fig. 4.2 suggest that the addition of B2O3 reduces the grain growth. 

Especially with 5% and 8% additions, we notice that there are finer grains in the 

B203-added CCTO ceramics when compared to the pure CCTO pellet. The addition 

of B2O3 decreases the average grain size when the B2O3 concentration is not higher 

than 50/0. 

Fig. 4.2 SEM images of free surfaces of CCTO pellets. 

In order to detect more definitely the presence of the secondary phase, SEM 

images were obtained from the fractured surface of the CCTO pellet with 0.4% B2O3, 

selected as a representative. This sample has well defined grain boundaries, and each 

grain is surrounded by a secondary phase as shown in Fig. 4.3(a). Compared with the 

pure CCTO phase, the secondary phase is brighter in contrast. Besides the grain 



boundaries, it is also found on the surface of the CCTO grains, and there is a 

secondary phase in the form of a long rod several micropieters in length, such as those 

shown on the top-left two grains marked by circles in Fig. 3.1(a). The typical EDX 

spectra of the CCTO and secondary phase are sh6wn in Figs. 4.3 (c) and (d), 

respectively. Compared with the CCTO phase, the secondary phase is rich in Cu and 

the Cu/Ca atomic ratio is -8.64. However, the Cu-rich phase is not noticeable on the 

fractured surface, as shown in Fig. 4.3(b). 
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Fig. 4.3 SEM images of (a) the free surface and (b) the fracture surface of 0.4% 
added CCTO pellet; typical EDX images measured at (c) CCTO phase and (d) 

secondary phase. 

，In Fig. 4.4, we show the dependence of the dielectric constant (e') as a function of 

frequency of the pure and BaOs-added CCTO ceramics. Generally, the dielectric 

constant changes little with frequency from 40 Hz to 1 MHz, then it decreases 
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drastically above 1 MHz. We found that the O.40/0-B2O3 pellet has the largest low 

frequency dielectric constant. Based on the IBLC model, the “effective” dielectric 

constant can be approximated by e' ~ £gb(tg/tgb) [2], where £gb is the dielectric constant 

of the insulating grain boundaiy phase (-100), tg is the average grain size and tgb is the 

average grain boundary thickness. Hence we expect that the dielectric constant 

deceases with B2O3 addition in the region 0.4-5%, where the average grain size was 

observed to decrease. For the same reason, the pellet containing 8 % B2O3 has larger 

dielectric constant than that of the pellet containing 5% B2O3. However, we observed 

that the pure CCTO pellet has larger grains than that of the pellet containing 0.4% 

B2O3, but it has smaller dielectric constant. In addition, although the grains of the 

pellet containing 2% B2O3 ( � 3 0 |im) are about 5 times larger than those of the pellet 

containing 5% B2O3 ( � 6 jim), it has �1 . 5 times larger dielectric constant. Therefore, to 

resolve these seemingly conflicting results, we resort the above phenomena to the 

IBLC model and attribute them to the decrease of grain-boundary thickness. Even 

though we did not physically measure it, but it is natural to assume that smaller grains 

will have thinner boundaries. Yet we believe that it is necessary to examine the 

thickness of grain boundaries experimentally, such as utilizing a high-resolution 

transmission electron microscopy, in order to confirm our statements put forth here. 
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Fig. 4.4 Dielectric constant of CCTO pellets with various B2O3 additions. 

As shown in Fig. 4.5，we found that at low frequencies, the dielectric loss (D) has 

little to do with the B2O3 addition, but it is enhanced greatly at high frequencies, 

especially for the pellets containing 5% and 8 % B2O3. We notice that for each sample, 

the drop in e，at high frequencies is accompanied by a rapid increase in D. Just as for 

the pure CCTO sample, each BiOs-added sample has a Debye-like relaxation peak at 

1-10 MHz, whose frequency shifts to lower and then returns to higher values. The 

relaxation is shifted to a higher frequency, implying that more B2O3 tend to reduce the 

activation energy of polarization. We chose the dielectric loss values at 1 kHz of our 

B2O3-added samples to gauge the changes at low frequencies, which are as following: 

for the two low concentrations, 0.4% and 0.8%, the dielectric loss first decreases from 

0.194 to 0.101; for the higher concentration, 2%, it increases to 0.161; with an even 

higher concentration, 2%-8%, it decreases to 0.105 again. The minimum values of 

dielectric loss (/)„/„) are listed in Table 4.1. The smallest value among them is 0.061 

obtained from the pellet containing 2% B2O3 at 30 kHz. 
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Fig. 4.5 Dielectric loss of CCTO pellets with various B2O3 additions. 

In Fig. 4.6, we present the Cole-Cole plot to show Z" versus Z', which are the 

imaginary and real parts of the impedance Z* of the pellets containing various 

amounts of B2O3. We notice clearly that only one semicircle corresponding to by 

grain boundaries response is clearly observed due to the fact that Rg (Q) « Rgt, (Cgb) 

and the frequency range limitation of measurement. Rg (Q) and Rgb (Cgb) are the 

resistance and capacitance of grains and grain boundaries. It can be seen from the 

diameter of the low-frequency arc related to the Rgb value, that adding B2O3 has 

influenced the impedance characteristics of the grain and grain boundary, especially 

the latter.. The semicircles in the low frequency range change obviously with the 

adding of B2O3. Rgb first increases for the samples containing 0.4% and 0.8% B2O3’ 

and then abruptly decreases in the pellet containing 2% B2O3. When the B2O3 

concentration exceeds 2%, Rgb starts to increase. All these can be interpreted as the 

interplay between the reduction of grain size and grain-boundary thickness. It can be 

seen that the volume occupied by the grain boundaries increases when the grain size is 

reduced, thus give rise to the increases in the grain-boundary resistivity. On the other 

hand, based on our previous deduction, small grains tend to have thinner grain 

boundaries, which implies lower grain-boundary resistivity. Therefore, these two 
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Fig. 4.6 Cole-Cole plots for impedance diagrams of CCTO pellets with various B2O3 
additions. The inset shows the enlargement of high-frequency parts. 

To further study the electric conduction of our samples, in Fig. 4.7, we present the 

current density-electric field {J-E) characteristic. It is not difficult to see that the 

samples have a non-Ohmic property. We deduced their nonlinear coefficients (a) and 

breakdown electric fields (Eb) and listed them in Table 4.1. With increasing B2O3, E^ 

first decreases until 2 % B2O3 was added, and then it increases. With the B2O3 increase, 

the nonlinear coefficient drops from 3.15 to 2.16. The nonlinear coefficient of the pure 

trends produce opposite effects in effective dielectric constant. Additional 

experimental investigations on the change of grain-boundary thickness are required to 

resolve this intriguing issue. As shown in the inset, the non-zero intercept on the 

Z'-axis gives the Rg value. It is seen that Rg values for the pure and B2O3 added 

ceramics are 80-140 Q cm, and the lowest and highest values are obtained from the 

pellets containing 0.8% and 5%B203, respectively. And both the pellets containing 5% 

and 8% B2O3 have large grain resistivity values �1 2 0 and 140 Q cm. This could be 

explained from the viewpoint of oxygen vacancies [3,4], which is closely related to 

conducting carriers. It is reasonable to assume that the addition of B2O3 (5% and 8%) 

surrounds the CCTO grains and prevents the formation of oxygen vacancies from 

escaping, resulting in the Rg increase. 
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Fig. 4.7 J-E plot for CCTO pellets with various B2O3 additions. 

Table 4.1 Values for the nonlinear coefficient ( o r ) , breakdown electric field {Eb) 
and minimum dielectric loss (£)„/„) of the samples. 

4.3 Conclusions 

A series of BzOj-added CCTO ceramics were synthesized by solid sate reaction of 

CCTO sample is the largest among all the samples. The breakdown voltage nses when 

the grain size decreases, as a result of the changes in grain-boundary resistivity. 

ECU 
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BjO, (wt%) a 

0 3 15 324 0093 
0.4 2.89 304 0115 
0.8 2.50 277 0.068 
2 2.29 287 0 061 
5 2.24 440 0.071 
8 2.16 618 0.077 
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the CCTO powder mixed with different weight ratios of B2O3. We performed 

measurements on their microstnicture and electric properties. From SEM images, we 

observed that adding B2O3 promotes a reduction of the grain size, which in turn leads 

to a decrease of the dielectric constant. Besides the grain size, the addition of B2O3 is 

believed to also cause a reduction of the grain-boundary thickness, which explains the 

grain-boundary resistivity changes. In addition, adding B2O3 also reduces the 

nonlinear coefficient from 3.15 to 2.16. Correspondingly, the breakdown electric field 

is also influenced. An internal barrier layer capacitance model was invoked to 

correlate the dielectric constant with the grain size and grain-boundary thickness in 

these samples. 
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Chapter 5 Effects of adding HfO： on microstructures and 

dielectric properties of CaCusTiiOi! ceramics 

With the frequency- and temperature-independent high dielectric constant [1-4], 

CCTO has large potential applications in the minimization of microelectronic 

equipment, such as Dynamic Random Access Memories [5-7] and microwave devices 

[8]. Yet one main problem for its technical use is the large dielectric loss. So the 

purpose of the present work is to reduce the loss by mixing it with other low loss high 

dielectric-constant materials, such as HfO�. HfD: is an intrinsic high 

dielectric-constant material of E ’ � 2 5 [9], whereas for CCTO, the mechanism 

responsible for the extremely high dielectric constant is understood as extrinsic [1-4�. 

Thus it is by itself an interesting and challenging project to investigate the dielectric 

properties of the mixtures. 

In the present study, the preparation and characterization of CCTO-HfO: ceramics 

are reported. Specifically, the effects of adding HfDz on microstructures and dielectric 

properties of the ceramics are also reported here. 

For illustrative purposes, we divided the following into two parts: in PART A, we 

discussed a series of CCTO-HfO: ceramics containing different HOO2 weight ratios 

from 0% to 70%; in PART B, we focused on those CCT0-Hf02 ceramics of high 

HfOz weight ratios from 20% to 70%, and demonstrated that those dielectric constant 

satisfied the Lichtenecker's law. 

5.1 Experimental 

r 

The CCTO powder was synthesized using CaCOj, CuO and TiO? by the solid 



state method as described in Chapter 1. Appropriate amounts of HfOj were added to 

prepare the CCTO-HfO: (^ramies. Different weight ratios of HfOz ranging from 1% 

to 70%, more specifically 1%, 2%，5%，8%, 10%, 20%, 30%, 50%, and 70%, were 

added to the CCTO powder, and the mixture was ground for 20 min by hand. Then a 

pure CCTO, the CCTO-HfO! mixtures, and pure HfD? were pressed into pellets and 

sintered at 1000 for 10 h. 

The experimental techniques and measurement conditions used were described in 

Section 1.3.4. 

PART A 

In this part, we mainly discussed a series of CCTO-HfDz ceramics containing 

different HfO: weight ratios from 0% to 70%. Their crystalline structures and 

microstnicture evolution and dielectric properties were investigated in detail. 

5.2 Results and discussion 

The XRD patterns of representative samples are shown in Fig. 5.1. The CCTO 

diffraction patterns marked with “孝” match those in the JCPDS file No. 75-2188, and 

the others are due to a monoclinic Hf02 phase (JCPDS No. 74-1506). In fact, the 

XRD analysis confirms the presence of CCTO as a single phase for HfCh 

concentration up to 5%. For the sample containing 8% HfCh，we notice in the XRD 

pattern tjiere is a clear presence of a secondary phase identified as HfO�. With 

increasing amounts of HfO]，its own diffraction peaks become strong. At the same 

time, the relative intensities of the CCTO peaks are also changed. 



20 30 40 50 60 70 
20 (Deg.) 

Fig. 5.1 XRD patterns for ceramic samples with different weight ratios. 

In Fig. 5.2，we show the typical SEM micrographs of as-sintered surfaces of 

samples with representative Hf02 weight ratios. As we can see, the morphologies 

change significantly after adding HfCh. We notice that the pure CCTO sample has the 

largest grains (Fig. 5.2(a)), and the CCTO-HfO? ceramics have the bimodal grain size 

distribution. After adding HfO� ’ there exist two classes of CCTO grains of different 

sizes: one class has a small grain size of several micrometers, and the other has a large 

grain of size in the order of several tens of micrometers. When the HfO: weight ratio 

is larger than 10%, the grain size becomes evenly distributed. Meanwhile, no clear 

presence of Hf02 phase is observed until the Hf02 addition increases to 8%, and there 

are small bright grains embedded within large CCTO grains as shown in Fig. 5.2(c). 

When more HfO： is added from 20% to 70%, more bright grains show up, and start to 

aggregate between the CCTO grains as shown in Figs. 5.2 (e) and (f). In addition, 

when the bright grains increase in size, the size of CCTO grains reduces greatly. All 

the bright grains found within and between CCTO grains are confirmed as HfDz by 

using Energy Dispersive X-ray analysis (not shown here). Generally, the average 

grain size of CCTO-HfO： ceramics becomes smaller than that of the pure CCTO 
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sample. More specifically, from 1 to 8%, the average grain size slightly increases, and 

then decreases fast from 10 to 70%. 

(a) 0 % 

Fig, 5.2 SEM micrographs of CCTO-HfOz ceramics with different Hf02 weight 

ratios. 

In Fig. 5.3, we present the frequency dependence of dielectric constant (e’）and 

loss (D) of several selected samples. All of them have a large dielectric constant, 

especially the pure CCTO sample (E'MO*). In Fig. 5.3(a), the familiar strong 

relaxation steps are observed at about 1 MHz. Correspondingly, peaks in the dielectric 

loss appear, as shown in Fig. 5.3(b). All these curves exhibit the well-known 

Maxwell-Wagner relaxation, the only difference is the value of e’ decreases after 

adding HfOz. 
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Fig. 5.3 Frequency-dependent (a) e' and (b) D for CCTO samples with different HfOz 
weight ratios. 

In Fig. 5.4，we present e' and D at 100 kHz for different HfDi concentrations. We 

notice that the pure CCTO sample has the largest dielectric constant. Then E’ drops 

slightly at low density (1%) addition of HfOz, then rises up until 10% addition of 

HfOz. Afterward the dielectric constant declines to -270, which is small compared to 

that of CCTO, but much larger than that of the pure HfOz (�9.7) . We believe this 

interesting dielectric behavior has intriguing connection with the appearance of the 

micron size HfCh grains at 8-10%, Figs. 5.3 (c) and (d), and their interactions with the 

CCTO grains. Thus, the peak at 10% in Fig. 5.4(a) signifies a “local order" of dipoles 

in the 10%-HfD2 sample. Then e’ decreases monotonically to a lower value after 

adding more Hf02 and gradually reaches the bulk value of HfOz. To verify the above 

V 
• 攀 
鲁 • 

• • 

0% 
0% 

(b) • 
• 



40 60 80 
HfO, (wt%) 

Fig. 5.4 (a) 8' and (b) D at 100 kHz ofCCTO-HfOi ceramics. 

5.3 Conclusions 

High dielectric constant ceramics were prepared by mixing HfD2 and 

20 40 60 

HfO, (wt%) 
80 

mentioned scenario, we have to perform in-depth study of the Hf02 grain structure, 

dielectric properties and its interactions with CCTO grains, which is an interesting 

subject. At the same time, we also notice that, in Fig. 5.4(b), D also varies in a fashion 

similar to that of e', except the peak occurs at 5% concentration. Adding 70% HfOi, D 

reaches the value of 0.0375, as expected, because most of the insulating HfCh grains 

aggregate and link up as shown in Fig. 5.3(f). The minimum value of the dielectric 

loss -0.035 is obtained from the 70%-Hf02 sample at the frequency of 40 kHz. 
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CaCu3Ti40i2 (CCTO) powders and sintering at 1000 for 10 h. Effects of HfCh 

addition on the microstructures and dielectric properties of CCTO ceramics were 

investigated. In general, the dielectric constant first drops at low concentration of 

Hf02 (1%), then increases with additional amounts up to 10%, and then decreases 

monotonically all the way for up to 70%, at which point the dielectric constant still 

remains large ( � 2 7 0 ) at 100 kHz. Furthermore, the dielectric loss is also influenced by 

adding HfOz, and the lowest value of 0.035 was obtained at 40 kHz from the sample 

containing 70% HfO�. Hence with proper mixing and thorough investigation, we are 

able to monitor the dielectric properties of the CCTO-HfO： composite materials, 

which may lead to desired applications in microelectronics. 

PARTB 

In this part, we mainly discuss the dielectric properties of CCT0-Hf02 ceramics 

containing high HfOi weight ratios from 20% to 70%. There are obvious differences 
i 

between these samples from those with low Hf02 concentrations, namely the CCTO 

grains are small in size and distribute homogenously through out the samples. 

5.4 Results and discussion 

In Fig. 5.5, we show the XRD patterns obtained from the ceramics with different 

Hf02 weight ratios at room temperature. The pure CCTO sample is polycrystalline 

and of single phase. All the CCTO diffraction peaks are marked by *，and the other 
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Fig. 5.5 XRD patterns of CCTO-HfO： ceramics for different HfOi weight ratios. 

The SEM images of the prepared ceramics containing various weight percents of 

Hf02 are shown in Fig. 5.6. Note that the magnifications of the first two images are 

different from the rest, because the grain size changes drastically at high Hf02 

concentrations. For comparison, the low and high magnification SEM images of the 

pure CCTO ceramic are shown in Figs. 5.6 (a) and (b). In the pure CCTO sample, we 

can see that the average size of the large grains is about 15 |im, whereas, the small 

grains are about 5 |4.m, and the largest ones are about 60 |im (Fig. 5.6(b)). After 

adding 20% HfOz (Fig. 5.6(c)), the CCTO grains are reduced to an average size of 

about 3 fim. It is necessary to notice that CCTO grains are dark in contrast and the 

peaks corresponding to Hf02 are clearly noticeable, and become stronger with 

increasing Hf02 content. In order to supply a reference diffraction pattern, the XRD 

pattern of the pure HfOz ceramic sintered under the same condition is also shown in 

Fig. 5.5. In any case, the CCTO phase is predominant in the XRD patterns of all the 

samples with HfOi addition. 
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HfOz grains are relatively brighter. At first, in the sample containing 20% HfC^’ there 

are small, less than 1 ^m, HfOz grains between the CCTO grains. Then the amount of 

such grains increases a lot in the sample containing 30% HfCh (Fig. 5.6(d)). In 

addition to the concentration increase, the Hf02 grain size increases to ~2 p.m in the 

sample containing 50% Hf02 (Fig. 5.6(e)). Finally, in Fig. 5.6(f), we can see that 

Since Hf02 is insulating, it is difficult for us to obtain very clear SEM images form 

the pure HfO: sample. Mostly, we observe that the Hf02 grains are homogeneously 

distributed between the CCTO grains in CCTO-HfO: ceramics. On top of that, adding 

more Hf02 enhances the segregation of CuO, and CuO liquid-like layers with the 

thickness about 1 fom locate between CCTO grains, which are marked by circles in 

Figs. 5.6 (c) and (d). 



Fig. 5.6 SEM graphs of CCTO-HfO: ceramics for different weight ratios, (c) 20%, (d) 
30%, (e) 50%, and (f) 70%. (a) and (b) with low and high magnifications correspond 

to the pure CCTO ceramic. 

In Fig. 5.7，we present the frequency variation of the dielectric constant (e') and 

loss (D) of CCT0-Hf02 ceramics containing different HfO: contents. As expected, e' 

decreases with increasing Hf02 content. It is easy to see that in all the CCTO-HfO: 



ceramics, e’ is much larger than that of the pure Hf02 sample, but smaller than that of 
V 

the pure CCTO sample, which is caused by the reduction of CCTO grain size due to 

the addition of Hf02. The dielectric constant and loss mainly undergo two relaxations: 

one in the low frequency region and the other at high frequencies. Furthermore, the 

low-frequency dielectric constant dispersion increases with increasing HfOi content 

in Fig. 5.7(a), which is believed to be resulted from the space charge effects at the 

sample surfaces, normally recognized as the electrode effects. In the present study, the 

sample surfaces are more insulating because of more HfOz content than the pure 

CCTO sample，hence the introduction of Hf02 reinforces the effect of electrical 

polarization，leading to stronger electrode effects. In Fig. 5.7(b), we notice the 

low-frequency relaxation peak in D becomes stronger with increasing HfOi, which is 

consistent with the observation shown in Fig. 5.7(a). Generally, adding HfO: leads to 

the enhancement of the surface resistivity, so the sample surface layer blocks more 

charge carriers, leading to the increase of D in the low frequency region. Afterward 

we proceed to the high frequency relaxation, and observe that the dielectric loss at 

frequencies higher than 1 kHz decreases with increasing Hf02 content. It is noticed 

that the higher HfO: content, say greater than 20%, renders more a uniform mixing of 

both CCTO and HfOz grains, which hinders the formation of CCTO networks and 

f 

cuts down the dielectric loss in the high frequency region. In addition, we observe the 

Debye-like relaxation peaks of dielectric loss at high frequencies shift to a lower 

frequency ( �1 3 MHz) than that of the pure CCTO sample (16 MHz). We anticipate 

that adding HfOi increases the activation energy of polarization [11]. 
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Fig. 5.7 Frequency-dependent (a) dielectric constant and (b) loss of CCT0-Hf02 
ceramics as a function of weight percent of HfOz-

In order to clearly show the influence of adding HfO： on the AC conductivity 

(OAC), we present the dependence of OAC on the measuring frequency in Fig. 5.8. We 

notice that CJAC increases with the frequency, and almost saturates to a constant value 

in the low frequency region, especially for the sample containing 70% Hf02 as shown 

in Fig. 5.8(b). We can also observe that CTAC decreases with an increase of HfO? 

addition in both high frequency (Fig. 5.8(a)) and low frequency regions (Fig. 5.8(b)), 

which implies that adding HfO: increases the resistivity of the samples. 
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Fig. 5.8 Frequency-dependent OAC at room temperature, (b) is an enlargement part of 

low-frequency part of (a). 

In Fig. 5.7(a), we notice that E’ values of CCTO-HfO: ceramics with HfO: weight 

ratios from 20% to 100% are generally smaller than that of the pure CCTO samples, 

yet they are much larger than that of the pure HfOz sample. Here we would like to 

present a phenomenological model to explain the large variation of the e' values. As 

we learned from the previous studies, after adding a noticeable amount of HfO�，say 

not less than 20%, HfOa aggregates between the finer and uniformly distributed 

CCTO grains. From Fig. 5.6，we found the CCTO grains are gradually covered up by 

Hf02. Thus a "core-shell" model is constructed based on the insulating 'property of 

Hf02 and semiconducting feature of CCTO grains, namely we regard HfO: as a 
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barrier layer enclosing CCTO grains. The same model has been successfully applied 

to the case of BaTiOs grains in BaTiOrCeCh [12], BaTiGb-NbzOs-Co-iO- [13]，and 

BaTi03-CdBi2Nb209 [14] systems, and CCTO grains in CazCuzTi-Oiz (CCT-CT-1) 

[15] system. Most importantly, the dielectric constant values of our samples were 

shown to satisfy Lichtenecker's logarithmic law, which was first proposed in 1926 

[16], and expressed as In e].^^, = ( J - x)lne^jo + ^ ^ n j o ^ ， where ^ ( � � and 

represent dielectric constant values of CCTO and Hf02 at a fixed frequency, 

respectively, x represents a volume fraction of HfD：. The true density of CCTO 

powder was calculated by the standard method [17] using a specific gravity bottle and 

kerosene medium, and was found to be 4.9 g cm' \ In addition, given that the density 

of Hf02 as 9.68 g cm'^, we can easily deduce the corresponding volume ratio values 

from the weight ratios. In Fig. 5.9, the calculation and experimental E’ values at 1 kHz, 

10 kHz, 100 kHz, and 1 MHz are represented by a solid line and squared dots， 

respectively. Obviously，the experimental data are in excellent agreement with the 

calculated curve. Hence it provides strong support to the core-shell structure of these 

CCT0-Hf02 ceramics. In addition, it is worthy to mention that the high e’ of CCTO 

results in the high e’ of CCTO-HfO： ceramics. As a result, we show a way to achieve 

high dielectric-constant materia! with other desirable properties by mixing CCTO 

with HfOi. 
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Fig. 5.9 I\pom temperature dielectric constant of CCT0-Hf02 ceramics at (a) 1 kHz, 
‘(b) 10 kHz, (c) 100 kHz and (d) 1 MHz. 

5.5 Conclusions 

In summary’ a set of CCTO-HfD2 ceramics containing different HfO: weight 

ratios (0，20, 30，50，70 and 100%) arc prepared. First, their dielectric properties are 

measured, and both the dielectric constants and AC conductivity decrease with 

increasing HfD�. It is found that the dielectric constants of CCTO-HfO! ceramics with 

high HfOz concentrations obey Lichtenecker's logarithmic law, which means that the 

distribution of CCTO grains is homogenous within the HfC^ matrix that serves as a 

barrier layer. 
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Chapter 6 Microstructures and dielectric properties of 

CaCu3Ti40i2 thin films by rf magnetron sputtering method 

Perovskite-like oxide CaCujTijOiz (CCTO) thin film attracts great interest 

because it has high dielectric constant and is a lead-free material. Thus it is a 

promising candidate for capacitor applications, microelectronics and microwave 

devices, where the miniaturization is crucial. In fact, CCTO thin films have been 

fabricated by several experimental methods, such as pulsed-laser deposition (PLJ)) 

[1-8]，sol-gel [9-12], chemical solution deposition (CSD) [13-15], and metal organic 

chemical vapor deposition (MOCVD) [16]. In this section we report our attempts to 

prepare CCTO thin films using radiofrequency (rf) magnetron sputtering, which 

generally offers such advantages as uniform microstructure, high deposition rate, and 

low process temperature, and has also been proven to be a promising approach for 

producing thin-film capacitors in integrated circuits. Like CCTO ceramics, the 

dielectric properties of the thin films are found to be sensitive to the preparation 

process. As a result, experimental results demonstrate that the annealing temperature 

influences significantly the dielectric properties of the CCTO thin films. In this work, 

we present the effect of annealing conditions on the surface morphologies and the 

dielectric properties of CCTO thin films. Since our sputtered CCTO thin films are 

generally composed of uniform microstructures (<0.5 pm)’ thus they also provide a 

good opportunity to understand the extrinsic as well as intrinsic mechanism of low 

(<1 kHz) and high (> 10 MHz) frequency regions. 

6.1 Experimental 



The thin films were prepared on Pt/Ti/SiOz/Si substrate using rf magnetron 

sputtering method as described in Chapter 1. Then 'the as-sputtered CCTO films were 

annealed for 50 min in the ambient atmosphere at various temperatures: in this work, 

we chose 600，700, 800 and 900 The heating rate of 20 °C/min and cooling rate of 

5 °C/min. In order to rule out the influence of Ti film in the Pt/Ti/SiOz/Si substrate 

during compositional analysis of the as-sputtered thin films, CCTO thin film was also 

deposited directly on SiO: substrate. For dielectric measurements, 200 nm thick Pt 

film served as the bottom electrode, and silver paint was used as the top electrode of 

the dielectric CCTO films. 

The thickness of the films was measured using a Tencor Alpha-Step 500 

Surface Profiler. The experimental techniques and measurement conditions used were 

described in Section 1.3.4. 

6.2 Results and discussion 

In Fig. 6.1，we present the surface morphology of the as-sputtered CCTO film on 

SiOi substrate. As we can see the film exhibits no indications of microstructural 

features and is smooth all over, which implies that the substrate temperature of 480 °C 

does not provide sufficient energy for the thin film to form grains. From the EDX 

analysis of the film, we deduced the atomic ratio for Ca:Cu:Ti:0 to be 

5.38:18.43:18.06:58.15, which implies that the film is deficient in Ti, even though the 

target is a stoichiometric CCTO material. 



Fig. 6.1 SEM micrograph of the as-sputtered thin film on SiCh substrate. 

In Fig. 6.2, we show the XRD patterns of the thin films annealed at different 

temperatures. The film annealed at 600 °C was found to be amorphous，so we did not 

present it. Whereas in the 700 °C sample, there are a CuO (002) peak and a weak 

CCTO (220) peak in the diffraction pattern. However, polycrystalline CCTO peaks 

clearly show up on the samples with annealing temperatures of 800 and 900 in 

which we notice the distinct (200), (400) and (422) peaks that match with those of the 

CCTO phase. CuO diffraction peak also exists in the XRD graph of the 800 sample, 

but disappears from the 900 sample. 
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Fig. 6.2 XRD patterns for thin films annealed in air at 700，800 and 900 "C. 

In Fig. 6.3, we present the surface morphology of CCTO films that were annealed 

at various annealing temperatures. In the 6 0 0 � C film (Fig. 6.3(a)), there are a few 

grains with bright edges present on its surface. As we increased annealing temperature, 

the brilliant homogenous grains multiplied as shown in Figs. 6.3 (b) and (c). Yet after 

the film was annealed at 900 most brilliant grains disappeared, and we see the 

background is composed of dark CCTO grains with an average size of -0.2 |im (Fig. 

6.3(d)). 

We also found that the thin film thickness was not influenced by the annealing 

temperature, so the 900 sample was chosen to show the typical cross-section image 

of the films (Fig. 6.4), from which we deduce the film thickness as about 900 nm. 

This value is in good agreement with the thickness obtained from the surface profiler. 

Here we adopt the EDX analysis method to find out the chemical component of 

the dark grains and the brilliant grains. Typical EDX spectra are obtained from the 

900 °C sample, and shown in Figs. 6.5 (a) and (b), respectively. The peaks observed in 
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Fig. 6.5 correspond to all the known peak positions for Ca, Cu, Ti, and O elements. As 

we can see the Cu peaks in Fig. 6.5 (b) are much stronger than those in Fig. 6.5 (a), 

which implies that the brilliant grains are rich in Cu compared with the dark grains. 

Meanwhile, their chemical component analysis results are shown in Table 6.1. Also 

according to the EDX analysis combined with the XRD results shown in Fig. 6.2, the 

dark grains are CCTO phase, and the brilliant grains are the CuO phase. 

Based on these results, we can explain the microstructures observe in Fig. 6.3. 

Since the as-sputtered film is Ti-deficient and relatively rich in Cu compared to the 

stoichiometry CCTO component, excess Cu is ejected from the films after increasing 

annealing temperature from 600 °C to 700 which floats on the film surfaces in the 

form of CuO. The CCTO phase starts to form at 700 °C annealing. After annealing at 

800 the amount of CuO reduces. In addition, the atomic ratio of these four 

component elements (Ca，Ti, Cu and O) of CCTO left behind below the CuO layer is 

close to its stoichiometric ratio, and form a lot of CCTO phase at 800 When the 

annealing temperature is as high as 900 the CuO grains start to evaporate into air, 

therefore disappear from the sample surface. Therefore, this explains the changes of 

CuO diffraction peak in Fig. 6.2. 



Fig. 6.3 SEM micrographs of thin films annealed in air at 600, 700，800 and 900 °C. 

Fig. 6.4 SEM image for a cross section of the 900 annealed thin film. 
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Fig. 6.5 Typical EDX images taken from (a) the dark grains and (b) the brilliant grains 
of the 900 sample. 

Table 6.1 Atomic percentages (At%) of the dark and brilliant grains based on the EDX 
images shown in Fig. 6.5. 

At% Ca Cu Ti O 

dark grains 5.39 14.61 19.51 60.49 

brilliant grains 4.08 19.34 13.98 62.60 

In Fig. 6.6, we present the dielectric constant (E’）and loss (D) of the CCTO films 

annealed at various temperatures as a function of frequency. We observe that e' 

decreases as frequency increases, suggesting that the temporary dipoles do not have 

sufficient time to follow the change of AC electric field. In the high frequency region, 

we notice the dramatic drop in e' is accompanied by a corresponding peak in D. In 

addition, similarly to bulk CCTO ceramics, the phenomena of dielectric relaxation 

(a) 

ZJ 
03 

'U> 
c 

'c 

i 

ZJ 
(d 

'U) 
C 



can be found for all the samples. However, the relaxation frequency (10 MHz) is 

much higher than those (<1 MHz) in CCTO ceramics [17] and sputtered CCTO thin 

films by Lin et al. [18]. e' increases with annealing temperature from 700 "C to 900 

°C, so we list those obtained at 1 MHz in Table 6.2. Compared with the other two 

samples, the one annealed at 700 has much smaller e，，resulting from less CCTO 

phase in this film. Consequently, the film annealed at 900 has the highest dielectric 

constant among the three samples. In the high frequency region (>1 MHz), the 

dielectric loss increases with increasing annealing temperature, which suggests that it 

is caused by the increased generation of oxygen vacancies during annealing. 

10' 10' 10* 10* 10' 10' 
Frequency (Hz) 

10' 10' 10 ‘ 10' 10' 
Frequency (Hz) 

Fig. 6.6 Frequency-dependent (a) E' and (b) D of CCTO thin films annealed at various 
temperatures. 



T("C) 700 800 900 

e, at 1 MHz 17.84 40.13 59.93 

To further analyze the characteristic of the dielectric relaxation, we present the 

frequency dependence of e' of the CCTO thin films annealed at 900 measured at 

different temperatures in Fig. 6.7. In the low temperature range (<-60 °C), there is one 

Debye-type dielectric relaxation, with E '~60. With increasing temperature, we notice 

that the high-frequency relaxation shifts to lower frequencies, and in Fig. 6.7(b), E' 

decreases from about 60 at frequencies lower than 10 MHz to an even lower value 

(-30) at frequency higher than 10 MHz. Then we show the change of the relaxation 

frequency, for convenience, using the frequency at which 8 '~55 to estimate the 

relaxation frequency. At -195, -150, -90, -30, and 30 "C, the relaxation frequencies are 

6, 4.7，3，2.5，and 2 MHz, respectively. This phenomenon is contrary to the 

characteristic of the dielectric relaxation associated with the grain-boundary IBLC 

model [19]. On top of that, we learned from the first principles calculation, including 

all the electronic and lattice contributions [20], the dielectric constant attributed to the 

intrinsic origin is about 40, which is very close to 60, the experimental dielectric value 

obtained in the high frequency region. Thus, we assert that the dielectric responses we 

observe in the high frequency region are mostly intrinsic. As the temperature 

increases to -60 °C, the dielectric constant starts to increase in the low frequency 

region (<1 kHz). We claim this is an indication of the presence of another Debye-type 

relaxation, which becomes clear at the temperatures above -30 We used to 

attribute the origin of high E ' in the low frequency region to the extrinsic effect and 

associate it with the interfacial space charge polarization due to the electrode effect 

[21], which is caused by the charge carriers accumulating at the interface between the 



electrodes and the sample surfaces. According to the report by Deng et al. [22,23], 

there is an insulating layer at the top electrode/thin film interface indicating a 

metal-insulator-semiconductor junction. As a result，its capacitance response, 

involving space charge polarization with the relaxation frequency lower than 40 Hz 

[24], contributes to the observed high dielectric constant in low frequency region. 

Furthermore, the dielectric relaxation in the low frequency region is prominent at high 

temperature above -30 °C, so that it is more easily to be thermally excited; hence we 

relate it to the polarization associated with trapped charge carrier migration at high 

temperature. The high temperature produces more oxygen vacancies. Therefore, more 

free carriers can be generated. As a result, oxygen vacancies and electrons were 

produced, so more charge carriers accumulate at the interface of the electrode and 

sample surface, leading to stronger dielectric relaxation in the low frequency region. 
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Fig. 6.7 (a) Frequency-dependent e’ of the 900 CCTO thin film measured at 
various temperatures, (b) shows the high-frequency part of (a) from 100 kHz to 10 

MHz. 

6.3 Conclusions 

Uniform CCTO thin films with high dielectric constant were successfully 

synthesized by the rf magnetron sputtering method. The annealing temperature is 

found to influence the crystallization and microstructure of the films. As a result it 

also strongly affected the dielectric properties. The dielectric relaxations in low and 

high frequency regions were carefully investigated, and found to be extrinsic and 

intrinsic in origin, respectively. 



References 

[1] Y. Lin，Y.B. Chen, T. Garret, S.W. Liu, C.L. Chen, L. Chen, R.P. Bontchev, A. 

Jacobson, J.C. Jiang, E.l. Meletis, J. Horwitz, H.D. Wu, Epitaxial growth of dielectric 

CaCu3114012 thin films on (001) LaAiOj by pulsed laser deposition, Appl. Phys. Lett. 

81 (2002) 631-633. 

[2] L. Fang, M. Shen, Deposition and dielectric properties of CaCuiTuOi： thin films 

on Pt/Ti/SiCh/Si substrates using pulsed-laser deposition. Thin Solid Films 440 (2003) 

60-65. 

[3] A. Tselev’ C.M. Brooks, S.M. Anlage, H.M. Zheng, L.S. Riba, R. Ramesh，M.A. 

Subramanian, Evidence for power-law frequency dependence of intrinsic dielectric 

response in the CaCusTuOn. Phys. Rev. B 70 (2004) 144101. 

[4] L. Fang, M.G Shen, J. Yang, Z.Y. Li, The effect of Si02 barrier layer on the 

dielectric properties of CaCujThO翁2 films, J. Phys. D: Appl. Phys. 38 (2005) 

4236-4240. 

[5] L. Fang, M.G Shen, J. Yang, Z.Y. Li, Reduced dielectric loss and leakage current 

in CaCusTUOu/SiCh/CaCusThOi2 multilayered films，Solid State Commun. 137 

(2006)381-386. 

[6] M. Mitsugi, S. Asanuma, Y. Uesu, Origin of colossal dielectric response of 

CaCuiTi40i2 studies by using Ca TiOj/CaCus Ti40i2/Ca TiOj multilayer thin films, Appl. 

Phys. Lett. 90 (2007) 242904. 

[7] L. Fang, M.R. Shen, Effect of laser fluence on the microstructure and dielectric 

properties of pulsed laser-deposited CaCujTUOi! thin films, J. Cryst. Growth 310 

(2008) 3470-3473. 

[8] GC. Deng, T. Yamada， P. Muralt, Evidence for the existence of a 

metal-insulator-semiconductor junction at electrode interfaces of CaCuilhO!! thin 



film capacitors, Appl. Phys. Lett. 91 (2007) 202903. 

[9] R. Jimenez, M.L. Calzada, I. Bretos, J.C. Goes, A.S.B. Sombra, Dielectric 

properties of sol-gel derived CaCujTUOu thin films onto Pt/Ti02/Si( I 0 0) substrates, 

J. Eur. Ceram. Soc. 27 (2007) 3829-3833. 

[10] Y.W. Li, Z.G. Hu, J.L. Sun, X.J. Meng, J.H. Chu, Preparation and properties of 

CaCu3li40i2 thin film grown on LaNiO3-coated silicon by sol-gel process, J. Cryst. 

Growth 310 (2008) 378-381. 

[11] D.P. Singh, Y.N. Mohapatra, D.C. Agrawal, Dielectric and leakage current 

properties of sol-gel derived calcium copper titanate (CCTO) thin films and 

CCT0/Zr02 multilayers. Mater. Sci. Eng. B 157 (2009) 58-65. 

[12] Y.W. Li, YD. Shen，Z.G. Hu, F.Y. Yue, J.H. Chu, Effect of thickness on the 

dielectric property and nonlinear current-voltage behavior of CaCujTuOj： thin Jilms, 

Phys. Lett. A 373 (2009) 2389-2392. 

[13] W. Lu, L.X. Feng, G.G Cao，Z.K. Jiao, Preparation of CaCuiTuOu thin films by 

chemical solution deposition, J. Mater. Sci. 39 (2004) 3523-3524. 

[14] L.X： Feng, Y.W. Wang, Y.Y. Yan, G G Cao, Z.K. Jiao, Growth of highly-oriented 

CaCusThOu thin films on SrTiOs (1 0 0) substrates by a chemical solution route, Appl. 

Surf. Sci. 253 (2006) 2268-2271. 

[15] V.S. Saji, H.C. Choe, Effect of yttrium doping on the dielectric properties of 

CaCu3Ti40i2 thin films produced by chemical solution deposition. Thin Solid Films 

517 (2009) 3896-3899. 

[16] R.L. Nigro, R.G Toro, G Malandrino, I丄.Fragala, P. Fiorenza, and V. Raineri, 

Chemical stability of CaCuiTuOn thin films grown by MOCVD on different substrates. 

Thin Solid Films 515 (2007) 6470-6473. 

[17] T.B. Adams, D.C. Sinclair, A.R. West, Characterization of grain boundary 



impedances in fine- and coarse-grained CaCusT^Ou ceramics, Phys. Rev. B 73 

(2006)094124. 

[18] S.Y. Lin, Y.C. Chen, C M . Wang, K.S. Kao, C.Y. Chan, Effect of rapid thermal 

annealing on sputtered CaCu/TuOu thin films�J. Electro. Mater. 38 (2009) 453-459. 

[19] J.J. Liu, C.G Duan, W.G Yin, W.N. Mei, R.W. Smith, J.R. Hardy, Large 

dielectric constant and Maxwell- Wagner relaxation in Bii/^CujTUOu, Phys. Rev. B 71 

(2004)144106. 

[20] L.X He, J.B. Neaton, M.H. Cohen, D. Vanderbilt, First-principles study of the 

structure and lattice dielectric response of CaCujThOu’ Physical Review B 65 (2002) 

214112. 

[21] L. Zhang, Electrode and grain-boundary effects on the conductivity of 

CaCuiTuOn, Appl. Phys. Lett. 87 (2005) 022907. 

[22] G Deng, T. Yamada, P. Muralt, Evidence for the existence of a 

metal-insulator-semiconductor junction at the electrode interfaces of CaCid/IhOu 

thin film capacitors�Appl. Phys. Lett. 91 (2007) 202903. 

[23] G Deng, N. Xanthopoulos, P. Muralt, Chemical nature of colossal dielectric 

constant of CaCusThO" thin film by pulsed laser deposition’ Appl. Phys. Lett. 92 

(2008) 172909. 

[24] VV. Daniel, Dielectric Relaxation (New York: Academic, 1967). 



Chapter 7 Conclusions 

In this thesis, we focused on the syntheses, characterizations and measurements of 

the dielectric properties of CaCujTLiOiz ceramics, their mixtures with three different 

compounds, PVA, B2O3, HfO?，and CCTO thin films. 

In Chapter 1，we provided a general outline of this work, starting with a brief 

summary of previous notable works and development of the extrinsic mechanism 

ideas. Then we summarized the essential schemes used to analyze the experimental 

data and deduce important parameters of the systems studied. Afterward, we 

introduced the major experimental techniques for sample preparations and 

characterizations. 

In Chapter 2, we provided detailed studies of the CCTO ceramics using powder 

produced by a wet chemistry method, which has the advantages of using relatively 

lower temperature, 8 0 0 � C ’ and for shorter time, 1 h. On top of that, we noticed 

different sintering temperatures, such as 900 and 1050 lead to high dielectric 

constant and different grain size: the one with the 9 0 0 � C sintering temperature has 

small grains -0 .3 jim, and the other has large grains, - 5 5 jim. More importantly, in 

both the samples, we found that Maxwell-Wagner relaxations of three different 

extrinsic origins, resulting in the high dielectric constants，were clearly separated from 

each other. 

In the third part of the thesis, from Chapter 3 to Chapter 5, we reported findings 

from the studies of CCTO with different additions. Our motivation is primarily to 

modify the undesired dielectric loss of the pure CCTO sample; hopefully by mingling 

with a proper compound, we may be able to fabricate materials with a high resistivity 

and a reasonably high dielectric constant. In our studies，we fabricated samples by 



mixing PVA, B2O3 and HfOz for their own special characteristics with CCTO at 1000 

°C for 10 h using the solid state reaction method. Generally speaking, from the 

dielectric properties we investigated, we noticed，PVA weakens the frequency 

dependence of the measured dielectric constant. B2O3 managed to reduce the 

thickness of grain boundary and mitigated the non-Ohmic properties of ceramic 

samples. Whereas HfOi is an intrinsic high dielectric-constant material, it reduced the 

average grain size and maintained a reasonable high dielectric constant, which is 

smaller than the pure CCTO but greater than the pure HfD2. Yet it rather significantly 

decreased the dielectric loss, which is an important parameter in the potential 

applications in electric devices. 

Finally, in Chapter 6, we discussed the microstructure and dielectric properties of 

CCTO thin films prepared by rf magnetron sputtering method. We showed that when 

the film was annealed at 900 single-phase CCTO with small grains -0 .2 fim 

started to form. And the dielectric relaxation frequency shifts to 10 MHz, one order 

higher than most reported values, <1 MHz. We attributed it mostly to the intrinsic 

mechanism. 


