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Since its discovery, the anomalous dielectric behavior of CaCu3Ti4O12 (CCTO) 

has drawn a great deal of attention for many possible applications in electronic 

devices. The origin of the giant dielectric constant in CCTO was explained via an 

internal barrier layer capacitor model, and it has been reported that the dielectric 

properties of CCTO are sensitive to its microstructure which depends upon the 

processing conditions. To further explore its unusual dielectric phenomena, the current 

study focuses on the process-property-structure relationship of the high-K CCTO via  

doping, cation non-stoichiometry, and sintering conditions. 

A variety of CCTO pellets were obtained by utilizing the different processing 

parameters via conventional solid-state synthesis methods. For the doping study, three 

types of dopants were selected with the variation of doping concentration. The study 



 

 

of undoped CCTO ceramics was carried out by the modification of the CuO and TiO2 

content in CCTO to create the stoichiometric formula CaCu3+xTi4+yO12 (x = -0.06, 0, - 

0.06; y = 0.08, 0, -0.08). Different processing factors including heating and cooling 

rates, sintering temperature, and sintering time were applied for the study of 

stoichiometric CCTO. X-ray diffraction, dielectric measurements, impedance 

spectroscopy, thermal analysis, and electron microprobe analysis were used to 

determine the existence of CuO and Cu2O secondary phases, dielectric constant and 

loss tangent, electrical resistivity of grains and boundaries, decomposition reactions, 

and the microstructural changes of CCTO ceramics. 

It was revealed that the doping method improved the dielectric constant and 

loss tangent. The similar improvement in dielectric properties was also found in the 

Cu-deficient and Ti-deficient CCTO. The measurement and characterization results of 

stoichiometric CCTO clearly indicated that the dielectric properties, evolution of 

secondary phases, and microstructures were strongly dependent upon the processing 

parameters. Further, CCTO became Cu-deficient and Ti-excessive regardless of 

sintering conditions, which provides evidence for its complex behavior created by the 

reduction/oxidation reactions and the defect chemistry.  
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Chapter 1. Introduction 

 

1.1. High-K dielectrics 

 

1.1.1. Historical background 

 

Materials exerting a giant dielectric constant have gained a great deal of 

attention. Since the discovery of ferroelectricity in a single crystal of Rochelle salt in 

1921[1], there have been many attempts to find new materials that possess a high 

dielectric constant (K). Due to the shortage of mica, the most widely used insulator for 

capacitors during World War II, the urgent demand for ceramic capacitors having high 

dielectric constants has been a key issue leading to the development of ceramic 

capacitor technology. However, the most notable achievement in high-K dielectrics 

(materials having dielectric constants higher than 1000) was not achieved until the 

unusual dielectric constant of barium titanate (K ~ 1,100) based on the work by 

Thurnauer [2] was first observed in 1941. Despite the wartime restriction on the 

circulation of the technical reports by Wainer and Salomon [3], there were analogous 

results that confirmed barium titanate (BaTiO3) as a high-K material by other 

researchers [4]. With the development of ceramic capacitor technology, the search for 

high-K materials has continued since the discovery of BaTiO3. To date, most high-K 

compounds belong to the ferroelectric material group [5], but the recent research 

results provide evidence of colossal dielectric constant (CDC) behavior among the 

following compound systems as well: (1) high-Tc superconductors such as 



2 

 

YBa2Cu3O6+ ( = 0 - 0.1) [6], PrBa2Cu3Ox [7], and (La,Gd)2CuO4 [8]; (2) transition 

metal perovskite oxides (e.g. La1-xSrxFeO3 [9]); (3) non-ferroelectric non-perovskite 

lithium and titanium co-doped NiO ceramics (LixTiyN1-x-yO) [10]; (4) La-modified Pb-

based ferroelectric compounds (Pb1-3x/2LaxTiO3) [11].   

 

1.1.2. High-K ferroelectrics  

 

Unlike normal dielectric materials with dielectric constants lower than 100, 

certain types of crystals exhibit high dielectric constants as high as 10
5
 in specific 

conditions [12]. Most materials in this category are ferroelectric crystals, and their 

ferroelectric behavior is attributed to the appearance of a spontaneous polarization that 

is tied to a structural phase transition. This spontaneous polarization is realized in the 

characteristic hysteresis loop and can be reversed by the application of the electric 

field to the opposite direction. Some examples of high-K ferroelectric crystals are 

BaTiO3, potassium dihydrogen phosphate (KDP, KH2PO4), and triglycine sulphate 

(TGS, (C2NH2COOH)3H2SO4) [13]. However, the fact that the ferroelectric 

phenomenon occurs only in a class of materials possessing a non-centrosymmetric 

crystal structure and a polar axis has attracted great interest in BaTiO3 and other 

ferroelectrics having ABO3-type perovskite structures.      

The unit cell structure of BaTiO3 is shown in Fig. 1.1(a). Note that BaTiO3 has 

a cubic perovskite structure (point group: m3m [14]) above a Curie temperature (Tc) of 

123 
o
C. Below Tc, the structure changes to tetragonal (point group: 4mm [14]). 

Inside this cubic unit cell, divalent Ba
2+

 ions are located on the corners while a 
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tetravalent Ti
4+

 ion is located in the center with the 6 oxygen ions in the centers of the 

facial planes forming a TiO6 octahedron. In the tetragonal structure below Tc, 

however, the Ti
4+

 and Ba
2+

 ions are displaced upward by 0.125 Å and 0.067 Å, 

respectively [15] while O
2-

 ions are displaced downward by 0.04 Å [12]. 

Consequently, this series of ionic displacements in tetragonal BaTiO3 crystal creates a 

permanent dipole that gives rise to a spontaneous polarization. As seen in Fig. 1.2, 

BaTiO3 has a typical dielectric constant of about 10,000 near Tc, but this value is 

drastically reduced at T < Tc. This temperature dependent ferroelectric transition was 

verified by a simple explanation that combines the Clausius-Mossotti relationship with 

Lorentz‟s internal field formula [17] leading to the well-known Curie-Weiss Law: r' ≈ 

C/(T-Tc).   

There also exists a different type of ferroelectric material called a relaxor 

ferroelectric. Unlike normal ferroelectric materials, relaxor ferroelectrics exhibit a 

broad peak of dielectric constant as a function of temperature. Also, the dielectric 

constant varies as a function of frequency. The following Pb-based perovskite 

ceramics, Pb(B'B'')O3, are examples of the relaxor ferroelectrics: Pb(Mg1/3Nb2/3)O3 

{PMN}, Pb(Zn1/3Nb2/3)O3 {PZN}, Pb(Sc1/3Ta2/3)O3 {PST} [18]. The origin of the 

relaxor behavior is not entirely clear but it can be attributed to the presence of 

nanoscale ordered regions (i.e. domains) in the microstructure thus inhibiting the sharp 

phase transition typical of normal ferroelectrics [19]. In the case of PMN, it was 

reported that Mg
2+

 and Nb
5+

 ions form short-range order on the B-site sublattice 

causing a B-site compositional inhomogeneity that is responsible for the diffuse phase 

transition behavior [20]. Although it seems that the nano-scale ordering on the B-site 
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is responsible for this relaxor phenomena, the detailed relationship between the 

structure and dielectric constant may be different for each relaxor material [18].  

 

1.2. Calcium copper titanate (CaCu3Ti4O12): a new class of high-K dielectric 

 

Based on the continual downsizing of dimensions in the modern electronics 

industry, it became clear that high-K dielectrics play an important role in 

microelectronics technology such as wireless communication systems, dynamic 

random access memories (DRAM), and tunable microwave devices [21-23]. In the 

previous section, however, both normal and relaxor ferroelectrics exhibit a structural 

phase transition governed by the Curie temperature. The phase transition imposes an 

unfavorable characteristic of a strong temperature dependence of the dielectric 

constant that is incompatible with many electronic applications.  This has motivated 

the search for the alternative materials for high-K dielectric applications. Among all 

efforts, the discovery revealed via Subramanian and other researchers [24] is 

significant. They observed an abnormally high dielectric constant in copper calcium 

titanate (CaCu3Ti4O12), which belongs to the ACu3Ti4O12 family first developed by 

Deschanvres et al. [25] in 1967. It was reported that the dielectric constant of 

CaCu3Ti4O12 was as high as 9,200 at 1 MHz and showed a negligible temperature 

dependence. From their expanded dielectric data measured for other ACu3Ti4O12 

compounds as well as the ACu3Ti3FeO12 family shown in Table 1.1, the unusually 

high dielectric constant of CaCu3Ti4O12 over 10
4
 at 100 kHz is unique among these 

compounds. Also, their refinement data via neutron powder diffraction suggested that 

CaCu3Ti4O12 maintained the same cubic structure at T = 100 K and 35 K, indicating 
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no phase transition. Further study by Ramirez et al. [26] confirmed the nearly stable 

dielectric constant in the temperature range of 100 – 400 K. For the origin of this 

abnormally high dielectric constant of CaCu3Ti4O12 over the vast temperature range, 

however, there have been many hypotheses since the original finding. Before detailed 

theories of the origin of high-K CaCu3Ti4O12 are explained in terms of both intrinsic 

and extrinsic effects, the perspectives in the structure of CaCu3Ti4O12 will be shortly 

discussed in the following subsection.   

 

1.2.1. Structural studies on CaCu3Ti4O12 

 

Following the first details on the ACu3Ti4O12 family by a group of French 

researchers in 1967, Bochu et al. [27] reported the detailed and more precise structural 

analysis of these compounds in 1979. Based on their study, CaCu3Ti4O12 possesses a 

distorted cubic perovskite (ABO3) structure with the space group Im3 and a lattice 

parameter of 7.391 Å. The extended unit cell structure of CaCu3Ti4O12 is shown in 

Fig. 1.3. Here, the Ca
2+

 ions occupy the corners and the center of the unit cell while 

Cu
2+

 ions are located on the centers of cell edges and planes. The Ti
4+

 ions are 

surrounded by 6 oxygen ions, forming TiO6 octahedra which are tilted inward in order 

to make a square planar arrangement for the nearby Cu
2+

 ions.  Structures with Cu
2+

 in 

a square planar configuration are common in compounds with a d
9
 electron 

configuration.  This results from d-orbital splitting such that the dx
2

-y
2
 state shifts to a 

higher energy state occupied by a single electron while the dz
2
 state takes on a lower 

energy state with a pair of electrons. This phenomenon, called the Jahn-Teller effect or 
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distortion, is usually achieved by increasing the bond length along the z-axis which 

consequently causes a reduction in the electron pair repulsion [28] and a tilt of the 

TiO6 octahedra in CaCu3Ti4O12. Subramanian et al. [24] mentioned that the enhanced 

polarizability and the dielectric constant in CaCu3Ti4O12 could be due to the tension of 

the Ti-O bonds and that the extreme tilt of the TiO6 octahedra prevents the formation 

of the ferroelectric state. Although the high dielectric constant in CaCu3Ti4O12 can be 

explained from the structural point of view, there have been many reports that strongly 

indicate that the other mechanisms are possible 

 

1.3. Origin of the high dielectric constant in CaCu3Ti4O12 

 

1.3.1. Intrinsic effects  

 

As mentioned shortly in the previous section, the unusually high dielectric 

constant in CaCu3Ti4O12 has led researchers to speculate on the possible mechanisms 

that can explain its origin. From further dielectric measurements at low temperatures, 

the interpretation of this giant dielectric constant has been introduced separately by 

two different research groups on the basis of the intrinsic point of view. First, Ramirez 

et al. [26] found out that the high dielectric constant was temperature independent 

over 100 – 400 K. However, the dielectric constant dropped by the factor of 100 at 

temperatures below 100 K along with a broad peak in the loss tangent, shown in Fig. 

1.4. Also, measurements of the dielectric constant and tan  as a function of 

temperature revealed a strong frequency dependence and an increasing trend in the 
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characteristic frequency (o) over temperature. Lastly, Raman scattering data 

measured at the different temperatures showed a temperature independent gap 

frequency (28 meV), which is analogous to the thermal activation energy of the 

dielectric constant at the low frequency region. Considering that o can be defined as 

the jump rate for an electron between two lattice sites, its change as a function of 

temperature indicates that the anomalous dielectric responses in CaCu3Ti4O12 might be 

linked to a Debye-like relaxation behavior. Also, the gap frequency correlated with the 

energy difference between those sites suggests the possibility of highly polarizable 

relaxation modes.  

On the other hand, Homes et al. [30] also reported similar results such as the 

temperature dependence and the huge reduction (below T = 100 K) of the dielectric 

constant. From optical data on a single crystal of CaCu3Ti4O12, they found that the 

dielectric constant as a function of frequency exhibited a strong temperature 

dependence. Also, the room temperature dielectric constant in the far infrared (FIR) 

region was about 75, which is much smaller than the reported value of 10
4
 at 100 kHz 

[24]. This large difference was considered as a strong absorption occurring at low 

frequency range, which can be explained by the dipolar relaxation process. Using the 

Debye model where the dielectric constant is expressed by Eq (1.1) [30]: 

                                             




r
  

r


rdc

 
r

1 ( )
2                                   (1.1) 

where r∞: dielectric constant at high frequency, rdc: dc (static) dielectric constant 

 

they showed that the calculated data are well matched with the measured dielectric 
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constant plotted as a function of frequency (Fig. 1.5A). Moreover, the decrease of the 

relaxation time at increased temperatures, shown in Fig. 1.5B, is expected from Eq. 

(1.2) [12]:  

                                                          



  
h

exp(
H

kT
)                                  (1.2) 

where h: pre-exponential factor, H: activation energy 

 

Based on these observations, they suggested the „relaxor-like slowing down of the 

dipolar fluctuations in nano-sized domains‟ as the possible mechanism for the 

unusually high dielectric constant in CaCu3Ti4O12. 

 

1.3.2. Extrinsic effects 

 

1.3.2.1. Interfacial polarization effect: Maxwell-Wagner model 

 

Despite the strong suggestion of the intrinsic models introduced in Sec. 1.3.1, 

there have been persuasive arguments that extrinsic effects may contribute to the 

colossal dielectric constant of CaCu3Ti4O12. Based on first principle calculations, He 

et al. [31] reported that there was no direct evidence for the intrinsic lattice 

contribution to the dielectric constant. The subsequent study about the structural and 

lattice dielectric response of both CdCu3Ti4O12 and CaCu3Ti4O12 [32] supported their 

mathematical results and thus implied the extrinsic model. Afterwards, there have 

been many other reports about the various extrinsic behaviors in the form of interfacial 
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contributions to the dielectric response of CaCu3Ti4O12. These include twin boundaries 

in single crystals [24], grain boundaries in polycrystalline CaCu3Ti4O12 [33], and 

electrode interfaces [34]. In an effort to obtain evidence of extrinsic effects, 

Lunkenheimer et al. [35] investigated the effects of the electrode contact on the 

dielectric response. Through the measurement of the frequency dependent dielectric 

constant among four different materials (In-doped CdF2, pure LaMnO3 and single 

crystal La2CuO4+, single crystal SrNbO3.41, and polycrystalline Gd0.6Y0.4BaCo2O5.5), 

they concluded that the colossal dielectric constant resulted from these materials is 

caused by either the electrode contact or grain boundary effects. Furthermore, their 

ensuing research based on the effects of a variety of contacts and sample thickness on 

the dielectric response (shown in Fig. 1.6(a) and 1.6(b), respectively) proved that the 

unusually high dielectric constant in CaCu3Ti4O12 was erroneously attributed to an 

intrinsic mechanism [36].   

The effects caused by the sample-electrode contacts in many high dielectric 

constant materials can be attributed to an interfacial polarization. It has been known 

from Jonscher [37] a few decades earlier that this interfacial or space charge 

polarization can be realized from the capacitive layer near the electrode due to the 

formation of a Schottky barrier. For the application of this polarization mechanism to 

the high-K CaCu3Ti4O12, however, it is necessary to consider the nature of interfaces 

in this compound. Recently, Sinclair et al. [33] reported that the limited reoxidation 

along the grain boundary regions in CaCu3Ti4O12 creates an electrically 

inhomogeneous structure that is characterized by the spatially varying permittivity at 

the micro- or nanoscale. Consequently, this electrical heterogeneity in CaCu3Ti4O12 
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can be interpreted by using a Maxwell-Wagner type two-layer dielectric model [38]. 

As shown in Fig. 1.7(a), the dielectric has two parallel layers of materials 1 and 2 

whose dielectric constant, conductivity and the thickness are indicated as 1', 1, d1 

and 2', 2, d2, respectively. If a DC voltage is applied to the dielectric and the concept 

of parallel equivalent circuit of two layers represented in Fig. 1.7(b) is utilized, the 

voltages of material 1 and 2 can be expressed as the following equation: 
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Furthermore, the relaxation time, , can be displayed as the function of dielectric 

constant, conductivity and the thickness: 
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On the other hand, the concept of the admittance, Y, can be used when an AC voltage 

is applied to the given dielectric. Since V = Voexp(it) and from the following 

relationship of Y = 1/R = I/V = Y1Y2/(Y1+Y2) where Y1 = (1+jt1)/R1 and Y2 = 

(1+jt2)/R2, the admittance can be written as the following equation:  
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2
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(1 j

1
)(1 j

2
)

1 j
}                     (1.5) 

where  = (R12+R21)/(R1+R2). Using Y = j*Co where * =' - j'', the overall 

dielectric constant, ', is  
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Introducing the static frequency (i.e.  ~ 0) as well as the maximum value 

(∞Eq. (1.6) is simplified as 
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Therefore, by comparing Eq. (1.7) to Eq. (1.3), the two-layer dielectric modeled by the 

Maxwell-Wagner type polarization provides a relaxation behavior that is 

indistinguishable from the Debye model. 

 

1.3.2.2 Internal barrier layer capacitor (IBLC) model 

 

As Subramanian et al. [24] mentioned earlier, their observation of the twin 

boundaries in the single crystal CaCu3Ti4O12 provides the possibility of the creation of 

the barrier layer capacitance effect. Moreover, the fact that the aforementioned 

Maxwell-Wagner polarization can be derived from the internal interface or barrier 

suggests another probable extrinsic model to elucidate the abnormally high dielectric 

constant in CaCu3Ti4O12.  

It has been recognized that non-stoichiometric materials such as TiO2 become 

conductive after sintering in reducing conditions [18]. Furthermore, this reduction 

process during sintering can be significantly affected by the nature of the composition. 

That is, donor ions enhance the reduction while acceptor ions inhibit the process. 

When the reduced material undergoes only a limited oxidation, however, a thin layer 



12 

 

of higher resistivity material is formed whereas a more conductive region exists in the 

center of the material. In this type of material, called a barrier or boundary layer 

capacitor, an improvement in its overall dielectric constant is realized at low 

frequencies [39].  

The most well known examples of this barrier layer capacitor are barium and 

strontium titanates (BaTiO3, SrTiO3). For SrTiO3, normally an insulator with a 

moderate dielectric constant of K ~ 332 at room temperature [40], it becomes a non-

stoichiometric n-type semiconductor (SrTiO3-x) under reducing atmospheres. This 

phenomenon can be expressed as the following equation: 

                       



SrTiO
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                   (1.8) 

Based on the defect chemistry, the oxygen deficiency during the reduction reaction 

creates oxygen vacancies that can be shown from the expanded form of Eq. (1.8): 
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Here, the free electrons shown in Eq. (1.9) contribute to the increased conductivity, 

forming semiconducting grains. When SrTiO3 is annealed in oxygen, however, the 

reoxidation occurs along the grain boundaries leading to a higher resistivity. That is, 
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In order to verify the enhanced dielectric constant in the barrier layer materials 

consisting of semiconducting grains and insulating grain boundaries, the simple brick 

wall model was suggested [18]. Assuming the simplified microstructure (shown in 

Fig. 1.8) where the grain boundary thickness is much smaller than the grain size, the 
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capacitance of a single element can be expressed by: 
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Also, if a column of elements is connected in series (i.e. 1/C = 1/C1 + 1/C2 + ), Eq. 

(1.10) becomes 
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By calculating the capacitance per unit area (C/A = rotgr/ttb), the effective dielectric 

constant of the barrier layer material is 
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Therefore, if tg = 50 µm, tb = 0.2 µm, r' = 200, the effective barrier layer dielectric 

constant is increased to 50,000.  

Along with the many efforts to provide the clear extrinsic mechanism in 

CaCu3Ti4O12, the first evidence of this barrier layer capacitor model was reported by 

Sinclair et al. [41] by using the impedance spectroscopy. Assuming an ideal 

equivalent circuit that includes two parallel resistance-capacitor (RC) elements 

connected in series shown in Fig. 1.9(a). The impedance data represented as the 

reactance (Z'') in the y-axis and the resistance (Z') in the x-axis indicate two semi-

circles representing both the grain and grain boundary response. Here, the resistances 

are obtained from the intercepts on the x-axis while the capacitances can be calculated 

by using the given equation [42]: 
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max
RC 1                                        (1.14) 

where max is the frequency at the maximum Z'' of each semi-circle, equivalent to the 

reciprocal of the characteristic relaxation time (1/). On the other hand, these grain and 

grain boundary resistances can be identified by the magnitude of capacitance. For 

example, the impedance analysis for Ca12Al14O33 shows the capacitance of grain on 

the order of 1  10
-12

 F (~ 1 pF) which is lower than the grain boundary capacitance of 

4  10
-9

 F (~ 4 nF) [43]. The grain and grain boundary resistances from semi-circles 

are presented in Fig. 1.9(b). 

For the impedance data on CaCu3Ti4O12 at room temperature obtained by Sinclair et 

al. [41], it is clearly shown that there exists a non-zero resistance in the inset of Fig. 

1.10(a). Considering the semi-circle at low frequency shown in the main figure, this 

result strongly indicates that there should be another semi-circle at high frequency 

over 10
5
 Hz. When the impedance plot was made below 130 K, however, the new data 

presented in Fig. 1.10(b) confirmed the high frequency semi-circle showing the grain 

resistance. Thus, similar to the case of a SrTiO3 barrier layer capacitor, the giant 

dielectric constant in CaCu3Ti4O12 can be attributed to the formation of thin insulating 

boundaries with the conducting grains. 

After the suggestion of the internal barrier layer capacitor (IBLC) model as the 

clear evidence of an extrinsic effect, there have been a number of reports supporting 

IBLC effects. As an explanation of the huge reduction of the dielectric constant in 

CaCu3Ti4O12 at low temperature, Homes et al. [44] suggested that the increased 

electronic localization caused by increasing the Born effective charge per oxygen atom 

(Zo*) at lower temperature affects the increase in the insulating region based on the 
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IBLC model. On the other hand, a report by Fang and Shiau [45] suggested that there 

are two different kinds of barrier layers depending upon the microstructure in 

CaCu3Ti4O12. From their subsequent results via SEM and HRTEM, this microstructure 

features the semiconducting domains and insulating domain boundaries in the large 

grains as well as the insulating grain boundaries [46], shown in Fig. 1.11(a). The 

equivalent circuit including these three RC elements is represented in Fig. 1.11(b). 

 

1.4. Research on CaCu3Ti4O12  

 

1.4.1. Bulk CaCu3Ti4O12 via solid-state synthesis 

 

1.4.1.1. Defect contributions to the dielectric properties via doping schemes 

 

While the extrinsic effect has been accepted as the origin of abnormally high 

dielectric constant in CaCu3Ti4O12 via internal barrier layer model [41], there have 

been a number of studies about the doping effects on the dielectric properties in this 

material. The first study of doping effects was carried out by Kobayashi and Terasaki 

[47]. From the study of Mn doping on the A''-site (i.e. CaCu3-xMnxTi4O12), they 

reported a huge drop of dielectric constant by the 2% substitution of Mn
2+

 for Cu
2+

, 

which was explained by the fluctuating domain wall caused by the interaction of 

dipole moments. On the other hand, a Mn doping study by Li et al. [48] was focused 

on the origin of semiconductivity in CaCu2.94Mn0.06Ti4O12 in terms of a cation non-

stoichiometry model. It was found out that Mn-doped CaCu3Ti4O12 increases the bulk 



16 

 

resistivity by six orders of magnitude higher than CaCu3Ti4O12 via impedance 

analysis. They suggested that different compositions in grains and grain boundaries 

may cause the suppression of bulk conductivity in Mn-doped CaCu3Ti4O12. 

In addition to Mn doping, the effects of La doping on the A'-site were reported 

by two different groups. Based on the results by Feng et al. [49], Ca1-xLaxCu3Ti4O12 (x 

= 0, 0.1, 0.2, 0.3, 0.4) exhibited a decrease in tan  over the entire range of measured 

frequencies and temperatures. Their impedance analysis data indicated a conductivity 

rise in the grains due to the effect of donor doping (i.e. La
3+

 substitution for Ca
2+

), 

which eventually suppressed the dielectric loss. In comparison, different results were 

obtained by Shri Prakash and Varma [50]. In their study of Ca1-xLa(2/3)xCu3Ti4O12 (x = 

0, 0.5, 1), dielectric constant decreased with the amount of La
3+

 in the frequency range 

of 100 Hz – 10 MHz. Also, their scanning electron micrographs clearly showed the 

reduction of grain size from 50 m to 3-5 m by La doping. From the results of 

impedance spectroscopy, the decrease in the dielectric constant of La-doped 

CaCu3Ti4O12 was explained by a decreased conductivity in the grains and a lower 

resistivity in grain boundaries. 

On the other hand, a variety of elements doped onto both the A'-site (i.e. Ca1-

xAxCu3Ti4O12 where A = La, Sr, x = 0.02, 0.05) and the B-site (i.e. CaCu3Ti4-yByO12 

where B = V, Cr, Mn, Ni, Fe, Co, y = 0.08, 0.20) were utilized by Capsoni et al. [51] 

in order to study their effects on the dielectric properties. It was observed that the 

grain boundary capacitance (Cgb) increased by increasing the CuO content (in mol %) 

for all dopants except Fe. Based on the change in the lattice parameter with both 

doping types and the minimal influence on the bond length, they suggested that the 
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improved dielectric constant might be due to the grain boundary effects. This 

explanation was supported by the negligible change in bulk capacitance (Cb) via 

doping.    

  

1.4.1.2. Effects of processing conditions on the dielectric properties  

 

Like the influences of doping on CaCu3Ti4O12, it seems that different 

processing conditions can significantly affect the dielectric properties as well.  In the 

case of the internal barrier layer capacitors, it has been reported that the dielectric 

properties are very sensitive to the processing conditions [52-53]. For CaCu3Ti4O12, 

Bender and Pan [54] examined the effects of the processing conditions in detail by 

using various conditions including the powder mixing, firing temperature (both 

calcination and sintering), and annealing. It was revealed that the dielectric constant 

increased when the CaCu3Ti4O12 powder was mixed via a milling method 

accompanied with a higher sintering temperature and a longer sintering time. They 

suggested that the improved dielectric constant can be attributed to the higher 

concentration of defects in the grain core. Also, they explained the sensitivity of the 

dielectric properties to the processing from the changes in the resistivity of grain 

boundaries. 

Aygün et al. [55] used a similar approach to the effects of processing 

conditions on CaCu3Ti4O12. As seen in Fig. 1.12, the dielectric constant at 10 kHz 

increases with sintering time. However, they found out that the grain size remained 

nearly unchanged over 20 hours of sintering, indicating that there is little relationship 
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between the dielectric constant and grain size (Fig. 1.13). In addition, the results from 

the effects of oxygen partial pressure (pO2) on the post-annealed CaCu3Ti4O12 at 

800
o
C clearly showed the increased dielectric constant at higher pO2 as shown in Fig. 

1.14. Since the Nb-doped CaCu3Ti4O12 drastically suppressed the dielectric constant 

compared to the pure CaCu3Ti4O12 at the same pO2 = 1.0, it was suggested that the 

change of the dielectric constant is related to the generation of charge carriers among 

the defects.  

 

1.4.2. Thin film CaCu3Ti4O12 

 

 On the other hand, there has been increasing number of reports about CCTO 

thin films mainly due to the many potential applications for microelectronic devices. 

Among these reports, the relationship between the dielectric properties and 

microstructures of the deposited thin films were studied in terms of the different 

substrates via a pulsed laser deposition (PLD) method.  

Because of the importance of choosing appropriate materials to minimize the 

lattice mismatch, lanthanum aluminate (LaAlO3) was used as a substrate in the PLD 

system [56-58] due to the relatively small lattice mismatch of 3.4% to the CCTO thin 

film [56]. The XRD patterns with -2 scan data plotted in Fig. 1.15 [57] shows that 

only (00l) peaks are detected and very small value (~0.6
o
) of the full-width at half 

maximum (FWHM) is obtained from the rocking curve measurement (see inset), 

indicating that CCTO films were obtained with a strong c-axis orientation. For the 

pole figure reflection from (202) plane of CCTO thin films shown in Fig. 1.16 [57], 
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sharp four-fold reflection points (white-colored) can be seen clearly, implying that the 

grown CCTO film has a high degree of crystallinity.  

Lin et al. [57] reported that the dielectric constant of the CCTO films measured 

at 1 MHz was about 10,000 at room temperature, but only 5,400 for polycrystalline 

CCTO at the same frequency. They suggested that the higher dielectric constant in the 

single crystal CCTO thin film be due to the larger number of domain boundaries and 

relatively larger grains, which contributed to the higher capacitance.  

On the other hand, dc conductivity measurements by Chen et al. [58] showed 

the change of slope on the  – 1/T plot at 773 K as seen in Fig. 1.17 [58]. They 

thought that the shift of the activation energy at high temperatures might be due to a 

vacancy-disorder transition. Also, their ac impedance analysis examined the electrical 

properties of the grown CCTO film at high temperatures (T = 923 K).  The results 

indicated a single semicircle at the frequency range of 10 kHz – 1 MHz shown in Fig. 

1.18 [58]. From the data passing through the origin and showing only one semicircle, 

the impedance plot clearly indicates that grain response is dominant at high 

frequencies. 

In comparison, Si-based substrates such as a multilayer Pt/Ti/SiO2/Si has also 

been utilized in recent CCTO thin film studies [59-63] since Pt is used as a stable 

conductor at high temperature and Ti as a good adhesive to SiO2. As seen in Fig. 1.19 

[60], XRD peaks of the (211), (220), (400), and (422) planes of the thin film grown on 

the Pt/Ti/SiO2/Si substrate are well matched with the CCTO target implying that the 

grown film is polycrystalline. From XRD patterns and AFM micrographs of the 

multilayer CCTO thin films shown in Fig. 1.20(b) [61], the position of the SiO2 layer 
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in the multilayer CCTO film changes the film crystallinity and the surface 

morphology.  A recent study revealed that a higher crystallinity of the CCTO film was 

achieved when the SiO2 layer was inserted on top of Pt/Ti/SiO2/Si layer or in the 

middle of the CCTO film [62]. This improved crystallinity of CCTO thin films might 

be due to a better homogeneity in the AFM micrographs (not shown) of CCTO films 

grown on top of a SiO2 layer.                    

The dielectric measurements by Fang et al. [60] showed that the dielectric 

constant was reduced as the temperature decreased with the relaxation behavior of tan 

 (Fig. 1.21 [60]). This dielectric constant of about 2,000 is similar to the measured 

values (~ 1,500) of CCTO thin film grown on LaAlO3 substrate [56], but much lower 

than the value (K ~ 10
4
) reported by Lin et al. [57]. Whereas, both dielectric constant 

and tan  of the multilayer CCTO/SiO2/CCTO films have lower values than the single 

layer CCTO film, shown in Fig. 1.22 [62]. Based on the electrical measurement data 

(not shown), the leakage current density of multilayer CCTO film decreases by 

increasing the thickness of the SiO2 layer and is lower than the case of a single layer 

CCTO, implying a more resistive multilayer CCTO film [62]. This result was 

explained from the decreased number of free carriers when the SiO2 layer trapped 

these carriers, eventually reducing their mobilities [62-63]. 
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Table 1.1. Dielectric data and the lattice parameter for ACu3M4O12 [24] 

 

Compounds Dielectric constant* Loss tangent* Lattice parameter (Å) 

CaCu3Ti4O12 10,286 0.067 7.391 

CdCu3Ti4O12 409 0.093 7.384 

La2/3Cu3Ti4O12 418 0.060 7.427 

Sm2/3Cu3Ti4O12 1,665 0.048 7.400 

Dy2/3Cu3Ti4O12 1,633 0.040 7.386 

Y2/3Cu3Ti4O12 1,743 0.049 7.383 

Bi2/3Cu3Ti4O12 1,871 0.065 7.413 

BiCu3Ti3FeO12 692 0.082 7.445 

LaCu3Ti3FeO12 44 0.339 7.454 

NdCu3Ti3FeO12 52 0.325 7.426 

SmCu3Ti3FeO12 52 0.256 7.416 

GdCu3Ti3FeO12 94 0.327 7.409 

YCu3Ti3FeO12 33 0.308 7.394 

* Measured at 100 kHz 
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(a) 

 

(b) 

Fig. 1.1. (a) Three-dimensional unit cell structure of the cubic BaTiO3; 

(b) Ionic displacement of tetragonal BaTiO3 [15] 
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Fig. 1.2. Dielectric constant of BaTiO3 as a function of temperature [16] 

 

 

  

 

Fig. 1.3. Three-dimensional unit cell structure of CaCu3Ti4O12 [24] 

[Ca is the largest atom at the corners and the center of a unit cell;  

Cu atom is located in the center of edges and facial planes in a unit cell;  

Ti atom is hidden inside of each octahedron, forming TiO6; 

4 O atoms are bonded to a single Cu atom – CuO4 square planar structure] 
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Fig. 1.4. Plots of the dielectric constant and tan  versus temperature  

of two different CaCu3Ti4O12 samples (i.e. circles and triangles) [26] 

 

 

 

   

 

Fig. 1.5. (A) a curve fit between the measured and the calculated dielectric constant  

as a function of frequency; (B) a plot of the relaxation time  

versus inverse temperature [29] 
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                                     (a)                                                             (b) 

Fig. 1.6. Plots of the frequency dependent dielectric constant of CaCu3Ti4O12 

measured with (a) different types of contacts and (b) different thicknesses [36] 

 

 

 

 

 

 

 

 

 

     

                                              (a)                                                           (b) 

Fig. 1.7. Schematic illustration of (a) Maxwell-Wagner two-layer dielectric model and 

(b) two-layer parallel equivalent circuit [38] 
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Fig. 1.8. Schematic diagram of a brick wall model for a barrier layer capacitor 

 

 

(a) 

 

(b) 

Fig. 1.9. (a) Schematic diagram of an equivalent parallel circuit; 

(b) impedance complex plane plot showing two semi-circle components [43] 
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Fig. 1.10. Complex impedance plane plot of CaCu3Ti4O12 (a) at 300 K  

and (b) at lower temperatures (104, 115, 130 K) [43] 

 

 

 

 

 

Fig. 1.11. (a) Schematic illustration of the microstructure of the internal domains;  

(b) equivalent circuit representing the resistance and capacitance of  

domain (Rd,  Cd), domain boundary (Rbd, Cdb), and grain boundary (Rgb, Cgb) [46] 
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Fig. 1.12. Dielectric constant of CaCu3Ti4O12     Fig. 1.13. Grain size and the dielectric 

as a function of sintering time [55]                      constant of CaCu3Ti4O12 as a function  

                                                                              of sintering time [55] 

 

 

 

 

Fig. 1.14. A plot of dielectric constant versus temperature of the post-annealed 

CaCu3Ti4O12 at 800 
o
C for 24 hours as a function of oxygen partial pressure [55] 
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Fig. 1.15. XRD patterns of CCTO thin film grown on (001) LaAlO3  

with a rocking curve data (inset) [57]        
 

 

 

        

 

 

Fig. 1.16. The pole figure reflection from (202) CCTO thin films [57] 

 



34 

 

      

 

 Fig. 1.17. Temperature dependence of four probe      Fig. 1.18. An ac impedance plot  

      dc conductivity for a CCTO thin film [58]        for a CCTO thin film at 923 K [58]         
     

 

      

 

   Fig. 1.19. XRD diffraction patterns of                 Fig. 1.20. XRD patterns of (a)        

          (a) CCTO target and (b) CCTO                            single and (b) multilayer  

          thin film grown on Pt/Ti/SiO2/Si                          CCTO film layer on  

          substrate [60]                                                        Pt/Ti/SiO2/Si substrate [62]  
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Fig. 1.21. Temperature dependence of the dielectric constant and 

tangent loss of a CCTO film as a function of frequency [60] 

 

 

 

Fig. 1.22. Frequency dependence of the dielectric constant and tangent loss  

for a multi-layer CCTO/SiO2/CCTO film [62] 
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Chapter 2. Experimental Procedures 

 

2.1. Ceramic processing of CaCu3Ti4O12 

 

2.1.1. Batching, mixing, and milling processes 

 

 In order to carry out the research on copper calcium titanate, a variety of bulk 

ceramic samples of CaCu3Ti4O12 have been manufactured by utilizing traditional 

methods of solid state synthesis. First, the following three oxide powders were 

prepared: 1) calcium carbonate (CaCO3, Fisher Scientific, ACS); 2) copper (II) oxide 

(CuO, Alfa Aeser, ACS); 3) Titanium (IV) oxide (TiO2, Fisher Scientific, Anhydrous). 

Based on the chemical stoichiometry of Ca:Cu:Ti:O as 1:3:4:12, the weight of each 

oxide powder was obtained and measured by batch calculation in order to produce the 

stoichiometric compound of CaCu3Ti4O12. The stoichiometry of CaCu3Ti4O12 was 

modified when the dopants of Cr2O3, Nb2O5, and ZrO2 were added. Also, the non-

stoichiometric CaCu3Ti4O12 powders were prepared based on the calculations of 2 

mol% deficient Cu and Ti (i.e. Cu2.94 and Ti3.92) as well as 2 mol% excessive Cu 

and Ti (i.e. Cu3.06 and Ti4.08). 

After certain amounts of cylindrical shaped yttria-stabilized zirconia media 

were inserted into a Nalgene bottle, the measured powders were then added into the 

bottle. To mix those different powders homogeneously, the measured volume of ethyl 

alcohol was added and the bottle was put into the vibratory mill (M-18 grinding mill, 
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SWECO Inc., Florence, KY), shown in Fig. 2.1, for 6 hours. After the milling process 

was finished, the mixture of powders and ethyl alcohol was separated from the media 

and was collected in the evaporation dish. Then, the dish was dried overnight in the 

drying chamber at 150 
o
F.  

 

2.1.2 Calcination process 

 

In spite of using high purity powders refined by the chemical processes from 

the manufacturing companies, there exist certain amounts of impurities after the 

milling and drying processes. To reduce these impurities and obtain the homogeneity 

of the final compound of CaCu3Ti4O12, the dried powder consisting of CaCO3, CuO, 

and TiO2 was heated up to the high temperature. For the current research of 

CaCu3Ti4O12, the calcination was performed at 1000 
o
C for 24 hours followed by 

furnace cooling. The detailed processing schedule is shown in Fig. 2.2. The hard 

agglomerates after the calcination was then pulverized in a mortar first, moved to the 

vibratory mill for 6 hours of running, and dried in the drying chamber to obtain the 

powders of CaCu3Ti4O12 with the reduced particle size.     

 

2.1.3 Pressing of the CaCu3Ti4O12 samples 

 

It is necessary to provide the binding force among the calcined particles in 

order to make a green ceramic pellet of CaCu3Ti4O12. With the dried powder, 

approximately 3 wt% of polyvinyl butyral or PVB (Butvar


 B-90, Solutia Inc.) was 
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mixed together in the mortar. After grinding the mixture with a pestle, the aggregate of 

CaCu3Ti4O12 powder and PVB was dried in a drying oven for minimum 30 minutes. 

Then, it was cooled down to room temperature and the weight of the CaCu3Ti4O12 

powder (0.8 gram) for making a single pellet was measured via a digital balance. The 

powder was inserted into the central hole (diameter = 12.7 mm) of a cylindrical mould 

where a small cylindrical spacer was already put in the bottom. After closing the top 

of the hole by putting another cylindrical spacer, which is longer than the one in the 

bottom, the entire mould was put into the stage of a cold uniaxial press (Carver Press, 

Inc.). The CaCu3Ti4O12 powder was pressed up to 1500 psi for 3 minutes to produce a 

green ceramic pellet.     

 

2.1.4 Firing process of the CaCu3Ti4O12 samples 

 

After the process of producing ceramic pellets of CaCu3Ti4O12 via cold press, 

these green products require a certain amount of bonding among the particles to obtain 

the desired properties and microstructures. As a traditional method, heat treatment has 

been used for this purpose by heating up these green ceramics to a certain temperature 

where no phase transition occurs. This process is called firing and it has three steps: 1) 

presintering; 2) solid-state sintering; and 3) cooling [1]. Based on these stepwise 

processes, the complete firing schedule of CaCu3Ti4O12 samples is shown in Fig. 2.3. 

Since the green samples include the organic additive that must be completely removed 

to avoid the undesirable effects on the properties of the final products, slow heating 

rate (1 
o
C/min) is required until temperature reaches 400 

o
C around which the most 
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amount of PVB decomposes [2]. After 3 hours of holding at that temperature to 

complete the organic burnout, CaCu3Ti4O12 samples were then heated up to 1100 
o
C in 

air with the rate of 5 
o
C/min for the solid state sintering process. After 2 hours of 

holding, the CaCu3Ti4O12 samples were cooled down to room temperature with the 

control of cooling rate (5 
o
C/min). For the study of the effects of different processing 

conditions, both heating and cooling rates were varied from 1 
o
C/min to 10 

o
C/min. 

Also, samples were cooled through an air quenching method for the study of 

quenching and annealing effects on the structure and properties of CaCu3Ti4O12. 

 

2.2. Measurement techniques 

 

2.2.1. Sample preparation prior to the measurements 

 

After the cooling process is completed, sintered CaCu3Ti4O12 samples were 

polished to make parallel surfaces that provide the better contact for the electrical 

measurements.  Since it is necessary to know the sample dimensions for the dielectric 

measurements, the diameter and the thickness of polished samples were measured by 

using a micrometer and calipers, respectively.  

 

2.2.2. Density measurements of CaCu3Ti4O12 sample 

 

The density of the sintered and polished CaCu3Ti4O12 pellets was measured 

using the Archimedes method. First, each pellet was fully dried in a drying oven and 



40 

 

when it cooled down, its weight was measured as dry weight (WD) via a precision 

balance (Advanturer Pro, Ohaus). Then, the pellet was inserted into the beaker that is 

filled with deionized (DI) water and placed in a small vacuum chamber, and the 

vacuum was applied by operating a vacuum pump for 5 minutes. After the pump was 

turned off, CaCu3Ti4O12 pellet was removed from the beaker and put into the balance 

where a specially designed weighing boat was submerged in the DI water and the 

saturated weight (WS) of the pellet was measured. And then the pellet was placed on a 

water-soaked tissue to remove the water droplets on the surfaces and weighed in the 

balance to obtain the impervious weight (WI).  With these three different weights, the 

density of a pellet can be calculated as the following formula: 




CCTO


W

D

W
I
W

S
 

 

2.2.3. Measurement of dielectric properties 

 

In order to measure the dielectric constant and the loss tangent of CaCu3Ti4O12 

pellets, it is necessary to make the both surfaces of ceramic samples conductive. By 

using a scan coater (Scan Coat 6


, Edwards), the top and bottom surfaces of 

CaCu3Ti4O12 pellets were sputtered with gold electrodes while the circumferential 

edge was not coated. After the coating, the silver paste was applied to the center of 

both surfaces to give a better electrical contact to the probe. Then, each pellet was 

inserted between the two probes aligned in opposite direction on the test fixture. The 

capacitance of each pellet was measured with an LCR meter (Model 4284A, Agilent) 
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as the function of either frequency or temperature. Regardless of measurement 

parameters, the data were collected through a LabVIEW


 program and at the same 

time each data point calculates its dielectric constant automatically on the computer 

screen.  For the capacitance measurements in terms of temperature, however, an 

environmental chamber was utilized with the liquid nitrogen both to heat up and cool 

down the sample between -100 and +150 
o
C. 

 

2.2.4. Measurement of electrical properties  

 

The measurements of capacitance versus voltage of both stoichiometric and 

doped CaCu3Ti4O12 pellets were carried out via LCR meter. With the help of TRS 

Technologies Inc., capacitance measurements at high voltages were performed (up to 

500 V) using the bipolar sweep mode with four-second delay. Also, the current-

voltage (I-V) measurements were carried out by a Keithley 237 source-measure unit 

with the applied bias up to 50 V in order to calculate the resistivity of CaCu3Ti4O12 

pellets.  

On the other hand, both grain resistivity and boundary resistance of 

CaCu3Ti4O12 pellets were measured by using an impedance analyzer (Model 4194A, 

Hewlett-Packard) over the frequency range of 10 Hz – 5 MHz. All impedance data 

were collected through a LabVIEW


 software and analyzed via Microsoft Excel


 and 

Kaleidagraph


 spreadsheets. The measurement equipments and their setup are shown 

in Fig. 2.4. 
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2.3. Materials characterization methods 

 

2.3.1. X-ray diffraction (XRD) 

 

Since it has been reported that CaCu3Ti4O12 becomes non-stoichiometric 

during reduction and oxidation processes [3-5], it is crucial to investigate the phase 

equilibria in terms of the evolution of the secondary phases. In order to examine these 

phase changes, an X-ray diffractometer (Bruker-AXS D8 Discover


, shown in Fig. 

2.5) was utilized for both calcined powders and sintered pellets of CaCu3Ti4O12. In 

addition, the element and compound of each peak shown on the diffraction patterns 

were searched and verified by the analytical softwares (EVA


 and PDFMaint


, 

Bruker-AXS). 

 Lattice parameters of CaCu3Ti4O12 powders and pellets were calculated by 

using Cohen‟s least-squares method to find out if there was any change in crystal 

structure of the material. Also, for the study of decomposition kinetics of secondary 

phases, the intensity ratio of CuO and Cu2O to CaCu3Ti4O12 (the maximum peak) was 

calculated. 

 

2.3.2. Thermogravimetric / differential thermal analysis (TG/DTA) 

 

It can be considered that the origin of the non-stoichiometry in CaCu3Ti4O12 

should be correlated to its decomposition reactions. First, in order to examine these 
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phenomena in detail, the weight change versus temperature of the calcined 

CaCu3Ti4O12 powder was measured via thermogravimetric analysis (TGA). And then, 

TGA was carried out with CaCu3Ti4O12 pellets where the different sintering conditions 

were used. Also, differential thermal analysis (DTA) was utilized to detect the 

decomposition reactions in terms of the heat absorption and/or liberation. Both 

analyses were performed with the help of Perkin Elmer Pyris Diamond


 TG/DTA 

system. 

 

2.3.3 Electron microprobe analysis (EMPA)  

 

The microstructure of the sintered CaCu3Ti4O12 ceramics was observed via 

electron microprobe analysis technique. Each ceramic sample was coated with carbon 

by using a high vacuum carbon coater (Cressington 208carbon) to make a conductive 

surface. The thickness of carbon coated on the surface was controlled to be ~ 20 nm. 

Then, the samples were attached to the sample holder by facing up the coated surface 

and inserted into the sample stage of a Cameca SX 100 Electron Probe Micro-

Analyzer. After focusing the designated surface area of the sample, the micrographs of 

CaCu3Ti4O12 samples were obtained with the high and low magnitudes. In addition to 

the microstructures, the chemical compositions on both grains and grain boundaries of 

each sample surface were evaluated via Wavelength Dispersive X-ray Spectroscopy 

(WDS) technique with the help of SX Control software. The schematic diagram of the 

electron probe micro-analyzer is shown in Fig. 2.6. 
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Fig. 2.2. Schematic diagram of the calcination schedule for CaCu3Ti4O12 powder 

 

 

 

Fig. 2.3. Schematic diagram of sintering schedule for the  

calcined CaCu3Ti4O12 powder 
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(a) 

 

(b) 

Fig. 2.4. Photo images of the (a) dielectric (Agilent 4284A LCR meter) and  

(b) electrical measurement system (HP 4194A impedance analyzer) 

 

 

Fig. 2.5. Photo image of the X-ray diffractometer system (Bruker-AXS D8 Discover) 
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Fig. 2.6. Schematic illustration of a Cameca SX 100  

electron probe micro-analyzer [6] 
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Chapter 3. Research purpose and goals 

 

 The purpose of this research is to investigate and develop a comprehensive 

structure-property-processing relationship in CaCu3Ti4O12. This is accomplished 

through elucidating the effects of cation non-stoichiometry and doping, and through a 

study of the decomposition reactions present in CaCu3Ti4O12. The detailed research 

plans are provided for each of the following areas. 

 

3.1. Doping Effects 

 

           Three types of doping systems (donor, acceptor, and isovalent) have been 

utilized, and all of doping schemes were assumed to partially replace B-site cations in 

CaCu3Ti4O12 (i.e. Ti
4+

 ions). First, the phase equilibria of each doped ceramic were 

compared with the stoichiometric (i.e. undoped) CaCu3Ti4O12 sample from the 

calculation of lattice parameters obtained via x-ray diffraction (XRD) patterns. Then, 

the dielectric measurements were carried out in order to obtain the dielectric constant 

and loss tangent of each doped sample in terms of both different frequencies and 

temperature. Also, the measurements were performed under the applied voltage. The 

goal of this section is to correlate the phase stability, dielectric properties, and 

insulation resistance of the doped CaCu3Ti4O12 ceramics.  
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3.2. Effects of the stoichiometric variations  

 

           Stoichiometrically modified CaCu3Ti4O12 samples were used to study the 

effects of cation non-stoichiometry on the dielectric properties. These non-

stoichiometric compounds include: 1) CaCu2.94Ti4O12 [Cu2.94, 2 mol% Cu deficient]; 

2) CaCu3.06Ti4O12 [Cu3.06, 2 mol% Cu excessive]; 3) CaCu3Ti3.92O12 [Ti3.92, 2 mol% 

Ti deficient]; 4) CaCu3Ti4.08O12 [Ti4.08, 2 mol% Ti excessive]. For all these ceramics, 

any phase change in terms of the different stoichiometry in CaCu3Ti4O12 was verified 

from the XRD measurements. In addition, dielectric constant and loss tangent versus 

frequency were measured. Phase stability, dielectric properties, and insulation 

resistance were studied and the relationship among these parameters was explained in 

terms of the stoichiometric variations in CaCu3Ti4O12 ceramics.  

 

3.3. Effects of processing conditions and the decomposition reactions 

 

In this section, two different approaches were followed in an attempt to 

understand the decomposition reactions that underpin the intrinsic non-stoichiometry 

in CaCu3Ti4O12. First, secondary phases (i.e. CuO and Cu2O) found in the sintered 

CaCu3Ti4O12 ceramics were examined by varying the processing conditions such as 

different cooling rates, sintering hours (at 1100 
o
C in air), and annealing hours (at 800 

o
C in air). These phases were detected and analyzed via XRD measurements. Also, the 

dielectric constant and the loss tangent of these CaCu3Ti4O12 samples were measured, 

and the relationship between the secondary phases and the properties were elucidated 
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via impedance analysis. On the other hand, the decomposition reactions of both 

quenched and annealed (100 h) CaCu3Ti4O12 ceramics were studied and explained by 

utilizing the thermogravimetric and the differential thermal analysis (TG/DTA) 

techniques.  

 

3.4. Influence of the different sintering temperatures on the phase equilibria and the 

dielectric properties 

 

The previous study about the processing conditions was continued and 

expanded in terms of various sintering parameters. The goal of the current research 

was set to correlate the process variables with the measured properties in CaCu3Ti4O12 

ceramics. For the phase stability, XRD analysis was performed to examine the 

changes of CuO and Cu2O phases with regard to the different heating rates, sintering 

time (at 1100 
o
C), and sintering temperatures. Also, impedance analysis was carried 

out to explain the measured dielectric properties as a function of processing parameter 

used in CaCu3Ti4O12 ceramics.  

 

3.5. Influence of the sintering time on the microstructures and the cation non-

stoichiometry 

 

In this section, the goal of the study was focused on the effects of the different 

sintering time near the phase transition temperature (i.e. at 1115 
o
C) on the structure as 

well as the stoichiometric variations in CaCu3Ti4O12 ceramics. The first part of 
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research includes the XRD analysis of CaCu3Ti4O12 pellets for the phase change by 

means of the secondary phases. Also, phase equilibria were investigated by the 

intensity ratio of CuO and Cu2O to CaCu3Ti4O12 as a function of sintering time. The 

microstructures and the compositional analysis of CaCu3Ti4O12 ceramics obtained 

from the electron microprobe analysis (EMPA) were then used to correlate these data 

with the cation non-stoichiometry in CaCu3Ti4O12. The relationship among the 

processing conditions, microstructures, and the cation non-stoichiometry of 

CaCu3Ti4O12 ceramics were discussed to elucidate the resulting Cu-poor and Ti-rich 

CaCu3Ti4O12 ceramics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

Chapter 4. Influences of Cr2O3 doping on the dielectric response of CaCu3Ti4O12 

 

 

Seunghwa Kwon, Chien-Chih Huang, Eric A. Patterson, David P. Cann 

Materials Science, School of Mechanical, Industrial, and Manufacturing Engineering 

Oregon State University, Corvallis, Oregon 97331-8569 

  

Edward F. Alberta, Seongtae Kwon, Wesley S. Hackenberger 

TRS Technologies, Inc. 

State College, Pennsylvania 16801-7548 

 

 

Materials Letters 

http://www.elsevier.com/wps/find/journaldescription.cws_home/505672/description 

Manuscript was published in Materials Letters 62 (2008) 633-636.  

 

 

4.1. Introduction 

 

Since the discovery of unusually high-K in CaCu3Ti4O12 (CCTO) by 

Subramanian et al. [1] in 2000, there has been increasing number of reports on this 

pseudo-perovskite type material. Compared to the high-K ferroelectric materials 

including BaTiO3, CCTO has advantageous features for the potential applications to 
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the electronic devices. First, its dielectric constant (K ≈ 12,000) is independent of 

temperature between 100 and 400 K. Also, the structure with its cubic unit cell (a = 

7.391 Å) remains unchanged, indicating that no phase transition occurs. In attempts to 

find out the origin of the anomalous dielectric behavior of CCTO, intrinsic models 

were initially proposed in terms of the relaxation modes [2] and relaxor-like slowing 

down of the dipole fluctuations [3]. However, several reports based on the twin 

boundaries [1], grain boundaries [4], electrode-sample interfaces [5-6], and the first 

principle calculations [7-8] provided the strong evidence of extrinsic effects on CCTO. 

Moreover, the internal barrier layer capacitor (IBLC) model representing 

semiconducting grains and insulating grain boundaries [9] confirmed the electrical 

heterogeneities in the microstructure of CCTO, and has been widely accepted as the 

most likely explanation for the abnormal dielectric response in CCTO. These 

inhomogeneous features in grain boundaries were also supported by current-voltage 

measurements [10].  

It is well known that dielectric properties of CCTO are strongly dependent 

upon the processing conditions [11] as well as doping [12-13]. For the doping effects, 

there are many examples in the literature such as substitution of Mn for Cu [14-15]
 

and La for Ca [16-17],
 
and Zr for Ti [18]. Recently, there have been studies about 3d 

metal cation dopants substituted for Ti-site, mainly focused on the electrostatic 

potential at grain boundaries through I-V measurements [19-20]. However, effects of 

B-site dopants on the dielectric response have not been widely investigated. We have 

previously reported that the higher concentration of Nb doping in 

CaCu3Ti3.984Nb0.016O12 showed the decreased room temperature dielectric loss down to 
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0.05 at 10 kHz by an order of magnitude accompanied by a reduction in room 

temperature dielectric constant [21]. On the other hand, 0.5 mol% ZrO2 addition 

maintained tan  below 0.05 over the frequency range between 50 Hz - 30 kHz with 

the aim of enhancing its dielectric loss characteristics [18].
 
In the present study, the 

effects of Cr2O3 doping on the dielectric properties of CCTO are examined. The 

frequency and temperature dependence of permittivity and tan  was measured with 

different doping levels. The results are compared with the dielectric properties 

previously obtained from undoped, Nb2O5- and ZrO2-doped CCTO samples.  

 

4.2. Experimental Procedures 

 

  Ceramics samples of CaCu3Ti4O12 were prepared by using solid state synthesis 

methods. High purity CaCO3, CuO, and TiO2 powders were mixed and milled in 

ethanol using a vibratory mill. For the doping study, Cr2O3 powders were added to 

CCTO at the calcination stage based on the stoichiometry in concentrations of 0.1, 0.5, 

and 1.0 mol%. The batch was then calcined in air at 1000 °C for 24 hours. After 

milling the calcined powders again, approximately 3 wt% organic binder was used to 

make 12.7 mm diameter pellets by cold uniaxial pressing. These pellets were sintered 

in air at 1100 °C for 2 hours. In order to monitor the phase equilibria and lattice 

parameter changes, x-ray diffraction measurements (Bruker D8 Discover) were carried 

out for both calcined powders and sintered pellets. The density of the pellets was 

measured using the Archimedes method. The samples were sputtered with gold 

electrodes, and the dielectric properties were measured with an Agilent 4284A LCR 
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meter utilizing an environmental chamber for the temperature measurements. Also, the 

capacitance versus voltage measurements were done via LCR meter between 0 – 150 

V using the bipolar sweep mode with 4 sec delay.  For the resistivity data, the current-

voltage (I-V) measurements were carried out by a Keithley 237 source-measure unit 

with the applied bias up to 50 V.  

 

4.3. Results and discussion 

 

4.3.1. Dielectric properties versus frequency of doped CaCu3Ti4O12 

 

The dielectric constants of undoped, 0.5 mol% ZrO2-doped, and 1 mol% 

Cr2O3-doped CCTO measured at room temperature over the frequency range of 10
2
 – 

10
6
 Hz are plotted in Fig. 4.1. For 0.5 mol% ZrO2-doped sample, dielectric constant 

was much lower (K ~ 5,600) than that of undoped CCTO (K ~ 13,600). However, 1 

mol% Cr2O3-doped pellet showed a huge increase in dielectric constant up to 19,000 

at 1 kHz.  

The plot of dielectric loss versus frequency is shown in Fig. 4.2. In this plot, 

loss tangents for both 0.5 mol% ZrO2-doped and 1 mol% Cr2O3-doped samples are 

lower than the value of undoped CCTO at low frequencies. Moreover, the tan  of 1 

mol% Cr2O3-doped CCTO was maintained below 0.053 between 100 Hz - 10 kHz 

with the lowest value of 0.045 at 1 kHz, while its dielectric constant is much larger 

than the 0.5 mol% ZrO2-doped CCTO. These results were repeatable in separate 

batches and the room temperature dielectric properties of undoped and 1 mol% doped 
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(Cr2O3, Nb2O5, and ZrO2) CCTO are summarized in Table 4.1. 

The low dielectric loss at low frequencies exhibited by an acceptor dopant such 

as Cr2O3 can be explained by the changes in the transport behavior that contributed to 

a higher resistance. Based on the current-voltage measurements, the resistivity of 

Cr2O3-doped CCTO was higher than the value of undoped CCTO by an order of 

magnitude. Considering that no second phase was detected in XRD data from 1 mol% 

Cr2O3-doped CCTO, the low tangent loss in Cr2O3-doped CCTO might be due to the 

increase in grain boundary resistivity. Also, based on the internal barrier layer model, 

the increased dielectric constant in Cr2O3-doped CCTO could be explained by the 

enhanced conductivity in grains. Detailed study on the dielectric properties in terms of 

the microstructure is necessary. 

 

4.3.2. Temperature dependency of the dielectric properties 

 

The temperature dependence of the dielectric constant for undoped, 1 mol% 

Cr2O3-,Nb2O5-, and ZrO2-doped CCTO is plotted in Fig. 4.3. It is shown that the 

dielectric constant of both undoped and doped CCTO was nearly temperature-

independent up to approximately 400 K at 10 kHz, except for a small increase in the 

Nb2O5-doped sample at high temperatures. The highest dielectric constant was 

obtained from Cr2O3-doped CCTO over entire temperature range, while the overall 

variation of the dielectric constant (K/K) was about ±9.5%.  

On the other hand, the plot of loss tangent against temperature shown in Fig. 

4.4 indicates that Cr2O3- and ZrO2-doped samples exhibit relatively lower loss than 
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undoped and Nb2O5-doped CCTO above 300 K. In addition, Cr2O3 doping suppressed 

high temperature losses as low as 0.2 at 90 
o
C, compared to tan  ≈ 0.5 for ZrO2-doped 

CCTO. The inset in Fig. 4.4 provides detail on the loss tangent over the temperature 

range below 320 K. These data indicate that Cr2O3-doped CCTO maintain a lower 

dielectric loss in the vicinity of room temperature compared to previous results [18].  

 

4.3.3. Capacitance versus voltage measurements 

 

           The capacitance measurement data for 1 mol% Cr2O3-doped CCTO as a 

function of applied voltage are plotted in Fig. 4.5. It is shown that the change of 

capacitance in terms of the bias up to 150 V was about 9.5% at 10 kHz. Previous 

results on 0.5 mol% ZrO2-doped CCTO showed much smaller bias dependences over 

lower voltages (C/Co < 1% between 0 – 40 V) [18].  However, since the diminution 

of capacitance in a classical barrier layer capacitor material such as SrTiO3 can reach 

as much as 60% of its zero-biased capacitance [22], it can be inferred that the 

dielectric response of CCTO is related to internal barriers on a much smaller scale. It 

is worth noting that this negligible bias dependence was extended to 450 V for 1 mol% 

ZrO2-doped CCTO, which is shown in Fig. 4.6.  

 

4.4. Conclusions 

 

          In summary, from the results of dielectric measurements, 1 mol% Cr2O3-doped 

CCTO exhibited a low tan  around 0.05 between 100 Hz – 1 kHz with an increased 
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permittivity of over 17,000 over the wide range of frequency. This combination of 

high-K and low loss is superior to all other doped and undoped CCTO in the literature.  

Considering the temperature independence of the permittivity as well as the little bias 

dependence of capacitance up to 150 V, Cr2O3-doped CCTO is an advantageous 

material for high-K applications. 
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Table 4.1. Room Temperature Dielectric Properties of Doped CaCu3Ti4O12 Ceramics 

 

 Permittivity Loss Tangent 

Frequency Undoped 1% Cr2O3 1% Nb2O5 1% ZrO2 Undoped 1% Cr2O3 1% Nb2O5 1% ZrO2 

100 Hz 13,585 19,990 

19004 

 

8,496 5,590 0.391 0.071 1.124 0.065 

1 kHz 12,242 19,004 6,200 

5583 

5,430 0.080 0.049 0.263 0.019 

10 kHz 11,555 17,670 5,583 5,330 0.046 0.047 0.065 0.018 

100 kHz 

kkkkkHz 

10,987 16,569 5,380 5,220 0.073 0.111 0.056 0.065 
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Fig. 4.1. Dielectric constant versus frequency for CaCu3Ti4O12 with undoped,  

0.5 mol% ZrO2 doped, and 1.0 mol% Cr2O3 doped 

 

 

 

Fig. 4.2. Dielectric loss of CaCu3Ti4O12 for undoped, 0.5 mol% ZrO2 doped,  

and 1.0 mol% Cr2O3 doping levels 
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Fig. 4.3. Dielectric constant for CaCu3Ti4O12 with 1 mol% Cr2O3 doping at 10 kHz 

 

 

Fig. 4.4. Loss tangent for CaCu3Ti4O12 with 1 mol% Cr2O3 doping at 10 kHz 
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Fig. 4.5. Measurement of the capacitance as a function of applied voltage for 

CaCu3Ti4O12 with 1 mol% Cr2O3 doping 

 

 

 

Fig. 4.6. Measurement of the capacitance as a function of applied voltage for 

CaCu3Ti4O12 with 1 mol% ZrO2 doping 
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5.1. Introduction 

 

 In recent years, CaCu3Ti4O12 (CCTO) has attracted a significant amount of 

attention based on its extraordinary dielectric properties. The dielectric constant of 

CCTO is about 10,000 at room temperature and is independent of temperature over the 

range of 100 - 400 K [1-3]. This feature makes it applicable to a variety of 
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microelectronic device applications for capacitive elements. In addition, this cubic 

perovskite material lacks the presence of structural transitions as is the case with 

ferroelectric materials
 
[1-2] such as the common ferroelectric perovskite BaTiO3. For 

the unusually high dielectric constant in CCTO, there have been many attempts to 

explain the origin of this phenomenon. Based on the microstructural evidence 

including domain boundaries [4] in polycrystalline CCTO and twin boundaries [5] in 

single crystal CCTO, it has been generally understood that a purely intrinsic model 

cannot be used to explain the origin of the high dielectric constant [6]. Rather, it has 

been proposed that the reason for the abnormally large dielectric constant is due to 

Maxwell-Wagner relaxation [7], which was supported by a first-principles study [8].
 

Here, the electrical heterogeneity originating from the mobile charged species and the 

internal interfaces in polycrystalline CCTO gives rise to the polarization in 

semiconducting grains and insulating grain boundaries [9-10]. The grain boundary 

inhomogeneity was confirmed by the existence of electrical potential barriers via 

current-voltage measurements [11]. So far, the internal barrier layer capacitor (IBLC) 

model has been widely accepted as the most likely mechanism to elucidate the high 

dielectric constant in CCTO.  

           In order to account for the semiconductivity in CCTO, two models have been 

proposed so far. First, it is known that TiO2-based perovskite ceramics such as BaTiO3 

and SrTiO3 become more conductive during sintering under reducing conditions due 

to a small amount of oxygen loss occurring at high temperatures [12]. On the other 

hand, a cation non-stoichiometry model was suggested by Li et al [13]. From their 

studies on ACu3Ti4O12 (A = Ca, Sr), Cu
2+

 reduces to Cu
1+

 upon heating along with a 
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charge balanced substitution of Ti
4+

 on the Cu site. These reduced monovalent Cu ions 

are reoxidized into divalent Cu ions during the cooling stage  along with the reduction 

of Ti
4+ 

to Ti
3+

 where the electrons move into the 3d conduction band, which in turn 

contribute to the rise in conductivity. With the recent report that a Cu2O phase was 

observed inside a decomposition zone with a negligible change in bulk resistivity 

during a nitrogen or oxygen annealing [14], the cation non-stoichiometry model is 

likely to be the reasonable explanation for semiconducting behavior in CCTO. 

           Since cation instability has an influence on the defect equilibrium (including 

processing condition) and that in turn has a significant effect on the dielectric 

properties of CCTO [15], it is crucial to understand the influence of the cation non-

stoichiometry on the dielectric response. There have been reports that confirmed the 

existence of Cu deficiency in CCTO [14,16], but the detailed mechanisms of the 

stoichiometric effects governed by both Cu and Ti stoichiometry has not been well 

established. In this study, the effects of Cu and Ti non-stoichiometry on the dielectric 

properties of CCTO are investigated and compared with stoichiometric CCTO. The 

frequency and temperature dependence of the dielectric constant and loss tangent was 

measured and analyzed in terms of the stoichiometric deviations.  

 

5.2. Experimental 

 

 The preparation of both stoichiometric and non-stoichiometric CCTO pellets 

was carried out via solid state synthesis. First, high purity powders of CaCO3, CuO, 

and TiO2 were mixed together and milled using a vibratory mill with yttria-stabilized 
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zirconia media to obtain stoichiometric CCTO (i.e. CaCu3Ti4O12). The process was 

repeated for the non-stoichiometric CCTO powders based on the calculations of 2 

mol% deficient Cu and Ti (i.e. Cu2.94 and Ti3.92) as well as 2 mol% excessive Cu 

and Ti (i.e. Cu3.06 and Ti4.08). Then, each powder was calcined in air at 1000 °C for 

24 hours. After the second milling of the calcined powders, 12.7 mm diameter CCTO 

pellets were made with the help of approximately 3 wt% organic binder through a cold 

uniaxial press. Those pellets were then sintered in air at 1100 °C for 2 hours, followed 

by density measurements via Archimedes method which confirmed that the density of 

all pellets was over 95% compared to the theoretical value. For the examination of 

phase equilibria and lattice parameter changes, an x-ray diffractometer (Bruker-AXS 

D8 Discover) was used for the calcined powders, as-sintered and polished pellets. For 

the dielectric measurements, an Agilent 4284A LCR meter was used with an 

environmental chamber for the temperature measurements after the samples were 

sputtered with gold electrodes. Also, the electrical properties of CCTO samples were 

measured by using an HP 4194A impedance analyzer over the frequency range of 10 

Hz – 5 MHz. Finally, a Keithley 237 source-measure unit was utilized in order to 

measure the current versus voltage by the application of dc bias from 0 to 40 V. 

 

5.3. Results and Discussion 

 

5.3.1. Phase stability of non-stoichiometric CaCu3Ti4O12 

 

           The X-ray diffraction patterns of polished stoichiometric (undoped) and non-
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stoichiometric CCTO samples are plotted in Fig. 5.1. As can be seen on the plots, all 

diffraction peaks were matched with known peaks of the pseudo-cubic structured 

CCTO based on the Powder Diffraction File data (PDF #75-2188). Also, the lattice 

parameter of the CCTO phase among the different chemical stoichiometric CCTO 

samples varied less than 0.08%. Diffraction measurements on as-sintered (i.e. 

unpolished) stoichiometric and non-stoichiometric specimens revealed the existence of 

a tenorite CuO phase. This evidence suggests that during sintering decomposition 

reaction drives Cu out of the CCTO phase.  Equilibrium thermodynamics would 

suggest that, in air, CuO will reduce to Cu2O at temperatures just above 1000°C.  Thus 

during sintering, a conversion of Cu
2+

 to Cu
1+

 occurs and given the strict ionic size 

limitations within the CCTO crystal structure the majority of the relatively large Cu
1+

 

must reside in a Cu2O secondary phase.  Consequently, this suggests that the Cu/Ti 

stoichiometry of the CCTO phase changes during processing.  Upon cooling, a 

reoxidation reaction occurs by converting Cu2O to CuO, though at relatively rapid 

cooling rates such as those used in this study (~ 10 °C/min), the reformation of the 

CuO phase is mostly limited to the surface.  It is likely that reoxidation reactions also 

occur on a finer scale within grain boundary networks and other high oxygen diffusion 

paths. This ultimately contributes to the electrical heterogeneity observed via the space 

charge polarization. 

 Interestingly, in diffraction measurements on polished ceramics it was found 

that both the Cu-excessive (Cu3.06, hereafter) and Ti-excessive CCTO (Ti4.08, 

hereafter) compositions exhibited one unknown peak at 2 ≈ 36.58
o
 and 36.54

o
, 

respectively.  Both peaks are in the vicinity of a strong reflection matched with the 



69 

 

cuprite Cu2O phase (2 ≈ 36.52
o
, PDF #05-0667). Considering that all the as-sintered 

CCTO samples (both stoichiometric and non-stoichiometric) exhibited the presence of 

surface CuO (2 ≈ 35.6, PDF #45-0937) but no Cu2O phase was detected via XRD 

measurements (not shown), it can be inferred that both Cu3.06 and Ti4.08 have an 

inner layer which contains a Cu2O-rich phase.  This result has been confirmed by other 

authors with sintering temperatures below 1100 
o
C [16-18]. Since Adams et al.[14] 

reported that a Cu2O peak (~ 36.5
o
) was found on the surface of undoped CCTO 

sample after sintering at a slightly higher sintering temperature of 1115 
o
C, there 

might be a transition temperature where either CuO or Cu2O secondary phase is 

favorable depending on sintering temperatures and times.  This might help shed light 

on the great variability of dielectric properties reported in the literature.  Further study 

based on the sintering temperatures is necessary to evaluate the presence of the CuO 

and Cu2O phases in non-stoichiometric CCTO. 

 

5.3.2. Relationship between the dielectric properties and stoichiometry  

 

            The plot of dielectric constant versus frequency for non-stoichiometric CCTO 

samples is shown in Fig. 5.2. Compared to the undoped CCTO, both the Cu3.06 and 

Ti4.08 sample have lower dielectric constants throughout the entire frequency range. 

Considering that the Cu2O phase has a low permittivity ( ~ 8) [19] and is relatively 

insulating ( ~10
-3

 
-1 

cm
-1

) [20], the observed decrease in the dielectric constant of 

the  Cu3.06 and Ti4.08 compositions might be explained by a simple mixing rule. For 

a heterogeneous material having phase 1 (Cu2O) and phase 2 (CCTO), the effective 
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dielectric constant (eff) can be expressed by the logarithmic mixture rule, known as 

Lichtenecker formula
 
[21] in Eq. (5.1): 

                                              



ln
eff
 v

1
ln

r1
 v

2
ln

r2                                 (5.1) 

where v1 and v2 are the volume fractions of phase 1 and 2. A volume percent of about 

2.2% of the Cu2O could explain the decrease in the overall dielectric constant 

observed in Cu3.06 and Ti4.08. 

On the other hand, both the Cu-deficient (Cu2.94, hereafter) and Ti-deficient 

CCTO (Ti3.92, hereafter) compositions exhibited an improved dielectric constant 

compared to the undoped CCTO. Furthermore, the Ti3.92 sample showed the highest 

dielectric constant of K ~ 15,000 at 1 kHz among other all other non-stoichiometric 

samples.  Also, the plot of loss tangent versus frequency is given in Fig. 5.3. On the 

plot, both Cu2.94 and Ti3.92 showed lower tan  values than the undoped CCTO over 

the frequency range between 1 – 10 kHz, whereas both Cu3.06 and Ti4.08 showed 

higher tan  values at those frequencies. Among all CCTO samples measured, Cu2.94 

revealed the lowest tan  around 0.042 at 10 kHz. At frequencies below 100 Hz (not 

shown), however, the Cu- and Ti-deficient CCTO sample showed larger dielectric 

losses than undoped CCTO.  

           The temperature dependence of both the dielectric constant and loss tangent 

measured at 10 kHz for stoichiometric and non-stoichiometric CCTO samples is 

shown in Fig. 5.4 and Fig. 5.5, respectively. As seen on the plot of Fig. 5.4, the 

dielectric constants of all non-stoichiometric CCTO samples clearly show weak 

temperature dependence up to 350 K. In addition, both Cu- and Ti-deficient CCTO 

showed higher dielectric constants than stoichiometric CCTO while both Cu- and Ti-
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excessive CCTO revealed relatively lower values over the entire temperature range of 

measurement. It can be confirmed that the similar trend of dielectric behavior between 

stoichiometric and non-stoichiometric CCTO at room temperature was applicable to 

the wider range of temperature. On the other hand, the plot of loss tangent versus 

temperature shown in Fig. 5.5 indicated that both Cu2.94 and Ti3.92 have lower tan  

values than undoped CCTO.  However, the excess compositions (Cu3.06 and Ti4.08) 

had higher losses than all other CCTO samples. The dielectric losses at low 

temperatures, given as an inset in Fig. 5.5, are analogous to the distribution of tan  

shown at higher temperatures.  

 

5.3.3. Impedance analysis of non-stoichiometric CaCu3Ti4O12 

 

The unusual dielectric behavior of Cu- and Ti-deficient CCTO at low 

frequencies can be further analyzed with impedance measurements. Fig. 5.6 represents 

the impedance complex plane plots of undoped, Cu2.94, Ti3.92, and Ti4.08 CCTO, 

while curve fittings of these impedance data are given in Fig. 5.7. It is clearly seen that  

fit data are well matched with all four CCTO data. The impedance spectra of Cu3.06 

could not be fitted to a simple model. Also, the extrapolated intercepts on the Z-axis 

shows the resistance values of undoped, Cu2.94, Ti3.92, and Ti4.08 as 3.82  10
6
 , 

7.72  10
5
 , 2.11  10

6
 , and 1.24  10

5
  respectively. Following the previous 

work of Sinclair [22], it can be inferred that the low frequency intercepts indicate 

boundary resistances (Rb). These values correlate well to low frequency (10 Hz) loss 

tangent values of 0.69 (stoichiometric), 2.34 (Cu2.94), 0.80 (Ti3.92), and 15.6 
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(Ti4.08).  This confirms that the low frequency rise in tan  can be attributed to the 

boundary resistance.  

  

5.4. Conclusions 

 

 

  Diffraction measurements on non-stoichiometric CCTO revealed that both Cu- 

and Ti-excessive CCTO compositions showed evidence of a Cu2O phase in the 

interior regions of a CCTO ceramic.  In addition, a CuO phase was observed on the 

outer surface layer on all compositions.  It is proposed that these phases are formed 

through limited reoxidation of Cu2O during cooling.  In contrast, both Cu-deficient 

and Ti-deficient CCTO compositions showed no secondary phases.  Both Cu- and Ti-

excessive CCTO compositions had markedly lower dielectric constants due to the 

presence of the Cu2O phase. With improved dielectric constants, both Cu2.94 and 

Ti3.92 CCTO samples also showed lower tan  values at low frequencies at room 

temperature. The anomalous dielectric behavior of Cu2.94 and Ti3.92 was explained 

by impedance analysis indicating an enhanced boundary resistance that ultimately 

resulted in lower dielectric losses. 
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Table 5.1. Room Temperature Dielectric Properties of  

non-stoichiometric CaCu3Ti4O12 Ceramics 

 

 

Frequency 

(kHz) 

Dielectric Constant Loss Tangent 

Undoped Cu2.94 

 

Cu3.06 

 

Ti3.92 Ti4.08 Undoped Cu2.94 

 

Cu3.06 

 

Ti3.92 Ti4.08 

0.1 13,700 14,200 13,100 16,400 13,000 0.210 0.480 0.320 0.190 1.690 

1 11,800 12,400 

0 

10,100 14,800 10,700 0.097 0.092 0.170 0.067 0.280 

10 10,500 11,800 8,380 13,700 9,990 0.074 0.042 0.110 0.058 0.070 

100
 

kkkkkHz 

9,740 11,300 7,490 12,900 9,660 0.079 0.066 0.094 0.073 0.094 
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Fig. 5.1. XRD patterns for stoichiometric, Cu-deficient (Cu2.94),  

Cu-excessive (Cu3.06), Ti-deficient (Ti3.92), and Ti-excessive (Ti4.08) CCTO 

[the red circles indicate the existence of Cu2O phase on Cu2.94 and Ti3.92 CCTO] 
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Fig. 5.2. Dielectric constant versus frequency for stoichiometric and non-

stoichiometric CaCu3+xTi4+yO12 (x = -0.06, 0, +0.06, y = -0.08, 0, +0.08) 

 

 

 

Fig. 5.3. Frequency dependence of tan δ for stoichiometric and non-stoichiometric 

CaCu3+xTi4+yO12 (x = -0.06, 0, +0.06, y = -0.08, 0, +0.08) 
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Fig. 5.4. Temperature dependence of the dielectric constant  

for non-stoichiometric CaCu3+xTi4+yO12 

 

 

 

Fig. 5.5. Temperature dependence of tan δ for non-stoichiometric CaCu3+xTi4+yO12 
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Fig. 5.6.  Impedance complex plane plots for the stoichiometric, Cu2.94,  

and Ti3.06 CCTO at room temperature 

 

 

 

Fig. 5.7. Fit data based on the impedance complex plane plots of  

the stoichiometric, Cu2.94, and Ti3.06 CCTO  

by the extrapolation at room temperature 
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6.1. Introduction 

 

Since Subramanian et al. [1] discovered its extraordinary dielectric properties, 

there has been considerable attraction in CaCu3Ti4O12 (CCTO). Considering its high 

dielectric constant (K) about 10,000 at room temperature and temperature 

independency over the range of 100 - 400 K without structural transitions [2], CCTO 

has the advantage for the various applications for capacitive elements in 

microelectronic devices over the ferroelectric materials including BaTiO3 [3]. From 
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the evidence of domain boundaries [4] found in polycrystalline CCTO as well as twin 

boundaries [5] in single crystal CCTO, the origin of high-K is widely explained by 

extrinsic effects [6-7]. Here, CCTO has an electrically heterogeneous structure 

involving mobile charged species in terms of the Maxwell-Wagner relaxation [8], and 

the internal interfaces in polycrystalline CCTO gives rise to the polarization in 

semiconducting grains and insulating grain boundaries based on the internal barrier 

layer capacitor (IBLC) model [9-10].  

To interpret the semiconductivity in CCTO, two models have been suggested: (1) 

oxygen loss at high sintering temperatures making TiO2-based perovskite ceramics 

(e.g. BaTiO3, SrTiO3) more conductive under reducing conditions [11]; (2) cation non-

stoichiometry in ACu3Ti4O12 (A = Ca, Sr) due to the reduction of Cu
2+

 to Cu
1+

 upon 

heating with the substitution of Ti
4+

 on the Cu site, and the reoxidization of Cu
1+

 

during the cooling with the reduction of Ti
4+ 

to Ti
3+

 which moves electrons into 3d 

conduction band, causing the conductivity rise [12].  Since Adams et al. [13] reported 

a Cu2O phase with insignificant bulk resistivity change from N2 or O2 anneal, it is 

likely that the cation non-stoichiometry model is better to explain the semiconducting 

behavior in CCTO. 

It is important to investigate the effects of the cation non-stoichiometry on the 

dielectric properties, since the defect equilibrium involving the different processing 

conditions is governed by the cation instability. Some reports confirmed the Cu 

deficiency in CCTO [13,14], but the clear mechanism of stoichiometric effects in 

terms of Cu and Ti stoichiometry has not been established. In this paper, the phase 

stability of both CuO and Cu2O are examined by controlling various processing 
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conditions. The frequency dependence of the dielectric constant and loss tangent is 

measured and analyzed. Also, the decomposition reactions of CCTO are studied via 

thermogravimetric (TG) and differential thermal analysis (DTA). 

 

6.2. Experimental 

 

Using the conventional solid state synthesis, the stoichiometric CCTO samples 

were prepared by mixing and milling the high purity CaCO3, CuO, and TiO2 powders. 

Each of homogeneously mixed powder was then calcined in air at 1000 °C for 24 h. 

After the second milling of the calcined powders, approximately 3 wt% organic binder 

was added in order to produce 12.7 mm diameter CCTO pellets through a cold 

uniaxial press. These pellets were sintered in air at 1100 °C through the different 

processing conditions including the various cooling rates, quenching (in air), 

annealing, and longer sintering hours. An x-ray diffractometer (Bruker-AXS D8 

Discover) was used for the calcined powders, as-sintered and polished pellets to 

examine phase equilibria and lattice parameter changes. For the dielectric 

measurements, an Agilent 4284A LCR meter was used at room temperature after the 

samples were sputtered with gold electrodes. An HP 4194A impedance analyzer was 

used to measure the electrical properties of CCTO samples with the frequency range 

of 10 Hz – 5 MHz. Perkin Elmer Pyris Diamond TG/DTA was utilized for the 

decomposition reactions of CCTO. 
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6.3. Results and Discussion 

 

6.3.1. Effects of cooling rate and annealing on the dielectric properties 

 

The dielectric constant and tan  versus frequency for CCTO with different 

cooling rates are plotted in Fig. 6.1 and Fig. 6.2, respectively. As seen on the plot, 

dielectric constant decreases by increasing the cooling rate from 1 to 10 
o
C/min. 

However, the quenched CCTO showed the rise of the dielectric constant. In addition, 

this rapidly cooled CCTO marked the lowest tan  as low as 0.028 at 10 kHz among 

all furnace cooled pellets. The data obtained from the dielectric measurements of 

quenched-only and quenched-and-annealed (for different hours) CCTO are plotted in 

Fig. 6.3 and Fig. 6.4. It is shown that the dielectric constants of annealed CCTO are 

lower than the value of the quenched-only CCTO below 100 kHz regardless of 

annealing hours. On the other hand, annealed CCTO showed the larger loss tangent 

compared to the quenched-only sample. Fig. 6.5 and Fig. 6.6 represent the dielectric 

constant and loss tangent values of CCTO pellets are shown as the function of 

different sintering time, respectively. Both dielectric constant and tan  increase by 

increasing the sintering time up to 24 h, followed by a reduction in values for 48 h 

sintered CCTO.  

These changes of dielectric properties in terms of the various processing 

conditions can be explained via X-ray diffraction patterns. First, XRD data obtained 

from the CCTO with different cooling rates, shown in Fig. 6.7 and Fig. 6.8, indicate 

that the decrease in tan  of the quenched CCTO shown in Fig. 6.2 might be due to the 
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highly insulating Cu2O phase which was resulted from the limited reoxidation during 

the quenching. Also, the existence of Cu2O phase both on the surface and inner layers 

of 2 h and 4 h sintered CCTO might explain the reduced dielectric constant and tan , 

shown in Fig. 6.5 and Fig. 6.6, compared to the longer hour (> 12 h) sintered CCTO 

without XRD patterns of second phases.    

 

6.3.2. Impedance spectroscopy of the stoichiometric CaCu3Ti4O12 

 

Considering the electrically heterogeneous nature of  CCTO, however, it is 

necessary to provide more precise interpretation of the dielectric behavior with regard 

to the processing conditions via impedance measurements. From our previous study, 

the improved dielectric losses of both Cu- and Ti-deficient CCTO were attributed to 

the enhanced boundary resistance compared to the stoichiometric CCTO based on the 

impedance spectroscopy method [15]. Fig. 6.9 represents the impedance complex 

plane plots of CCTO based on various processing conditions. Also, the grain 

resistivities of these CCTO samples are shown in the inset of Fig. 6.9. From the curve 

fittings of the given impedance plots in Fig. 6.10, it is clearly seen that the quenched, 

annealed, and 24 h sintered CCTO show the boundary resistance (i.e. the intercept on 

Z-axis) as 1.02  10
4
 , 2.27  10

3
 , and 7.48 , respectively. Since the higher 

boundary resistance indicates the lower dielectric loss based on the IBLC model, those 

results might explain that tan  of quenched CCTO (0.11) showed the lowest value 

compared to the annealed (0.27) and 24 h sintered CCTO (2.27) at 100 Hz in Fig. 6.4 

and Fig. 6.6. 
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6.3.3. Decomposition reactions of CaCu3Ti4O12 via thermal analysis 

 

The TG/DTA data of both quenched and 100 h annealed CCTO samples are 

shown in Fig. 6.11 and Fig. 6.12, respectively. As seen on the plots, both samples gain 

weight until temperature reaches around 1006 
o
C. After small amount of loss, the 

weight of CCTO samples rise again up to ~ 1084 
o
C. Based on the fact that the XRD 

data of CCTO at 1000 
o
C (not shown) did not indicate second phases (i.e. CuO and/or 

Cu2O), it is unlike that the first peak of TG data is related to the reduction of CuO. 

However, from the TG data of a quenched CuO sample in Fig. 6.13 (Note: all CuO 

phases were transformed to Cu2O, confirmed by XRD data of the inner layer), there 

was an oxidation of Cu2O to CuO phase starting around 1025 
o
C. This reaction is well 

explained by the Richardson diagram for Cu-O system at 1 atm (i.e. pO2 ~ 0.21) [16]. 

Considering that the amount of CuO in CCTO is much smaller than a pure CuO, the 

weight loss between 1006 
o
C and 1031 

o
C might be contributed to this oxidation 

reaction. 

On the other hand, the temperature (~ 1084 
o
C) of the second peak of TG is 

near the melting point of pure Cu (Tm, Cu = 1084.6 
o
C) [17]. Therefore, it can be 

inferred that CCTO becomes Cu-deficient due to the weight loss by the volatilization 

of Cu at the sintering temperature of 1100 
o
C. 

 

6.4. Conclusions 

 

From the results of dielectric measurements, the dielectric properties of CCTO 
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with the different processing conditions were correlated with the second phases of 

Cu2O and CuO, which were confirmed by X-ray diffraction patterns. The quenched-

only CCTO showed the improved dielectric constant (K ~ 13,000) and loss tangent as 

low as 0.028 at 10 kHz compared to the quenched-and-annealed CCTO. The decrease 

of dielectric loss in the quenched-only CCTO was explained from its higher boundary 

resistance via impedance analysis. On the other hand, there were three decomposition 

reactions of (1) reduction of Cu2O around 1006 
o
C; (2) reoxidation reaction of CuO up 

to 1031 
o
C; (3) Cu volatilization over 1084 

o
C. Based on these decomposition 

reactions from TG/DTA curves, CCTO has non-stoichiometry and finally becomes a 

Cu-deficient. 
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Fig. 6.1. Frequency dependence of  the dielectric constant for CCTO  

in terms of the cooling rates 

 

    

     

Fig. 6.2. Frequency dependence of tan  for CCTO in terms of the cooling rates 
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Fig. 6.3. Plot of the dielectric constant of the quenched and annealed CCTO  

as a function of frequency 

 

 

 

Fig. 6.4. Plot of the loss tangent of the quenched and annealed CCTO  

as a function of frequency 
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Fig. 6.5. Plot of the dielectric constant versus frequency of the stoichiometric CCTO  

with different sintering time 

 

 

 

Fig. 6.6. Plot of the loss tangent versus frequency of the stoichiometric CCTO  

with different sintering time 
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Fig. 6.7. XRD patterns of the surface layer of CCTO sample  

with different cooling rates 

 

 

 

Fig. 6.8. XRD patterns of the inner layer of CCTO sample with different cooling rates 
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Fig. 6.9. Impedance complex plain plots of the stoichiometric CCTO  

with different processing conditions 

 

    

 

Fig. 6.10. Fit data based on the impedance complex plain plots of  

the stoichiometric CCTO with different processing conditions 
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Fig. 6.11. TG/DTA plots of the quenched-only CCTO 

 

 

 

Fig. 6.12. TG/DTA plots of the 100 h annealed CCTO (after quenching) 
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Fig. 6.13. TG/DTA plot of the quenched CuO 
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7.1. Introduction 

 

From ongoing technological trends of miniaturization, the demand for 

temperature-stable high permittivity capacitors has increased. Recent examples of 

these capacitors include fuel cell systems with ultracapacitors in hybrid-electric 

vehicles [1], pulsed power systems such as electrothermal and electromagnetic 

weapons systems [2], and many others. Since the relative permittivity (r) is the key 

parameter in the performance of the materials, there has been a great deal of attention 

in high-K dielectrics. The most common materials exhibiting giant dielectric constants 
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are either perovskite-based ferroelectric ceramics such as BaTiO3 with its solid 

solution members (e.g. BaTiO3 and MgSnO3, BaTiO3 with SrTiO3 and CaTiO3, etc) 

[3] or the relaxor ferroelectrics including Pb(Mg1/3Nb2/3)O3, Pb(Zn1/3Nb2/3)O3, and 

Pb1-xLax(Zr1-yTiy)O3 [4]. However, these compounds often present strong temperature 

dependence due to structural transitions which are undesirable for most applications.  

From this point of view, the unusual properties in the high-K material CaCu3Ti4O12 

(CCTO, hereafter), discovered by Subramanian et al. [5], has been the focus of many 

researchers. The dielectric constant of CCTO maintains over 10
4
 at room temperature, 

but it is temperature independent over the temperature range of 100 – 400 K as well 

[6]. Throughout many attempts to elucidate the origin of this unusual behavior of 

CCTO, the extrinsic models were supported by the evidence of twin boundaries in 

single crystal CCTO [7] as well as domain boundaries in polycrystalline CCTO [8].  

Based on the Maxwell-Wagner model [9], an electrically heterogeneous structure in 

polycrystalline CCTO creates polarization due to the presence of mobile charged 

species and internal interfaces. In CCTO, this heterogeneity has been represented by 

conducting grains and insulating boundaries and has been widely attributed to the 

internal layer barrier capacitor model [10]. 

It has been previously reported that the dielectric properties of CCTO are 

largely influenced by factors such as doping schemes [11-14] as well as stoichiometric 

variations [15-17]. However, it seems that both the dielectric constant and loss tangent 

values of CCTO are strongly dependent upon the processing conditions. Recent 

publications confirmed the sensitivity of the dielectric properties by means of a variety 

of different processes such as different calcination temperatures [18], sintering times 
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[19], and sintering temperatures [20]. In this work, the effects of processing rates on 

the dielectric properties of CCTO are investigated by controlling the heating and 

cooling rates during the sintering. Also, the dielectric constant and loss tangent versus 

frequency were measured and compared with the stoichiometric CCTO ceramics that 

were sintered at different temperatures.  

 

7.2. Experimental 

 

The stoichiometric CaCu3Ti4O12 ceramics were prepared via a conventional 

solid state method. Each reactant powder of highly pure (> 99.9%) CaCO3, CuO, and 

TiO2 was mixed and milled in ethanol with Y2O3-stabilized ZrO2 media by using a 

vibratory mill (SWECO, Florence, KY). Then, the mixed powders were calcined at 

1000 
o
C in air for 24 hours. The homogeneous CCTO powder could be confirmed 

through x-ray diffraction (XRD). Following the second milling of the calcined 

powders, green pellets of CCTO (diameter of 12.7 mm) were produced by using a cold 

uniaxial press (Carver Press Inc.) with approximately 3 wt% of organic binder. In 

order to study the different sintering effects, first group of green CCTO pellets were 

sintered up to 1100 
o
C in air for 2 hours with the different heating rates (1, 5, and 10 

o
C/min) followed by a variety of cooling rates (1, 5, 10 

o
C/min, and air quenching). On 

the other hand, green CCTO samples from the second group were sintered at the 

different temperatures such as 1050, 1075, 1100, and 1115 
o
C for 2 hours with the 

heating rate of 5 
o
C/min and quenched in air. Both surface (unpolished) and inner 

layer (polished, ~ 80% of the original thickness) of the CCTO pellets under the 
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various sintering conditions were examined via an X-ray diffractometer (Bruker D8 

Discover) for the phase stability. Density of the polished CCTO samples was 

measured by using the Archimedes method. Each sample representing the distinct 

sintering process was coated with gold through a sputtering unit, and the dielectric 

constant and the loss tangent were measured in terms of the frequency (f = 10
2
 – 10

6
 

Hz) with an Agilent 4284A LCR meter at room temperature. In addition, an HP 

4194A impedance analyzer was utilized to measure the bulk and boundary resistivity 

from 10 Hz to 5 MHz.  

 

7.3. Results and Discussion 

 

7.3.1. Effects of processing rates on the phase equilibria and dielectric properties 

 

A plot of the x-ray diffraction patterns of unpolished CCTO samples after 

quenching is shown in Fig. 7.1. Regardless of the heating rates (1, 5 and 10 
o
C/min), 

all three XRD patterns were matched with the major peaks of the pseudo-cubic CCTO 

provided by the Powder Diffraction File database (PDF 75-2188) except for two minor 

peaks that are clearly seen in the inset of Fig. 7.1. These small peaks appeared around 

35.5
o
 and 38.8

o
 and can be attributed to tenorite CuO. Another peak near 36.5

o
 can be 

attributed to a cuprite Cu2O phase. To further examine these secondary peaks, the 

intensity ratios of CuO and Cu2O to the CCTO peak at the maximum (2 ~ 34.3
o
) 

were calculated. As seen in Table 7.1, the ratio of CuO to CCTO peak (ICuO/ICCTO) 

marked the lowest value at the heating rate of 5 
o
C/min (H05, hereafter) while the 
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value increases at 1 and 10 
o
C/min (hereafter H01 and H10, respectively). In addition, 

the calculated Cu2O/CCTO ratio for those samples increased with increasing heating 

rates. On the other hand, the XRD patterns of the polished samples (not shown) 

showed that only peaks due to Cu2O were present, which provides evidence of the 

limited reoxidation of inner layer regardless of the heating rates. The calculated lattice 

parameters showed no obvious correlation to the heating rate. This is likely due to the 

complex changes in cation stoichiometry in CCTO caused by dynamic changes in Cu 

and O content. 

To further examine the effects of heating rate on the properties of CCTO, the 

dielectric constant and the loss tangent were measured as a function of frequency and 

are plotted in Fig. 7.2a. It is clear that the dielectric constant of CCTO increased as the 

sintering rate was reduced over the entire range of frequency. At 1 kHz, a K ~ 15,900 

was measured for the H01 sample while the dielectric constants of H05 and H10 

samples were about 12,700 and 11,800, respectively. The loss tangent of the H01, 

H05, and H10 CCTO samples is shown in Fig. 7.2b. Like the dielectric constant, tan 

follows the analogous pattern of changes with regard to the heating rates over the 

measured frequencies though there was negligible difference in tan  between 1 – 10 

kHz. The enhancement in dielectric constant at a low heating rate can be explained 

through the changes in cation stoichiometry that occurred during the sintering process.  

First proposed by Li et al. [21], at high temperatures divalent Cu ions are reduced to 

the monovalent state and in addition there is a substitution of tetravalent Ti ions into 

the Cu sites to maintain charge compensation during the heating. Upon cooling, these 

Cu
1+

 ions are reoxidized to Cu
2+

 where the electrons move into the Ti 3d conduction 
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band, resulting in the increase in conductivity. It is expected that the slower heating 

rates (e.g. H1) would allow sufficient kinetics to create a higher concentration of Cu
1+

 

and eventually an enhanced conductivity after cooling. Assuming negligible cation 

migration during the rapid cooling, the higher dielectric constants observed can be 

explained by an increase in the grain conductivity of the H1 sample. Even though 

Wang et al. [22] suggested the possibility of the migration of Ti ions into the 

boundaries, it seems that nearly constant values of loss tangent at frequencies below 

10 kHz independent of the heating rates support the suggestion of limited cation 

migration after quenching. Lastly, the increased dielectric constant (Fig. 7.3a) and tan 

 (below 10 kHz, Fig. 7.3b) of the CCTO sample sintered at the slower cooling rate 

(under a fixed heating rate of 5
o
C/min) clearly indicates the increased grain 

conductivity as a result of the increased Cu non-stoichiometry due to reoxidation 

processes. This is also consistent with the observed shift of the shoulder of the 

relaxation frequency near 1 MHz in the tan  data. 

 

7.3.2. Influence of sintering temperatures on the phase stability and dielectric 

responses 

 

The XRD patterns of the unpolished CCTO samples sintered at 1050, 1075, 

1100, and 1115 
o
C for 2 hours (hereafter 1050-2h, 1075-2h, 1100-2h, 1115-2h, 

respectively) were plotted in Fig. 7.4a. From the enlarged patterns between 30 – 50
o
 of 

2-theta shown in Fig. 7.4b, two CuO peaks were found in all CCTO samples 

regardless of the sintering temperatures. However, Cu2O peaks could only be observed 
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in the samples sintered at the two highest temperatures (i.e. 1100-2h and 1115-2h). 

Based on the Cu-O Richardson diagram [23], the phase transition between CuO and 

Cu2O is expressed by Eq. (7.1): 

                                          



Cu
2
O(s)  1

2
O

2
(g)  2CuO(s)                     (7.1) 

The transition temperatures between these phases are dependent upon the oxygen 

partial pressure, and as Li et al. [24] mentioned, CuO is reduced to Cu2O around T = 

1300 K in air (i.e. pO2 ~ 0.21). While Cu2O peaks were absent in the XRD data for the 

1050-2h and 1075-2h samples, the presence of both CuO and Cu2O in both 1100-2h 

and 1115-2h samples indicate that Cu2O formed according to Eq. (7.1) above.  

Furthermore, the Cu2O phase partially transformed to CuO upon cooling through a 

reoxidation process near the surface of the ceramic. In contrast to the unpolished 

CCTO, the XRD patterns of the polished samples (not shown here) exhibit only peaks 

arising from Cu2O (2 ~ 36.5
o
) regardless of the sintering temperatures. This is 

indicative of limited oxygen diffusion in the interior of the sample which prevents the 

reoxidation of Cu2O to CuO. 

In Fig. 7.5a, the dielectric constant of the 1050-2h, 1075-2h, 1100-2h, and 

1115-2h CCTO samples is plotted as a function of frequency. It is clear that the 

dielectric constant rises by increasing the sintering temperature. Unlike the relatively 

low dielectric constants of 1050-2h (3,900 at 10 kHz) and 1075-2h samples (5,100 at 

10 kHz), sintering at 1100
o
C and above resulted in a significant increase in the 

dielectric constant as large as 25,100 (f = 10 kHz) for the CCTO sample sintered at 

1115
o
C. On the other hand, the loss tangent of these samples follows the analogous 

trend of the dielectric constant. As seen in Fig. 7.5b, tan  increases with the sintering 
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temperature. At 10 kHz, tan  of 1115-2h sample was 0.035 while the lowest loss was 

marked as 0.022 from 1075-2h sample (shown in the inset of Fig. 7.5b). These 

dielectric properties provided by the different sintering temperatures can be further 

discussed via impedance spectroscopy. Based on the internal barrier layer capacitor 

model proposed by Sinclair et al. [25], both grain and boundary resistivity can be 

determined by using the two equivalent parallel circuits indicating the grain and 

boundary component. The complex impedance plane plots of CCTO sintered for 

different temperatures are shown in Fig. 7.6a. Also, curve fittings of these impedance 

data are given in Fig. 7.6b. It is clearly seen that fit data are well matched with the 

measured data. By using the measured impedance data and dimensions of CCTO 

samples, the grain resistivities of 1050-2h, 1075-2h, 1100-2h, and 1115-2h CCTO 

were obtained as 116.2, 91.8, 67.0, and 54.8 ·cm, respectively at high frequency, 

while their boundary (or bulk) resistivities were 2.35  10
8
, 6.52  10

7
, 6.23  10

7
, and 

5.22  10
6
 ·cm at low frequency. That is, the highest dielectric constant and loss 

tangent observed from the 1115-2h sample can be interpreted by its relatively high 

grain conductivity but also the lowest resistivity of its boundary regions. Li et al. [21] 

reported the similar result such that the largest dielectric constant was obtained from 

CCTO crystals of the melt that are processed at the maximum possible sintering 

temperature. Assuming that the CuO is fully reduced to the stoichiometric Cu2O over 

the aforementioned transition temperature of 1300 K (or 1027
o
C) and the evaporation 

of copper atoms occurs over its melting temperature of 1084.6
o
C [26], the following 

reaction can be expected [27]: 

                                



Cu
2
OCu

2x
O xCu (g)                              (7.2) 
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And this volatilization of copper can create the vacancies by Eq. (7.3) [27]: 

                                                 



Cu
Cu
Cu(g) V

Cu                                   (7.3) 

Since an electron of the neighboring oxygen ions should be removed with each copper 

ion due to the charge neutrality requirement, this missing electron creates a hole at the 

copper vacancy such as: 

                                                       



V
Cu
V

Cu

'
 h


                                       (7.4) 

Considering the contribution of the hole concentration in Eq. (7.4) to the conductivity 

of the material, the larger amount of copper volatilization at higher sintering 

temperatures might explain the lowest bulk resistivity of CCTO obtained from 1115-

2h CCTO sample. The evidence of the non-stoichiometric CCTO has been previously 

reported [15, 28-29], but the further investigation of its defect chemistry is necessary 

and this might provide the clues for the better understanding of the property-structure 

relationship in CCTO ceramics. 

 

7.4. Conclusion 

 

From x-ray diffraction data, CuO and Cu2O phases were found on the surface 

of CCTO ceramics with intensity ratios that depended on the heating rate. An increase 

in the dielectric constant was observed at the lowest heating rate that can be attributed 

to an increase in the grain conductivity due to changes in the cation stoichiometry in 

the CCTO phase (i.e. copper and titanium ions). In addition, relatively constant values 

of tan  between 1 – 10 kHz might indicate the limited cation migration into the 

boundary regions upon rapid cooling. The effects of the sintering temperature on the 
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dielectric properties were also investigated and the CCTO samples sintered at T ≥ 

1100 
o
C indicated a marked increase in dielectric constant compared ceramics sintered 

below 1075 
o
C. With supportive evidence of a Cu2O phase revealed through the 

diffraction patterns as well as the grain and boundary resistivity obtained via 

impedance measurements, the increase in both dielectric constant and loss tangent in 

the CCTO samples sintered at higher temperatures (T = 1100 and 1115 
o
C) can be 

explained by cation and oxygen non-stoichiometry caused by reduction/oxidation 

reactions and Cu volatility. 
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Table 7.1. Intensity ratios and lattice parameter of CCTO  

with different heating rates 

 

 

Heating rates 

1
o
C/min 5

o
C/min 10

o
C/min 

ICuO / ICCTO 

(unpolished) 
0.0187 0.0131 0.0185 

ICu2O / ICCTO 

(unpolished) 
0.0055 0.0070 0.0073 

ICu2O / ICCTO 

(polished) 
0.0106 0.0159 0.0132 

Lattice parameter  

(Å) 
7.3832 7.3912 7.3886 
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Fig. 7.1. XRD patterns of the CCTO samples (unpolished) sintered at the different 

heating rates 
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(a) 

 

(b) 

Fig. 7.2. Plots of the dielectric constant and loss tangent versus frequency of the 

CCTO samples (polished) in terms of the heating rates 
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(a) 

 

(b) 

Fig. 7.3. Plots of the (a) dielectric constant and (b) tan versus frequency of the 

polished CCTO samples sintered at the various heating and cooling rates 
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(a) 

 

(b) 

Fig. 7.4. XRD patterns of the unpolished CCTO samples sintered at the different 

temperatures with (a) overall (20-80
o
) and (b) zoom-in (30-45

o
) range of 2-theta  
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(a) 

 

(b) 

Fig. 7.5. Frequency dependence of the (a) dielectric constant and (b) tan  of the 

polished CCTO samples sintered at the various temperatures 
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(a) 

 

(b) 

Fig. 7.6. (a) Impedance complex plane plots and (b) their fit data of the  

polished CCTO samples sintered at the different temperatures 
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8.1. Introduction 

 

Since the discovery of ferroelectric behavior in 1921, it has been one of the 

major concerns to find out a new class of high dielectric constant (or high-K) materials 

and to develop its processing technology. Most of these high-K materials can be found 

in the ABO3-type Perovskite ceramic compounds including BaTiO3 [1] and relaxor 

ferroelectrics such as Pb(Mg1/3Nb2/3)O3 [PMN], Pb(Zn1/3Nb2/3)O3 [PZN], and Pb1-

xLax(Zr1-yTiy)O3 [PLZT]  [2]. However, considering the fast growing electronic device 

technologies due to the miniaturization, high-K ferroelectrics exhibiting the phase 
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transition near Curie temperature are not the ultimate choice toward this kind of 

application. For this reason, a high-K CaCu3Ti4O12 (CCTO) discovered by 

Subramanian et al. [3] has drawn huge attraction so far. Based on the previous studies, 

CCTO has a pseudo-cubic Perovskite structure with the space group of Im3 and the 

lattice parameter of 7.391 (Å) [4]. In addition, CCTO has the dielectric constant over 

10
4
 at room temperature and is temperature independent without any phase transition 

from 100 K to 400 K [5]. In order to explain this unusual dielectric behavior of CCTO, 

early studies proposed the intrinsic effects in terms of the relaxation modes [5] and the 

relaxor-like slowing down of the dipole fluctuations [6]. Further reports about the 

origin of its high-K, however, revealed that the abnormality in CCTO might be better 

elucidated via extrinsic models [7-8] based on the Maxwell-Wagner relaxation. It is 

believed that the space charge polarization was induced by an electrically 

heterogeneous structure in polycrystalline CCTO due to the mobile charged species on 

the internal interfaces. The internal layer barrier capacitor model suggested by Adams 

et al. [9] explains the existence of these interfaces consisting of conducting grains and 

insulating boundaries via impedance analysis, and it became the most widely accepted 

theory for the abnormal dielectric behavior of CCTO.  

The probable explanation about the stoichiometric changes in CCTO during 

sintering was first given by Li et al. [10]. They suggested that Cu
2+

 reduce to Cu
1+

 

upon heating with the substitution of Ti
4+

 on Cu sites, while the reoxidation of Cu
1+

 to 

Cu
2+

 occurs along with the reduction of Ti
4+

 to Ti
3+

 upon cooling. Following this 

cation non-stoichiometry model, there have been reports dealing with the cation 

stoichiometry correlated with the dielectric responses, microstructures, and processing 
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conditions of CCTO. Fang et al. [11] showed that the improvement of grain boundary 

resistivity is due to the existence of Cu-rich grain boundaries. Their subsequent study 

of EDS analysis confirmed the Cu-rich grain boundaries as well as Cu-deficient grains 

in CCTO [12]. On the other hand, a study of the variation in Cu content exhibited 

different aspects from the measured dielectric properties, electrical resistivity, and 

microstructures by means of the CuO segregation [13]. Recently, a similar research 

performed by another group [14] reported the effects of the segregation of Cu-rich 

phase on both dielectric properties and microstructures in terms of the sintering 

temperatures. Due to the strong dependency of the processing conditions on the 

property and structure, however, the clear mechanism about the stoichiometric 

changes in CCTO has not been settled yet. Continued from our previous study about 

the different sintering temperature effects [15], current research is focused on the 

relationship between property and structure in CCTO via different sintering time. The 

results obtained from the XRD data, dielectric measurements, and chemical 

composition analysis via an electron probe micro-analyzer are discussed for the 

understanding of structure-property-process relationship in CCTO. 

 

8.2. Experimental 

 

The ceramic processing to obtain stoichiometric CaCu3Ti4O12 powder was 

carried out through the conventional solid-state synthesis. First, highly pure (> 99.9%) 

CaCO3, CuO, and TiO2 powders were mixed from the batch calculation. Then, the 

powder was milled in ethanol with yttria-stabilized ZrO2 media by using a vibratory 
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mill (SWECO, Florence, KY). After completed, the powder was calcined at 1000
o
C in 

air for 24 hours in order to obtain homogeneous CCTO powder. For the proof of phase 

stability, calcined CCTO powder was examined via an X-ray diffractometer (Bruker 

D8 Discover, Germany). Following the second milling of the calcined CCTO powder, 

green pellets of CCTO (diameter of 12.7 mm) were made by using a cold uniaxial 

press (Carver Press Inc.) with approximately 3 wt% of organic binder. All green 

CCTO pellets were fired at 1115 
o
C in air for different sintering hours (0.5, 1, 2, 4, 8 

h) with the heating rate of 5 
o
C/min followed by air quenching. With these sintered 

pellets, both unpolished (i.e. outer surface) and polished (i.e. inner region) surfaces 

were investigated via X-ray diffraction (XRD). For the dielectric measurements, both 

bottom and top surfaces of each CCTO pellet were coated from the Au target in a 

sputtering unit (ScanCoat 6, Edward, UK) as electrodes. And the dielectric constant 

and tangent loss (tan ) were measured as a function of frequency between 100 Hz and 

1 MHz via an LCR meter (Model 4284A, Agilent) at room temperature. For the 

further study about the stoichiometry-microstructure-dielectric property relationship, 

an electron probe micro-analyzer (SX-100, Cameca) was utilized to obtain the 

chemical compositions of both unpolished and polished surfaces on 0.5 h, 4 h, and 8 h 

sintered CCTO.  

 

8.3. Results and Discussion 

 

8.3.1. Evolution of the secondary phases in terms of sintering time 
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The XRD data of unpolished CCTO samples sintered at 1115 
o
C for different 

hours (0.5 h, 1 h, 2 h, 4 h, and 8 h CCTO, hereafter) are plotted in Fig. 8.1. All 

patterns are well matched with the major CCTO peaks based on the Powder 

Diffraction File database (#75-2188). However, three minor peaks are found in an 

extended pattern from 30
o
 to 55

o
 shown as Fig. 8.2. Peaks near 35.5

o
 and 38.8

o
 were 

identified as the CuO (tenorite) phase and they appeared on all CCTO pellets 

regardless of the sintering time. Whereas, another little peak marked around 36.5
o
 was 

formed as a Cu2O (cuprite) phase. Unlike the CuO, this Cu2O phase was seen on 0.5 h, 

1 h, and 2 h CCTO but disappeared on 4 h and 8 h CCTO. 

As a quantitative analysis, intensity ratios of each CuO and Cu2O to the 

maximum CCTO peak at 34.3
o
 were presented in Table 8.1 and plotted in Fig. 8.3. 

Here, the ratio of CuO to CCTO (i.e. ICuO/ICCTO) on the unpolished surface increases 

with the sintering time up to 4 h with the maximum value of 0.0615, then drops to 

0.0333 on 8 h CCTO. In contrast to the case of CuO, the intensity ratio of Cu2O to 

CCTO (i.e. ICu2O/ICCTO) remains similar among the unpolished surfaces of CCTO 

sintered between 0.5 - 4 h but decreases to 0.004 on 8 h CCTO. Based on the XRD 

data of the polished CCTO samples where only Cu2O was found as a secondary phase 

(not shown), Fig. 8.3 also indicates that the calculated ICu2O/ICCTO decreases with the 

sintering time. The measured lattice parameters of CCTO increases up to 2 h of 

sintering and remains nearly constant for 2 h, 4 h, and 8 h CCTO.  

The intensity ratios of secondary phases as a function of sintering time can be 

explained from the following ways. Upon heating, reduction from CuO to Cu2O in 

CCTO results in the coexistence of both phases on the unpolished surfaces of CCTO 
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samples. However, more CuO can be obtained if Cu in Cu2O is evaporated during the 

sintering by the following equation: 

                                   



Cu
2
OCuO  Cu                                 (8.1) 

Our previous TG/DTA data could indicate the possibility of Cu volatility at the 

sintering temperature over 1100 
o
C [16]. Therefore, if this volatilization of Cu mostly 

occurs during the heating over its melting point as well, the continuous decrease in 

ICu2O/ICCTO as a function of sintering time can be explained via the reaction given by 

Eq. (8.1). In case of the inner regions of CCTO, more sintering time will continuously 

change CuO to Cu2O by the reduction reaction. Consequently, the Cu2O-rich portion 

inside the CCTO pellet expands and the outer region containing both CuO and Cu2O 

becomes narrower. Upon rapid cooling (i.e. quenching), Cu2O formed on the outer 

surface tends to be reoxidized to CuO, which explains the increasing amount of CuO 

with the sintering time up to 4 h. The gradual decrease in ICu2O/ICCTO with the sintering 

time on the polished CCTO surface can be traced from the aforementioned Cu 

volatility out of Cu2O on the unpolished surface. In contrast, the reoxidation from 

Cu2O to CuO on the inner region of CCTO is prevented by the limited oxygen 

diffusion during the rapid cooling regardless of the previous sintering time, resulting 

the decrease of ICu2O/ICCTO ratio with the sintering time. Judging from the very small 

intensity ratios (0.0096 ~ 0.0224) obtained as well as the complex reactions by the 

dynamic motions of Cu and O, further detailed research about the kinetics of the 

secondary phases in CCTO is necessary to clarify the results shown here through the 

layer-by-layer examination. 
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8.3.2. Microstructure-stoichiometry relationship as a function of sintering time 

 

 The electron probe micro-analyzer micrographs of unpolished CCTO samples 

sintered at 1115 
o
C are shown in Fig. 8.4. The micrograph of 0.5 h CCTO plotted in 

Fig. 8.4(a) shows the few large-sized grains that grow from the tiny grains and few 

large grains. When the sintering time increased up to 4 h, the microstructure clearly 

indicates the grain growth and consists of two different regions in Fig. 8.4(b): the 

larger grains (dark colored) are surrounded by very small grains (bright colored). 

Further increase of the sintering time up to 8 h shows that grain growth continues from 

these small-sized grains, reducing the bright regions. It seems that the growth rate of 

large grains from 4 h to 8 h CCTO decreased. As it will be introduced later in this 

report, the measured dielectric constant increases with the sintering time over 10 kHz. 

Therefore, there is no direct relationship between the grain size and the dielectric 

constant. Aygün et al. [17] reported the similar results and explained that these 

discrepancies might be attributed to the compositional changes in CCTO. In order to 

further examine the chemical compositions of grains, wavelength dispersive X-ray 

spectroscopy (WDS) was performed for 0.5 h, 4 h, and 8 h CCTO and the resulting 

stoichiometric ratios of Cu/Ca and Ti/Ca are plotted in Fig. 8.5 (Note that Ca 

stoichiometry was normalized as 1.0). Based on the average values indicated inside 

the error ranges, Cu becomes deficient (i.e. Cu3-x) in CCTO regardless of the sintering 

time in Fig. 8.5(a) while Ti stoichiometry remains excessive (i.e. Ti4+x) as seen in Fig. 

8.5(b). It is interesting to find that there are relatively large errors of Cu and Ti 

stoichiometry for 0.5 h CCTO. Also, the WDS data revealed much higher Cu content 
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on the smaller grains of 4 h and 8 h CCTO (not shown). Since the grain growth of 

CCTO is at the initial stage after 0.5 h sintering, this large error might come from the 

Cu-rich small-sized grains. 

On the other hand, micrographs of the polished surface of 0.5 h, 4 h, and 8 h 

CCTO presented in Fig. 8.6 reveals the similar aspect to the case of the unpolished 

surfaces. Although the clear grain structure is not available (i.e. samples are not 

thermally etched at the elevated temperature), the analogous growth patterns can be 

seen from the microstructures of 0.5 h, 4 h, and 8 h CCTO. This result is in accordance 

with the scanning electron micrographs of CCTO pellets sintered at 1100
o
C for 2.5 to 

20 h, reported by Shri Prakash and Varma [14]. In contrast to the plots of Cu and Ti 

stoichiometry for unpolished CCTO, these values obtained from the polished surfaces 

and plotted in Fig. 8.7 have relatively smaller error ranges. In addition, the Cu 

deficiency (Fig. 8.7a) and Ti excess (Fig. 8.7b) on the polished surface of CCTO 

pellets were found again regardless of the sintering time. The change from the 

stoichiometric to Cu-poor and Ti-rich CCTO over the entire regions after the rapid 

cooling was proved via the additional WDS data (not shown here) measured on the 

cross sections of 0.5 h, 4 h and 8 h CCTO pellets from 0 m (unpolished surface) to 

800 m (center of the sample) in depth.      

 

8.3.3. Effects of the sintering time on the dielectric properties 

 

The room temperature dielectric constant and the tangent loss of the CCTO 

pellets measured as a function of frequency are shown in Fig. 8.8 and Fig. 8.9, 
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respectively. In Fig. 8.8, the dielectric constant of CCTO samples was improved with 

the sintering time at the frequencies over 10 kHz. Since the dielectric constant in a 

barrier layer capacitor is governed by the ratio of the overall thickness of material to 

the barrier layer (i.e. ho/2h) [2], it is reasonable that the 8 h CCTO with the thinnest 

barrier layer shows the highest dielectric constant. The similar trend can also be found 

in the tangent loss data shown in Fig. 8.9. Here, tan  rises when the sintering time 

increases from 2 h to 8 h. However, an anomalously large dielectric constant was 

measured at low frequency range (100 Hz - 10 kHz) from 0.5 h CCTO. This trend was 

also found from the very large values of tan  below 100 kHz. These deviations 

observed in the tangent loss of 0.5 h CCTO might be linked to its unstable 

microstructure where the growth of CCTO grains was limited by the lack of sintering 

time followed by the rapid cooling, creating more Cu-rich boundary regions 

contributing to the higher loss. Lastly, it is worth noting that the dielectric constant of 

8 h CCTO pellet shows the maximum value around K ~ 84,600 at 1 kHz while its 

tangent loss marks as low as 0.08 at the same frequency.  

 

8.4. Conclusion 

  

The phase equilibria, microstructures, and the dielectric properties of CCTO 

pellets were investigated in terms of the sintering time. X-ray diffraction data revealed 

that the calculated intensity ratio of ICuO/ICCTO and ICu2O/ICCTO could explain the 

existence of these secondary phases as a function of sintering time based on the 

reduction/reoxidation reactions. The microstructures of unpolished and polished 
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surfaces of CCTO showed the continuous grain growth from 0.5 h to 8 h sintering, but 

the rate of growth decreased after 4 h of sintering. In addition, the WDS data 

confirmed that the quenched CCTO becomes Cu-poor and Ti-rich non-stoichiometric 

compound on both outer surface and inner region regardless of sintering time. From 

the dielectric measurements, both dielectric constant and loss tangent rise as the 

sintering time increases. The highest dielectric constant obtained from 8 h CCTO can 

be attributed to the reduced barrier layer thickness surrounding Cu2O-rich inner 

regions. The deviation of tan  on 0.5 h CCTO at low frequencies might be related to 

the large area of Cu-rich boundary regions shown from the microstructure.     
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Table 8.1. Intensity ratios and lattice parameters of CCTO pellets 

with different sintering time 

 

 

Sintering time (hours) 

0.5 1 2 4 8 

ICuO / ICCTO 

(unpolished) 
0.0287 0.0269 0.0429 0.0615 0.0333 

ICu2O / ICCTO 

(unpolished) 
0.0096 0.0084 0.0092 0.0077 0.0040 

ICu2O / ICCTO 

(polished) 
0.0224 0.0197 0.0137 0.0160 0.0096 

 

Lattice parameter (Å) 

 

7.3925 7.3900 7.3964 7.3961 7.3966 
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Fig. 8.1. A plot of XRD patterns of the CCTO samples (unpolished)  

in terms of different sintering time 

 

 

Fig. 8.2. A plot of extended XRD patterns in the range of 30 – 55
o
 with                

the secondary phases in CCTO samples of different sintering time 
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Fig. 8.3. Plots of the intensity ratio of Cu2O to CCTO and the lattice parameter of 

CCTO samples as a function of sintering time 
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(a) 

 
(b) 

 

(c) 

 

Fig. 8.4. Micrographs of the unpolished CCTO samples sintered for  

(a) 0.5 h, (b) 4 h, and (c) 8 h via electron probe micro-analyzer 
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(a) 

 

 
(b) 

 

Fig. 8.5. Plots of the (a) Cu/Ca and (b) Ti/Ca stoichiometric ratio of the  

unpolished CCTO samples as a function of sintering time 
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(a) 

 
(b) 

 
(c) 

 

Fig. 8.6. Micrographs of the polished CCTO samples sintered for  

(a) 0.5 h, (b) 4 h, and (c) 8 h via electron probe micro-analyzer 
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(a) 

 

 
 

(b) 

 

Fig. 8.7. Plots of the (a) Cu/Ca and (b) Ti/Ca stoichiometric ratio of the  

polished CCTO samples as a function of sintering time 
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Fig. 8.8. Plots of the dielectric constant versus frequency of the polished CCTO 

samples with different sintering time at 1115 
o
C 

 

 

 

Fig. 8.9. Plots of the loss tangent (tan versus frequency of the polished CCTO 

samples with different sintering time at 1115 
o
C 

 



133 

 

Chapter 9. Summary and Future Work 

 

9.1. Influences of Cr2O3 doping on the dielectric response of CaCu3Ti4O12 

 

           The substitution of the aliovalent dopant Cr2O3 on the Ti site was investigated 

in terms of the effects on the dielectric properties at doping levels ranging from 0.1 to 

1.0 mol%. No evidence of secondary phases was observed from XRD analysis, but 

both dielectric constant and loss tangent of 1 mol% Cr2O3-doped CaCu3Ti4O12 were 

improved with K  19,000 and tan   0.049 at 1 kHz. Compared to the 

stoichiometric, Nb2O5-doped and ZrO2-doped CaCu3Ti4O12, 1 mol% Cr2O3 doping 

showed the highest dielectric constant over the wide range of temperature from -100 to 

+120 
o
C at 10 kHz. From the capacitance versus voltage measurements, 1 mol% Cr2O3 

doping was effective at maintaining the high dielectric constant up to 150 V. From 

these results, it can be incurred that Cr2O3 doping is an efficient method to achieve a 

high dielectric constant and low loss tangent. 

The data uncertainty was evaluated by using four stoichiometric CCTO pellets 

sintered separately but under the identical processing conditions. The four different 

dielectric constants measured at 1 kHz indicated that the calculated standard deviation 

(379.76) of these samples were 3.15 % compared to the average value (K ~ 12,063). 

Judging from the high dielectric constant in CCTO over 10
4
, about 3 % of uncertainty 

can be acceptable for the data represented.  
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9.2. Effects of cation stoichiometry on the dielectric properties of CaCu3Ti4O12 

 

  A variety of compositions based on the formula CaCu3+xTi4+yO12 (x = -0.06, 0, 

+0.06; y = -0.08, 0, +0.08) with varying cation stoichiometry were prepared via 

conventional solid state synthesis method. Compared to the stoichiometric 

CaCu3Ti4O12, no significant changes in the perovskite crystal structure were observed 

in the cation non-stoichiometric compounds via X-ray diffraction. However, a CuO 

phase was detected on the unpolished surface of all compositions and the presence of 

Cu2O was observed in the inner region (i.e. polished layer) of the sample for both Cu-

excessive (Cu3.06) and Ti-excessive CaCu3Ti4O12 (Ti4.08). From the results of 

dielectric measurements, Cu-deficient (Cu2.94) and Ti-deficient CaCu3Ti4O12 (Ti3.92) 

showed higher dielectric constant as well as lower tan  than the stoichiometric 

CaCu3Ti4O12. Due to the presence of Cu2O, both Cu3.06 and Ti4.08 yielded low 

values of the dielectric constant. The anomalous dielectric behavior found in Cu2.94 

and Ti3.06 could be traced to the lower grain resistivity via impedance analysis.  

 

9.3. Effects of processing conditions on the dielectric properties and decomposition 

reactions of CaCu3Ti4O12 

 

Stoichiometric CaCu3Ti4O12 ceramics were investigated under the different 

processing conditions. Unlike the case of furnace-cooled pellets with the cooling rate 

of 1, 5, 10 
o
C/min, Cu2O phase was detected both on the unpolished and polished 

surface of the quenched CaCu3Ti4O12 via X-ray diffraction. Also, this quenched 
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ceramics showed the decrease of loss tangent as low as 0.028 at 10 kHz while both 

dielectric constant and tan  decreased when the quenched pellets were annealed for 2 

– 100 h. Impedance data showed that the reduction of the dielectric loss in a quenched 

CaCu3Ti4O12 can be attributed to the improved boundary resistance. From the 

TG/DTA data, three decomposition reactions occurred in CaCu3Ti4O12, resulting in a 

Cu-deficient (i.e. non-stoichiometric) compound.   

 

9.4. Influence of the processing rates and sintering temperatures on the dielectric 

properties of CaCu3Ti4O12 ceramics 

 

The stoichiometric CaCu3Ti4O12 pellets aforementioned in the previous section 

were processed under the various sintering rates and temperatures. X-ray diffraction 

data revealed both CuO and Cu2O phases on the unpolished surface of CaCu3Ti4O12 

regardless of the heating rates. In addition, the dielectric constant marked the highest 

for the CaCu3Ti4O12 sample sintered at the lowest heating rate (1 
o
C/min), which was 

explained by the increased grain conductivity due to the increase Cu non-

stoichiometry caused by the complex cation reactions. On the other hand, a Cu2O 

phase was found only on the unpolished CaCu3Ti4O12 sintered at T  1100
o
C and this 

Cu2O can be explained by the reduction of CuO based on the phase transitions 

between Cu2O and CuO. The higher sintering temperature showed the increased 

dielectric constant and tangent loss of the CaCu3Ti4O12, and this result could be 

interpreted by the impedance measurement data and further explained by the cation 

and oxygen non-stoichiometry caused by reduction/oxidation reactions as well as Cu 
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volatility. 

 

9.5. Relationship among the phase equilibria, microstructures, and dielectric properties 

of CaCu3Ti4O12 ceramics via different sintering time 

 

The structure-property relationship of the CaCu3Ti4O12 pellets was explored in 

detail with the different sintering time at 1115 
o
C. From the X-ray diffraction data, 

CuO and Cu2O phases were found on the unpolished and/or polished surfaces of 

CaCu3Ti4O12. The calculated intensity ratios of each CuO and Cu2O to the maximum 

CCTO peak could explain the origin of these secondary phases in terms of the 

reduction/oxidation reactions resulting from a function of sintering time. Based on the 

microstructures, grain growth of CaCu3Ti4O12 continued from 0.5 h to 4 h sintering 

while the further growth was limited to the smaller grains after 8 h sintering. Also, 

WDS data confirmed the Cu-deficient and Ti-excessive stoichiometry of CaCu3Ti4O12 

on both outer and inner regions regardless of sintering time. The changes in dielectric 

properties shown as a function of sintering time can be related to the complex changes 

in cation non-stoichiometry, which in turn result in different microstructures. 

 

9.6. Future work 

 

The results of current research introduced in previous chapters clearly showed 

that microstructures and dielectric/electrical properties in CaCu3Ti4O12 ceramics are 

strongly governed by the processing parameters that change their stoichiometry. To 
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further explore the complex changes in cation and oxygen content, the following 

experiments can be suggested. First, stoichiometric CaCu3Ti4O12 ceramics are sintered 

under the oxygen atmosphere and annealed with the different levels of oxygen partial 

pressure (pO2) from 10
-4

 to 1 atm. Based on the Richardson diagram for Cu-O shown 

in Fig. 9.1, the stable regions of CuO and Cu2O phase are determined by the Gibbs 

free energy change (G) as a function of temperature and oxygen partial pressure. On 

the other hand, another batch of CaCu3Ti4O12 ceramics are sintered and annealed in 

N2. Then, the analysis of chemical compositions will be carried out on the unpolished 

and polished surface of CaCu3Ti4O12 ceramics via wavelength dispersive X-ray 

spectroscopy (WDS). It is expected that the concentration of oxygen vacancy created 

by the different atmospheric conditions can be correlated with the stoichiometric 

changes. 

 
 

 

Fig. 9.1. Richardson diagram of Cu-O system 
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