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Chapter 1. General Introduction 

 

 

 

1.1. Structure and application of ABO3 perovskite-type materials 

 

 

Perovskite-type oxides are very important materials with a general formula of 

ABO3 [1-4]. Originally, the mineral of CaTiO3 found out in the Ural Mountains in 1839 

was named ‘perovskite’ after Russian mineralogist L. A. Perovski, and this name is lent 

to all compounds having the same crystal structure [1-2]. A unit cell of the perovskite-

type oxide having a cubic structure is shown in Fig. 1.1 [3,4]. As exhibited in Fig. 1.1(a), 

it contains A atoms at the corners of the cube, B atom at the body center, and oxygen is at 

the center of each face. When the B atoms are taken at the corner as in Fig. 1.1(b), the A 

atom appears at the center and O atoms are located at the mid-point of each edge [1,3]. 

The coordination environment of each atom is seen in the figure, and interatomic 

distances can be calculated rather easily by the simple geometry. The distance between 

the body-centered B atom and octahedrally coordinating oxygen in Fig. 1.1(a), L(B−O), 

is equal to half of the lattice constant a., i.e., L(B−O) = a / 2. A atom in the cube center in 

Fig. 1.1(b) is equidistant from all twelve oxygens at edge center positions, and the 

distance L(A−O) equals half the diagonal of any cell face, i.e., L(A−O) = a / 2 [1,5-7]. 

Goldschmidt had built the foundation of the crystal chemistry of perovskite-type 

oxides through extensive syntheses. Based on the foundation, Roy developed the crystal 

chemistry of perovskites involving multiple ion substitution [8-10]. Roy et al. produced 
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many derivatives on the A site, B site and mixed [8]. A part of Roy’s work about 

perovskite-type compounds in 1954 is shown in Fig. 1.2 [10]. After that, the perovskite-

type oxides, ABO3, were investigated in various fields and have been revealed that they 

can produce an incredibly wide array of phases with totally different functions [11]. For 

example, as shown in Fig. 1.3, capacitor [12-14], piezoelectric or pyroelectric devices 

[15,16], catalysts [17-19], solid oxide fuel cells [20,21], and so on [22-25]. 
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Fig. 1.1  Unit cell of the ABO3 perovskite structure in two different views. The B atom 

is at the center of octahedra composed of six oxygen atoms (a), and the A atom has 

neighboring twelve oxygens (b). 
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Fig. 1.2  Crystal chemistry of multiple-ion substitution in perovskite-type oxides [10]. 

 

  



5 

 

 

 

 

 

 

 

 

Fig. 1.3  Some examples of practically used perovskite-type oxides. 
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1.2. Control of properties by solid-solution formation 

 

 

In the case of using perovskite-type oxides as functional materials, they are often 

formed into solid solutions by the addition of dopants to control and improve their original 

properties. The dopants either occupy interstitial sites or substitute for atoms or ions in 

the parent lattice. Two types of solid solutions are shown in Fig. 1.4. In substitutional 

solid solutions (Fig. 1.4(a)), introduced atom or ion directly replaces an atom or ion of 

the same charge in the parent structure. In interstitial solid solutions (Fig. 1.4(b)), 

introduced species occupies a site that is normally empty, and no ions or atoms are 

removed. The solid solutions of perovskite-type oxides are usually the substitutional solid 

solutions [1,26]. 

As an example of controlling physical property by forming solid solutions, 

BaTiO3 case is given here. The dielectric property of BaTiO3 is controlled by mixed with 

additives. As shown in Fig. 1.5, BaTiO3 exhibits high permittivity around phase transition 

temperature, Tc = 120 °C [27]. In order to express this high permittivity at ambient 

temperature, two types of additives are used generally; Tc shifters and Tc depressors. The 

effect of the shifter and the depressor in the temperature dependence of permittivity is 

also drawn in Fig. 1.5 by blue and red broken lines. The shifters, such as SrTiO3, CaZrO3, 

BaSnO3 and PbTiO3, have the effect of shifting Tc to desired temperatures. The depressors, 

such as CaTiO3, MgZrO3 and NiSnO3, as well as the shifters, are added to BaTiO3 to 

depress the sharp change of the dielectric constant at around Tc for producing a flatter 

dielectric constant-temperature profile [28]. 
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For a range of substitutional solid solutions to form, the ions that replace each 

other are required having the same charge and similar sizes in each other. For a solid 

solution to be stable, it must have lower free energy than that of a mere mixture of 

constituting materials. Free energy is composed of enthalpy and entropy terms, and this 

relation is shown as the following equation [1];  

 

ΔG = ΔH – TΔS    eq. (1.1) 

 

Solid solutions always have larger entropy than the corresponding mere mixtures, because 

constituting ions are distributed at random in the atomic scale in their crystal structures. 

Thus the entropy term always favors solid-solution formation. On the other hand, the 

enthalpy term may or may not favor solid solutions to form depending on its sign. When 

the enthalpy change of a solid-solution formation is negative, constituting ions will 

dissolve and form a solid solution. If the enthalpy change is positive, then the enthalpy 

and entropy effect are opposed, and phase separation occurs. Such information is included 

in phase diagrams of the constituting materials, and phase diagrams represent temperature 

dependences of miscibility gaps [1,29].  

There is a large amount of information about the solubility for perovskite-type 

oxide systems accumulated as phase diagrams, and the existence of solubility limits has 

been reported for many systems [30-34]. 
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Fig. 1.4  Schematic drawing of solid solutions; (a) substitutional solid solution, (b) 

interstitial solid solution. Red circles express constituting ions and blue lines express unit 

cells, respectively. 
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Fig. 1.5  Schematic drawing of the effect of shifter and depressor in the temperature 

dependence of permittivity for BaTiO3. 
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1.3. Formation of amorphous film samples by sputtering 

 

 

Schematic drawings of sputter apparatuses are shown in Fig. 1.6. The basic 

sputtering apparatus (Fig. 1.6(a)) contains a reduced pressure (10−1 to 10−2 torr) of inert 

gas, for example, argon. The gas is subjected to a potential drop in the order of kilovolt, 

creating a glow discharge from which positive ions are accelerated towards the target of 

the cathode. The produced high energy ions eject the material as sputtered clusters from 

the cathode, and the substrates are coated by the material of the target [1,35,36]. 

Sputtering is a surpassing method to obtain film samples which have greater adherence 

and uniformity [37]. However, there are some problems that are low deposition rate, low 

ionization efficiencies in the plasma, and so on [38]. 

Fig. 1.6(b) is a schematic drawing of the film sample formation in radio-

frequency (rf) magnetron sputtering. Electrons are trapped around the target by the 

magnetic field there, and ionizing electron-atom collision increases in the sputtering 

chamber. Because of this, rf magnetron sputtering has a higher deposition rate with an 

increment of ionization efficiency [37,38] and can be used to form films from electrically 

insulating targets [39]. Rf magnetron sputtering is a valuable and efficient method to 

prepare film samples of oxides due to such advantages exceeding the basic sputtering 

method [37,38,40]. 

The sputtering of oxides is performed ordinarily with heating the substrates to 

obtain crystalline films. Without heating the substrates, amorphous film samples are 

formed usually because the sputtered clusters at high fictive temperatures are quenched 

on the substrates during depositions [41]. The formed amorphous film samples, in which 
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constituent ions disperse homogeneously, are expected to crystallize easily by annealing 

through short-range diffusions of the ions. Thus the sputtering and subsequent annealing 

have a high possibility of producing solid solutions in a wide composition range. 
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Fig. 1.6  Schematic drawing of film sample formation by sputtering (a), and that by rf 

magnetron sputtering (b). 

 

  

(a) 

(b) 
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1.4. Aim of this work 

 

As mentioned above, amorphous film samples are potential materials to be 

converted to solid solutions by annealing without phase separation, and they can be 

formed by sputtering on to substrates at low temperatures. Despite the expected 

possibility of sputtering and subsequent annealing to produce solid solutions, sputtering 

of oxides is performed ordinarily with heating the substrates and such an approach to 

form solid solutions has never been examined so far to my knowledge. 

Therefore, I tried to expand the solubility limit in perovskite-type oxide systems 

of BaTiO3−CaTiO3 and BaZrO3−CaZrO3 by applying the ‘sputter-anneal’ method, in 

which amorphous film samples were prepared by rf magnetron sputtering and annealed 

subsequently at a moderate temperature condition, with checking the formation of 

amorphous film samples and tracking the crystallization of the samples by annealing. I 

also investigated the composition dependence of the permittivity in the solid solutions of 

the systems. 
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Chapter 2. Formation of Ba1−xCaxTiO3 solid solutions without 

miscibility gap and their dielectric properties 

 

 

 

Abstract 

 

To produce Ba1−xCaxTiO3 solid solutions beyond the solubility limit, I performed 

rf magnetron sputtering using the targets of (BaTiO3)1−x(CaTiO3)x with compositions x 

from 0 to 1 onto quartz glass substrates without heating the substrates and annealed the 

formed film samples. The as-prepared film samples by the sputtering were confirmed to 

have amorphous structures. By annealing the as-prepared amorphous film samples at the 

rather low temperature of 800 °C for 3 h, crystallization proceeded in the samples, and I 

successfully obtained Ba1−xCaxTiO3 solid solutions in whole the composition range 

without phase separation. The permittivity of the formed solid solutions exhibited a 

peculiar Ca composition dependence. The dependence was well explained by the 

formation of extra space around Ca2+ ions substituted for Ba2+ ions.  
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2.1. Introduction 

 

 

Barium titanate (BaTiO3) is an important dielectric material possessing 

ferroelectric, piezoelectric and pyroelectric properties at room temperature, and used for 

capacitors, piezoelectric devices, and so on [1-4]. In actual applications, BaTiO3 is 

combined with additives such as calcium titanate (CaTiO3) to control its functional 

properties, and Ba1−xCaxTiO3 solid solutions have received considerable attention as lead-

free materials among the modified BaTiO3-based materials [5,6]. The formation methods 

and properties of Ba1−xCaxTiO3 solid solutions have been investigated widely [7-13], and 

solubility limits have been reported to be x ≤ 0.23 and 0.87 ≤ x in the conventional solid-

state reaction [9,10] and x ≤ 0.34 in the floating zone method [11]. The Ba1−xCaxTiO3 solid 

solutions with the compositions close to the solubility limit exhibit interesting properties 

such as high permittivity at low temperatures, small temperature coefficient of 

permittivity and large electrostriction [14-16]. The extension of the solubility limit would 

make possible the investigation about the origin of those properties and also open new 

applications of Ba1−xCaxTiO3 as functional materials [17,18]. 

Rf magnetron sputtering is a valuable and efficient method to prepare film 

samples of oxides [19], and, without heating the substrates, amorphous film samples are 

formed usually because the sputtered clusters at high fictive temperatures are quenched 

on the substrates during depositions [20]. The formed amorphous film samples, in which 

constituent ions disperse homogeneously, are expected to crystallize easily by annealing 

through short-range diffusions of the ions. Thus the sputtering and successive annealing 

have a high possibility of producing solid solutions in wide composition range. However, 
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the sputtering of oxides is performed ordinarily with heating the substrates and such an 

approach to form solid solutions has never been examined so far to my knowledge. 

Therefore, I tried to expand the solubility limit in Ba1−xCaxTiO3 system by 

applying the ‘sputter-anneal’ method with checking the formation of amorphous film 

samples and tracking the crystallization of the samples by annealing. The method was 

found to work effectively, and Ba1−xCaxTiO3 solid-solution film samples were formed 

successfully in whole the composition range of 0 ≤ x ≤ 1. I also investigated Ca 

composition dependence of the permittivity in Ba1−xCaxTiO3 solid-solution film samples 

prepared by the method. 
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2.2. Experimental section 

 

 

(BaTiO3)1−x(CaTiO3)x powder samples with compositions of x = 0, 0.20, 0.35, 

0.50, 0.70, 0.90 and 1 were prepared by calcining raw materials of BaCO3, CaCO3 and 

TiO2 weighed to the desired compositions at 1000 °C for 12 h. The powder samples were 

pressed into disks and sintered at 1400 °C for 6 h. Then the formed disks were polished 

and shaped into targets for sputtering with a diameter of 1 inch and 2 mm thick. The 

details of the samples used are given in Table 2.1, and the photograph of a typical sample 

of the sintered disks and that of the targets set to the holder for sputtering are shown in 

Fig. 2.1. The densities and sintering degree of the prepared targets are listed in Table 2.2. 

With using the disk-shaped (BaTiO3)1−x(CaTiO3)x targets, film samples were 

formed on quartz glass substrates (10 mm × 10 mm × 0.8 mmt) by a conventional upward 

type rf magnetron sputtering apparatus (ULVAC, SCOTT-C3-T1). The sputtering was 

performed under Ar (1.0 Pa) / O2 (0.4 Pa) mixed gas atmosphere with rf power of 30 W. 

The substrate was mounted 40 mm above the target, and sputtering time was set from 4.5 

to 12 h for each target separately to control the thickness of the film samples to be ~1 μm. 

The thicknesses of the film samples formed were estimated to be 900–1300 nm by using 

a laser scanning microscope (Olympus, LEXT OLS4000). Annealing of the film samples 

was performed by using an electric furnace under atmospheric condition. The heating rate 

was set to be 200 °C h−1, and the samples were kept at the desired temperature for 3 h. 

X-ray diffraction (XRD) experiments were carried out with a powder X-ray 

diffractometer (Rigaku, RINT 2200VF) by using Cu Kα radiation. Diffraction angles 

were calibrated by using a reference Si sample as an external standard. Measurement 
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conditions in the XRD are listed in Table 2.3. Grain sizes D of crystalline samples were 

estimated from the width of diffraction peaks by using Scherrer equation [21-23]: 

𝐷 =
K𝜆

Bcos𝜃
    eq. (2.1) 

𝐵 = √𝐵obs − 𝐵inst   eq. (2.2) 

here, K is shape factor and usually in the range 0.89 − 0.91, λ is the wavelength of X-ray, 

B is a corrected line breadth at half the maximum intensity in radians after subtracting the 

instrumental line broadening, and θ is the Bragg angle. In this study, K = 0.90 and λ = 

1.54 × 10−10 m were used in the equation. 

For dielectric measurements, Ba1−xCaxTiO3 film samples were formed on Nb(1.0 

wt%)-doped SrTiO3 single crystals purchased from Furuuchi Chemical (SrTiO3:Nb; 10 

mm × 10 mm × 0.5 mmt with (100) polished plane), which have electric conductivity of 

~400 S cm−1, by the sputtering in the same manner as onto the quartz glass substrate. Pt 

electrode (1.7 × 1.7 mm2) was prepared on the surface of each sample by the sputtering 

under Ar (~2 Pa) atmosphere as the upper electrode. In the annealed samples, Pt-electrode 

preparation was performed after the annealing. The schematic view of the sample at 

electric measurements and the cross-section drawing of the sample are shown in Fig. 

2.2(a) and (b), respectively. The measurements were carried out by using a Sawyer-Tower 

circuit [24] (Fig. 2.3) by applying the oscillating electric field in the frequency of 1 kHz 

with the magnitude of 500 mVrms between the SrTiO3:Nb substrate and the Pt electrode. 

Dielectric measurements were also performed by using an impedance analyzer 

(Solartron, SI1260) equipped with an electrochemical interface (Solartron, SI1287) in the 

frequency range 1–105 Hz by applying the oscillating electric field of 10 mVrms between 

the SrTiO3:Nb substrate and the Pt electrode. The obtained data were analyzed according 

to complex admittance Y* formalism.  
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Table 2.1  List of chemicals used, their source and purity 

a Mass fraction purity. 

b The lowest estimation of mole fraction purity. 

c X-ray diffractometry (Fig. 2.4). 

  

Chemicals Source Purity Analysis method 

BaCO3 Wako Pure 

Chemical 

Industries 

0.999a Manufacturer assay 

CaCO3 Kanto Kagaku 0.9999a Manufacturer assay 

TiO2 (anatase) Rare Metallic 0.9999a Manufacturer assay 

(BaTiO3)1−x(CaTiO3)x; 

x = 0, 0.20, 0.35, 

0.50, 0.70, 0.90 and 1 

Synthesized in 

this study 

0.99b XRDc 

Argon Kansan 

Corporation 

0.9999a Manufacturer assay 

Oxygen Kansan 

Corporation 

0.995a Manufacturer assay 

Platinum Furuya Metal 

Co., Ltd. 

0.999a Manufacturer assay 
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Fig. 2.1  Photograph of a typical sample of the sintered disks (a), and that of the targets 

set to the holder of the sputtering apparatus (b). 

 

 

  

(a) (b) 
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Table 2.2  Densities and sintering degrees of the Ba1−xCaxTiO3 targets 

 

 

 

  

Ca composition  

x 

Theoretical density 

(g cm−3) 

Density 

 (g cm−3) 

Sintering degree 

(%) 

0 6.01 3.62 60.2 

0.20 5.62 4.93 87.6 

0.35 5.32 2.88 57.7 

0.50 5.02 4.54 90.4 

0.70 4.62 2.58 55.8 

0.90 4.23 2.38 56.3 

1 4.03 3.08 76.4 
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Table 2.3  Measurement conditions in XRD experiments 

 

 

 

 

  

Measuring method Continuous mode Fixed time mode 

Scanning axis θ / 2θ θ / 2θ 

Initial angle (°) 10.000 10.000 

Final angle (°) 80.000 80.000 

Sampling width (°) 0.02 0.010 

Scanning speed (°/ min) 4.000 − 

Gate time (sec) − 1.0 

X-ray tube voltage (kV) 40 40 

X-ray tube current (mA) 20 20 
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 (a) 

 

 (b) 

 

Fig. 2.2  Schematic view of the sample at electric measurements (a), and the cross-

section drawing of the sample (b). 
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Fig. 2.3  Schematic diagram of the Sawyer-Tower circuit used in this study. 
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2.3. Results and discussions 

 

 

2.3.1. Formation of Ba1−xCaxTiO3 solid solutions 

 

Fig. 2.4(a) shows the results of the XRD experiments for Ba1−xCaxTiO3 targets 

used in the sputtering along with the XRD patterns of BaTiO3 (ICDD No 00-005-0626) 

and CaTiO3 (ICDD No 01-076-2400). The x = 0 (BaTiO3) and x = 1 (CaTiO3) targets gave 

the diffraction patterns well corresponding to those reported for BaTiO3 and CaTiO3, 

respectively. Fig. 2.4(b) is the enlarged view of the diffractions of the targets. The targets 

with the Ca compositions x = 0.35, 0.50 and 0.70 exhibited the patterns by the coexistence 

of Ba-rich and Ca-rich phases as the indication of the phase separation occurred in the 

preparation process, the calcination and the sintering, of the targets. 

Fig. 2.5(a) is a photograph of a typical sample of the as-prepared films deposited 

on the quartz glass substrates by the sputtering using the (BaTiO3)0.50(CaTiO3)0.50 target, 

and Fig. 2.5(b) is a surface image and roughness profile of the as-prepared film sample 

observed by the laser scanning microscope. As shown in Fig. 2.5(b), the surface of the 

film sample is rather flat and smooth. XRD patterns of the as-prepared film samples are 

shown in Fig. 2.6. All the samples exhibited broadened halo patterns characteristic of 

amorphous structures at around 2θ = 30° overlapped with the diffraction due to the quartz 

glass substrate. To obtain the information about crystallization of the amorphous film 

samples by annealing, I attempted annealing the as-prepared BaTiO3 film samples at the 

temperatures from 400 to 1000 °C for 3 h. The XRD patterns of the annealed samples are 

shown in Fig. 2.7 with that of BaTiO3 powder sample. The patterns of tetragonal and 
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cubic BaTiO3 (ICDD No 00-066-0196) are also shown in the figure. Diffraction peaks of 

crystalline BaTiO3 started to appear by the annealing at a rather low temperature of 500 °C, 

as expected in the amorphous sample. The diffraction patterns of the annealed samples 

are well correspondent to that of BaTiO3 in a cubic structure, indicating that the formed 

crystallites have the cubic structure. As shown in Fig. 2.8, the area intensity of the 

diffraction peak corresponding to 111 plane increased with the rise of the annealing 

temperature up to 800 °C, then decreased slightly by the annealing at 900 °C although the 

peaks became sharper by the crystal growth, and the formation of byproducts was 

observed by the annealing at 1000 °C. The sample annealed at 800 °C exhibited broader 

diffraction peaks than those of the powder sample, which can originate in the smallness 

of the grain size of the formed crystallites, and the grain size was estimated to be ~50 nm 

from the width of the diffraction peak of 111 by using Scherrer equation [23]. 

In Fig. 2.9, the diffraction peak at around 2θ = 56° of the annealed film sample 

is shown with those of BaTiO3 powder sample. The powder sample exhibited two separate 

peaks due to (112) and (211) planes based on its tetragonal crystalline structure, and each 

peak was split into the diffractions by Cu Kα1 and Kα2 lines (Fig. 2.9 (a)). By assuming 

the grain size of 50 nm, the diffraction peaks of the powder sample are broadened and re-

composed into a diffraction peak shown in Fig. 2.9 (b). The simulated peak exhibits no 

clear splitting but still has a shoulder in the lower angle side due to the separation of the 

diffractions by (112) and (211) planes. Differently from the simulated peak, the annealed 

sample showed only one broadened peak with a rather symmetric shape (Fig. 2.9 (c)). 

From this comparison, the annealed film sample is concluded to consist of crystallites 

having cubic structure, possibly due to the smallness of the grain size. 
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Based on the results of the annealing in the as-prepared BaTiO3 amorphous film 

samples, I applied the annealing at 800 °C for 3 h to other amorphous film samples formed 

by the sputtering with using the (BaTiO3)1−x(CaTiO3)x targets. Fig. 2.10 shows the XRD 

patterns of the annealed film samples along with the patterns of tetragonal BaTiO3, cubic 

BaTiO3 and orthorhombic CaTiO3. All the annealed samples exhibited diffraction peaks, 

as in the case of the BaTiO3 film sample, indicating that the crystallization proceeded in 

all the amorphous film samples at the rather low temperature of 800 °C. Fig. 2.11(a) is a 

photograph of the annealed film sample formed on the quartz glass substrate by the 

sputtering with using the (BaTiO3)0.50(CaTiO3)0.50 target, and Fig. 2.11(b) is a surface 

image and roughness profile of the annealed film sample observed by the laser scanning 

microscope. Mechanical cracks were generated in the annealed sample on the quartz glass 

substrate, probably due to the mismatch of thermal expansion coefficients between the 

film samples and the substrate [25,26]. Additional annealing at 800 °C for 12 h in the x = 

0.50 sample did not affect the area intensity of the diffraction peaks nor the diffraction 

pattern, and thus the crystallization of the samples by the annealing at 800 °C are 

considered to complete within 3 h as shown in Fig. 2.12. 

The enlarged view of the diffractions of the annealed samples in the range of 2θ 

from 54° to 61° is shown in Fig. 2.13. The diffraction peak of each sample indexed as 112 

and 211 of tetragonal BaTiO3 or 123, 042 and 240 of orthorhombic CaTiO3 was observed 

as a single peak without splitting. The results exhibit that no phase separation occurred in 

the samples during the crystallization and that the formed crystallites have cubic 

structures. 

As seen in Fig. 2.10 and 2.13, the positions of the diffraction peaks shifted to 

higher angles continuously with the Ca composition x of the target, and the shift was 
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considered to be produced by the substitution of the Ba2+ ions by the smaller Ca2+ ions 

[27]. To analyze the structural change of the crystalline film samples with the Ca 

composition, I evaluated the lattice constants of the samples from the angles of the 

diffraction peaks due to (110), (200) and (211) planes in cubic structure by using Cell 

Calc [28]. The estimated lattice constants a are plotted as the function of the Ca 

composition x of the target in Fig. 2.14 and listed in Table 2.5. A continuous and linear 

relation was observed between x and a. The continuity and the fact that no phase 

separation was observed in the samples evidence the formation of monophasic 

Ba1−xCaxTiO3 solid solutions in whole the Ca composition range, and the linear relation 

shows that the formed crystalline film samples have the same compositions, respectively, 

of the targets used for the sputtering according to Vegard’s law [29]. 

In the syntheses of Ba1−xCaxTiO3 by a conventional solid-state reaction method, 

samples are kept at higher temperatures than 1200 °C usually, and in the case of a floating 

zone method, raw materials are melted at much higher temperatures to form single 

crystals. Such high-temperature treatments cause long-range diffusions of the constituent 

ions in the Ba1−xCaxTiO3 samples with producing phase separations at the compositions 

out of the solubility limit (Fig. 2.15 (a)). In this study, on the other hand, the amorphous 

Ba1−xCaxTiO3 film samples were formed by the sputtering, and the samples were annealed 

at the rather low temperature of 800 °C. At the temperature, only short-range diffusions 

are allowed to the ions constituting the samples, and such limited diffusions cannot cause 

phase separations. However, the short-range diffusions of the ions are enough for the 

amorphous samples to crystallize into solid solutions since the constituent ions disperse 

homogeneously and continuously without grain boundaries in the amorphous samples 

(Fig. 2.15 (b)). In other words, the amorphous film sample has the structure at a high 
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fictive temperature, and thus the solid solution was formed as a meta-stable phase by the 

annealing at the moderate condition. The solid solutions of Ba1−xCaxTiO3, especially in 

the Ca composition range beyond the solubility limit reported so far for the system, i.e., 

x = 0.35, 0.50 and 0.70, are considered to be formed by the present ‘sputter-anneal’ 

method in the manner without phase separations. 
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Fig. 2.4  XRD patterns of the Ba1−xCaxTiO3 targets (a), and the enlarged view of the 

patterns (b). 
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Fig. 2.5  As-prepared film sample deposited on the quartz glass substrate by the 

sputtering with using the (BaTiO3)0.50(CaTiO3)0.50 target; (a) photograph of the sample, 

(b) surface image and roughness profile observed by laser scanning microscope. Surface 

roughness, R, was measured along the yellow line indicated in the image. 
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Fig. 2.6  XRD patterns of the as-prepared film samples formed by the rf magnetron 

sputtering with using the (BaTiO3)1−x(CaTiO3)x targets and that of the quartz glass 

substrate. 
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Fig. 2.7  XRD patterns of the annealed BaTiO3 film samples and powder sample of 

BaTiO3. The lines at the bottom represent the diffraction patterns of tetragonal and cubic 

BaTiO3. 
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Fig. 2.8  The area intensity of the diffraction peak corresponding to 111 plane in 

annealed BaTiO3 samples. 

 

  

600 800 1000

Annealing temperature / °C

A
re

a
 i

n
te

n
si

ty
 /

 a
rb

. 
u

n
it



40 

 

 

 

 

 

 

Fig. 2.9  XRD diffraction peaks of BaTiO3 at around 2θ = 56°; (a) powder sample, (b) 

simulated with assuming the crystalline grain size D = 50 nm, and (c) annealed film 

sample. The lines at the bottom represent the diffraction pattern of tetragonal BaTiO3. 
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Fig. 2.10  XRD patterns of the annealed film samples formed by the sputtering with 

using the (BaTiO3)1−x(CaTiO3)x targets and that of the quartz glass plate used as the 

substrate. The lines at the bottom represent the diffraction patterns of tetragonal BaTiO3, 

cubic BaTiO3 and orthorhombic CaTiO3.  
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Fig. 2.11  Annealed film sample formed on the quartz glass substrate by the sputtering 

with using the (BaTiO3)0.50(CaTiO3)0.50 target; (a) photograph of the sample, (b) surface 

image and roughness profile observed by laser scanning microscope. Surface roughness, 

R, was measured along the yellow line indicated in the image.  
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Fig. 2.12  XRD pattern of Ba0.50Ca0.50TiO3 film sample annealed at 800 °C for 3 h (black 

line) and that after additional annealing for 12 h (red line). Inset is an enlarged view of 

the diffractions around 2θ = 32°. 
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Fig. 2.13  The enlarged view of the XRD patterns of the annealed film samples formed 

by the sputtering using the (BaTiO3)1−x(CaTiO3)x targets. The lines at the bottom represent 

the diffraction patterns of tetragonal BaTiO3, cubic BaTiO3 and orthorhombic CaTiO3. 
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Fig. 2.14  Dependence of the lattice constants a of the crystalline film samples on the 

composition x of the (BaTiO3)1−x(CaTiO3)x targets used in the sputtering. 
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Table 2.5  Mole fraction of CaTiO3 in Ba1−xCaxTiO3 solid solutions x, and experimental 

values of lattice constants a of the solid solutions at temperature T = 298.15 K and 

pressure p = 0.1 MPa,a and standard uncertainties u of x and a 

x a / Å u(x) u(a) / Å 

0 (BaTiO3) 4.014 -- 0.0002 

0.20 3.976 0.017 0.0033 

0.35 3.952 0.017 0.0033 

0.50 3.918 0.017 0.0033 

0.70 3.885 0.017 0.0033 

0.90 3.838 0.017 0.0033 

1 (CaTiO3) 3.822 -- 0.0030 

a Standard uncertainties u are u(T) = 1 K and u(p) = 10 kPa. 
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Fig. 2.15  Formation mechanism of solid solutions without miscibility gap: (a) Phase 

separation occurs in solid-state reaction and floating zone method by long-range diffusion 

of constituting ions; (b) Ba1-xCaxTiO3 solid solutions are formed by ‘sputter-anneal’ 

method, in which only short-range diffusion is allowed for the ions. 
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2.3.2. Dielectric properties of Ba1−xCaxTiO3 solid solutions 

 

To investigate Ca composition dependence of the permittivity in Ba1−xCaxTiO3 

film samples, I examined the formation of the amorphous and solid-solution film samples 

on the SrTiO3:Nb single-crystal substrates, which have electrical conductivity and can be 

used as the electrodes in the dielectric measurements. A photograph of the as-prepared 

film sample formed on the SrTiO3:Nb substrate by the sputtering with using the 

(BaTiO3)0.50(CaTiO3)0.50 target is shown in Fig. 2.16(a). Fig. 2.16(b) is a surface image 

and roughness profile of the as-prepared film sample observed by the laser scanning 

microscope. As shown in Fig. 2.16(b), the surface of the film sample is rather flat and 

smooth. As-prepared film samples exhibited halo patterns at around 2θ = 30° in the XRD 

experiments (Fig.2.17) and were confirmed to have amorphous structure as in the cases 

using the quartz glass substrates. 

Fig. 2.18 shows relations between electric flux density (D) and electric field (E) 

of amorphous film samples obtained by the Sawyer-Tower circuit [24] at 25 ± 1 °C and 1 

kHz field frequency. Relative dielectric constants, which are denoted as dielectric 

constants hereafter in this thesis, ε of the samples were evaluated by the following 

relations [30]: 

C = εε0Sd−1   eq. (2.3) 

here d is thickness of the sample (m), C is capacitance of the sample (F), ε is dielectric 

constant of the sample, ε0 is dielectric constant of vacuum ( = 8.854 × 10−12 F·m−1), and 

S is area of the electrode (m2). Fig. 2.19 shows the Ca composition, x, dependence of the 

dielectric constants of amorphous Ba1−xCaxTiO3 film samples at 1 kHz. To check the 

reproducibility of the dielectric constants of the samples, I prepared several samples 
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separately for each Ca composition and carried out the D−E measurements. The error bars 

in the figure represent the standard deviations of the estimated dielectric constants for 

each Ca-composition sample. The values of the ε were around 14 ~ 16, and no clear 

dependence on the Ca composition was observed in these dielectric constants. The 

evaluated value of ε for the x = 0 (BaTiO3) sample agreed well with the reported values 

[31-33]. 

To form the Ba1−xCaxTiO3 solid solutions on the SrTiO3:Nb single-crystal 

substrates, I annealed the amorphous film samples at 800 °C for 3 h. Crystallization of 

the samples proceeded by the annealing also on the substrates. XRD results (Fig.2.20) 

showed the formation of Ba1−xCaxTiO3 solid solutions in whole the Ca composition range 

of 0 ≤ x ≤ 1: All the samples exhibited diffraction peaks attributable to Ba1−xCaxTiO3 solid 

solutions having cubic structures without phase separation nor formation of byproduct on 

the SrTiO3:Nb single crystals, and the peak positions shifted continuously to higher angles 

with the Ca composition x. There was no difference exceeding the experimental error in 

the peak positions between the samples formed on the quartz glass substrates and those 

on the SrTiO3:Nb single-crystal substrates, indicating that the lattice constants of the 

formed solid solutions were not affected by the substrates. Fig. 2.21(a) is a photograph of 

the annealed Ba0.50Ca0.50TiO3 film sample formed on SrTiO3:Nb single crystal substrate, 

and Fig. 2.21(b) is a surface image and roughness profile of the annealed film sample 

observed by the laser scanning microscope. No crack was observed in the annealed 

sample on the SrTiO3:Nb single-crystal substrate differently from that on the quartz glass 

substrate by the matching of thermal expansion coefficients between the film sample and 

the substrate [25,34], and the roughness of the surface of the samples was estimated to be 

within ±25 nm. 
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In dielectric measurements using a Sawyer-Tower circuit [24] at 25 ± 1 °C, the 

solid-solution film samples showed linear D−E relations without hysteresis and were 

found to be paraelectric. That was also in the film sample of BaTiO3 (Fig. 2.22), which is 

ferroelectric at the temperature in a bulk crystal. The crystallites composing the film 

sample of BaTiO3 have a cubic structure as mentioned above, and the origin of the 

structure and the paraelectricity would be the smallness of the grain size of about 50 nm. 

Therefore, we applied ac conductivity measurements for the samples using the impedance 

analyzer. The observed complex admittance Y* of the samples attached the Pt electrode 

exhibited frequency dependences. The frequency-dependent Y* of each sample was well 

reproduced by assuming a series circuit of the capacitance originated from the crystalline 

film sample and contact resistance between the film sample and the Pt electrode and 

possibly the SrTiO3:Nb substrate as shown in Fig. 2.23. Thus, I evaluated dielectric 

constants of the Ba1−xCaxTiO3 solid-solution samples from the capacitances obtained by 

the analyses according to the Y* formalism. 

As shown in Fig. 2.24, the frequency dependence of the dielectric constants ε 

was observed to be small within the measured frequency range from 1 to 105 Hz in each 

sample, but the constants changed rather largely with the Ca composition x of the samples. 

Fig. 2.25 shows the Ca composition, x, dependence of the dielectric constants of 

Ba1−xCaxTiO3 solid-solution samples at 1 kHz, and the measured parameters are listed in 

Table 2.6. To check the reproducibility of the dielectric constants of the samples, I 

prepared several samples separately for each Ca composition and carried out the ac 

conductivity measurements. The error bars in the figure represent the standard deviations 

of the estimated dielectric constants for each Ca-composition sample. The dielectric 
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constants ε were observed to increase with the mixing of Ba2+ and Ca2+ ions, and the 

sample with x = 0.35 showed the highest dielectric constant. 

To elucidate the origin of this peculiar dependence of ε on the Ca composition x, 

I tried to estimate the spaces around Ba2+, Ca2+ and Ti4+ ions in the solid solutions from 

the lattice constants shown in Fig. 2.14 and ionic radii of those ions and O2− ion [27]. 

Among the distances between the metal and nearest neighboring oxygen ions, L(Ba–O), 

L(Ca–O) and L(Ti–O), estimated from the lattice constants, only the L(Ca–O) in the 

samples with x = 0.20, 0.35, 0.50 and 0.70 were found to have larger values than the sum 

of the ionic radii of the metal and oxygen ions. Arrangement of constituent ions around 

Ca2+ ion in the unit cell of Ba1−xCaxTiO3 solid solutions is shown in Fig. 2.26(a), and the 

positional relation between the Ca2+ ion and the nearest neighboring O2− ions is shown in 

Fig. 2.26(b). The magnitude of the extra space around Ca2+ ions in the samples can be 

expressed as ΔL, which was evaluated by subtracting the ionic radii of Ca2+ and O2− from 

the L(Ca–O) and shown in Fig. 2.27(a) as a function of the Ca composition x for the 

Ba1−xCaxTiO3 samples. The dielectric response of the Ba1−xCaxTiO3 solid solutions is 

considered to be related largely to the displacement of Ca2+ and probably Ti4+ ions using 

the extra space [35, 36], and increment of the amount of the extra space in the crystalline 

lattice might bring larger dielectric constant for the solid-solution sample. The value of 

ΔL multiplied by the Ca composition x, ΔL × x, for the solid-solution sample of 

Ba1−xCaxTiO3 indexes the amount of the extra space in the crystalline lattice of the sample. 

As shown in Fig. 2.27(b), the value of ΔL × x shows a tendency to increase with the 

mixing of Ba2+ and Ca2+ ions and exhibits a maximum at around x = 0.35. The feature 

corresponds well to the change of the dielectric constants in Ba1−xCaxTiO3 solid solutions 

with the Ca composition. The image of the extra space expressed by ΔL × x around the 
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Ca2+ ions and that of the displacements of Ca2+ and Ti4+ ions are shown in Fig. 2.28(a) 

and (b). The displacements of Ca2+ and Ti4+ ions to the extra space around Ca2+ ions in 

the crystalline lattice are considered to govern the dielectric properties of the solid 

solutions. The large electrostriction reported for Ba1−xCaxTiO3 near the solubility limit in 

the conventional solid-state reaction of x ~ 0.23 [16] is considered to have a deep 

relationship with the extra space formed around Ca2+ ions, as in the dielectric constant 

observed here. 
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Fig. 2.16  As-prepared film sample deposited on the SrTiO3:Nb substrate by the 

sputtering with using the (BaTiO3)0.50(CaTiO3)0.50 target; (a) photograph of the sample, 

(b) surface image and roughness profile observed by laser scanning microscope. Surface 

roughness, R, was measured along the yellow line indicated in the image. 
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Fig. 2.17  XRD patterns of the as-prepared film samples formed by the rf magnetron 

sputtering with using the (BaTiO3)1−x(CaTiO3)x targets and that of the SrTiO3:Nb single 

crystals used as the substrates. 
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Fig. 2.19  Dielectric constants ε at 1 kHz of the as-prepared Ba1−xCaxTiO3 film samples. 

Error bars represent the standard deviations of the ε evaluated from the results for 

separately prepared several samples. 
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Figure 2.20  XRD patterns of the annealed film samples formed on the SrTiO3:Nb 

single-crystal substrates by the sputtering with using the (BaTiO3)1−x(CaTiO3)x targets (a), 

and the enlarged view of the diffractions (b). The diffractions of the annealed film samples 

formed on the quartz glass substrates are shown by dashed lines in (b) for comparison. 
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Fig. 2.21  Annealed film sample formed on SrTiO3:Nb substrate by the sputtering with 

using the (BaTiO3)0.50(CaTiO3)0.50 target; (a) photograph of the sample, (b) surface image 

and roughness profile observed by laser scanning microscope. Surface roughness, R, was 

measured along the yellow line indicated in the image.  
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Fig. 2.22  D−E relation of the annealed BaTiO3 film sample. 
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Fig. 2.23  Frequency dependence of the complex admittance Y* (= G + iB; where G is 

conductance and B is susceptance) for the crystalline BaTiO3 film sample; closed circles 

and open circles represent the results of G and B, respectively, obtained by the ac 

conductivity measurement. Solid and dashed lines show the calculated results for G and 

B by assuming a series circuit of a capacitance Cs = 7.70 nF and a resistance Rs = 510 Ω. 
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Fig. 2.24  Frequency dependence of the dielectric constants ε of Ba1−xCaxTiO3 solid-

solution film samples. 
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Fig. 2.25  Dielectric constants ε at 1 kHz of the Ba1−xCaxTiO3 solid-solution samples. 

Error bars represent the standard deviations of the ε evaluated from the results for 

separately prepared several samples. 
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Table 2.6  Mole fraction of CaTiO3 in Ba1−xCaxTiO3 solid solutions x, and experimental 

values of dielectric constants ε at frequency ν = 1 kHz with oscillating electric field E = 

10 mVrms of the solid solutions at temperature T = 298.15 K and pressure p = 0.1 MPa,a 

and standard uncertainties u of x and ε 

a Standard uncertainties u are u(ν) = 100 mHz, u(E) = 20 μVrms, u(T) = 1 K and u(p) = 10 

kPa. 

 

  

x ε u(x) u(ε) 

0 (BaTiO3) 339 -- 14.2 

0.20 412 0.017 32.3 

0.35 568 0.017 38.7 

0.50 433 0.017 39.7 

0.70 230 0.017 51.2 

0.90 142 0.017 21.9 

1 (CaTiO3) 121 -- 8.7 
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Fig. 2.26  Arrangement of constituent ions around Ca2+ ion in the unit cell of 

Ba1−xCaxTiO3 solid solutions (a), and the positional relation between the Ca2+ ion and the 

nearest neighboring O2− ions (b). 
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Fig. 2.27  Ca composition x dependence of the extra space around Ca2+ ions in the 

Ba1−xCaxTiO3 solid-solution samples; (a) ΔL and (b) ΔL × x, see text for details. The 

values for x = 0 were estimated by putting Ca2+ ion in the Ba2+-ion site imaginarily. 
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Fig. 2.28  Image of the extra space expressed by ΔL × x around the Ca2+ ions and that of 

the displacements of Ca2+ and Ti4+ ions (a), and the image of the displacements in the 

crystalline lattice (b). 

 

  



67 

 

2.4. Conclusions 

 

 

In this work, I succeeded in forming Ba1−xCaxTiO3 solid solutions beyond the 

solubility limit reported so far by preparing amorphous film samples by the sputtering 

and annealing the amorphous samples at the rather low temperature than those used in a 

conventional solid-state reaction method, which allows only a restricted migration of 

constituent ions and suppresses the proceeding of phase separations. The dielectric 

constants ε of the formed solid solutions were observed to increase with the mixing of 

Ba2+ and Ca2+ ions, and the sample with x = 0.35 showed the highest dielectric constant. 

This peculiar dependence of the ε on the Ca composition x was well explained by the 

formation of extra space around Ca2+ ions substituted for Ba2+ ions, and the displacements 

of Ca2+ and probably Ti4+ ions using the space were understood to affect largely the 

dielectric properties of Ba1−xCaxTiO3 solid solutions. 
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Chapter 3. Application of ‘sputter-anneal’ method to 

Ba1−xCaxZrO3 system and dielectric properties of 

Ba1−xCaxZrO3 solid solutions 

 

 

 

Abstract 

 

Formation of solid solutions was examined in a wide miscibility gap system of 

Ba1−xCaxZrO3 by the ‘sputter-anneal’ method, in which amorphous film samples were 

prepared by rf magnetron sputtering and annealed successively at a moderate temperature 

condition. Ba1−xCaxZrO3 solid solutions were formed successfully by the method as 

monophasic products in whole the composition range of 0 < x < 1, indicating the 

usefulness and the validity of the method for the formation of solid solutions in 

perovskite-type oxides, and Ca composition dependence of the dielectric constants ε was 

revealed in the solid-solution system. 
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3.1. Introduction 

 

 

Complex oxides with a perovskite-type structure are important and potential 

materials as dielectric substances, catalysts, ion conductors, and so on [1-7], and their 

physical and chemical properties are often controlled and optimized by varying 

compositions [1-5]. The extension of the solubility limit would bring information of value 

to understand the dependence of their properties on the compositions and open new 

possibilities for them as functional materials. Sputtering is a valuable method to form film 

samples of oxides, and formed samples on to substrates at low temperatures usually have 

amorphous structures [8]. The formed amorphous film samples, in which the constituent 

ions disperse homogeneously, are considered to be able to crystallize only by short-range 

diffusion of the ions when annealed. The sputtering and successive annealing, thus, have 

a high possibility of producing solid solutions of oxides in wide composition range, 

avoiding the occurrence of phase separations. Actually, as described in Chapter 2, I have 

succeeded in forming Ba1−xCaxTiO3 solid solutions with Ca compositions within the 

miscibility gap by preparing amorphous film samples with the help of rf magnetron 

sputtering and annealing the samples at relatively low temperature [9]. The ‘sputter-

anneal’ method is expected from its simplicity to be useful and widely applicable for 

producing solid solutions in oxide systems. Therefore, I examined the formation of solid 

solutions by the sputter-anneal method in Ba1−xCaxZrO3 system, which has been actively 

studied as an attractive candidate for use in microwave applications [2-4] and has a wide 

miscibility gap of 0.03 < x < 0.99 [2], and tried to obtain the information about the 

composition dependence of their dielectric properties in wide composition range. 
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3.2. Experimental section 

 

 

The powder samples of Ba1−xCaxZrO3 (x = 0, 0.25, 0.50, 0.75 and 1) were 

prepared by calcining raw materials of BaCO3, CaCO3 and ZrO2 weighed to the desired 

compositions at 1000 °C for 12 h. Then the samples were pressed into disks, sintered at 

1400 °C for 6 h, and shaped to targets for sputtering (1 inch, 2 mmt). The details of the 

samples used are given in Table 3.1, and photographs of a typical sample of the sintered 

disks and that of the targets set to the holder for sputtering are shown in Fig. 3.1. The 

densities and sintering degree of the prepared targets are listed in Table 3.2. Ba1−xCaxZrO3 

film samples were deposited on quartz glass substrates (10 mm × 10 mm × 0.8 mmt) at 

room temperature by using the targets and a conventional upward type rf magnetron 

sputtering apparatus (ULVAC, SCOTT-C3-T1) under Ar (1.0 Pa) / O2 (0.4 Pa) mixed gas 

atmosphere. The thicknesses of the film samples were controlled to be ~1 μm by setting 

the sputtering time between 6 and 8 h. Annealing of the film samples was performed 

under atmospheric condition by using an electric furnace. 

X-ray diffraction (XRD) experiments were carried out with a powder X-ray 

diffractometer (Rigaku, RINT2200VF) by using Cu Kα radiation. Measurement 

conditions in the XRD are listed in Table 3.3. Morphology observation and elemental 

analysis of the surfaces of the Ba0.50Ca0.50ZrO3 target and the annealed film sample 

formed by using the target were performed with a scanning electron microscope (SEM) 

equipped an energy dispersive X-ray (EDX) spectrometer (SHIMADZU, SSX-550 + 

SEDX-500). The surface of the samples was coated with Au-Pd in ~3-nm thick by using 

a magnetron sputtering apparatus (VACUUM DEVICE, MSP-1S), and the measurements 
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were done under accelerating voltage of 30 kV. Dielectric measurements were performed 

using the impedance analyzer with the electrochemical interface described in Chapter 2 

(§2.2) in the frequency range 102–105 Hz by applying the oscillating electric field of 10 

mVrms. 
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Table 3.1  List of chemicals used, their source and purity 

a Mass fraction purity. 

b The lowest estimation of mole fraction purity. 

c X-ray diffractometry (Fig. 3.2). 

  

Chemicals Source Purity Analysis method 

BaCO3 Wako Pure 

Chemical 

Industries 

0.999a Manufacturer assay 

CaCO3 Kanto Kagaku 0.9999a Manufacturer assay 

ZrO2 Soekawa 

Chemicals 

0.999a Manufacturer assay 

(BaZrO3)1−x(CaZrO3)x; 

x = 0, 0.25, 0.50, 0.75 

and 1 

Synthesized in 

this study 

0.99b XRDc 

Argon Kansan 

Corporation 

0.9999a Manufacturer assay 

Oxygen Kansan 

Corporation 

0.995a Manufacturer assay 

Platinum Furuya Metal 

Co., Ltd. 

0.999a Manufacturer assay 
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Fig. 3.1  Photograph of a typical sample of the sintered disks (a), and that of the targets 

set to the holder of the sputtering apparatus (b). 

 

 

  

(b) (a) 
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Table 3.2  Densities and sintering degrees of the Ba1−xCaxZrO3 targets 

 

 

  

Ca composition  

x 

Theoretical density 

(g cm−3) 

Density 

(g cm−3) 

Sintering degree 

(%) 

0 5.52 3.84 69.6 

0.25 5.42 3.69 68.1 

0.50 5.32 3.14 59.0 

0.75 5.21 2.65 50.9 

1 5.11 2.48 48.4 
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Table 3.3  Measurement conditions in XRD experiments 

 

 

 

 

  

Measuring method Continuous mode Fixed time mode 

Scanning axis θ / 2θ θ / 2θ 

Initial angle (°) 10.000 10.000 

Final angle (°) 80.000 80.000 

Sampling width (°) 0.02 0.010 

Scanning speed (°/ min) 4.000 − 

Gate time (sec) − 1.0 

X-ray tube voltage (kV) 40 40 

X-ray tube current (mA) 20 20 
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3.3. Results and discussions 

 

 

3.3.1. Formation of Ba1−xCaxZrO3 solid solutions 

 

Fig. 3.2 shows the results of the XRD experiments for Ba1−xCaxZrO3 targets used 

in the sputtering along with the XRD patterns of BaZrO3 (ICDD No 00-006-0399) and 

CaZrO3 (ICDD No 00-035-0790). The x = 0 (BaZrO3) and x = 1 (CaZrO3) targets gave 

the diffraction patterns well corresponding to those reported for BaZrO3 and CaZrO3, 

respectively. The targets with the Ca compositions x = 0.25, 0.50 and 0.75 exhibited the 

patterns by the coexistence of Ba-rich and Ca-rich phases of the zirconate as the indication 

of the phase separation occurred in the preparation process, the calcination and the 

sintering, of the targets. 

Fig. 3.3(a) is a photograph of a typical sample of the as-prepared films deposited 

on the quartz glass substrate by the sputtering using the (BaZrO3)0.50(CaZrO3)0.50 target, 

and Fig. 3.3(b) is a surface image and roughness profile of the as-prepared film sample 

observed by the laser scanning microscope. As shown in Fig. 3.3(b), the surface of the 

film sample is rather flat and smooth. In the XRD experiment, the sample exhibited 

broadened halo patterns characteristic of amorphous structure at around 2θ = 30° 

overlapped with the diffraction due to the quartz glass substrate, as shown in Fig. 3.4. 

To obtain the information about crystallization of the amorphous film samples 

by annealing, I attempted annealing the as-prepared film sample at temperatures from 400 

to 1000 °C for 3 h. The XRD patterns of the annealed samples were also shown in Fig. 

3.4 along with the patterns of cubic BaZrO3 and orthorhombic CaZrO3. Diffraction peaks 
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attributable to the crystallites of the solid solution started to appear by the annealing at 

600 °C. The intensity of the diffraction peaks increased with the rise of the annealing 

temperature up to 800 °C, then signs of occurrence of the phase separation and formation 

of byproducts were observed by annealing at 1000 °C. In the cases of BaZrO3 and CaZrO3, 

as-prepared samples by the sputtering exhibited halo patterns characteristic of amorphous 

structure at around 2θ = 30° in the XRD experiments as shown in Fig. 3.5 and Fig. 3.6, 

respectively. The as-prepared BaZrO3 film sample started to crystallize by the annealing 

at 600 °C, crystallization proceeded more efficiently at 800 °C and the formation of 

byproducts was observed at 1000 °C as shown in Fig. 3.5, as in the case of the film sample 

formed from the (BaZrO3)0.50(CaZrO3)0.50 target. In the as-prepared CaZrO3 film sample, 

as shown in Fig. 3.6, diffraction peaks attributable to the formation of calcia-stabilized 

zirconia (Ca0.15Zr0.85O1.85) [6,10] were observed by the annealing at 600 and 1000 °C. On 

the other hand, only the diffraction peaks of CaZrO3 were observed by the annealing at 

800 °C without the formation of the byproduct. Therefore, the annealing temperature and 

the duration were decided to be 800 °C and 3 h for the system of Ba1−xCaxZrO3. 

Fig. 3.7 shows the XRD patterns of the as-prepared film samples by the 

sputtering and the annealed samples at 800 °C for 3 h. The as-prepared samples with x = 

0.25 and 0.75 exhibited halo patterns, as the samples with x = 0, 0.50 and 1, at around 2θ 

= 30° overlapped with the diffraction by the quartz glass substrate, indicating that all the 

as-prepared film samples have amorphous structures produced by the rapid quenching of 

the sputtered clusters on the substrates. The annealed samples, on the other hand, 

exhibited diffraction peaks showing that the crystallization proceeded in the amorphous 

film samples at the rather low temperature of 800 °C. Fig. 3.8(a) is a photograph of the 

annealed film sample formed on the quartz glass substrate by the sputtering with using 
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the (BaZrO3)0.50(CaZrO3)0.50 target, and Fig. 3.8(b) is a surface image and roughness 

profile of the annealed film sample observed by the laser scanning microscope. 

Mechanical cracks were generated in the annealed sample on the quartz glass substrates, 

probably due to the mismatch of thermal expansion coefficients between the film sample 

and the substrate [11,12]. The longer annealing for 6 h at 800 °C in the x = 0.50 sample 

did not affect the area intensities of the diffraction peaks nor the diffraction pattern, as 

shown in Fig. 3.9, and thus the crystallization of the samples is considered to complete 

within 3 h. Although the samples with x = 0.25, 0.50 and 0.75 have compositions out of 

the solubility limit of the Ba1−xCaxZrO3 system in the conventional solid-state reaction, 

the diffraction pattern of the crystallized film samples (Fig. 3.7) showed no peak splitting 

by the coexistence of Ba-rich and Ca-rich phases differently from the targets (Fig. 3.2). 

The enlarged view of the diffractions of the annealed samples is shown in Fig. 3.10. The 

figure clearly shows the shift of the peak positions with the Ca composition x. 

In order to analyze the structural change in the formed crystallites with the Ca 

compositions, the lattice constants of the crystalline film samples were evaluated by 

assuming cubic structures for the crystallites. For the samples with x = 0, 0.25, 0.50 and 

0.75, the evaluation was performed from the angles of 110, 200 and 211 diffraction peaks 

in cubic structure by using CellCalc [13], and that of the x = 1 sample was estimated as 

the cube root of the lattice volume evaluated by CellCalc from the angles of 101, 200, 

121, 002 and 202 diffraction peaks in orthorhombic structure. The estimated lattice 

constants are plotted as a function of the Ca composition x in Fig. 3.11 and listed in Table 

3.4. The lattice constants a showed continuous and rather linear relation to x. The 

continuity and the fact that no phase separation was observed in the samples evidence the 

formation of monophasic Ba1−xCaxZrO3 solid solutions without miscibility gap between 



84 

 

Ba2+ and Ca2+ ions, and the linear relation indicates that the formed crystalline film 

samples have the same compositions of the targets used in the sputtering according to 

Vegard’s law. 

Fig. 3.12 shows SEM images of the x = 0.50 target and the annealed film sample 

formed by using the target along with the two-dimensional elemental mappings 

corresponding to the SEM images for Ba and Ca by the EDX analyses. In the target, the 

existence of Ba-rich and Ca-rich phases as the result of the phase separation was observed 

clearly. On the other hand, the results of the EDX analysis demonstrated homogeneous 

distributions of Ba and Ca in the annealed film sample supporting the formation of 

Ba0.50Ca0.50ZrO3 solid solution. 

The annealing at the rather low temperature of 800 °C is considered to allow 

only short-range diffusion of the ions in the amorphous samples. Such diffusion is, 

however, enough for the amorphous samples to crystallize because of the homogeneous 

dispersion of the constituent ions and the continuous structure as the characteristics of 

amorphous. The Ba1−xCaxZrO3 solid solutions are considered to be formed in such a way 

without phase separation, which occurs through long-range diffusion of the ions. 
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Fig. 3.2  XRD patterns of the Ba1−xCaxZrO3 targets. 
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Fig. 3.3  As-prepared film sample deposited on the quartz glass substrate by the 

sputtering with using the (BaZrO3)0.50(CaZrO3)0.50 target; (a) photograph of the sample, 

(b) surface image and roughness profile observed by laser scanning microscope. Surface 

roughness, R, was measured along the yellow line indicated in the image. 
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Fig. 3.4  XRD pattern of the film sample deposited on the quartz glass substrate by the 

sputtering using the (BaZrO3)0.50(CaZrO3)0.50 target, and those of the samples after 

annealing. 
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Fig. 3.5  XRD pattern of BaZrO3 film sample deposited on the quartz glass substrate by 

the sputtering, and those of the samples after annealing. 
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Fig. 3.6  XRD patterns of CaZrO3 film sample deposited on the quartz glass substrates 

by the sputtering, and those of the samples after annealing. 
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Fig. 3.7  XRD patterns of the as-prepared film samples by the rf magnetron sputtering 

and the annealed Ba1−xCaxZrO3 film samples along with that of the quartz glass substrate. 
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Fig. 3.8  Annealed film sample formed on the quartz glass substrate by the sputtering 

with using the (BaZrO3)0.50(CaZrO3)0.50 target; (a) photograph of the sample, (b) surface 

image and roughness profile observed by laser scanning microscope. Surface roughness, 

R, was measured along the yellow line indicated in the image. 
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Fig. 3.9  XRD patterns of the Ba0.50Ca0.50ZrO3 film samples annealed at 800 °C for 3 h 

(black line) and 6 h (green line). Inset is an enlarged view of the diffractions around 2θ = 

32°. 
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Fig. 3.10  Enlarged view of the X-ray diffractions of the annealed Ba1−xCaxZrO3 film 

samples. 
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Fig. 3.11  Dependence of the lattice constants a of the crystalline film samples on the Ca 

composition x. 

 

  

0 0.5 1

4

4.1

4.2

x

a
 /

 Å



95 

 

 

 

 

 

 

Table 3.4  Mole fraction of CaZrO3 in Ba1−xCaxZrO3 solid solutions x, and experimental 

values of lattice constants a of the solid solutions at temperature T = 298.15 K and 

pressure p = 0.1 MPa,a and standard uncertainties u of x and a 

a Standard uncertainties u are u(T) = 1 K and u(p) = 10 kPa. 

* The lattice constants for CaZrO3 sample were assessed to be a = 5.749 Å, b = 8.022 Å, 

c = 5.596 Å and V = 258.1 Å3 in orthorhombic structure, and the lattice constant a on the 

assumption of cubic structure was evaluated as the cube root of the lattice volume V in 

orthorhombic structure. 

 

  

x a / Å u(x) u(a) / Å 

0 (BaZrO3) 4.183 -- 0.0119 

0.25 4.163 0.060 0.0119 

0.50 4.123 0.060 0.0119 

0.75 4.052 0.060 0.0119 

1 (CaZrO3) 4.011* -- 0.0119 
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Fig. 3.12  SEM images and elemental mappings corresponding to the areas indicated by 

red squares in the SEM images for Ba and Ca of the Ba0.50Ca0.50ZrO3 target (a) and the 

annealed film sample formed by using the target (b). 
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3.3.2. Dielectric properties of Ba1−xCaxZrO3 solid solutions 

 

To obtain the information about the dielectric properties of Ba1−xCaxZrO3 solid 

solutions, I examined the formation of the solid-solution film samples on Nb(1.0 wt%)-

doped SrTiO3 single crystals (SrTiO3:Nb; Furuuchi Chemical, 10 mm × 10 mm × 0.5 mmt 

with (100) polished plane), which have electric conductivity of ~400 S cm−1, in the same 

manner as on the quartz glass substrate. A photograph of the as-prepared film sample 

formed on the SrTiO3:Nb substrate by the sputtering with using the 

(BaZrO3)0.50(CaZrO3)0.50 target is shown in Fig. 3.13(a). Fig. 3.13(b) is a surface image 

and roughness profile of the as-prepared film sample observed by the laser scanning 

microscope. As shown in Fig. 3.13(b), the surface of the film sample is uneven slightly 

but rather flat without crack. As-prepared film samples exhibited halo patterns at around 

2θ = 30° in the XRD experiments as shown in Fig.3.14, and were confirmed to have 

amorphous structure as in the cases using the quartz glass substrates. 

To form the Ba1−xCaxZrO3 solid solutions on the SrTiO3:Nb single-crystal 

substrates, I annealed the amorphous film samples at 800 °C for 3 h. XRD results of the 

annealed samples are shown in Fig. 3.15. Crystallization of the samples proceeded by the 

annealing also on the substrates, and the peaks shifted continuously to higher angles with 

the Ca composition x without showing splitting. The XRD results indicate the formation 

of Ba1−xCaxZrO3 solid solutions in whole the Ca composition range of 0 ≤ x ≤ 1 without 

phase separation nor the formation of byproduct on the SrTiO3:Nb single crystals. Fig. 

3.16(a) is a photograph of the annealed Ba0.50Ca0.50ZrO3 film sample formed on the 

SrTiO3:Nb single crystal substrate, and Fig. 3.16(b) is a surface image and roughness 

profile of the annealed film sample observed by the laser scanning microscope. No crack 
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was observed in the annealed sample on the SrTiO3:Nb single-crystal substrate differently 

from that on the quartz glass substrate by the matching of thermal expansion coefficients 

between the film sample and the substrate [12,14], and the roughness of the surface of the 

samples was estimated to be within ±25 nm.  

Dielectric measurements were performed by using the substrate as an electrode 

and prepare a Pt counter electrode (1.7 × 1.7 mm2) on the surface of each sample by 

sputtering. As shown in Fig. 3.17, no significant change was observed in the dielectric 

constants ε with frequency in each sample within the measured frequency range 102–105 

Hz, and the evaluated ε for the x = 0 (BaZrO3) sample agreed with the reported value [15] 

within the estimated experimental error. 

The evaluated values of ε at 1 kHz for the samples are listed in Table 3.5, and the 

Ca composition dependence of ε is shown in Fig. 3.18(a). The constants ε decreased 

linearly with the Ca composition x. The observed dependence of ε on the Ca composition 

is different from that in Ba1−xCaxTiO3 solid solutions, in which ε changes convexly with 

Ca composition. The peculiar Ca composition dependence of the permittivity in 

Ba1−xCaxTiO3 solid solutions has been understood to originate in the space produced 

around Ca2+ ions by the mixing of Ba2+ and Ca2+ ions, which allow larger displacement 

of Ti4+ ions responding to the applied electric field. In the Ba1−xCaxZrO3 solid solutions, 

only the L(Ca–O) in the samples with x = 0.25, 0.50, 0.75 and 1 were found to have larger 

values than the sum of the ionic radii of the metal and oxygen ions as in the case of 

Ba1−xCaxTiO3 solid solutions. The magnitude of the extra space around Ca2+ ions in the 

samples can be expressed as ΔL, which was evaluated by subtracting the ionic radii of 

Ca2+ and O2− from the L(Ca–O). The value of ΔL multiplied by the Ca composition x, ΔL 

× x, for the Ba1−xCaxZrO3 solid solutions indexes the amount of the extra space in the 
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crystalline lattice of the sample. As shown in Fig. 3.18(b), the value of ΔL × x shows a 

tendency to increase with the mixing of Ba2+ and Ca2+ ions and exhibits a maximum at 

around x = 0.9. However, such a tendency in the Ca composition dependence of the 

permittivities was not observed in the Ba1−xCaxZrO3 solid solutions.  

The origin of the difference in the Ca composition dependences between the 

titanate and the zirconate is not clear at this stage. However, Shannon’s ionic radii of Zr4+ 

and Ti4+ ions are 0.720 Å and 0.605 Å, respectively [16], and the difference in the Ca 

composition dependences of the permittivities is considered to be due to the larger size of 

Zr4+ ion than Ti4+ ion, which restricts the displacement of Zr4+ ions in the crystalline lattice 

as shown in Fig. 3.19. The results also indicate that the Ca composition dependence of ε 

in Ba1−xCaxTiO3 solid solutions is affected more seriously by the displacement of Ti4+ ions 

than that of Ca2+ ions. 
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Fig. 3.13  As-prepared film sample deposited on the SrTiO3:Nb substrate by the 

sputtering with using the (BaZrO3)0.50(CaZrO3)0.50 target; (a) photograph of the sample, 

(b) surface image and roughness profile observed by laser scanning microscope. Surface 

roughness, R, was measured along the yellow line indicated in the image. 
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Fig. 3.14  XRD patterns of the as-prepared film samples formed by the rf magnetron 

sputtering with using the (BaZrO3)1−x(CaZrO3)x targets and that of the SrTiO3:Nb single 

crystals used as the substrates. 
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Fig. 3.15  XRD patterns of the annealed film samples formed on the SrTiO3:Nb single-

crystal substrates by the sputtering with using the (BaZrO3)1−x(CaZrO3)x targets. 
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Fig. 3.16  Annealed film sample formed on SrTiO3:Nb substrate by the sputtering with 

using the (BaZrO3)0.50(CaZrO3)0.50 target; (a) photograph of the sample, (b) surface image 

and roughness profile observed by laser scanning microscope. Surface roughness, R, was 

measured along the yellow line indicated in the image. 

 

  

(a) 

-0.2

0

0.2

R
 /

 
m

(b) 



104 

 

 

 

 

 

 

 

Fig. 3.17  Frequency dependence of the dielectric constants ε of Ba1−xCaxZrO3 solid-

solution film samples. 
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Table 3.5  Mole fraction of CaZrO3 in Ba1−xCaxZrO3 solid solutions x, and experimental 

values of dielectric constants ε at frequency ν = 1 kHz with oscillating electric field E = 

10 mVrms of the solid solutions at temperature T = 298.15 K and pressure p = 0.1 MPa,a 

and standard uncertainties u of x and ε 

a Standard uncertainties u are u(ν) = 100 mHz, u(E) = 20 μVrms, u(T) = 1 K and u(p) = 10 

kPa. 

 

  

x ε u(x) u(ε) 

0 (BaZrO3) 45.2 -- 4.98 

0.25 39.1 0.060 4.35 

0.50 35.0 0.060 4.22 

0.75 27.9 0.060 2.36 

1 (CaZrO3) 22.8 -- 0.68 
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Fig. 3.18  Dielectric constants ε at 1 kHz of the Ba1-xCaxZrO3 solid-solution samples (a), 

and Ca composition x dependence of the extra space around Ca2+ ions in the Ba1-xCaxZrO3 

solid solutions of ΔL × x (b). Error bars in (a) represent the standard deviations of the ε 

evaluated from the results for separately prepared several samples, and the ΔL × x value 

for x = 0 in (b) was estimated by putting Ca2+ ion in the Ba2+-ion site imaginarily. 
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Fig. 3.19  Schematic illustration of the displacement of the Ti4+ and Zr4+ ions in 

Ba1−xCaxTiO3 and Ba1−xCaxZrO3 solid solutions. 
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3.4. Conclusions 

 

 

In this work, I succeeded in forming Ba1−xCaxZrO3 solid solutions in whole the 

Ca composition range despite the narrow solubility limit in the system. The formation of 

the solid solutions demonstrates the usefulness and the validity of the sputter-anneal 

method for the formation of solid solutions in perovskite-type oxides. It should be noted 

that the attempts to form CaZrO3 film samples by rf magnetron sputtering and laser 

ablation onto heated substrates have been reported to result in the formation of calcia-

stabilized zirconia besides CaZrO3 [6,10]. Nevertheless, CaZrO3 crystalline film sample 

was obtained here without the formation of byproducts by the sputter-anneal method, 

indicating the usefulness of the method also for the preparation of the crystalline film 

samples in perovskite-type compounds. 
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Chapter 4. Summary 

 

 

 

In this study, I tried to expand the solubility limit in perovskite-type oxide 

systems of BaTiO3−CaTiO3 and BaZrO3−CaZrO3, and also investigated composition 

dependence of the permittivity in the formed solid solutions. 

 

In the BaTiO3−CaTiO3 system, I succeeded in forming Ba1−xCaxTiO3 solid 

solutions beyond the solubility limit reported so far by applying the ‘sputter-anneal’ 

method, in which amorphous film samples were prepared by rf magnetron sputtering and 

annealed subsequently at a moderate temperature condition. The amorphous film samples 

were observed to crystallize at lower temperatures than those applied in a conventional 

solid-state reaction, which allows only a restricted migration of constituent ions and 

suppresses the proceeding of phase separations resulting in the formation of solid 

solutions. Because the amorphous sample having high fictive temperature was annealed 

at a moderate temperature, the solid solution was considered to be formed effectively as 

the product in a meta-stable phase. The dielectric constants ε of the formed solid solutions 

Ba1−xCaxTiO3 were observed to increase with the mixing of Ba2+ and Ca2+ ions, and the 

sample with x = 0.35 showed the highest dielectric constant. This peculiar dependence of 

the ε on the Ca composition x was well explained by the formation of extra space around 

Ca2+ ions substituted for Ba2+ ions, and the displacements of Ca2+ and probably Ti4+ ions 

using the space were understood to affect largely the dielectric properties of Ba1−xCaxTiO3 

solid solutions. 
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Also in the BaZrO3−CaZrO3 system, I succeeded in forming Ba1−xCaxZrO3 solid 

solutions in whole the Ca composition range despite the narrow solubility limit in the 

system. The formation of the solid solutions demonstrates the usefulness and the validity 

of the sputter-anneal method for the formation of solid solutions in perovskite-type oxides. 

Although the attempts to form CaZrO3 film samples by rf magnetron sputtering and laser 

ablation onto heated substrates have been reported to result in the formation of calcia-

stabilized zirconia besides CaZrO3, CaZrO3 crystalline film sample was obtained here 

without the formation of byproducts by the sputter-anneal method. This fact emphases 

the usefulness of the method in preparing crystalline film samples of perovskite-type 

compounds. 

The dielectric constants ε of the Ba1−xCaxZrO3 solid solutions decreased linearly 

with the Ca composition x differently from those in the Ba1−xCaxTiO3 solid solutions, in 

which the dielectric constants ε change convexly with Ca composition. The origin of the 

difference in the Ca composition dependences between the titanate and the zirconate is 

not clear at this stage. However, the difference of the sizes of Ti4+ and Zr4+ ions is 

considered possible to affect the dependence and molecular dynamics (MD) simulations 

to estimate the degree of the displacement of ions under electric field for Ba1−xCaxTiO3 

and Ba1−xCaxZrO3 solid solutions will gain an insight into this issue. 

 

The sputter-anneal method developed in this study would produce new solid-

solution materials in perovskite-type oxide systems and possibly in some other kinds of 

oxide systems. I hope such works bring us a more precise understanding of the property 

dependences of oxide solid solutions on the compositions, which might allow detailed 

controlling of the properties more effectively.   
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