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Abstract 
 

The search for the development of new materials of desired properties, both for sophistication 

and miniaturization, from the technological point of view, has been the motivating source and 

force of the present study. Ferroelectric materials are employed for the fabrication of many 

engineering components and thus play a considerable role in our life. Among the lead-free, 

environmentally friendly ferroelectric ceramics, solid solutions of barium calcium zirconate 

titanate (Ba1-xCax)(Zr0.1Ti0.9)O3 are promising. This widely investigated system exhibits 

interesting dielectric, piezoelectric and structural properties. The perovskite (Ba1-xCax)(Zr1-

yTiy)O3 is of particular interest not only because it has structural phase transition but also because 

of morphotropic phase boundary (MPB) that occurs at a discrete composition (x) range. The 

MPB is an interesting area in the composition-property diagram, where physical properties are 

extremal. The composition-dependent dielectric anomaly makes MPB a very interesting region 

of study. The present thesis entitled ‘Ferroelectric properties of Barium Calcium Zirconate 

Titanate (Ba1-xCax)(Zr1-yTiy)O3, near morphotropic phase boundary’ deals with the study of 

(Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 0.9), compositions. The study has been carried out 

in two parts; the bulk part, which explores the composition(s) near the morphotropic phase 

boundary in (Ba1-xCax)(Zr1-yTiy)O3 at x = 0.150 and y = 0.9; and the thin film part, which deals 

with the investigations on the optical and electrical measurements of the thin films of a single 

composition, with x = 0.155, near the MPB.  

The first chapter of the thesis broadly introduces the subject, surveys the literature in the field 

and makes the foundation for the investigations presented in this report. The pellet samples of 

(Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) were prepared using a solid-state reaction technique 

followed by double sintering. The preparation method, characterization (using XRD, SEM, EDX, 



xi 
 

etc.) and dielectric measurement results have been described in Chapter- 2. Among the prepared 

samples, a break was noticed in the XRD peak shifting tendency indicating anomalous structural 

behaviour for the compositions with x = 0.150. Anomalous structural and dielectric behaviour 

indicated morphotropic phase boundary (MPB) in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 

0.9), near the compositions with x = 0.150. The composition-dependent dielectric and structural 

response has been described in this chapter. The observed variation of the dielectric and 

structural properties, in a wide temperature range, from room temperature (RT) to 500 °C, has 

been measured on the compositions near MPB (near x = 0.150), which are described in Chapter- 

3. The structural and dielectric anomaly was observed at the respective transition temperatures in 

all the prepared compositions. The observed dielectric anomaly, near transition temperature, has 

been associated with softening of the small-lying optical mode- the soft mode. At the transition 

temperature, the soft mode ceases, and the lattice observes a structural change, resulting in 

anomalous dielectric behaviour in the ABO3-type ferroelectrics. Based on the soft mode theory, 

the observed results have been analyzed. Experimental observations were observed in fair 

agreement with the theoretical findings. Measurements of the piezoelectric properties of the 

compositions near the MPB, with x = 0.150, were carried out. The observed results have been 

presented in Chapter- 4. 

In this age of miniaturization, thin film materials play a significant role in high-tech industries. 

Thin films have primarily been used in communication, optics, microelectronics, energy 

generation and conservation, and coatings of all types. Deviation from the corresponding bulk 

properties arises in the thin film material due to its thinness, distinct physical structure and high 

surface-to-volume ratio, which is a direct result of the growth process. The properties of oxide 

films are dramatically influenced by annealing, which makes them promising materials for 



xii 
 

industrial applications. Thin films were deposited on quartz for optical and silicon for electrical 

measurements by radio frequency (RF) magnetron sputtering of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 

pellet target. The as-deposited BCZT0.9 films were annealed at different temperatures in the 

ambient atmosphere. Prepared films were characterized by XRD- and optical-method. The film 

deposition and characterization method, observed optical properties and the underlying 

mechanisms have been discussed in Chapter- 5. The electrical measurements were carried out in 

the MIS (metal-insulator-semiconductor) arrangement. In Chapter- 6, the current-voltage (I-V); 

and Chapter- 7, capacitance-voltage (C-V) properties of the (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 assisted 

MIS structures and the mechanisms responsible for the observed behaviour have been discussed. 

The composition-dependent dielectric and structural properties indicate the existence of a 

technologically important MPB region in (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 system at x = 0.150. The 

measured temperature-dependent structural and dielectric properties have been associated with 

the soft mode, which softens at the transition temperature (Tc), and the lattice observes a 

structural change and leads to dielectric and structural anomaly at Tc. The enhanced piezoelectric 

properties near MPB show the remarkable potential of this system to replace lead-based systems. 

The measured electrical and optical characteristics of BCZT0.9 thin films indicate the potential of 

the material and electronics applications. All the observed results and underlying mechanisms 

have been concluded in Chapter- 8. The observed properties indicate the exciting potentiality of 

the (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 system for the development of tailor-made materials for 

industrial and technological applications. 
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CHAPTER-1 

Introduction 

The study of materials and their properties forms a central research area supporting innovation 

and technology. Using modern scientific methods, materials scientists can investigate and 

manipulate materials and produce new materials with remarkable properties. Materials play an 

important role in our day to day life. New materials are being developed, and new applications 

are being found. With the same vitality, the demands placed on contemporary materials are 

growing. Ceramic materials are essential in many of their applications and other invention 

processes. Researchers are interested in ceramic and glass materials because of their excellent 

physical and electrical properties. Ceramic materials may have high hardness and meager 

thermal expansion [1,2]. Also, they behave like an insulator both electrically [3] and thermally 

[4]. Due to the lack of plastic deformation potential, the shape of the ceramics is likewise 

relatively stable. Compared with metals, ceramics are especially well suited for high-temperature 

applications [5], since the uniqueness of ceramic materials is altered at extremely high 

temperatures, which is far less than that of metals. Ceramics have similar high benefits in view of 

corrosion and abrasion resistance [6,7]. 

The three most general forms of solids are amorphous, polycrystalline, and single crystals. The 

range of an ordered volume inside the solids characterizes each kind. An ordered phase within 

the solid or material is a spatial volume in which the atoms or molecules are configured 

periodically or in a regular geometry. Amorphous materials exhibit this order only within a few 

atomic or molecular dimension. In contrast, polycrystalline materials comprise several angstrom 

periodic growths, the small crystals, orientated randomly and separated by well-defined 

boundaries. These ordered volumes, also known as single-crystal regions, are of different sizes 

and orientations from one another. Crystallites are single-crystallized volumes. Grain can be 

formed by a single crystallite or a group of crystallites with varied orientations that grow from a 

common plane. Grain boundaries separate grains from one another. A single-crystal material 

would exhibit high degree of order, or regular geometric periodicity, over its whole volume. 

Since grain boundaries impair a material’s electrical properties in non-single-crystalline forms, 

single-crystalline forms typically have better electrical qualities than non-singular ones. 
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The molecules of a crystalline solid of a particular chemical composition are arranged in a well-

defined geometrical pattern- the lattice. The atoms of a molecule in a crystalline solid are pushed 

to occupy locations in a precise, repeating pattern of the lattice to form the crystal structure. A 

crystal’s lattice structure determines its structural symmetry. The unit cell is the smallest 

repeating unit of the lattice, and if the number of lattice points per unit cell equals unity, it is 

referred to as a primitive unit cell. Additionally, according to Neumann’s principle, a crystal’s 

external properties reflect the symmetry of its internal arrangement [8]. Crystallographers use (i) 

a centre of symmetry, (ii) axes of rotation, (iii) mirror planes, and (iv) combinations of these 

components of symmetry to define symmetry around a point in space, such as the central point of 

a unit cell. These symmetry elements may split all possible crystal lattices into 32 separate point 

groups or classes. These 32-point groups are subgroups of seven fundamental crystal structures: 

triclinic, monoclinic, rhombohedral (trigonal), hexagonal, orthorhombic, tetragonal, and cubic, in 

order of rising symmetry. Twenty-one out of the 32 point groups are noncentrosymmetric; and 

when sufficient pressures are applied to the crystal surfaces, positive and negative charges on the 

opposite faces are formed in 20 of these classes, which are known as piezoelectrics, Fig. 1.1. 

Piezoelectric materials are a class of materials, which can be polarized by the application of 

mechanical stress. One class, the point group (432), although it has no centre of symmetry, but 

still it’s not piezoelectric because of other combined symmetry elements [9]. Non-

centrosymmetry is a prerequisite for the existence of piezoelectricity. Without an external 

electric field, some piezoelectric materials still show remnant polarization. Spontaneous 

polarization refers to the polarization these materials exhibit without an external field. The 

spontaneous polarization is temperature dependent in the pyroelectric materials. Ten of the 20 

piezoelectric classes have pyroelectric properties. Pyroelectricity is a characteristic whereby, 

owing to the temperature dependency of spontaneous polarization, when the crystal’s 

temperature alters, the electric charges on the account of the change in spontaneous polarization 

emerge on the crystal’s surface, i.e., the electric charge on the surfaces of the crystal changes 

with change in temperature of the crystal. Ferroelectric materials are the pyroelectrics that can 

have spontaneous polarization, which may be reversed or reoriented by the introduction of an 

applied electric field, i.e., the polarity of the spontaneous polarization may be reversed by 

reversing the polarity of the applied electric field, within the crystal’s breakdown limit [9]. One 
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characteristic distinguishing ferroelectric materials is spontaneous polarization reversal (or 

switching) by an electric field. 

 

Fig. 1.1 32-Crystallographic point groups in order of increasing symmetry [9]. 

From a crystallographic point of view, a ferroelectric material must have one of the ten polar 

point groups, namely C1, Cs, C2, C2v, C3, C3v, C4, C4v, C6 and C6v [9]. The belonging relationship 

categorizes the dielectric materials by taking into consideration the symmetry of all point groups, 

specifically, ferroelectrics ⊆ pyroelectrics ⊂ piezoelectrics ⊂ dielectrics ⊂ all materials (Fig. 

1.1). Owing to the integration of pyroelectric, dielectric, and piezoelectric characteristics, 

ferroelectrics occupy a central role in the investigation of dielectrics [9]. Ferroelectric 

compounds have been extensively used in various applications, including capacitors, 

piezoelectric microsensors and micromotors, nonlinear optical devices, microwave phase filters, 

memories, and transducers and transistors [9], owing to their robust reactions to mechanical, 

electrical, optical, and thermal fields. In recent years, there has been a significant advancement in 

materials design and growth, structural properties, and other electrical characteristics.  

A ferroelectric domain is a volume in which all the polarization vectors are parallel and point in 

the same direction. A ferroelectric material’s normal state is a multi-domain state [10-12], with a 

domain wall separating two neighboring domains. Several domains may have different directions 

of polarization, and the net polarization of the specimen is the resulting polarization of these 

domains. When an electric field is applied, the domain walls are decreased (in ceramics) or 

totally removed (in crystals). The ferroelectric hysteresis loop in the polarization-electric field 

(P-E) plot is one of the effects of domain-wall switching in ferroelectric materials [13,14]. Fig. 
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1.2 indicates a typical P-E hysteresis loop of ferroelectric materials. In some circumstances, the 

orientation of anti-parallel dipoles reduces the energy of the dipole-dipole interaction. Anti-polar 

crystals are the name given to such crystals. Introducing an external electric field or mechanical 

stress to an anti-polar crystal, where the anti-polar state’s free energy is not significantly 

different from a polar state’s [15-17], may trigger a realignment of antiparallel dipoles. 

Antiferroelectrics are the name for these crystals [11,18]. The polarization originates from the 

field induced phase transition in an antiferroelectric phase. The crystal undergoes an electric 

field-induced phase transition, or ferroelectric phase transition, when the electric field reaches a 

specific threshold or critical field [11]. Concerning the electric field, the polarization exhibits 

hysteresis. The crystal recovers to its anti-polar state once the electric field is removed. 

Therefore, no spontaneous polarization can be seen as a whole, and the crystal exhibits a double 

hysteresis curve [11]. Beyond a particular temperature, known as the transition temperature or 

Curie temperature (Tc), ferroelectricity usually vanishes. Beyond Tc, ferroelectric dielectrics are 

classified as either a non-polar (paraelectric) state or a polar (ferroelectric) phase. Fig. 1.3 

exhibits paraelectric-to-ferroelectric phase transition. The P-E plot is linear in a paraelectric 

phase.  

 

 

 

 

 

Fig. 1.2 Ferroelectric P-E loop with domain wall switching [9]. 
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Fig. 1.3 Structural phase transition via Curie temperature TC [9]. 

 

Atomic oscillations in a solid are responsible for various properties, including “specific heat”, 

dielectric, electrical, and optical characteristics. The occurrence of thermal expansion is caused 

by anharmonicity in the materials followed by temperature fluctuation of elastic constants, the 

divergence of specific heat from the Dulong-Petit rule at high temperatures, and other 

phenomena. Theoretically and empirically, several efforts have been made to explain these 

events in terms of anharmonicity. Numerous researches and studies explore the contribution of 

anharmonicity on various crystal characteristics [19-22]. 

The materials observe phase change at certain temperatures, from crystalline to amorphous solid, 

from solid to liquid, and from liquid to vapor or gaseous form, or vice-versa. Solids, at a certain 

temperature, observe structural changes. When a solid reaches its structural transition 

temperature, its structure can change in two ways. First, those transitions in which the atoms of a 

solid build up a fresh lattice like an amorphous solid transforms into a crystalline form. The 

second category includes ones in which an ordered lattice is slightly deformed. It might happen 

due to minor shifts in the lattice locations of individual “atoms or molecules”, or due to the 

arrangement of “atoms or molecules” in different equivalent places. Reconstructive transitions 

frequently take a long time because of the matter transfer involvement (re-crystallization). They 

must be of first order since they are transitions that in no way relate to symmetry. The structures 

of the two phases can be used to describe the symmetry characteristics of crystal phase 

transitions. The prototype phase is the name given to the high symmetry phase. The symmetry of 

the crystal alters at the transition temperature. The ordered parameter provides a quantitative 

description of the transition’s low symmetry phase, A(T) [23]. If the transition keeps happening 

(i.e., A(T)  0, smoothly), the transition is said to be second order. Since it is always possible 

for a tiny change in A(T) or other attributes to go undetected, one may only experimentally 

compute a phase transition to be ‘almost second order’. It is agreed whenever the term ‘second-

order’ is used. As the second-order transition approaches, the crystal becomes ‘soft’ with respect 
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to the order parameter. More specifically, the concerning susceptibility deviates, and the 

variations of A(T) becomes high and are associated with space-time volume. An important factor 

in the analysis of phase transitions is the order parameter A(T). Usually, below the transition 

temperature, it is nonzero and rises with cooling. 

The structural phase transition temperature is the temperature at which a solid’s structure can 

change while changing its temperature. The ferroelectric property of a material is temperature 

dependent. Curie temperature (Tc) refers to the temperature at which a ferroelectric phase 

changes to a paraelectric phase [19]. The structural phase transition and the ferroelectric phase 

transition may coexist in ferroelectric materials. Depending on the kind of phase change that 

takes place at the Curie point, ferroelectric materials can be classified into two types, (i) order-

disorder type, such as KH2PO4, NaNO2 , Triglycine sulphate, and some alums [24], and (ii) 

displacive type, such as SrTiO3, NaNbO3, KNbO3, BaTiO3, and most of the double oxide 

ferroelectrics, Fig. 1.4. The statistical disorder of active atoms among many (in the simplest case, 

two) equilibrium locations set for each cell by the remaining atoms causes the order-disorder 

type transition [25]. The displacive phase transition is caused due to the displacement of an entire 

sub-lattice of ions of one type relative to other sub-lattices [26].   

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Order-disorder and displacive type phase transitions, respectively [9]. 
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Fig. 1.5 A typical perovskite ABO3 type structure (cubic) [9,27,32,33]. 

 

 

 

Fig. 1.6 Ideal perovskite cubic structure with BO6 octahedra [9,27,32,33]. 
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Displacive type ferroelectric materials show polarization owing to the lattice's ionic displacement 

of particular atoms. Most displacive class type crystals include oxygen octahedra, which is why 

they’re called octahedral ferroelectrics. Perovskite type displacive ferroelectrics (with CaTiO3 

structure), such as PbTiO3, KNbO3, PbZrO3, KTiO3, BaTiO3, etc., are the most common ABO3 

type displacive ferroelectrics [27]. Cations occupy the A- or B- site in an ABO3 type structure 

depending on their valence states and coordination numbers. Usually, lower valency cations (1 to 

3) fill “A- sites”, and high valency (3 to 6) cations fill “B- sites”. The perovskite structure is a 

common crystalline structure in oxides, named after the Russian mineralogist L. A. Perovski 

(CaTiO3 e.g.) [28]. ABO3 type ferroelectric compounds are technologically important and exhibit 

significant electrical and optical properties [29]. Perovskite-like structures are not found in all 

compounds having the formula ABO3. The ideal perovskite structure comprises one cation, A, 

using twelve nearest neighbours (12 coordination numbers), and the other, B, with 6 coordination 

numbers, Fig. 1.5 and 1.6. When A has just 6 closest neighbours, as does B, a completely new 

structure emerges, as in FeTiO3. In the perovskites, the framework of connected BO6 octahedra 

calculates the dimensions of the structure, and hence the size of the A cation to fit exactly into 

the space surrounded by the encapsulating octahedra. The ideal relation to form a perovskite 

structure, among the radius of cation A (RA), B (RB); and anion (O (RX), is [30]  

                                    RA + RX = √2(RB+RX),                                                       (1.1) 

Ionic radii, on the other hand, are not perfectly constant, varying by a few percent (even after 

accounting for the fact that radii are consistently more enormous with greater coordination); 

hence Eq. (1.1) was amended by incorporating a ‘tolerance factor’ (t) as follows [30]. 

                                     RA + RX = t √2 (RB + RX),                                                  (1.2) 

The ‘tolerance factor’ (t) is close to unity but not quite. Goldschmidt [31] found that the 

perovskite structure is formed when Eq. (1.2) is fulfilled. If t is much less than 1, a different 

structure, such as the ilmenite structure, generally appears. Unlike the perovskite structure, Eq. 

(1.2) is fulfilled by arbitrary parameters, for t << 1, so it can adapt quickly to a range of different 

radii. 

The ABO3 type perovskites can be further classified into four categories, namely (i) Cubic 

perovskites, (ii) Distorted small-cell perovskites, (iii) Distorted multiple-cell perovskites, and 
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(iv) Other types (including ilmenite type) [10,32-34]. Many compounds in cubic perovskites 

have the ideal cubic structure, with only one formula unit, yet many of them are not ferroelectric, 

at ambient temperature. Examples of cubic perovskite are SrTiO3, SrZrO3, BaZrO3, BaSnO3, 

LaMnO3, etc. [32,33]. In the distorted small-cell perovskites, the t factor is approximately unity 

but has one or more low-temperature forms with a distorted small cell. This family includes 

BaTiO3, KNbO3, PbTiO3, etc. [30]. All the structures of this family are ferroelectric at room 

temperature and may have transition to a perfect cubic structure at higher temperatures, where 

the ferroelectricity of the material vanishes. Many chemicals in distorted multiple-cell 

perovskites have a distorted structure in which neighbouring [33] edges are not precisely similar, 

though nearly so. The true cell is made up of a number of these sub-cells. At ambient 

temperature, none of these structures is ferroelectric, while some are antiferroelectric. A 

multiple-cell system cannot have polar symmetry (though it may be physically less probable). 

Examples of multiple-cell structures are PbZrO3, NaNbO3 and CaTiO3, etc. The other kinds, 

including the ilmenite type, appear when the factor t is about 0.75 [32] for compounds where A 

has valency 1, which increases with A’s valency. Some of the most common forms are based on 

a closed-packing of oxygen atoms, with the 6- coordinated cation fitting into the crevices and 

deviating from the perfect packing. LiNbO3, a ferroelectric with the cation sequence Li, Nb, Li, 

Nb, etc., is a suitable example of incorrect attribution. ABO3 compounds with low t values can 

also adopt other structural types, such as La2O3 and YCrO3, which resembles highly deformed 

perovskite [32]. 

In ABO3 perovskites (from the mineral perovskite CaTiO3) [35], three fundamental structural 

properties can be recognized; first, the corner-linked O-octahedra are usually only twisted to an 

infinitesimal level, so that, to a first approximation, they can be treated as rigid units. Second, 

inside the octahedron, off-centring of B cations can occur, which is attributed to ferroelectricity 

or antiferroelectricity. Finally, the octahedra can tilt in a variety of ways, which has a significant 

impact on the lattice characteristics. Structures with tilted octahedra exhibit abnormal elasticity 

whether or not dipole moments exist and have higher mean linear expansions than structures in 

which the orientation of the octahedra is fixed by symmetry. The tilting can be explained by 

three component tilts around the octahedral’s three tetrad axis [36]. 

The theoretical struggle to describe the phase transition phenomenon is often termed the 

thermodynamic or mean field theory (MFT). Devonshire [37] was the first to propose this 
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phenomenological hypothesis. A power series in polarization and strain is used to interact with 

the free energy. The coefficients are, in general, random functions of temperature, which are 

calculated experimentally. Although this hypothesis was helpful in correlating experimental data, 

no clear temperature dependence of coefficients has been determined. The associated 

fluctuations are neglected in MFT, and it’s conveyed that the crystal can only be represented by 

employing its macroscopic (thermodynamic) characteristics. Standard thermodynamic 

approaches are then used to connect fluctuations in these thermodynamic variables. This 

estimation is accurate as long as there aren’t significant fluctuations in the crystal on a scale 

more prominent than the interaction range. However, short-range interactions are seen in many 

systems, and experimental access to the fluctuation-dominated domain is simple. MFT, which is 

quite effective in summarizing experimental data on structural transitions, should not be applied 

to all of them. Indeed, a growing portion of the experimental work on structural transitions has 

been devoted to examining deviations from MFT [37]. 

The microscopic breakthrough arrived in 1960 with the recognition of the necessary connection 

between lattice dynamics and ferroelectricity, and the lattice dynamical theory started from very 

common anharmonic lattice models. A theoretical study was done by Cochran [38] and 

Anderson [39] in terms of a temperature-dependent low-frequency optical transverse phonon 

mode-soft mode to characterize the temperature-dependence of relative permittivity (ε) at 

paraelectric phase transformation. The soft mode unifies the static and dynamic characteristics of 

structural phase transitions. It was acknowledged as the field’s most substantial stimulus and, 

most importantly, of a soft mode instability at a ferroelectric transition [40]. This quickly led to a 

thorough investigation of soft modes, in general, using infrared optics, X-ray, and neutron-

scattering methods, as well as a classification of the ferroelectric instability as one of several 

possible classes of lattice instability (i.e., structural transition), each defined in terms of a diffuse 

or propagating soft mode. From the ferroelectric perspective, the importance of the soft-mode 

concept is that it allows us to construct a reasonably uniform microscopic figure of 

ferroelectricity (and antiferroelectricity), the basic simplicity of which is not influenced by the 

potentially immense difficulty of any particular crystal structure. It then becomes possible to 

concentrate on the microscopic properties common to all ferroelectrics and to understand the 

correlation of ferroelectricity to the more general subject of structural transitions and even to 

critical phenomena. 



11 
 

Several investigations have been conducted in the last century to understand the nature of phase 

transitions. For the phase transitions from cubic to tetragonal (C-T) and from tetragonal to 

orthorhombic (T-O), order-disorder type character may be described by a central peak [41-43], 

and the softening of a transverse optical mode for the orthorhombic-rhombohedral (O-R) 

transition is used to explain the displacive type character [44-48]. The most direct method for 

examining a lattice’s modes, or their quantization equivalents, the phonons, is through the 

inelastic scattering of neutrons or photons. An overview of the use of optical methods in the 

investigation of structural phase transitions was given by Fleury and Lyons [49]. 

The wave vector scattering breadth of phonons must necessarily be constrained to the Brillouin 

zone’s centre due to the minimum wavelength of light, which is a few thousand angstroms (Å). 

Thermal neutrons have a wavelength of the order of angstroms and have the same energy as 

phonons. It enables neutron probing of the Brillouin zone as a whole [50]. The soft mode in the 

lattice may couple with other modes. Further, the soft mode can couple with acoustic modes if it 

is an optical soft mode. From the latter part, Brillouin scattering can track variables like soft 

mode temperature- dependence, damping and other variables. Ultrasonic dispersion and 

absorption measurements may probe the acoustic mode directly [49]. The occurrence of the local 

deformations of the atoms in the lattice may be employed to observe a structural phase change. 

Standard techniques (X-ray and elastic neutron scattering) for this investigation have long been 

included. Various new and sophisticated methods for investigating the symmetry presence and 

magnitudes of local deflections in a solid are presently available. The use of optical fluorescence 

is one method. The Mössbauèr Effect, and nuclear and electron magnetic resonances (NMR and 

EPR) are additional examples [40,49]. 

The transitions in displacive dielectrics are attributed to the deformation of an entire sublattice of 

ions of one kind concerning another sublattice. At the transition point, the atomic displacements 

are the smallest compared to a unit cell’s size. Phonon coordinate is the order parameter in 

displacive type compounds. The crucial displacements of the ordering magnitude in displacive 

type are possessed by the soft phonons-the phonon modes that are substantially temperature-

dependent and end at the transition temperature. The tunneling of a proton across a barrier 

between two sites of small potential energy in the double well potential in the hydrogen bond is 

related to the order-disorder kind of transitions, such as KH2PO4, at the transition temperature 

[51]. The perovskite materials, in which the transition occurs owing to the rotation of BO6 
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octahedra, have ABO3 structure in which A is a first, second, fourth or even fifth group of ions of 

relevant valency, and B is a transition metal ion, such as Ti, Nb, Ta, Zr, etc. The displacive-type 

crystal with ABO3 structure includes NaNbO3, KNbO3, NaTaO3, KTaO3, SrTiO3, KMnF3, 

LaAlO3, BaTiO3, PbTiO3 etc. These transitions are attributed to the phonon instability [38,39], 

clearly, the condensation of several classes of modes at the Brillouin zone centre (at q = 0) in 

ferroelectrics such as NaTaO3, KNbO3, KTaO3, BaTiO3, and others; or at the zone boundary (at 

q = (½, ½, ½)) in antiferroelectrics such as NaNbO3, SrTiO3, and others. The three fundamental 

modes that correspond to the octahedron’s tilt near the three cube axes can be used. For example, 

in SrTiO3, one of the triply degenerate mechanisms condenses [52], and in LaAlO3, a linear 

correlation of all three mechanisms [53]. The tilting of octahedrons about dissimilar cube axes 

contributes to distinct configurations in the distorted phase; such as, in LaAlO3, and it 

experiences a trigonal distortion, shown by the tilting of oxygen octahedra [53]. 

It is commonly accepted that the minimum in the soft mode frequency (T) Ω̂ , as the transition 

temperature is reached, is triggered by the competition between positive short-range and negative 

coulomb forces [38-40]. Cowley [54], Spitzer et al. [55],  Shirane et al. [56-58], utilizing the 

inelastic scattering of slow neutrons; and Barker and Tinkham [59], from infrared reflectivity 

measurements, have demonstrated such temperature variation of low lying mode of vibration in 

non- polar perovskites. Cowley [25] proposed a microscopic theory for ferroelectricity in which 

the temperature dependence of the soft- mode comes from anharmonic interaction between 

normal modes. The consideration of anharmonic interactions leads to the stabilization of these 

modes. 

The temperature dependence of permittivity and other physical characteristics of ferroelectrics is 

illustrated by transition or Curie points, at which the magnitude of permittivity is maximum, and 

the substance receives or risks the ferroelectric properties as soon as the temperature reaches the 

Curie point. The structural transition temperature in the materials showing second-order 

transition (as KDP, TGS) overlaps with the ferroelectric Curie temperature. In the crystals with a 

first-order transition, the structural transition temperature is slightly larger than the ferroelectric 

Curie temperature (e.g., about 10 oC in BaTiO3). The Curie point considerably relies on 

impurities and anharmonicity, and is liable for the temperature dependence of relative 

permittivity, etc. Since the Curie temperature is positive, the anharmonic interactions stabilize 

the system at a marginally higher transition temperature. 
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Dielectrics may heat up in an alternating electric field. Dielectric loss (tan δ) refers to the energy 

loss to heat the dielectric. The dielectric loss includes conduction losses corresponding to a fixed 

voltage, and loss owing to absorption currents accompanying the processes associated with the 

sluggish creation of polarization. In the higher field region, the dielectric losses of the 

ferroelectrics are caused by hysteresis. Microwave losses of the perovskite compounds have been 

considered by many members [60-64]. In these materials, the temperature dependence of the 

microwave loss tangent is empirically described by (T-Tc) tan  =  + T + T2. The 

temperature- dependence may be understood by evaluating the loss due to the damping of 

fundamental lattice absorption, which is attributed to the soft optical mode of the material. The 

power dissipated in a dielectric due to conduction processes is called dielectric loss- the power 

loss results from the thermal dissipation of the electrical energy the field extends. The high 

dielectric constant material is preferred for applications requiring a high capacitance in the 

smallest physical space. It is also essential for these applications to have a small magnitude for 

the dissipation factor, tan . 

Pytte [65] studied a lattice dynamical model Hamiltonian to explain the structural phase 

transition in perovskite ferroelectrics. This model explains a series of transitions in perovskites 

with the correct parameters. The temperature- dependence of the soft- mode, which is observed 

to be responsible for the phase transition, was calculated, but Pytte could not explain dielectric 

properties, because the correlations were decoupled at the very start, and thus all interactions 

were ignored. Panwar et al. [66] and Semwal et al. [67] modified Pytte’s Hamiltonian [57] by 

taking into account all possible interactions between different vibrational modes. Responses for 

phonon frequencies and widths, and hence for the relative permittivity and loss tangent, in 

dissimilar structures, were calculated in those studies. The considerably temperature-dependent 

modes were found accountable for the measured dielectric properties of the ABO3 type crystals. 

Near the transition temperature, the frequency of the temperature-dependent mode ceases, i.e., 

the mode softens at Tc. Perovskite crystals have been found to depend significantly on the soft 

mode, both experimentally and theoretically, because the relative permittivity, Curie 

temperature, loss tangent, acoustic attenuation, and other parameters are significantly dependent 

on the soft mode [66,67]. 

Megaw [68] described the transitions in ABO3 type materials. Premkumar et al. [69] explained 

the transitions in (Ba1-xCax)(Zr1-yTiy)O3 ceramics based on the tilt of the octahedron and the off-
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centring of Ca and Ti in its octahedron. In the BCZT system, the polarization may be improved 

owing to the off-centring of A- and B- site cations leading to the oxygen octahedral distortion. 

The off- centring occurs by displacing Ti at B- site [69]. The O6 group surrounds the Ti ions. 

There is a possibility that the Ti ions are displaced from the centre of the oxygen octahedral. 

Also, Ca ion can create octahedral distortions and is responsible for causing the local dipole 

moments. In the BCZT lattice, the net dipole moments are enhanced due to the oxygen 

octahedral distortion and local displacements at the A- and B- sites [69]. 

Tilts in ABO3 type materials can arise around the identical three axes (cubic edge, cube face 

diagonal, or cubic body diagonal). They can be divided into 1, 2 or 3 equivalent modules around 

the cube edge [10]. Megaw’s theory [68] may be compared with the lattice-dynamical method 

[70,71]. A soft lattice mode replaces each disappearing tilt module, resulting in the same 

structure at its extremity. The mechanism may be considered a melting of tilt into lattice modes 

with rising temperature. The order parameter of Pytte [65] may be physically observed to be the 

tilt angle of the BO6 octahedra around its tetrad axis, which is given by the ‘soft parameter’. 

However, for simplicity, the oxygen displacement, which is proportional to the tilt, is used 

instead of ‘soft parameter’. 

Perovskite oxides (ABO3) are the most examined family of ferroelectric oxides. The physical 

characteristics of these compounds depend considerably on the sample and cationic ordering. 

The samples may be insulating or metallic and show dissimilar structural and polarization order. 

Among the ferroelectric applications [73,74], several synthetic perovskites are of great 

technological significance in piezoelectric [75,76], pyroelectric [75,77], superconductor [78], 

thermoelectric [79,80], dielectric [81-84], magnetic [85,86], linear and nonlinear electro-optic 

devices [87], etc. 

 

1.1 Literature survey 

1.1.1 Structural and electrical properties of (Ba1-xCax)(Zr1-yTiy)O3, (x, y = 0 to 1), near 

MPB 

 

Perovskite ABO3 type ferroelectric materials are interesting because of its large dielectric and 

piezoelectric constant [88,89]. Their high dielectric constant and piezo-coefficient make them 

potential candidates to be used in the field of capacitors and transducers. The ABO3 based 
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materials are also promising candidates for energy storage applications [88,89]. Considering 

environmental hazards, many lead-free compounds have been found as suitable alternatives in 

place of lead-based compounds. These substances have been the subject of extensive research 

[90]. The PZT (lead zirconate titanate) ceramics show large dielectric and piezoelectric constant 

due to the presence of structurally rhombohedral and tetragonal bridging phases [91-93], a 

morphotropic phase boundary (MPB), near certain composition (x). The presence of structurally 

bridging phases may result in several possible polarization directions, near MPB. Extremal 

electro-physical properties have been observed due to the occurrence of different crystal phases, 

near MPB [94-99]. The MPB distinguishes two ferroelectric phases with different 

crystallographic parameters distinguishes two ferroelectric phases with different crystallographic 

parameters and may significantly improve dielectric and piezoelectric properties. Further, a 

change in the ferroelectric domain may occur near MPB, which may be the potential reason for 

the anomalous rise in the dielectric constant. The obtained anomalous nature may be associated 

with the lattice change at the MPB.  

Considering the structure-property correlation of the lead-based compounds, near MPB, many 

lead-free compounds enable themselves as a suitable alternative to various lead-based 

compounds. Consequently, researchers have been trying to develop new ferroelectric materials, 

with extremal electro-physical properties, for the applications of sensors, actuators, and 

transducers. Many lead-free compounds, like NKN (sodium potassium niobate), BST (barium 

strontium titanate), BCZT (barium calcium zirconate titanate), etc., have been tried to replace the 

lead-based piezo-materials [100-105]. Still, piezoelectricity in the NKN and BST compounds 

was found lower than that of the lead-based compounds [103]. The perovskite lead-free, non-

toxic BCZT system shows compatibly high piezo- properties, like PZT, with piezo-constant (d33 

~ 620 pC/N) [104,105]. The perovskite ABO3 structure is maintained, when Ca replaces Ba, 

and/or Ti by Zr, in the BaTiO3, to prepare (Ba1-xCax)(Zr1-yTiy)O3 (BCZT), (x, y = 0 to 1), system 

[106]. The physical properties of this system can be significantly altered with this replacement at 

A- and/or B- site, with x ~ 0.150, and y ~ 0.9, near the morphotropic phase boundary.  

BaZrxTi1-xO3 (BZT) is one of the possible alternatives in place of Pb- based materials. (Ba1-

xCax)(Zr1-yTiy)O3 (BCZT) ceramic systems have received the most attention recently due to the 

development of a possible MPB region, for the samples with x = 0.150, among the prepared 

samples. The BCZT (barium calcium zirconate titanate) system exhibits a comparably higher 
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piezoelectric constant than the lead-based family, such as PbTiO3, PbZrO3, etc. [107].  Li et al. 

[108,109] found large dielectric and piezoelectric properties in the BCZT system, at MPB. The 

MPB distinguishes several phases with different crystallographic structures and may greatly 

improve dielectric and piezoelectric properties [108,109]. Further, a change in the ferroelectric 

domain may occur near MPB, which may be the potential reason for this kind of rise in the 

dielectric constant. Zhang et al. [110] found a large piezoelectric constant (338 pC/N) due to the 

co-existence of orthorhombic and pseudo-cubic phases in BCZT ceramics. The improved 

electrical properties of (Ba1-xCax)(Ti0.9Zr0.1)O3, x = 0.150, ceramics with d33 = 350 pC/N, were 

achieved owing to the presence of MPB [111]. Therefore, the compound (Ba1-xCax)(Ti0.9Zr0.1)O3, 

x = 0.150, is widely investigated to optimize its preparation, dielectric and piezoelectric 

characteristics [112-116]. According to the earlier reports, the dielectric and piezoelectric 

characteristics of Ca and Zr-doped BaTiO3 make this compound a suitable substitute for lead- 

based materials [112-116]. 

(Ba1-xCax)(Zr1-yTiy)O3 (BCZT) is treated as one of the most promising candidates for lead- free 

piezoelectric ceramics because of its large electrical properties. The solid solutions of (Ba1-

xCax)(Zr0.1Ti0.9)O3 or BCZT, with a Ba/Ca molar ratio of 85/15, have been the subject of the 

most research for piezoelectric applications. The Curie temperature of BCZT system is around 

100 oC (orthorhombic to cubic phase transition). Sen et al. [117] reported that the room 

temperature (RT) structure of the (Ba1-xCax)(Zr1-yTiy)O3 is orthorhombic. It is orthorhombic (C) 

between ≈ RT and ≈ 100 oC (Curie temperature; TC), and cubic (Pm3m) at higher temperatures 

[118]. In contrast, a tetragonal structure (P4mm) has been observed due to the change in the ratio 

of “Ba/Ca” and “Ti/Zr”, at RT [119]. The orthorhombic structure is a lower symmetry unit cell (a 

≈ 9.80 Å, b ≈ 5.65 Å, c ≈ 6.89 Å), and the cubic indicates a higher symmetry perovskite unit cell 

(a ≈ b ≈ c ≈ 4 Å, β ≈ 90) [120]. Fu et al. [119] explained the improvement of the dielectric and 

piezoelectric response because of the occurrence of a MPB between the orthorhombic (O) and 

tetragonal (T) phases in (Ba1-xCax)(Zr0.1Ti0.9)O3, (x = 0.150), ceramics. A polymorphic phase 

transition (PPT) was observed from tetragonal to orthorhombic, orthorhombic to rhombohedral 

regions in (Ba1-xCax)(Zr0.1Ti0.9)O3, at x = 0.130, which can be owing to the togetherness of these 

phases at a single concentration and can significantly enhance the suggesting piezoelectric 

property [119]. Ferroelectric ceramics exhibit piezoelectric response, which has two parts. The 

piezoelectric phenomena in every ferroelectric domain cause the lattice contribution, which is the 
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first part. Owing to the displacement of non-180° domain walls, the second part, commonly 

called the extrinsic contribution, is significant [121]. A ferroelectric material’s multi-domain 

position is natural [10-12]. The piezoelectric response is primarily dominated by domain-wall 

contributions in several ferroelectric ceramics, including lead zirconate titanate (Pb(Zr,Ti)O3) 

and barium titanate (BaTiO3) [122]. The ferroelectric hysteresis loop [polarization-electric field 

(P-E) curve] is one crucial effect of the domain-wall switching in ferroelectric materials [13,14]. 

The piezoelectric response of a ferroelectric material can also be caused by other processes, 

which are not always related to domain wall motion [123]. Typically, it was thought that the final 

piezoelectric properties were positively influenced by the higher polarization vectors, which 

come from the coexisting ferroelectric phases. An MPB can consist of several possible phases. A 

combination of these phases may initiate different polarization directions, which might have also 

contributed to the observed dielectric behaviour, for the compositions near MPB. The 

polarization extension and rotation, presence of intermediate phases, and elastic softening of 

lattice contribute to large piezoelectricity in BCZT ceramics, at the morphotropic phase 

boundary [124,125]. Physical properties such as the dielectric and piezoelectric constant, 

electromechanical coupling factor and the remanent polarization are improved near the 

morphotropic phase boundary [126]. 

The high-temperature phases of tilt systems of the ferroelectric perovskite materials have been 

studied [127]. The contribution of the domain wall to the elastic, dielectric, and piezoelectric 

characteristics of ferroelectric compounds was the focus of numerous investigations [128-136]. 

At the same time, potential piezoelectric coefficients were found near the co-existence of 

different phases. Instead of the traditional MPB, polymorphic phase boundary (PPB) was the 

name given to this kind of phase boundary [137]. 

 

1.1.2 Thin film deposition by sputtering 

A solid material is considered to be in thin film form when it is formed as a thin layer on a solid 

support, known as substrate, ab- initio by prohibited condensation of the individual molecular, 

atomic, or ionic species; either straightly by a physical reaction, or via a chemical reaction. Thin 

films have distinct and unique characteristics that aren’t just a result of their modest thickness 

but also part of the microstructure that outcomes from the specific process by which these 

fundamental building pieces are slowly introduced one by one. No matter how thick they are, 
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thick films are those formed by directly applying a paste or dispersion of the substance to a 

substrate and allowing it to cure. These films have distinct characteristics that set them apart 

from thin films. Owing to their high surface-to-volume ratio, thinness, and different physical 

structure, thin films frequently differ from the characteristics of similar bulk materials, which 

indicates a direct result of the growth process. The various methods for depositing thin films are 

classified as physical and chemical. The specific deposition method chosen depends on the 

desired film qualities, the production or cost rate offered by the mechanism, the substrate’s 

temperature limit, the uniformity and reliability of the process, and its suitability with earlier and 

later processing stages. Sometimes thin films deposited in one form are transformed into another 

form or material. 

Sputtering is a physical deposition method in which almost any substance is transported from a 

source, referred to as the target, to a substrate made of just about any substance. The material is 

ejected from the target by blasting the surface with inert gas ions accelerated by high voltage. 

Atomic-sized particles are ejected from the target owing to the momentum transfer between the 

atoms of the target material and the incident ions. These particles pass through the vacuum unit 

before forming a thin coating on a substrate. The deposited film has the identical composition 

and structure as the source material and may be sputtered from an extensive range of materials. 

Until the first half of the twentieth century, attention to thin film was primarily focused on its 

optical properties. The role played by films was principally unitarian, necessitating the 

measurements of film optical and thickness characteristics. The science and technology of thin 

films now play a significant role in high-tech sectors. Although thin films have primarily been 

used in microelectronics, there are many other, steadily expanding uses in communication, 

optical electronics, coatings of many types, and methods for generating and conserving energy. 

The use of thin films in microelectronics has increased dramatically, which has sparked 

significant theoretical interest. Significantly new applications for thin film electrical insulators, 

conductors, and electronics have been made available by the solid-state revolution. Tiny 

integrated circuit chips made of thin films may now more efficiently and safely accomplish what 

involved massive discrete electrical components and systems earlier. 

In many instances, the electrodes for the particular film subsequently deposited on the substrate 

may work as a conducting electrode. Insulating films cannot generally be thought of 

independently from the electrodes that come into contact with them. The individual metal or 
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semiconductor electrode materials utilized in a thin film significantly impact the electrical 

response. The structures include insulator films between semiconductors (SIS), mixed electrodes 

(MOS, MIS), and metals (MIM). Some factors that may change the nature of charge transfer at 

an interface involve interfacial adhesions, tension, inter-diffusion, and integrated or adsorbed 

contaminants. The parameters that have a much more significant impact on the characteristics of 

thin films than those of their bulk counterparts include film thickness, degree of film continuity, 

the existence of high electric field conduction phenomena, high chemical reactivity, etc. For 

example, while the difference between the electrical characteristics of thin films and their bulk 

counterparts in metals is relatively small, it can be enormous in insulators. 

Ferroelectrics play an essential role in a variety of applications. Due to the rising need for 

suitability with microelectronics, there has been a lot of interest in the processing and study of 

ferroelectric thin films over the past three decades. Thin-film ferroelectric ceramics provide a 

number of significant benefits over their bulk counterparts when used as active components in 

electromechanical devices. Ferroelectric thin films are promising for high-frequency transducer 

applications due to their tiny inertia mass, which permits greater cut-off frequencies and larger 

working bandwidths for electromechanical devices. Another essential benefit of ferroelectric thin 

films is the substantial energy density that may achieve because of high dielectric strength. 

According to reports [138], breakdown strengths in 108 V/m have been observed. They are so 

preferred for micro-positioning and actuation applications. The third benefit is the low driving 

voltage and reasonably quick polarization switching speed of ferroelectric thin films for 

nonvolatile random-access memory. New varieties of ferroelectric thin films that can attain 

switching strains close to one percent are also being developed. Till now, ferroelectric thin films 

have been employed in a variety of devices, including micro-actuators [139], electromechanical 

transducers, microsensors [140], ultrasonic motors [141], nonvolatile computer memories [142], 

superconductors [78], thermoelectric [79,80], dielectric [81-84], magnetic [85,86], linear and 

nonlinear electro-optic devices [87], and switching capacitors for integrated circuitry [143]. They 

can potentially be employed as pressure sensors in pacemakers because of their biocompatibility 

and excellent piezoelectric characteristics [144]. 

Ferroelectric films have extended the options for the electromechanical transducers to use them 

at much higher frequencies and nonvolatile memories too much higher densities [82-84]. The 

processing of complex ferroelectric oxides has improved, and they may now be integrated with 
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high-temperature superconductive oxides, reviving interest in ferroelectric memories. Micro-

sensors and microelectronics are increasingly combined to create micro-electro-mechanical 

systems (MEMS). Ferroelectric sheets give MEMS additional functionality, such as sensing 

capabilities. Portable phones entered the mass market in the late 1990s, and the introduction of 

polar thin films contributed to their further miniaturization and enhanced performance. 

Ferroelectric films are currently employed in various commercial things, including memory, 

micro-devices, and microwave electronic components with piezoelectric and pyroelectric micro-

sensors/actuators. Over the last 30 years, an intensive investigation has been conducted to 

understand better the physics and material concerns that control the working of films in 

devices. The advancements in the topic are presented in several books [145-147], journal papers 

[148], and recent reviews [149,150], etc. 

 

1.2 Objectives and outline of the thesis  

The present study aims to identify the (Ba1-xCax)(Zr1-yTiy)O3 system’s optimal electrical 

properties near the morphotropic phase boundary (MPB). At certain compositions, the MPB, 

extremal dielectric and piezoelectric properties may be observed owing to the presence of 

structural bridging phases, which may lead to several possible polarization directions 

contributing to the dielectric and piezoelectric constant. A large electromechanical response is 

attributed to the MPB owing to its symmetry-allowed polarization extension. The large 

electromechanical response of such compositions may be useful for the applications of sensors 

and transducers. Further, a negligible dielectric loss is required for these applications. With this 

intention, the lead-free high dielectric and piezoelectric (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics with x 

= 0.140-0.160 compositions were prepared, and the structural and electrical characteristics of the 

prepared compositions were measured. A study of the thin film structures of these compositions, 

near MPB, leads to their further miniaturization and enhanced performance applications. The as-

deposited amorphous oxide thin film crystallizes and becomes stable, on annealing at higher 

temperatures. The large relative permittivity and minimum leakage current density are required 

for memory device applications. Among the studied ceramic compositions, thin films of the 

highest dielectric constant (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 composition were sputter deposited.  To 

achieve a large relative permittivity and minimum leakage current density, measurements were 

carried out on the films with different annealing treatments. Also, the optical characteristics of 
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the prepared films were investigated for optical applications. The measured current conduction 

mechanisms in the prepared film-assisted MIS (metal-insulator-semiconductor) structures were 

also examined to comprehend the current conduction process. The structural and electrical 

properties of the prepared bulk (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160); and (Ba1-xCax)(Zr1-

yTiy)O3, (x = 0.155 and y = 0.9) thin films were studied, near MPB. 

In the current study, firstly, bulk compositions of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160), 

were prepared by conventional solid-state reaction method followed by double sintering. XRD 

patterns, dielectric and piezoelectric investigations on the prepared sample exhibit a 

morphotropic phase boundary close to compositions with x = 0.150. The obtained composition-

dependent XRD and dielectric measurement results have been discussed in Chapter- 2. 

Composition-dependent piezoelectric properties of BCZT ceramics have been discussed in 

Chapter- 3. In Chapter- 4, the observed temperature-dependent dielectric characteristics of the 

bulk samples were studied and discussed. To continue the study further, a thin film form of the 

material with one composition, (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3, with x = 0.155, was studied. Thin 

films were deposited on the quartz and silicon (p- type, <100>) substrates, by radio frequency 

(RF) magnetron sputtering of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 pellet target, using argon as the 

bombarding gas. All the films were deposited at ambient temperature and then annealed in 

ambient air, each at 500, 600, 650, 700, 750 and 800 oC, for one hour. Chapter- 5 includes the 

preparation technique, measured optical characteristics, and different optical parameters of the 

prepared thin films. Chapter- 6 discusses the dominant conduction mechanisms in the prepared 

metal-insulator-semiconductor (M-I-S) structures and the observed current-voltage (I-V) 

properties of the prepared films. To see the feasibility of the prepared thin films for memory 

devices and other applications, capacitance-voltage (C-V) properties of the prepared M-I-S 

structures were investigated. The observed C-V characteristics of the prepared structures have 

been described in Chapter- 7. All the observations of the present study have been concluded in 

Chapter- 8. 
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CHAPTER-2 

Morphotropic phase boundary in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 

0.9) 

 

Brief summary 

The composition-dependent dielectric and structural properties were described in this chapter. 

Ceramic pellet samples of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) were prepared using a 

solid-state reaction route followed by double sintering. The dielectric and structural properties of 

the prepared samples were measured from room temperature to 450 oC at different frequencies in 

the range 10-1000 kHz. A peak shifting anomaly in the X-ray diffraction peaks patterns, an 

anomalous change in the slope of the c/a vs x plot, and the observed minimum values of 

dielectric constant, loss and conductivity of the prepared compositions show a strong 

compositional dependent dielectric and structural properties, indicating a morphotropic phase 

transition type behaviour, at the composition with x = 0.150. 
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CHAPTER-2 

Morphotropic phase boundary in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 

0.9) 

 

2.1    Introduction 

Perovskite ABO3 type ferroelectric compounds are technologically essential and have significant 

electrical and optical properties [1]. A series of binary and tertiary perovskite solutions can be 

prepared by replacing A- and or B-site atoms, with compatible valence and tolerance. Among 

these ferroelectric materials, barium calcium zirconate titanate (BCZT) based system may have 

the potential to replace lead-based ceramics used in various dielectric and ferroelectric devices 

[2-4]. Solid solutions of (Ba1-xCax)(ZryTi1-y)O3 (BCZT) system may be produced for all values of 

x and y (x, y = 0 to 1), permitting a great extent of tailorability in dielectric and piezoelectric 

properties. Ca can replace Ba, and Ti with Zr, in the BCZT system to form binary solid solutions. 

In the solid solutions of perovskite type compounds, a composition- dependent transition in 

physical properties is termed as a morphotropic phase boundary (MPB) [5], which shows an 

irregular change in lattice parameters with extremal physical properties [6]. The extremal 

physical properties near the MPB have the significant technological potential [7,8]. Due to the 

symmetry-allowed polarization extension, the large electromechanical response has been 

attributed to the MPB [9-11]. Jaffe et al. [12] observed the anomaly in the dielectric and 

piezoelectric properties in lead zirconate titanate (PZT) ceramics, near the MPB, which appeared 

due to the separation of the tetragonal and rhombohedral phases across the MPB. The 

morphotropic phase region contained mixed tetragonal and rhombohedral phases. The tetragonal 

and rhombohedral structures have 6 and 8 possible polarization directions, respectively. 

Therefore, a morphotropic phase boundary, consisting of both phases has 14 possible 

polarization directions, significantly contributing to electromechanical coupling factor (ks) and 

extremal remanent polarization [13]. An extermal dielectric constant may be associated with the 

extremal remanent polarization near MPB. 

For (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics, the orthorhombic to tetragonal (O-T) phase transition point 

(TO–T ~ 90 oC) was reportedly found shifting towards lower temperature with the increase in x, 
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from 0.140 to 0.160 [14]. With a variation in Ba/Ca ratio, the composition-dependent behaviour 

of electrical properties suggested the existence of a typical MPB, in (Ba1-xCax)(Zr0.1Ti0.9)O3 

ceramics, near x = 0.150 [14]. The reported anomalous dielectric behaviour was found 

composition dependent rather than temperature and frequency, in (Ba1-xCax)(Zr0.1Ti0.9)O3, near x 

= 0.150 [16]. In the MPB region, factors like polarization extension, polarization rotation, and 

elastic lattice softening significantly contribute to the dielectric properties of BCZT ceramics, 

near MPB [14,15]. Mondal et al. [16] observed increased resistivity by substituting Ba by Ca in 

BCZT compounds. A decrease in the mobility of the charge carriers was observed, which was 

attributed to the lattice distortion in BCZT (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics, at x = 0.150. An 

anomalous peak shifting in X-ray diffraction patterns has been reported close to the MPT 

(Morphotropic phase transition) region [17]. The dielectric and structural properties of Ba1-

xCaxTiO3- BaZryTi1-yO3 (BCT- BZT) system has been explored by Tuan et al. [18] near MPB. 

Hanani et al. [19] reported enhanced dielectric properties of (Ba1-xCaxZr0.1Ti0.9)O3 ceramics, at x 

= 0.150. This system has reported a considerable enhancement in electrical properties with 

longer sintering time [20-22]. The enhanced dielectric and piezoelectric properties of the BCZT 

system near MPB, have been attributed to the coexistence of two different phases [23-25]. The 

dielectric constant and electric conductivity were reportedly found extremal, in the 

(Na,K)(Nb,Ta)O3 system, near MPB [17,26,27]. 

The electrical properties of the perovskite materials significantly altered with the change in the 

preparation conditions and compositions of solid solution systems. In MPB, separating two 

different ferroelectric phases with different lattice parameters, which may significantly enhance 

electrical properties [28,29]. From the composition-property diagram of solid solution systems, 

at the morphotropic phase boundary (MPB), the ferro-composition has two- or more phases and 

has extremal electro-physical properties [15,30-33]. The width of the coexistence region has also 

been attributed to the particle size [34] and depends on the processing conditions. On change of 

composition, MPT exhibits anomalous dielectric and piezoelectric properties [17]. 

In the present study, ceramic samples of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160), were 

prepared near the morphotropic phase boundary, using the solid-state reaction route followed by 

double sintering. The dielectric constant (ε), loss tangent (tan δ), and electric conductivity (σ) of 

the prepared composition samples were measured at 10, 100 and 1000 kHz. X-ray diffraction 

(XRD) and scanning electron microscopy (SEM) measurements of the prepared compositions 



34 
 

were carried out at room temperature (RT). The observed composition dependent dielectric 

behavior of the prepared pellet samples is presented.  

 

2.2     Material preparation and characterization 

2.2.1    Preparation 

In this study, high-purity (> 99.5 %) powders of barium carbonate (BaCO3), calcium carbonate 

(CaCO3), titanium oxide (TiO2) and zirconium oxide (ZrO2) were utilized as raw materials. The 

compositions of BCZT ceramics were prepared using a solid-state reaction route with double 

sintering [35]. The dissolved moisture was removed from the raw powders by drying them in an 

oven, at 200 oC for 2 hours, and then the dried powders were weighed in the stoichiometric ratio 

to prepare the desired (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) compositions. The mixture 

was manually dry mixed and ground for 4 hrs, and then with methanol for nest 2 hrs. The agate 

mullet mortar and pestle were used for grinding. The mixed ground powder was calcined in the 

ambient air at 1100 oC, in the alumina crucible, to remove carbon dioxide. The calcined power 

was taken out from the furnace when it cooled to RT. The calcined power was weighed to check 

complete carbon dioxide removal. The calcined power was pressed into pellets with a 

longitudinal pressure of 0.2 GPa. The pellets of the prepared compositions were sintered at 1300 

°C, for 4 hours. The sintered pellets were crushed and ground further into powder. This ground 

powder was further pressed into pellets (~ 2 mm thickness and 8 mm diameter), at 0.2 GPa. 

These pellets were further sintered at 1300 oC, for 4 hours. The BCZT ceramic samples 

reportedly show maximum density when double sintered at 1300 oC [36,37]. 

The XRD patterns of all prepared powder samples were measured, at room temperature (RT), 

with the help of PANalytical PW340 X-ray diffractometer, having a wavelength 1.5406 Å. The 

XRD data was taken at a scan speed of 0.3 sec per step with the step size of 0.025°. For all the 

prepared ceramics, the dielectric properties (ε, tan δ, and σ) were observed, near the MPB region 

(0.140 ≤ x ≤ 0.160). For dielectric measurements, specimens were electroded, with conducting 

silver paste, in a metal-insulator-metal (MIM) arrangement. With RLC meter (PM 6306, Fluke), 

the dielectric measurements were carried out with increasing temperature, from RT to 450 oC, 

and in the frequency range from 10 to 1000 kHz. SEM images were observed to study surface 

morphology and grain size using CARL ZEISS, model no. EVO 18 Special Edition. 
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2.2.2 Characterization 

2.2.2.1 X-ray diffraction studies  

The observed room temperature XRD patterns of the prepared (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ 

x ≤ 0.160) pellet samples have been given in Fig. 2.1. The XRD patterns show perovskite 

structure of the prepared BCZT compositions with orthorhombic symmetry. The observed XRD 

data are consistent with the Inorganic Crystal Structure Database (ICSD) - (code 00-056-1033) 

records of (Ba1-xCax)(Zr0.1Ti0.9)O3, with peaks corresponding to (020), (221), (402), and (330), 

etc. [38].  

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1 XRD patterns of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) powder samples, at RT. 

 

 

2.2.2.2 Scanning electron microscopic (SEM) analysis 

The SEM images of the prepared pellet samples of (Ba1−xCaxZr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) 

have been shown in Fig. 2.2. All the samples were found homogeneous and fine-grained. The 

average grain size of the prepared BCZT ceramics was determined by dividing the length of the 

SEM photograph in terms of the scale by the number of grains in that length. The grain size and 

density significantly influence the dielectric properties of ceramics [39-41]. 
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Fig. 2.2 SEM images of (Ba1-xCax)(Zr0.1Ti0.9)O3, for x = 0.140 (a), 0.145 (b), 0.150 (c), 0.155 

(d), 0.160 (e). 
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2.2.2.3 Energy dispersive X- ray analysis (EDX) 

An X-ray method called “Energy Dispersive X-Ray Analysis” (EDX), also known as EDS or 

EDAX, is often utilized to compute the elemental analysis of materials. Scanning electron 

microscopes (SEM) can be equipped with EDX, which utilizes the SEM’s imaging capabilities to 

locate the desired object. The EDX system generates spectra with peaks corresponding to the 

elemental analysis of the specimen. Additionally, image processing and elemental mapping of a 

specimen or material are possible. EDX becomes extremely effective when employed in a multi-

technique approach, especially in industrial forensic science studies and contamination assessment. 

The approach may map out the spatial distribution of the elements and be qualitative, semi-

quantitative, or quantitative. 

 

 

 

 

 

 

Fig. 2.3 EDX results of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 0.9), samples for 

different x values. 
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Fig. 2.3 Continued. 

 

Energy- dispersive X- ray spectroscopy (EDX) is extensively employed for quality control and 

test investigation in several industrial applications, viz., metals, semiconductors, cement, paper 

and polymers; medical field, in the analysis of blood, tissues, bones, and organs;  in pollution 
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control, ore prospecting, archaeology, and oceanography; etc. Chemical analysis of (Ba1-

xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 0.9), samples was done by CARL ZEISS, model no. 

EVO18 special edition. The observed EDX results of the (Ba1-xCax)(Zr0.1Ti0.9)O3 system have 

been shown in Fig. 2.3.  

 

Table 2.1 EDX results of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) compositions. 

 

 

The EDX results show considerable escaping of alkaline metal (Ba and Ca) ions from the 

prepared compositions of BCZT (Ba1−xCaxZr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) ceramics, with a 

lowest for the compositions with x = 0.150, Table 2.1. The EDX analysis shows more escaping 

of calcium (Ca) than barium (Ba), which may be due to the higher equilibrium vapor pressure of 

the former [42]. A slight variation in stoichiometry triggers a sensitive effect in the density, grain 

size, and morphology of BCZT ceramics [43].  

 

2.3 Dielectric measurements 

Measurements were taken for the prepared samples with a similar method to study dielectric 

properties’ temperature, frequency and composition (x) dependence. The dielectric constant (ε) 

was measured using the relation [44] 

                             ε = C/Co,                                                                                    (2.1) 

where Co and C, respectively, represent the capacitances of the electrodes without and with a 

dielectric; Co is shown by, 

                Co = (0.0885r2/d) pF,                                                               (2.2) 

Composition  

(x)  

 Atomic % (Measured) Atomic % (Calculated) Escaping of Ba and Ca 

(%) 

Ba/Ca Ba Ca O Ba/Ca Ba Ca O Ba Ca 

0.140 6.04 13.90 2.30 64.66 6.14 17.2 2.8 60 19.18 17.85 

0.145 6.15 14.47 2.35 65.15 5.89 17.1 2.9 60 15.38 18.96 

0.150 6.18 15.21 2.46 66.10 5.66 17.0 3.0 60 10.52 18.00 

0.155 6.43 14.92 2.32 63.29 5.45 16.9 3.1 60 11.71 25.16 

0.160 6.47 13.99 2.17 68.04 5.25 16.8 3.2 60 16.72 32.80 
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where d (cm) is the distance between them and r (cm) is the radius of the electrodes. Electric 

conductivity () was obtained using Eq. [44], 

                 = oε tan,                                                                            (2.3) 

where  = 2f, f is the applied frequency, tan  is the dissipation factor, and o is the permittivity 

of free space. 

 

2.4 Morphotropic phase boundary in (Ba1-xCax)(Zr1-yTiy)O3, at x = 0.150 

The measured XRD patterns of different prepared compositions of (Ba1-xCax)(Zr0.1Ti0.9)O3 are 

given in Fig. 2.4. The XRD data indicate the polycrystalline nature of the prepared compositions. 

They are consistent with the “Inorganic Crystal Structure Database” (ICSD) - (code 00-056-

1033) data of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 with peaks corresponding to (020), (221), (402), and 

(330), etc.  

Among the prepared compositions, a continuous peak shifting was observed in the most intense 

peaks (020), (221), (402), and (330), with the increment in the value of calcium concentration 

(x). In the XRD patterns of BCZT ceramics, the most intense peaks were found shifting to a 

lower angle with increasing x, except for the composition with x = 0.150, where the peaks 

moved to the higher angle, indicating anomalous structural behaviour at this composition- a 

break was noticed in the peak shifting tendency. A similar tendency was also observed by other 

workers [17,26,27]. The lattice parameters were calculated from the observed XRD data. The 

variation of lattice parameters (a, b, and c), and c/a ratio with composition (x), was shown in Fig. 

2.5. The slope of the c/a vs x graph changed, from negative to positive, at the composition with x 

= 0.150, which exhibits a structural abnormality, at this composition- a composition-dependent 

behaviour, an MPB region. Sen et al. [38] reported a change in the lattice parameters with the 

varying composition (x), in (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics. A similar break in the peaks 

shifting tendency has been reportedly found in Na1-xKxNbO3, near x = 0.17, 0.32, and 0.50 

compositions [17,26,27]. 
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Fig. 2.4 XRD patterns of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) powder samples, at RT, 

showing break in peaks shifting tendency, at x = 0.150 composition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Lattice parameters and c/a (ratio of lattice parameters, c and a) change with 

composition (x), in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) ceramics. 
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2.4.1 Density and grain size 

The density of the sintered pellets was measured using the Archimedes method. Generally, the 

density of the pellets was found proportionally varying with grain size, except for the 

composition with x = 0.150, where the density was found to be maximum and grain size 

minimum, among the prepared compositions, Fig. 2.6. Among the prepared compositions, 

minimum grain size (1.03 µm) was found for x = 0.150 and maximum for x = 0.145 (1.7 µm). 

Maximum density was found for x = 0.150 (4.2 g/cc, 65 to 78% of theoretical value), whereas 

minimum density for x = 0.140 (3.8 g/cc). The porosity and density significantly influence the 

dielectric properties of the compositions [45]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Composition (x) variation of grain size and density, in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160). 

 

Fig. 2.6 exhibits the maximum density for the samples with x = 0.150, among the prepared 

samples. During the sintering process, the mechanism of densification and grain growth needs 

material transportation and that may happen via grain boundary diffusion, lattice diffusion, 

surface diffusion, evaporation, and viscous flow [45]. A two-stage sintering method was chosen 

0.140 0.145 0.150 0.155 0.160
3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

4.3

4.4

4.5

D
e

n
s

it
y

 (
g

m
/c

m
3
)

Composition (x)

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

 

G
ra

in
 s

iz
e

 (

m

)



43 
 

to achieve the densification of ceramic bodies without significant grain growth [46]. Ceramics of 

intermediate density and fine grain size have been reported for perovskite compounds, like 

BaTiO3, using a two-stage sintering method [47,48]. The double-sintered ceramic samples show 

a significant increase in dielectric constant than those prepared with usual single sintering. 

Double sintering is a simple and cost‐effective method to obtain higher-density materials with 

controlled grain growth without adding dopants. Sintering significantly affects ceramics’ 

densification and their dielectric properties [49]. The double sintering process was applied in the 

present study to improve the density of the ceramics inhibiting grain growth. It triggers different 

sintering mechanisms in different temperature ranges. After the first sintering (at 1300 oC), 

pellets with poor density with developed cracks were obtained. The minimum activation energy 

of surface diffusion exhibits excessive grain growth during the start of the sintering process, 

which triggers grain coarsening, and the total surface area reduces because of larger grains. The 

driving force is the observed change in surface area.  

Moreover, due to early grain growth, the reduced driving force appears before the composition 

enters the primary sintering process [50,51]. Once that coarsening occurs, the pore removal 

becomes quite difficult, resulting in poor densification, in the single sintering. The double 

sintering was chosen to activate different sintering processes in different temperature ranges, and 

to suppress grain growth and improve densification. After the second sintering stage, the pellet 

samples were hard enough with improved density.  

The material grain growth, free surfaces, the reaction of grain boundaries, and the change in 

lattice may be significantly altered with the function of sintering and the involvement of different 

mechanisms. Every diffusing species, whether it is volatile or non-volatile, are ions of different 

charges and is responsible for contributing different diffusion rates. Different diffusing species or 

ions may have different vapour pressures, diffusion paths, and different diffusion rates. Their 

collective effort significantly alters the measured density and grain size of the prepared 

compositions.  

 

2.4.2 Dielectric measurements near the MPB region 

At RT, the observed composition dependence (0.140 ≤ x ≤ 0.160) of dielectric properties (ε, tan 

δ, and σ) of (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics, at different frequencies, has been shown in Figs. 

2.7-2.9. With the increase in frequency, normally, ε and tan δ were found decreasing, and σ 
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increasing, for the prepared compositions. These observations are in consistency with the 

previous publications [17,26,27,35]. Figs. 2.10-2.11 show the measured composition dependence 

(0.140 ≤ x ≤ 0.160) of ε, tan δ, and σ of BCZT ceramics, at different temperatures, at 1 MHz. 

With the increase in temperature, the dielectric constant (ε) was found increasing, and electric 

conductivity (σ) and loss tangent (tan δ) decreasing, for all the prepared compositions. Among 

the prepared compositions, an irregular decrease was found in the dielectric properties, near 

MPB, with anomalously lower values of ε, tan δ, and σ, at x = 0.150. The measured composition 

(0.140 ≤ x ≤ 0.160) dependence of ε, tan δ, and σ, at different frequencies with RT, were shown 

in Figs. 2.12-2.13. A drastic change was observed in the dielectric properties (ε, tan δ, and σ) at x 

= 0.150, at all the measured frequencies. Figs. 2.10-2.13 show that the dielectric properties of the 

BCZT are significantly composition dependent. A drastic minimum in the dielectric properties 

(ε, tan δ, and σ), shows a typical morphotropic phase transition type behavior, at the 

compositions with x = 0.150, which is composition dependent rather than temperature and 

frequency [16]. However, the microstructure, grain size, voids, porosity and density greatly 

affect the dielectric properties of the pellet samples [39-41]. The contribution of escaping of 

alkaline ions and composition-dependent structural anomaly may be the responsible factors for 

the observed dielectric anomaly in the prepared BCZT ceramics. The dielectric constant 

decreases with decreasing grain size, which arises because of the increased occurrence of non- 

ferroelectric low permittivity grain boundaries [39]. With increasing grain size, number of grain 

boundaries decreases and results in the decreased loss. Also, the presence of liquid phase, 

internal stress, etc. may contribute to the observed dielectric behaviour in BCZT samples. 
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Fig. 2.7 Variation of dielectric constant (ε) with frequency, in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160), at RT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 Variation of dielectric loss (tan δ) with frequency, in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160), at RT. 
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Fig. 2.9 Variation of electric conductivity (σ) with frequency, in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160), at RT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 Composition variation of dielectric constant (ε) and dielectric loss (tan δ), in (Ba1-

xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160), at different temperatures. 
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Fig. 2.11 Composition variation of electric conductivity (σ), in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ 

x ≤ 0.160), at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.12 Composition variation of dielectric constant (ε) and dielectric loss (tan δ), in (Ba1-

xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160), at different frequencies. 
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Fig. 2.13 Composition variation of electric conductivity (σ), in (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160), at different frequencies. 

 

2.5     Discussion 

There are two types of defects found in perovskite ABO3 type compounds, viz., vacancies at A- 

and O-sites [28]. These vacancies significantly affect the electrical properties [17,26,27,40] of 
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O-site, envisaging the dominance of p-type conduction in the present (Ba1-xCax)(Zr0.1Ti0.9)O3 

ceramics. The deficiency of A-site vacancies is lowest, so fewer holes are available for 

conduction. The conductivity is minimum for the samples with x = 0.150, than the other prepared 

compositions. 

Many researchers reported the p- type conductivity in various oxides, viz., ZrO2, Na1-xKxNbO3, 

etc. [17,26,52]. In the present study, a distinct conductivity minimum was observed, with a 

decrease in A- site vacancy concentration, near MPB, with x = 0.150. Among the prepared 

compositions, it appears that during the sintering of the pellet samples, the intensificat ion of 

diffusion processes distinctively decreases the possibility of escaping of volatile alkaline ions 

near the MPB region [17,26]. 

With the increase in density, the dielectric constant of ceramics increases [53,54]. In the present 

study, the dielectric constant was found to be minimum even though the density was maximum, 

for the composition with x = 0.150, among the prepared compositions, which indicates the 

control of composition more than the density near MPB region. The dielectric properties of 

ceramics may depend on the preparation process, because of its mechanical distinctions in the 

forming process, inhomogeneity in microchemistry, varying shrinkage, and chemical 

modification during sintering. 

These observations indicate that the composition, structure, and preparation process significantly 

affect the electrical properties of BCZT ceramics. For the composition near MPB, the structural 

anomaly and a decrease in A- site vacancy concentration in the p-type oxides may be responsible 

for the observed minimum values of ε, tan δ, and σ, at x = 0.150, among the prepared 

compositions. 
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CHAPTER-3 

Temperature-dependent dielectric properties of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160) ceramics  

 

Brief summary 

The temperature-dependent dielectric and structural properties were described in this chapter. 

Dielectric properties (ε, tan δ, and σ) of the prepared compositions were measured, in the 

temperature range from RT (room temperature) to 450 oC, at various frequencies (12-1000 kHz). 

The dielectric measurements show a single phase transition, around 100 oC, for the prepared 

(Ba1-xCax)(Zr1-yTiy)O3 (BCZT) compositions, in the measured temperature range. The structural 

variation was studied using high-temperature X-ray diffraction (HT-XRD) measurements of the 

compositions with x = 0.150 and 0.155. The HT-XRD results were consistent with the dielectric 

measurements, showing structural anomaly at around 100 oC; showing tetragonal phase, between 

RT and around 100 oC; and cubic phase, above 100 oC, in the measured temperature range. 
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CHAPTER-3 

Temperature-dependent dielectric properties of (Ba1-xCax)(Zr0.1Ti0.9)O3, (0.140 

≤ x ≤ 0.160) ceramics  

 

3.1 Introduction  

Perovskite ferroelectric barium calcium zirconate titanate (Ba1-xCax)(Zr0.1Ti0.9)O3, (x = 0.140- 

0.160, y = 0.9) is attractive due to its no. of ferroelectric phases [1-4]. It shows the cubic structure 

at a high-temperature range. Tian et al. [4] reported the phase schematic of (Ba1-xCax)(Zr1-yTiy)O3 

(x, y = 0 to 1) solid solutions. When Ca ions replace Ba ions at the A- site and Ti by Zr at the B- 

site of the BaTiO3, two different solid solutions can be formed [5-10]. One is Ba1-xCaxTiO3 (BCT) 

system, and the other is BaZryT1-yO3 (BZT). The perovskite ferroelectric BaTiO3 compound 

undergoes three distinct structural phase transformations sequence, viz., ferroelectric 

rhombohedral (R) on cooling, ferroelectric orthorhombic (O) ~ -90 oC, ferroelectric tetragonal (T) 

~ 0 oC, and paraelectric cubic (C) phase ~ 125 oC [4]. For Ba1-xCaxTiO3 (BCT) system, the Curie 

temperature (TC) rises with a rise in x concentration [5-7], whereas the (O) → (T) phase transition 

has been moved to the lower temperature range [5-7]. Further, for BaZryT1-yO3 (BZT) system, the 

Curie temperature (TC) shifts down with the increase in y, whereas TR-O and TO-T shift towards the 

higher temperature range [5-7]. A condition arrives when all three transition points come closer to 

each other. The condition is achieved when y increases to 0.10 [8-10]. The BCT and BZT systems 

may show distinct phases from the reported phase transition characteristics. The Ti-shift in the 

BO6 octahedron may contribute to the ferroelectricity of the BaTiO3 system, suggesting three 

different ferroelectric structures in the lattice, viz., a T (tetragonal) structure with polarization 

vector direction [001] followed by a O (orthorhombic) structure with [011] and a R 

(rhombohedral) structure with [111] [11]. 

In the previous Chapter, dielectric properties (ε, tan δ, and σ) of (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.140-0.160, y = 0.9) were found lowest for the samples with x = 0.150, among the prepared 

compositions, at all measured temperatures and frequencies [12]. The obtained findings exhibit a 

strong composition dependence of dielectric properties- a morphotropic-like phase boundary in 

(Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 0.9), ceramics, at x = 0.150. The composition 

variation of this system also shows structural anomaly near x = 0.150. The polarization rotation 
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and extension, and the elastic softening of the lattice may be the potential factors for the 

composition-dependent anomaly near the MPB [13]. Also, near the MPB, the presence of two or 

more phases can significantly change the physical or structural properties of the (Ba1-xCax)(Zr1-

yTiy)O3 ceramics [14,15]. Depending on the composition (x), (Ba1-xCax)(Zr1-yTiy)O3, the system 

shows cubic, tetragonal or orthorhombic phases [16]. The (Ba1-xCax)(Zr1-yTiy)O3 ceramics also 

exhibit polymorphic phases depending on the temperature and composition (x) [17]. The 

sintering-dependent density and dielectric properties of (Ba1-xCax)(Zr1-yTiy)O3 compositions were 

reported [12,18]. The study was further extended, and the observed temperature-dependent 

dielectric and structural properties of the double-sintered (Ba1-xCax)(Zr1-yTiy)O3 compositions are 

being reported presently.  

In the present study, the temperature variation of dielectric properties of BCZT samples near the 

morphotropic phase boundary was carried out from room temperature (RT) to 450 oC. (Ba1-

xCax)(Zr0.1Ti0.9)O3, (0.140 ≤ x ≤ 0.160) pellet samples were prepared by solid-state reaction 

method followed by double sintering. The prepared samples’ temperature dependence of 

dielectric constant, loss tangent, and electric conductivity was measured at various frequencies 

(12-1000 kHz). The HT-XRD measurements were carried out for two compositions, with x = 

0.150 and 0.155, in the temperature range from RT to 450 oC. Consistent with the dielectric 

behaviour, high temperature X-ray diffraction (HT-XRD) measurements of the prepared samples, 

with x = 0.150 and 0.155, indicated tetragonal phase, between room temperature and 100 oC, and 

cubic phase above 100 oC, in the measured temperature range. 

 

3.2 Experimentation 

The preparation methodology of the (Ba1-xCax)(Zr1-yTiy)O3 pellet samples, their X- ray 

diffraction (XRD) patterns, scanning electron micrograph (SEM) images, composition- 

dependent dielectric properties, density, etc. were described in a previous communication [12]. 

The dielectric constant, loss tangent and electric conductivity of the prepared compositions are 

measured at different frequencies in the temperature range, from RT to 450 oC, using an 

impedance analyzer (Keysight, E49990), have been reported. For dielectric measurements, 

specimens were electroded, with air-drying conducting silver paste, in a metal-insulator-metal 

(MIM) arrangement. 
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To study different phases of the prepared BCZT ceramics, HT- XRD were measured, from RT to 

450 oC, for the compositions with x = 0.150 and 0.155, by an X-ray diffractometer (PANalytical, 

X’PERT PRO), using CuKα1 radiation of wavelength 1.5406 Å. The scan speed of the 

diffractometer was 0.1 sec per step with a step size of 0.01o. The composition was heated up at a 

heating rate of 5 oC/s. At each measuring temperature, the desired temperature was held for 2 

minutes before the XRD measurement. 

 

3.3    Dielectric measurements 

Presently, the thermal variation of the dielectric properties, the dielectric constant (ε), tangent 

loss (tan δ) and electric conductivity (σ) of the prepared (Ba1-xCax)(Zr1-yTiy)O3 ceramics, (x = 

0.140-0.160, y = 0.9), were measured, in the temperature range from RT to 450 oC, at different 

frequencies (12-1000 kHz). Figs. 3.1, 3.2 and 3.3 show the measured temperature-dependence of 

ε, tan δ, and σ of the BCZT ceramics. The dielectric constant (ε) was found to increase with an 

increase in temperature but with an anomalously large value at around 100 oC, indicating a phase 

transition at this temperature. Similarly, the tangent loss and electric conductivity anomaly, Figs. 

3.2 and 3.3, respectively, confirm the occurrence of phase transition at around 100 oC, in these 

compositions. The insets of Figs. 3.1- 3.2 show the anomaly. The wide dielectric constant peaks 

were observed at 99, 99, 84, 99, and 94 oC, Fig. 3.1; and electric conductivity peaks at 104, 104, 

89, 99, and 94 oC, Fig. 3.3, for the compositions with x = 0.140, 0.145, 0.150, 0.155, 0.160, 

respectively. The dielectric constant, loss tangent and electric conductivity anomaly were 

observed at all the measuring frequencies for an individual composition, Figs. 3.1-3.3. However, 

for the compositions with x ≤ 0.150, the dielectric constant and electric conductivity peaks were 

not observed at the same temperature for an individual composition. The observed wide 

dielectric peaks indicate the relaxor-type behaviour, whereas the occurrence of frequency-

independent transition temperature shows the non-relaxor nature of the prepared material [19]. 

For a relaxor, the wide dielectric constant peak shifts to higher temperature with increasing 

frequency, owing to the increasing relaxation time with temperature [19]. The occurrence of 

wide dielectric constant and electric conductivity peaks and slight variation in the temperature of 

these peaks may be the resulting effect of the structural change, barrier heights at the grain 

boundary, activation energy and other interactions [20], resulting maximum for one grain at one 

temperature and for another grain at another temperature, in the ceramic sample, near the 
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transition temperature of that composition. Near x = 0.150, the BCZT ceramics shows 

morphotropic-type phase boundary (MPB) comprising two or more phases [21]. A combination 

of these phases may initiate different polarization directions, which might have also contributed 

to the observed wide dielectric peaks for the compositions near MPB. With the increase in the 

measuring frequency, the observed decrease in dielectric constant (ε) and loss tangent (tan δ) and 

increase in the electric conductivity were found to be consistent with the reported results 

[12,22,23], which may be attributed to the damping out of successive relaxation modes in the 

lattice [24].  

The Curie point indicates the transition temperature where the material observes paraelectric to 

ferroelectric transition. The paraelectric phase is a high symmetry phase, and the ferroelectric is a 

low symmetry phase. Thus, this phase transition is attributed to the structural phase transition in 

the perovskite- type ferroelectrics [25]. The dielectric properties of the perovskites are attributed 

to a significant temperature-dependent vibrational mode-the soft mode [26]. The frequency of 

vibrational modes in a crystal depends on the long- and short-range interactions among the 

vibrating species. At the transition temperature, the soft mode frequency tends to zero, and the 

lattice observes a displacement leading to the structural anomaly-the structural phase transition 

[26,27]. According to the soft mode theory, the dielectric permittivity of perovskites is 

proportional to the inverse of the square of the soft mode frequency [28]. When Ba atoms are 

replaced by Ca atoms, in the ABO3 type Ba(Zr, Ti)O3, the change in the mass, force constant and 

other interactions result in a change in the soft mode frequency. With the random allocation of 

varied (Ca) mass at different lattice sites (A-site), the force constant and other interactions vary 

randomly, resulting change in the soft mode frequency accordingly and, thereby to the change in 

the observed dielectric constant with the substitution of Ba by Ca in the lattice. 

Fig. 3.4 shows the temperature-dependence of dielectric permittivity and conductivity, at 1 MHz, 

in the measured temperature range. The dielectric anomaly was observed near 100 oC, for the 

prepared BCZT compositions. The observed anomaly in the dielectric properties indicates the 

transition temperature [25]. This transition is attributed to the tetragonal to cubic structural 

change [29]. The dielectric anomaly was observed varying with the Ca doping (x), at the A- site, 

in the (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 0.9) ceramics, as shown in Figs. 3.1-3.3. 

Apart from the softening of the active phonon mode, the polarization extension and rotation 
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mechanism, porosity, microstructure and grain morphology of (Ba1-xCax)(Zr1-yTiy)O3 ceramic 

samples of a composition may contribute to its observed dielectric nature [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Temperature variation of dielectric constant (ε), in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 

0.160, y = 0.9), at different frequencies.  
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Fig. 3.2 Temperature variation of dielectric loss (tan δ), in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 

0.160, y = 0.9), at different frequencies.  
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Fig. 3.3 Temperature variation of electric conductivity (σ), in (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.140- 0.160, y = 0.9), at different frequencies. 
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Fig. 3.4 Variation of dielectric constant (ε) and electric conductivity (σ) with temperature, in 

(Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 0.9), at 1 MHz. 

 

 

3.4 X-Ray diffraction measurements 

The dielectric measurements of the prepared BCZT compositions indicate the phase transition at 

around 100 oC. To study the structural variation with temperature, the high-temperature X-ray 

diffraction (HT-XRD) measurements were carried out on the samples with composition x = 
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found to be consistent with each other. The lattice parameters of BCZT ceramics were refined 

using the Rietveld method. The space groups for these refinements were P4mm and Pm-3m, 
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(code 01-079-2265) data [31,32]; and above about 100 oC, they exhibit cubic symmetry, 

consistent with ICSD-  (01-074-1962) [33], ICSD - (01-075-0216) [34], and ICSD - (01-078-

4475) data [35].  

In the HT- XRD patterns of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.150), a continuous shifting of the most 

intense peaks (101), (111), (002), and (211), to the lower angle was observed with increasing 

temperature, in the measured temperature range, Fig. 3.5. A similar fashion was also observed 

for the composition x = 0.155, Fig. 3.6. The measured HT- XRD patterns exhibit a structural 

transition, from tetragonal (ferroelectric) to cubic (paraelectric) phase, at around 100 oC, which is 

consistent with the dielectric measurements. The peaks’ profiles were refined using a pseudo-

Voigt function, and the background was modeled using the Legendre polynomial. Furthermore, 

lattice parameters were refined by High Score Plus software using the Rietveld analysis [36]. Ba 

and Ca ions were located and shared at the same A-site (0,0,0), Ti and Zr ions were shared at B-

site (½,½,½) and oxygen ions were located at the O-site (½,½,0), respectively [29]. Furthermore, 

the occupancies of Ba : Ca ions shared at the same location were fixed as 85 : 15 (for x = 0.150), 

and 845 : 155 (for x = 0.155), and for Ti : Zr ions 90 : 10, according to their molar ratios. The 

observed temperature variations in lattice parameters are shown in Figs. 3.7 and 3.8, for the 

compositions with x = 0.150 and 0.155, respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 (a) HT-XRD patterns of (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics, (b) expanded angle view 

(44o- 47o).  
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Fig. 3.6 (a) HT-XRD patterns of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 ceramics, (b) expanded angle 

view (44o- 47o).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Variation of lattice parameters with temperature, in (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.150, y = 0.9). 
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Fig. 3.8 Variation of lattice parameters with temperature, in (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.155, y = 0.9). 

 

3.5    Discussion  
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CHAPTER-4 

Piezoelectric properties of (Ba1-xCax)(Zr0.1Ti0.9)O3 (0.140 ≤ x ≤ 0.160), near 

morphotropic phase boundary 
 

 

Brief summary 

The composition-dependent piezoelectric properties were described in this chapter. Piezoelectric 

measurements of the prepared compositions were carried out at room temperature (RT). For the 

compositions with x ≤ 0.150, the converse piezoelectric constant (d33*), strain (%), coercive field 

(Ec) and remnant polarization (Pr) were found to increase with x, which were found anomalously 

to decrease with further increase in x above 0.150. Among the prepared compositions, the 

maximum value of d33* was found 342 pm/V, for the samples with x = 0.150. The measured 

maximum values of strain (%), piezoelectric constant (d33*) and break in XRD peak shifting 

patterns of the prepared samples indicate composition-dependent piezoelectric properties, 

showing morphotropic-like phase boundary (MPB), near x = 0.150 composition. The prepared 

compositions of lead-free BCZT ceramics will extend the possibilities to use this compound in 

the field of piezoelectric sensors. 
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CHAPTER-4 

Piezoelectric properties of (Ba1-xCax)(Zr0.1Ti0.9)O3 (0.140 ≤ x ≤ 0.160), near 

morphotropic phase boundary 

 

4.1     Introduction  

Certain solid materials generate electrical charges on their surfaces due to the applying 

mechanical stress (direct piezoelectric effect). The applied stress alters the polarization density 

within the volume of the material, resulting in the observed potential. The incident was first 

observed in quartz crystal by the Curie brothers in 1880. It was named the direct piezoelectric 

effect. Since this effect is reversible, the material will mechanically deform in response to the 

application of a voltage. It’s known as the converse piezoelectric effect. Gabriel Lippmann 

investigated the converse piezoelectric effect in 1881. The converse effect is used for 

displacement and actuator devices, while the direct piezoelectric effect is used for force, 

pressure, acceleration and vibration transducers. The 32-point groups have 7 fundamental crystal 

structures, which are triclinic, monoclinic, rhombohedral (trigonal), hexagonal, orthorhombic, 

tetragonal, and cubic in order of increasing symmetry. There is a total of 32 point groups and out 

of which 21 classes are not centrosymmetric (for piezoelectric materials, it should be non-

centrosymmetric); and in 20 of these classes [point group (432) is the only exception], relevant 

stresses result in the generation of positive and negative charges on the crystal surfaces. These 

substances are referred to as piezoelectrics. Despite not having a centre of symmetry, the point 

group (432) or the cubic group has no piezoelectric effect. The piezoelectric charges produced 

along its [111] axes cancel out each other. All ferroelectric materials are pyroelectric. 

The piezoelectric phenomena have been used to design a piezoelectric sensor. The piezoelectric 

sensor can convert a pressure signal into an electrical signal or vice versa. One important 

member is the quartz crystal, among the piezoelectric family. A material is electrically neutral 

owing to equal positive and negative charges. However, when pressure is created on the 

material’s surface, a voltage signal is found between the material’s surfaces owing to separating 

the negative and positive charges, contributing to the net generated dipoles. The piezoelectric 

crystal is deformed, and potential is produced due to the displacement of the ions. The 

piezoelectric property essentially relies on the symmetry of the crystal structure. Under the 
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influence of an external mechanical force, electric polarization results from a sufficiently low 

degree of symmetry in a crystal. 

Crystals cannot generate the piezoelectric effect with central symmetry from the 11-point group. 

All classes lacking a centre of symmetry, except for point group 432, are piezoelectric. 

An external electric field and mechanical stress may polarize a class of materials known as 

piezoelectrics. The relationship between stress (Xik) applied to a piezoelectric material, and the 

resulting charge density (Di) is known as the direct piezoelectric phenomenon, and it can be 

written as 

                                                Di =  dijk Xjk      (4.1) 

where dijk (CN−1) is the piezoelectric coefficient. The piezoelectric materials have an additional 

attractive property. They can alter their dimensions in an electric field E. (a contraction or 

expansion). The converse piezoelectric phenomenon, which denotes the strain, occurs as a result 

of the external electric field in a piezoelectric material: 

                                        Sij = dkijEk = d*
ijkEk     (4.2) 

                                         d*
ijk =  Sij / Ek      (4.3) 

where d* (m.V−1) is the converse piezoelectric coefficient. The direction of the mechanical and 

electric fields, determines the sign of the piezoelectric charge Di and strain Sij. Both positive and 

negative values of the piezoelectric coefficient (d*) are possible.  

Ferroelectric materials exhibit hysteresis in the variation of polarization (P) with the applied 

electric field (E). Fig. 4.1 depicts an ideal ferroelectric P-E loop (hysteresis). Polarization has 

reached saturation with a gradually increasing applied electric field (Ps). Ps is the maximum 

polarization the specimen can achieve. Polarization decreases with decreasing electric field, and 

some polarization is still present at zero applied electric field, known as the remnant polarization 

(Pr).  
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Fig. 4.1 A typical P-E loop (hysteresis). 

Piezoelectric materials are employed in various fields, such as piezoelectric motors, power 

transformers, strain gauges, piezoelectric actuators, detection and generation of sonar waves, 

scanning force microscopes, loudspeakers, underwater microphones and speakers, inkjet printers 

and quartz clocks etc. Precise linear or rotational movements have been measured using 

piezoelectric materials to achieve micrometer precision in precision engineering applications. 

Gases can be ignited by piezoelectric material by producing a spark with the help of an electric 

current. The investigations in this field have a broad scope. 

Piezoelectric ceramics have been widely used in many applications. A piezoelectric ceramic can 

generate a voltage from mV to V range, depending upon the material properties, on applying 

pressure. Further, using an operational amplifier, the voltage signal can be amplified and may be 

used to switch on a buzzer, LED on applying a load. The output voltage may be calibrated with 

other units like sound intensity, light intensity or weight, etc. Fig. 4.2 exhibits the block diagram 

of a piezoelectric sensor. 

Load cell-type sensors may be prepared using piezoelectric ceramics. The prepared BCZT 

ceramics are piezoelectric as well as a good dielectric material. They can be configured in M-P-

M (metal- piezo material- metal) structure. A load cell is a transducer that converts mechanical 

force, i.e., tensile and compressive force, into a measurable electrical unit. Piezoelectric-type 

load cell operates on the idea of accumulation of charges, which is a system’s ability to hold a 

charge. When pressure or force is exerted on the prepared ceramic pellet sample, a difference in 
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charge is formed, which may lead to an output voltage. Therefore, the applied load (force) may 

be calibrated regarding voltage. Also, it can be used as a door knock sensor, etc.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Block diagram of piezoelectric sensor (load cell, door knock sensor etc.). 

ABO3 type barium-calcium zirconate-titanate (BCZT) ferroelectric ceramics are interesting due 

to their wide electrical properties and non-toxic nature [1-3]. Though the large piezoelectric 

constant lead- based perovskite ferroelectric compounds, e.g., lead zirconate titanate (PZT) and 

Pb(B'B'')O3, (B' = Zn, Mg, In and Sc and B'' = Nb, Mo, Ta, and W), [4-5] are available, but due 

to their toxic nature, they are less preferred to utilize, and the search for high piezoelectric 

constant lead- free compounds has attracted the attention recently [1,6-10]. 

Significant piezoelectric constant has been found in (Ba1-xCax)(Zr1-yTiy)O3, (x, y = 0 to 1) 

ceramics, near the morphotropic phase boundary [11,12]. The structural and electrical properties 

of the BCZT system have been investigated by Hennings [13] and Yu et al. [14]. Tian et al. [15] 

studied the composition variation of piezoelectric and structural properties by varying the Ba/Ca 

ratio in (Ba1-xCax)(Ti0.9Zr0.1)O3, for the compositions with x = 0 to 0.20, and reported the 

existence of a typical MPB, near x = 0.150. The mechanism of the enhanced piezoelectricity 

around the MPB is of considerable significance. The polarization extension and rotation, 

presence of intermediate phases, and elastic softening of lattice contribute to large 

piezoelectricity in (Ba1-xCax)(Ti0.9Zr0.1)O3 ceramics, at morphotropic phase boundary [15]. As a 
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result, much time and energy has been spent researching the causes of the high level of 

piezoelectricity. The (Ba1-xCax)(Ti0.9Zr0.1)O3 ceramic systems receive significant attention 

because of the development of several possible polarization directions, at MPB, which may 

contribute to a large extremal remanent polarization and electromechanical coupling factor (ks) 

[5]. Mondal et al. [16] observed enhanced electrical properties in BCZT ceramics due to the cell 

deformation near the MPB region. An anomalous break in the peak shifting pattern has been 

reportedly observed at MPB [17]. Hanani et al. [18] found technologically potential piezoelectric 

properties of (Ba1-xCax)(Ti0.9Zr0.1)O3 compositions, near x = 0.150. Wang et al. [19] observed 

significant piezoelectric properties of (Ba1-xCax)(Ti0.9Zr0.1)O3 lead-free ceramics with x = 0.150. 

Wu et al. [20,21] observed the effect of sintering dwell time on piezoelectric properties of (Ba1-

xCax)(Ti0.9Zr0.1)O3 compounds, near x = 0.150, the morphotropic phase boundary. The enhanced 

electrical properties of the (Ba1-xCax)(Ti0.9Zr0.1)O3 compounds, near morphotropic phase 

boundary (MPB), may be attributed to the separation of two ferroelectric phases with different 

crystallographic parameters [22-24]. Therefore, ABO3 type compounds are attracting 

considerable attention due to the significant hike in their piezoelectric properties near the MPB.  

Presently, (Ba1-xCaxZr1-yTiy)O3 (x = 0.140-0.160, y = 0.9), samples of BCZT ceramics have been 

prepared by solid-state reaction method following double sintering, at 1300 oC, for 4 hrs, each 

cycle. The structural behaviour and piezoelectric properties of the prepared (Ba1-xCaxZr1-yTiy)O3 

compositions were observed. The composition dependence of structure, converse piezoelectric 

constant (d33*), strain (%), coercive field, polarization current, and remnant polarization of the 

BCZT samples were measured for the compositions near MPB, x = 0.150. The preparation 

methodology of the (Ba1-xCax)(Zr1-yTiy)O3 pellet samples, their X-ray diffraction (XRD) patterns, 

scanning electron micrograph (SEM) images, composition-dependent dielectric properties, 

density, etc. were described in Chapter-2. For piezoelectric measurements, the sintered pellet 

samples were electroded, with air-drying silver paste, in metal-insulator-metal (MIM) 

configuration. Further, to measure the prepared samples’ polarization and piezoelectric constant 

(d33*), a P-E loop tracer (aixACCT Systems GmbH, aixPES) with a piezometer was used. 
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4.2     Piezoelectric measurements  

The polarization vs the electric field (P-E) hysteresis loops of the prepared BCZT samples were 

measured at room temperature, at 1 Hz frequency (triangular wave), with an applied peak electric 

field of 8.28 kV/cm (breakdown limit field). The observed P-E hysteresis loops for the prepared 

compositions have been shown in Fig. 4.3. The hysteresis loops show a good ferroelectric nature 

of the prepared ceramics. Fig. 4.4 shows the observed strain (%) vs electric field characteristics 

of the prepared BCZT samples. The observed butterfly loops show the soft domain reorientation 

characteristic of the prepared samples [28]. 

Generally, electroceramics have two main categories. They are called dielectric and conductive 

ceramics. Electroceramics may show mechanical strain upon applying an electric field and vice 

versa. The observed electric field-induced strain experiences two types of contribution. The 

intrinsic contributions are responsible for exhibiting electrostriction and piezoelectric effects, 

while the irrelevant contributions may show domain wall movement in materials having 

ferroelectric domain structures. The converse piezoelectric effect exhibits a mechanical strain 

upon applying an electric field. The converse effect consists of a linear dependence of the strain 

upon the applied electric field, which can be elongation or contraction depending on the relative 

direction of the applied electric field and the material’s polarity [28]. The ferroelectric domain 

may change when an electric field is applied to the prepared ceramics. The domain walls 

simultaneously contribute to the changes in polarization and strain. The observed strain is firmly 

negative, exhibiting that the compositions experience elongation along the electric field 

direction. Furthermore, strain response, piezoelectric effect and electrostriction incorporate the 

contribution of domain wall movement, which contributes to a complex nonlinear and hysteretic 

nature, with a typical strain-electric field loop similar to a butterfly-like shape [28]. 
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Fig. 4.3 Polarization vs electric field (P- E) hysteresis loops of (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.140- 0.160, y = 0.9) ceramics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Plot of strain (%) with electric field, in (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 

0.9) ceramics. 
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Fig. 4.5 Plot of converse piezoelectric constant (d33
*) with sample (x), in (Ba1-xCax)(Zr1-

yTiy)O3, (x = 0.140- 0.160, y = 0.9) ceramics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Variations of coercive field (Ec) and remnant polarization (Pr) with sample (x), in 

(Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140- 0.160, y = 0.9) ceramics. 
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Fig. 4.7 Variations of polarization current with an electric field, in (Ba1-xCax)(Zr1-yTiy)O3, (x = 

0.140- 0.160, y = 0.9) ceramics. 

 

 

For the prepared compositions, the highest strain value (%) was observed for the composition 

with x = 0.150. The converse piezoelectric constant (d33*) is obtained as the ratio of the strain 

(maximum) to the electric field (maximum), i.e., Smax/Emax [29], and was calculated from the 

butterfly characteristics of the BCZT ceramics. For the prepared compositions, a plot of the 

piezoelectric constant (d33*) with composition (x), at RT, has been shown in Fig. 4.5. The value 

of (d33*) was found maximum to be 342 pm/V, for the compositions with x = 0.150, among the 

prepared compositions. Singh et al. [30] observed similar piezoelectric characteristics for the 

pellet samples of (Na, K)NbO3 ceramics near MPB. The observed distinct change in converse 

piezoelectric properties, at x = 0.150, may be attributed to the lattice change near the MPB.  

For the prepared BCZT compositions, the observed variation of coercive field (Ec) and remnant 

polarization (Pr) with Ca content (x) have been shown in Fig. 4.6. In the prepared composition 

range, the maximum value of remnant polarization (Pr) was found 20.82 µC/cm2; and maximum 

coercive field (Ec), 3.384 kV/cm, for the samples with x = 0.150. These observations may be 

attributed to the greater deformation in the lattice of the BCZT ceramics, near MPB, at x = 0.150 

[15,31]. The variation of polarization current with the applied electric field is shown in Fig. 4.7. 
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The highest magnitude (3.48 x 10-5 A) was observed for the compositions with x = 0.150, among 

the prepared samples. 

The internal stress, defects, and morphology of the ceramics considerably depend on the 

processing conditions [32], the purity, and the grain size of the starting materials [33]. The 

electrical properties considerably depend on the prepared samples’ crystallographic information, 

grain size and density [34,35]. The low permittivity of the grain boundary contributes to low 

polarization in the ferroelectrics. Also, the available space charges at the grain boundary may 

help to exclude polarization charges on the grain surface, and may result in polarization 

discontinuity. Therefore, a depolarization field appears, and further, the polarization reduces, in 

the smaller grain ceramics. With increasing Ca component (x), the density of the BCZT ceramics 

was reportedly found to increase, reaching a maximum for x = 0.150, which decreases with a 

further increase in x. In contrast, the grain size had the opposite variation, i.e., it decreased with 

increasing x, reaching a minimum for x = 0.150, and increased with further increase in x [36]. 

The increase or decrease in the number of grain boundaries depends on the grain size of the 

ceramics, while larger grains result in less no. of grain boundaries and vice versa. The smaller 

grain size, for the compositions with x = 0.150, would have more grain boundaries, resulting in 

reduced polarization in the BCZT ceramics. But the observed remnant polarization (Pr) and 

coercive field (Ec) were found to be maximum for the sample with x = 0.150, which shows that 

these parameters are a composition-dependent property rather than the density or the grain size 

of the BCZT ceramics. A similar observation on the dielectric properties of BCZT ceramics has 

been reported in a previous communication [36]. 

 

4.3    Discussion  

For the prepared BCZT ceramics, a continuous XRD peaks shifting pattern was observed with 

varying x, with a break for the samples with x = 0.150, indicating a strong composition-

dependent structural anomaly. Among the prepared compositions, the piezoelectric constant 

(d33*), strain (%), remnant polarization, polarization current and coercive field were observed 

maximum, for the sample with x = 0.150. The structural anomaly, and extremal values of 

converse piezoelectric constant (d33*), strain (%), remnant polarization, and coercive field show 

a MPB-like composition, near x = 0.150, in the prepared BCZT ceramics. 
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CHAPTER-5 

Optical properties of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 0.9), thin films 

 

 

Brief summary 

 

The optical properties of the prepared thin films have been described in this chapter. Thin films 

were deposited, on quartz and p-Si (100) substrates, by radio frequency (RF) sputtering of 

ceramic barium calcium zirconate titanate [(Ba1-xCax)(Zr0.1Ti0.9)O3], (x = 0.155), target. The as-

deposited films were annealed for one hour at different temperatures, between 500 and 800 oC. 

The occurrence of film crystallization was observed on annealing at and above 600 oC. However, 

films peeled out on annealing at 800 oC. The structure and optical transmittance of the prepared 

films (hereafter referred to as BCZT0.9 films), annealed at different temperatures, were measured. 

Refractive index and optical bandgap were obtained from the measured optical transmittance of 

the films deposited on quartz substrates and annealed at different temperatures. The optical 

bandgap of the BCZT0.9 films was found to reduce from 4.24 to 3.87 eV with the increase in 

annealing temperature. 
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CHAPTER-5 

Optical properties of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 0.9), thin films 

 

5.1     Introduction 

The study of thin films deals with systems whose dimensions are very small. The distinct and 

unique characteristics of a thin film are not conferred simply by its thinness but rather by the 

microstructure resulting from the unique arrangement of the atoms by gradually adding the basic 

building blocks one by one. The study of bulk form analyses of the physical properties of three-

dimensional forms. These characteristics are generally considered independent of volume, even 

though many characteristic qualities are associated with unit volume. This idea is reasonable 

because the sizes are roughly within macroscopic bounds, still, once one dimension is so tiny, it 

is no longer valid that the surface-to-volume ratio noticeably increases. In a bulk material, the 

particles are influenced by forces from all directions. However, these forces are reduced when 

merely surface area is considered. Because of their obvious symmetry, the force exerted on the 

particles at the surface varies from those of the bulk. Thus, one speaks of the existence of surface 

states because energy levels at the surface may differ significantly from the internal axis. 

When a substance’s thin film is considered, a situation arises where the two surfaces are so near 

one another that it may significantly affect the substance’s internal physical characteristics and 

mechanisms. As a result, their internal physical properties and processes diverge significantly 

from those of bulk material. The surfaces’ proximity and interaction with one another can give 

rise to whole new phenomena. Additionally, reducing a material’s one dimension to an order of 

only a few atomic layers produces a structure that is halfway between macro- and molecular- 

scale systems, offering a way to investigate the microphysical underpinnings of many processes. 

It is impossible to precisely answer what limits a film should be considered ‘thin’. It is feasible to 

state that the thickness beneath which the described anomalies arise determines the limit; 

however, this varies for various physical processes. The technology and physics of thin films 

deal with films that range in thickness from tenths of a nanometer to several micrometers. Thin 

film materials’ surface-to-volume ratio, thickness, microchemistry, and microstructure impact 

their physical characteristics, and the growth process strongly influences these factors.  
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Optical phenomena are specialized ones related to thin films. Recently, the vast demand and 

wide tailor-made applications extraordinarily promoted studies on thin films’ electrical 

properties and electron emission. The optical characteristics deal with the properties of materials 

when exposed to electromagnetic radiation and, more specifically, to visible light. Thin films 

were initially used for their optical characteristics. Metal films have good reflecting properties. 

They are utilized in different components of high-precision optical equipment. Coated lenses are 

used in optical imaging devices, like microscopes, binoculars, cameras, telescopes, etc. Selective 

absorbers, optical filters, and dielectric mirrors all utilize coatings similar coatings [1]. 

Apart from the standard optical components, optical films have a variety of new emerging 

applications, like solar cell coatings [2], energy storage applications [3], end mirrors for lasers 

[4] etc. In contrast, a predetermined wavelength dependence of transmittance or reflectance can 

be achieved by combining several films with different thicknesses and refractive indices. Almost 

all applications for optical films are found in the region of the electromagnetic spectrum from the 

ultraviolet range to the infrared range and far beyond. 

The several dielectric materials incorporated in optical coatings include fluorides [5] (e.g., MgF2, 

CeF3), oxides [6] (e.g., Al2O3, TiO2, SiO2, Ta2O5), sulfides [5] (e.g., CdS, ZnS), assorted 

materials [7] (e.g., ZnTe, ZnSe), etc. A fundamental property of optical thin film is their 

minimum absorption coefficient [8] (  103 cm-1), which makes them virtually transparent in 

some important wavelength regions of the spectrum (higher wavelength region). 

One of the important optical characteristics in constructing optical coatings is the refractive 

index (no). A phase shift is created between the incident and forward-scattered beams due to the 

refracted beam moving in various mediums at numerous speeds. The difference in velocities of 

the incident and refracted beams can be used to interpret this phase shift. It is anticipated that the 

value of no may be affected owing to the change in the strength of the refracted beam. The 

density of electrons may also affect the value of no. For numerous optical applications, 

ferroelectric materials [9,10], such as LiNbO3, KNbO3, Ba(ZrTi)O3, PbTiO3 and their family, are 

widely used. Various optical applications such as optical waveguide devices [11,12], frequency 

doublers for diode lasers [13-17], infrared detectors [18,19], spatial light modulators [20], optical 

memories [21,22] and displays, etc., will require suitable optical materials. Nonmetallic materials 

can be transparent or opaque to visible light, often appearing coloured when transparent to 

visible light. The three main ways that a set of materials can absorb light are, in theory, 
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electronic polarization, electronic transitions across the band gap, and electronic excitations to 

impurity or defect levels, which also impact the materials’ transmission characteristics. 

Electronic polarization’s absorption becomes significant at light frequencies close to the 

constituent atoms’ relaxation frequency. The final two processes involve electron transitions, 

which are dependent on the materials’ electronic energy band structures; one of these absorption 

processes includes the absorption as a consequence of electron excitations across the band-gap; 

the other is associated with electron excitations to impurity or defect levels that are located 

within the band gap.  

Absorption of a photon can introduce or excite an electron, across the band gap, from the 

adjacently filled valence band to an empty state within the conduction band, generating a free 

electron in the conduction band and a hole in the valence band. The excitation energy (Eg) is 

related to the absorbed photon frequency (), i.e., Eg = h. These excitations with the 

accompanying absorption may only occur if the photon energy is larger than the band gap, Eg, 

i.e. if h  Eg, or   hc/  Eg. 

Electromagnetic radiations are categorized as microwaves, infrared light, ultraviolet light, x- 

rays, visible light and gamma rays. The optical property of a material is defined as the response 

due to the introduction of electromagnetic radiation. It is conveniently studied by using visible 

radiation. The optical phenomenon relies on the frequency of the light incident on the materials. 

The band gap energy falls under ultraviolet radiation for numerous materials, so the solid does 

not absorb visible light. For example, materials with excitation energy Eg = 3.1 eV and  = 400 

nm show minimum wavelength in the visible range. Therefore, the nonmetallic materials having 

band gap energy greater than 3.1 eV exhibit colourless and transparent characteristics. 

An extremely efficient way to ascertain the inter-band structure of the materials is through 

optical measurements. Between various bands, photon-induced inter-band electronic transitions 

may take place. Lattice vibrations can also be studied using optical properties. Mainly, 

measuring the absorption coefficient for different energies gives information about the band gaps 

of the materials [23]. Thin films’ optical and electrical characteristics are significant due to their 

technological applications in sensors. Studying the band gap of the optical thin films is also 

essential for various applications. 

Recently, there has been a marked rise in the interest in large dielectric constant (K) materials for 

memory components. To scale down the size of the memory devices, silicon oxynitride 
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(SiNxOy), the most common semiconductor memory dielectric, due to its high leakage current 

[24] and small relative permittivity [25,26], has to be replaced by high dielectric constant and 

low leakage current material. Many binary oxides with relatively higher dielectric constant, e.g., 

tantalum pentoxide (Ta2O5) [27-31], titanium oxide (TiO2), zirconium oxide (ZrO2) [32-34], and 

their solid solutions, etc., have been found compatible with the current fabrication procedures, 

and are therefore attracting significant attention in miniaturization of silicon memory devices. 

Numerous oxides with high dielectric constant have been proposed to improve performance and 

reduce the size of memory devices [35-38]. The high dielectric constant perovskite solutions, 

such as strontium zirconate titanate (Sr(Zr,Ti)O3), barium zirconate titanate (Ba(Zr,Ti)O3), 

calcium zirconate titanate (Ca(Zr,Ti)O3), and their solid solutions, e.g., (Ba,Ca)(Zr,Ti)O3, etc. 

[39-41] have tremendous potential in memory devices. However, they must be tested to be non-

toxic and compatible with current fabrication procedures in the microelectronic industry. These 

lead-free perovskite solid solutions have attracted researchers due to their large dielectric- and 

piezo-constant, etc., in general, and exceptionally extreme properties at certain compositions 

near the morphotropic phase boundary (MPB) [42-49]. Near the MPB, a composition-dependent 

transition and irregular variation in lattice parameters cause the extremal physical properties [42-

49]. A MPB has been reportedly observed, at composition (Ba1-xCax)(Zr0.1Ti0.9)O3, in the barium 

calcium zirconate titanate ((Ba,Ca)(Zr,Ti)O3) system (BCZT system) [42]. With varying x, 

different (Ba1-xCax)(Zr0.1Ti0.9)O3 compositions may be prepared, which may exhibit many 

possibilities to substitute the lead-based ceramics in several ferroelectric and dielectric devices 

[50-54].  

Thin films of BCZT system offer various potential uses, including integrated circuits and 

piezoelectric micro- system devices, etc. [55]. Ferroelectric thin films are mostly coated using 

physical techniques, such as radio frequency sputtering, pulsed laser deposition, etc. [56,57], and 

chemical solution deposition techniques, for example, the sol-gel method, etc. [58]. Ferroelectric 

thin films may have highly compact surfaces and exhibit significant dielectric and piezoelectric 

properties. Luo et al. [55] investigated the dielectric characteristics of BCZT thin films produced 

using the radio frequency sputtering. Lin et al. [51] and Bhardwaj et al. [52] studied the dielectric 

constant of BCZT thin films produced by the sol-gel and pulsed laser deposition methods. 

Annealing treatment remarkably influences the films’ electrical characteristics, crystallographic 

phase, and microchemistry [59-61]. The leakage current characteristics of BCZT thin films have 
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been reported to improve with a rise in annealing temperature [55]. The stoichiometry and 

microstructure considerably affect the electrical properties of BCZT films. Hence the optimized 

annealing may improve the dielectric and leakage current characteristics of thin film 

composition.  

Previously, the maximum dielectric constant of bulk (Ba1-xCax)(Zr0.1Ti0.9)O3 pellets was observed 

for x = 0.155, among the prepared compositions near MPB [42]. In the present study, ceramic 

pellet target of (Ba1-xCax)(Zr0.1Ti0.9)O3, (x = 0.155), was prepared by solid- state reaction process 

through double sintering. Thin films were deposited by radio-frequency (RF) sputtering of the 

prepared ceramic target, using argon as sputtering gas (hereafter referred to as BCZT0.9 films). 

To investigate the optical and electrical properties, thin films were deposited, onto both sides 

polished quartz (refractive index, 1.51, and transmittance in the visible region = 92 %), and 

silicon [p- Si (100)] substrates, respectively. All films were deposited at ambient temperature and 

then annealed in ambient air, each at 500, 600, 650, 700, 750 and 800 oC, for 1 hr. The effect of 

annealing on the measured structural, optical and electrical properties of the prepared BCZT0.9 

thin films has been presented in this paper. 

 

5.2     Preparation 

A target (ceramic pellet) of BCZT (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 was prepared by solid-state 

reaction process followed by double sintering. The preparation method of the target was similar 

to that used to prepare pellet samples for bulk measurements, which is discussed in Chapter-2. 

High purity (> 99.5%) powders of Ba2CO3, Ca2CO3, ZrO2 and TiO2, were taken for the current 

study. The materials were dried separately to remove the absorbed moisture, at 200 °C for 2 hrs. 

The composition was made by weighing the materials in an accurate stoichiometric ratio. The 

mixture was well mixed, wet and dry ground, and calcined as described in Chapter-2. The 

calcined powder was pressed into a target (~ 4 mm thickness and 2-inch diameter) with a 

longitudinal pressure of 0.5 GPa. The composition was sintered at 1300 oC, for 4 hrs. The 

sintered target was crushed and ground further into powder. This ground powder was pressed 

into a target (pellet) at 0.5 GPa. According to Chapter-2, maximum density was observed for 

BCZT ceramics at 1300 oC, which is also lower than their corresponding melting point. So, the 

sintering temperature of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 composition was chosen at 1300 oC, 

according to its optimized density and melting point [42], and the target was sintered for 4 hrs.  
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This sintered target was crushed further, fine ground and pressed into ~ 4 mm thickness and 2-

inch diameter target at 0.5 GPa, and further sintered at the chosen temperature 1300 oC, for 4 

hours [42]. BCZT0.9 thin films were deposited by magnetron RF sputtering of the prepared target. 

The quartz substrates (15 mm × 10 mm × 0.5 mm) were shake cleaned using an ultrasonic 

cleaner, for 4-5 minutes in the laboratory detergent mixed with de-ionized water, then rinsed 

with de-ionized water and lastly wiped with soft dry cloth with a little trace of acetone. When 

exposed to air, within seconds, oxide layer forms on the surface of the silicon substrate. To 

remove the formed oxide layer, silicon substrates were shaken well in dilute hydrogen fluoride 

(HF), 3-4 drops in 250 ml de-ionized water, for 4-5 minutes, using ultrasonic cleaner, which 

were further rinsed with de-ionized water and finally wiped by clean and dry trace paper, and 

were instantly placed within the chamber, which was immediately evacuated. The vacuum 

pumping unit combined with a 300 litre/sec diffusion pump with a 200 liter/ min rotary vacuum 

pump was used to achieve an ultimate vacuum of 1 × 10-5 mbar. The Pirani-penning gauge 

combination was used to monitor the vacuum. The vacuum chamber, open at both ends, from 

Hind High Vacuum Co. (P) Ltd. Bangalore (India), was formed with a 300 mm diameter 

stainless steel cylinder. The target was fastened with a water-cooled magnetron assembly and 

was arranged to facilitate the sputtering in sputter-down mode. The target- substrate distance was 

kept 30 mm. Argon (Sigma Aldrich, 99.99% purity), the sputtering gas, pressure in the chamber 

was controlled using a needle valve. The radio frequency power used for depositing the BCZT0.9 

films was kept at 60 W. The as-deposited film samples were taken out of the vacuum chamber 

and were annealed, each at 500, 600, 650, 700, 750 and 800 oC, for 1 h, in air. Films annealed at 

800 oC were found to peel out of the substrates, and were not suitable for any further 

measurements.   

X-ray diffraction (XRD) measurements were taken with the help of an X-ray diffractometer 

(PANalytical, X’PERT PRO) to find the structural data of the prepared thin films. Elemental 

identification and quantification in the deposited film samples and the ceramic target were done 

using a scanning electron microscope (Carl Zeiss, EVO 18 Special Ed.) integrated with energy 

dispersive spectrometer (Oxford instruments). Transmittance of the films, deposited onto quartz 

substrates, was measured in the wavelength range, from 900 to 200 nm, with a 1 nm step, using a 

UV-Vis-NIR spectrophotometer (Agilent, Cary 5000).  
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5.3 Characterization 

5.3.1 X- ray diffraction patterns 

The structural characteristics of thin films, prepared on the silicon substrates were measured with 

X-ray diffraction (XRD) at room temperature (RT). The XRD patterns of the prepared films 

were measured by a X-ray diffractometer (PANalytical, X’PERT PRO), having CuKα1 radiation 

of wavelength 1.5406 Å. The XRD data was measured at a scanning rate of 1.8º/minute, in a 

wide range of 2θ (20° ≤ 2θ ≤ 65°). Peak indexing was done using the Inorganic Crystal Structure 

Database (ICSD). The structural properties of BCZT0.9 oxide films depend on their growth and 

post-annealing process [62]. Generally, oxide films deposited at room temperature have an 

amorphous character, while higher annealing temperatures are required for crystallization [23,62-

66]. The measured XRD patterns of the BCZT0.9 films are shown in Fig. 5.1. The films deposited 

at RT and annealed at 500 oC show amorphous structure. Films annealed at 600 and 650 oC show 

crystal structure with a single (020) orientation, and films annealed at 700 and 750 oC exhibit 

multi-orientation crystallization with orthorhombic structure and are consistent with the ICSD- 

(00-056-1033). The height of the XRD peaks increases with increasing annealing temperature, 

up to 750 oC, indicating increased crystallite size and improved oxygen stoichiometry, with 

increasing annealing temperature [67].  

From the measured XRD data, stress (S) in the prepared films was calculated using the relation 

[68,69], S = Y(b-bo)/2νbo, where Y is Young’s modulus (59.2 GPa), ν, the Poisson ratio (0.3), bo 

the lattice constant (5.6522 nm) [68,70] of bulk BCZT0.9, and b is the observed lattice constant of 

the prepared BCZT0.9 film. From the XRD data, Fig. 5.1, the lattice constant b is measured 

5.6643, 5.6647, 5.6649 and 5.6717 nm for films annealed at 600, 650, 700 and 750 oC, 

respectively. The changing lattice constant may be related to the change in stress on annealing.  

Variation of the calculated stress with annealing temperature is shown in Fig. 5.2. In the prepared 

BCZT0.9 films, the drastically increasing stress with rising annealing temperature might have 

resulted in the peeling out and failure of the films on annealing at 800 oC.  
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Fig. 5.1 XRD patterns of BCZT0.9 thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 Stress variation with annealing temperature in BCZT0.9 films, annealed at 600, 650, 

700 and 750 oC. 
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Fig. 5.3 EDS spectrum of BCZT0.9 thin films. 

 

5.3.2 Energy dispersive spectroscopy (EDS) results 

Fig. 5.3 exhibits the featured distinctive Ba, Ca, Ti, Zr, and O peaks in the energy dispersive 

spectrum of BCZT0.9 films deposited at room temperature (RT). The EDS measurements showed 

consistency of the elemental composition in the bombarded target and the deposited films.  

 

5.3.3 Optical measurements 

The optical transmission of the BCZT0.9 films, deposited on quartz substrates, was measured in 

the wavelength range 900-200 nm. Fig. 5.4 exhibits the measured transmission spectra of the 

prepared films, deposited at RT and annealed at 500, 600, 650, 700, and 750 oC. For the films 

deposited at RT and annealed at 500 and 600 oC, high transmittance (~79-80%), near the 

transmittance of blank quartz (i.e., 92%), was found above 400 nm, in the measured wavelength 

range. It was found that the transmittance of the amorphous films increased with annealing 

temperature (up to 600 oC), which may be a result of improved film quality with better oxygen 

stoichiometry on annealing [36]. However, the observed improvement in the transmittance of 

amorphous films was smaller with rising annealing, up to 600 oC. The transmittance was 

measured to decrease (~73-87%) with further increase in annealing temperature (between 650 

and 750 oC), which may be associated with the multi-orientation of the crystallites on annealing 
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(XRD data, Fig. 5.1), which may cause in the scattering of incident photons and hence reduced 

transmittance [36].  

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

Fig. 5.4 Wavelength variation of optical transmittance (T%) of BCZT0.9 films deposited on the 

quartz substrate. 

 

The optical transmittance plots were used to compute the thickness (d) and refractive index (no), 

and other optical parameters of the prepared BCZT0.9 films, deposited on a quartz substrate 

(transmittance = 92%, no = 1.51), applying Swanepoel’s envelope method [23]. Fringes were 

observed in the transmittance plot. In the optical transmission the fringes appear due to the 

interference phenomenon arising from the reflections at the film, and film-substrate interface, as 

in the Fabry Perot interferometer [23]. The occurrence of the fringes observed at different 

wavelengths in different samples depends on their slightly different thickness. 

 

5.3.4    Refractive index 
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where ns is the refractive index of the substrate, at wavelength ; and  
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where TM() and Tm() are the transmission maxima and minima, respectively, corresponding to 

wavelength  obtained from the envelope, for example, as shown in Fig. 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Envelope of the transmission spectra of the BCZT0.9 film deposited at RT. 

  

The reported value of the refractive index for BaTiO3 thin film was 2.05 [71], and for 

BaCaTiZrO3 thin film, 2.32 [72]; at 632.8 nm. 
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The thickness (d) of the film is shown by [23], 
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where 1 and 2 are the wavelengths of two successive maxima and minima; n1 and n2 are the 

refractive indices, at 1 and 2, respectively.  

Thickness (d) of the RT deposited BCZT0.9 films and the films annealed at 500-750 oC, were 

calculated 330 ± 10 nm. The refractive index was generally noticed to reduce as the wavelength 

increased, which is consistent with the reported results for other oxides [72,73]. On the increase 

in annealing temperature, the value of n of the prepared films increased from 1.896 to 2.090, at 

633 nm wavelength, Fig. 5.6. A significant difference in the refractive indices of amorphous and 

crystalline films was observed, Fig. 5.6. The magnitudes of n of the crystalline films were higher 

than that of the amorphous films, which may be due to the increased density of the former on 

annealing [74]. The processing conditions, presence of voids, defects, film-substrate interaction 

and crystal structure of the prepared film may influence the measured variations in no [74,75].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6 Wavelength dependence of refractive index, in BCZT0.9 films, for as-deposited and 

the films annealed at different temperatures. 

 

5.3.6 Absorption and extinction coefficient    

The amount of energy a material can absorb is determined by its absorption coefficient. The 

absorption coefficient () of the material film is shown by [76,77], 

300 400 500 600 700

1.88

1.92

1.96

2.00

2.04

2.08

2.12

R
e

fr
a

c
ti

v
e

 i
n

d
e

x
 (

n
)

Wavelength (nm)

 RT

 500 
o
C

 600 
o
C

 650 
o
C

 700 
o
C

 750 
o
C

 

 



96 
 

               dxlogα  ,                                                                                             (5.4) 

where,   
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n and ns are the refractive indices of the film and substrate, respectively; d is the film thickness, 

and Tm is the maximum transmission of the film.  

For the prepared BCZT0.9 films (room temperature deposited films and the films annealed at 

various temperatures), the measured  was observed decreasing with increasing wavelength in 

ambient atmosphere, Fig. 5.7. The calculated value of  has been obtained to be 1.670, 1.665, 

1.908, 2.153, 2.386 and 2.389 cm-1 for the samples deposited at RT, annealed at 500, 600, 650, 

700 and 750 oC, respectively, at 400 nm wavelength. Fringes were observed in the transmittance 

plot. In the optical transmission, the fringes appear due to the interference phenomenon arising 

from the reflections at the film, and film-substrate interface, as in the Fabry Perot interferometer 

[23]. The occurrence of the fringes observed at different wavelengths in different samples 

depends on their slightly different thickness. The interference fringes vanish in the strong 

absorption region, so the values of n in the strong absorption region were extrapolated from those 

calculated in the other spectral regions [23].   

The extinction coefficient (k) is defined as the reduction of the intensity of radiation as a result of 

absorption or scattering by matter, and at the wavelength , is given by [23], 

     k = /4.         (5.7) 

With rising annealing temperature, the k was observed to increase from 0.044 to 0.049 at 633 

nm, Fig. 5.8. The values of k did not change significantly after annealing (up to 750 oC). The 

higher annealing temperature may cause more absorption due to atom reorientation and more 

oxygen loss in the crystal area [78], which could make crystalline films’ extinction coefficient 

greater than amorphous films’. 
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Fig. 5.7 Wavelength dependence of absorption coefficient (α in the unit of 103) of BCZT0.9 

films, annealed at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Variation of extinction coefficient with wavelength of the BCZT0.9 films prepared at 

different conditions. 
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5.3.7 Optical band gap and inter band transitions 

The optical transmission plots of the prepared thin films show a sharp absorption edge with the 

appearance of the ultraviolet (UV) region, which is about to end in the visible region of the 

spectrum at short wavelengths. The films deposited at RT and annealed at 500, 600, 650, 700 and 

750 oC show the sharp absorption edge or critical wavelength (c) at 272, 271, 278, 273 and 281 

nm, respectively. The valence band is the top nearly filled band, and the conduction band is the 

lowest nearly empty band. The band gap is the distance between them, which represent the 

electronic transitions from the valence band to the conduction band. At higher wavelengths, the 

large optical transmission is constrained by absorption owing to the vibration of lattice ions in 

resonance with the incident radiation. The frequency of maximum absorption is correlated to the 

mass of vibrating cations and anions and the force constant. The incident photon energy can be 

used to explain the absorption coefficient, h and fulfills Eq. (5.8) [78], 

(h) = A (h - Eg)
m,        (5.8)  

where m and A are constants. The value of constant m decides the nature of transition in the thin 

film samples. The observations may be analyzed according to Eq. (5.8). 

The value of Eg has been calculated both at and outside the absorption edge. The relationship 

between the absorption coefficient variation and incident photon energy was plotted to evaluate 

the energy gap. The band gap of the dielectric films relies on their composition, stoichiometry, 

presence of defects, voids etc. [78-80]. 

The atoms are temporarily displaced from their mean positions in the lattice by absorbing some 

external energy at all temperatures above absolute zero. This result in the vibration of atoms 

about their mean locations in the solid, and these vibrations have quantized energy values. These 

quantized lattice vibrations are called phonons. A solid with absorbed radiation may undergo 

elastic vibrations that start photon-electron, photon-phonon, and other interactions.  

The direct transition probability may be observed due to photon-electron interaction in the films 

and calculated using Eq. (5.8), with m = ½. Figs. 5.9(a), 5.10(a), 5.11(a), 5.12(a), 5.13(a) and 

5.14(a) show ()2 vs h plots, for the RT deposited films and the films annealed at 500, 600, 650, 

700 and 750 oC, respectively. Extrapolation of the straight portion of the curve, ()2 vs h, gives 

the directly allowed energy band gap (Eg) of the BCZT0.9 films. The value of the directly 

permitted energy band gap was estimated from the intersection of the tangent, drawn near the 
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absorption edge, in the ()2 vs h curve (the straight line section), with the energy axis. Values of 

the directly allowed energy band gap were obtained as 4.18 eV for the BCZT0.9 films deposited 

at RT and 4.17, 4.13, 4.00, 3.93 and 3.87 eV for the films annealed at 500, 600, 650, 700 and 750 

oC, respectively. The structural change in the lattice may be used to explain how post-annealing 

affects the film band gap. On crystallization the band gap decreases drastically on the rise in 

annealing temperature. The structural change in the lattice, phase separation [81], enhanced 

crystallographic orientation [82], and the increased density with increasing annealing 

temperature can be attributed to the measured change in band gap on annealing.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at RT [m = 0.5, Fig. 5.9 (a), m = 

2, Fig. 5.9 (b), m = 3/2, Fig. 5.9 (c), m = 3, Fig. 5.9 (d)]. 
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Fig. 5.10 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at 500 oC [m = 0.5, Fig. 5.10 (a), 

m = 2, Fig. 5.10 (b), m = 3/2, Fig. 5.10 (c), m = 3, Fig. 5.10 (d)]. 
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Fig. 5.11 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at 600 oC [m = 0.5, Fig. 5.11 (a), 

m = 2, Fig. 5.11 (b), m = 3/2, Fig. 5.11 (c), m = 3, Fig. 5.11 (d)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at 650 oC [m = 0.5, Fig. 5.12 (a), 

m = 2, Fig. 5.12 (b), m = 3/2, Fig. 5.12 (c), m = 3, Fig. 5.12 (d)]. 
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Fig. 5.13 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at 700 oC [m = 0.5, Fig. 5.13 (a), 

m = 2, Fig. 5.13 (b), m = 3/2, Fig. 5.13 (c), m = 3, Fig. 5.13 (d)]. 
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Fig. 5.14 (α)2 vs hc/ curves, for BCZT0.9 thin films, deposited at 750 oC [m = 0.5, Fig. 5.14 (a), 

m = 2, Fig. 5.14 (b), m = 3/2, Fig. 5.14 (c), m = 3, Fig. 5.14 (d)]. 

  

The indirectly allowed transition probability may be observed due to the photon-phonon 

interaction. The photon-phonon interaction is satisfied by Eq. (5.8) with m = 2. Figs. 5.9(b), 

5.10(b), 5.11(b), 5.12(b), 5.13(b), and 5.14(b), exhibit the plot of 1/2 vs h. The Eg (indirect band 

gap) obtained 3.79 eV for RT deposited films and 3.80, 3.65, 3.40, 3.38, and 3.37 eV for the 

films annealed at 500, 600, 650, 700 and 750 oC, respectively. 

Besides photon-assisted electronic transitions, the phonon-assisted interaction probabilities are 

probable due to the inter-band absorptions in the films that correspond to the energy levels in the 

forbidden band. Excitons can be developed by direct photons alone or with help from photon-

phonon interactions. Eq. (5.8) gives this direct absorption probability with m = 3/2, and the 2/3 

vs h curves were presented in Figs. 5.9(c), 5.10(c), 5.11(c), 5.12(c), 5.13(c), and 5.14(c), for 

films deposited at RT and the films annealed at 500, 600, 650, 700 and 750 oC, respectively. For 

the prepared films, the direct forbidden gap energy (Eg, attributed to this mechanism) value was 

calculated using the 2/3 vs h curves. The direct forbidden gap energy were obtained 3.94 eV for 

RT films, and 3.93, 3.77, 3.55, 3.50, and 3.48 eV for the films annealed at 500, 600, 650, 700 

and 750 oC, respectively. 

Photon-phonon interactions can also result in the formation of excitons. Eq. (5.8) with m = 3 

illustrates the probability of phonon-assisted indirect absorption. The 1/3 vs h curves were 

presented in Figs. 5.9(d), 5.10(d), 5.11(d), 5.12(d), 5.13(d) and 5.14(d), for films deposited at RT 

and the films annealed at 500, 600, 650, 700 and 750 oC, respectively. For the prepared films, the 
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values of the indirect forbidden energy gap, Eg, were calculated using the 1/3 vs h curves. The 

values of indirect forbidden energy gap attributed to this method, Eg, were calculated 3.69 eV for 

the room temperature (RT) films, and 3.68, 3.36, 3.23, 3.17 and 3.16 eV for the films annealed at 

500, 600, 650, 700 and 750 oC, respectively. 

 

5.4    Discussion  

BCZT0.9 films were sputter deposited using the ceramic (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 target. The 

as-deposited films were annealed at 500, 600, 650, 700, 750 and 800 oC. However, films 

annealed at 800 oC peeled out, possibly due to the extraordinarily increased stress upon 

annealing. X-ray diffraction measurements showed the formation of orthorhombic BCZT0.9 

structure on annealing at 600, 650, 700, and 750 oC.  It was found that the annealing temperature 

significantly impacted the optical characteristics of the prepared thin films. The optical band gap 

was decreased with an increase in annealing temperature. Burstein [83] explained the broadening 

(red shift) and narrowing (blue shift) effect of the measured band gap. Based on these 

observations, the most satisfactory representation for the 2 vs h curve was found, which 

recommends direct transition probability in the deposited BCZT0.9 films via photon-electron 

interaction. 
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CHAPTER-6 

Current-voltage characteristics of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 0.9), 

thin films 

 

 

Brief summary 
 

The current-voltage characteristics of the prepared BCZT0.9 films, annealed at different 

temperatures, have been described in this chapter. The current-voltage variations of the prepared 

films exhibit different conductions for different annealing treatments. MIS Ag/BCZT0.9/Si/Ag 

assisted structure was prepared to find different dominating conduction mechanisms in the 

insulator, such as ohmic, Schottky emission, space-charge-limited current, Poole-Frenkel effect, 

tunneling, and ionic conduction. The variation of room temperature leakage current density (J) 

with the applied electric field (E) for the prepared MIS structures was measured for different 

annealing conditions. On crystallization, the leakage current density of the prepared films 

decreased by order of 3, from ~10-6 for amorphous to ~10-9 A/cm2 for crystalline films. Electrical 

properties were observed to improve for the films annealed at 750 oC than other annealed films. 
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CHAPTER-6 

Current-voltage characteristics of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 0.9), 

thin films 

 

6.1    Introduction 

Significant development and research have been carried out to achieve applications of 

ferroelectric materials in semiconductor technology [1-3]. Commercial nonvolatile memories are 

already made using ferroelectric capacitors in silicon-based integrated circuits [4,5]. Ferroelectric 

random access memory (FRAM) was proposed long back [6]. Since then, improved equipment 

and more sophisticated techniques have undoubtedly [7], led to the preparation and 

characterization of higher-quality ferroelectric films for different applications [8-16].  

Various applications are also expected in the field of sensors and actuators. It has indeed 

undoubtedly resulted in a fast advancement in the production of polycrystalline films and high-

quality epitaxial via newer development methods combined with improved control over the 

growth characters. A lot of studies have been dedicated to ferroelectrics with perovskite 

structures, such as BaTiO3, PbTiO3, (Pb, La)TiO3, Pb(Zr, Ti)O3, (Ba, Sr)TiO3, etc. [17-23].  

The post-deposition annealing temperature had an odd relationship with the leakage current 

density and was significantly higher for crystalline films than amorphous films [24]. 

Additionally, the majority of applications rely on the application [25] of an external field to the 

ferroelectric capacitor [26-28], which can be made of single crystals, bulk ceramics, or thin films 

of polycrystalline or epitaxial quality [29,30], which is prone to a leakage current. Also, 

understanding the conduction mechanism is necessary to reduce leakage current. To recognize 

the conduction mechanisms responsible for the leakage current, the investigation of the charge 

transport phenomena in ferroelectric thin films is significant, and also for all applications 

involving ferroelectric capacitors exposed to an applied external field [31,32]. 

Numerous factors, including impurity content, oxygen vacancy, the occurrence of partially 

oxidized silicon at grain boundaries close to the film or substrate interface, etc., have been 

implicated in the increase in leakage current density. The thin film’s composition, structure, 

impurities, stress, homogeneity, and local effects (grain boundaries, dopant segregation, 
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compositional variations, high defect density, pores, etc.) significantly impact the leakage 

current. 

Ferroelectric thin films are frequently electrically characterized by current-voltage (I-V) and 

capacitance-voltage (C-V) measurements for microelectronic applications like memory devices. 

In theory, these measurements can derive information about the modes of charge transport and 

the charge distribution in the ferroelectric film [25,33-35]. In the present study, the I-V 

measurements were carried out on the (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 thin film-assisted metal-

insulator-semiconductor (MIS) structures using a piezo-meter (aixACCT Systems GmbH, 

aixPES). By RF magnetron sputtering of the (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 target thin films were 

deposited onto silicon (Si, p-type, <100>) substrates. The as-deposited films were annealed for 

one hr at different temperatures, between 500 and 800 oC, in an ambient atmosphere. For the 

electrical measurements, metal-insulator-semiconductor (MIS) structures, Ag/BCZT0.9/p-Si, 

were prepared, using a shadowing mask, to sputter deposit silver as the top circular electrode(s) 

of 1.963 × 10-3 cm2 area. The bottom electrode for the MIS configuration was formed by 

depositing the silver on the back side of the silicon substrate without any mask. Further, to 

measure the current-voltage (I-V) characteristics of the prepared films, a P-E loop tracer with a 

piezo-meter was used. 

 

6.2 Basic conduction processes in insulators 

In the characterization of electrical properties of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 films, investigations 

have been performed on the conduction mechanism, leakage current, breakdown voltage 

measurements, etc. In an ideal MIS diode, the conduction of the insulating film is taken to be 

null at normal temperatures. Nevertheless, real insulators exhibit carrier conduction when the 

electric field or temperature is large [36]. Based on the energy band gap, the conduction 

mechanism may be explained in the dielectrics, amorphous or crystalline [35,36]. Compared to 

amorphous structures, the conductivity of a semiconductor is more vulnerable to impurities. 

Many localized traps are produced due to the large fluctuations in local configurations of atoms, 

which may trap free carriers and counteract the impact of contaminants. When sandwiched 

between pair of metal and semiconductor electrodes (MIS arrangement), insulating oxide films 

exhibit a huge electrical conduction phenomenon. The migration of electrons, holes and ions, due 

to the presence of an applied electric field, may rise to measurable currents. In different applied 
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field regions, different conductions, such as ohmic, at low fields, to Schottky [37,38] Poole-

Frenkel [39], Fowler-Nordheim [40], mixed-conduction [41,42], etc. Ideally, a dielectric is 

expected to be a perfect insulator with infinite resistivity. When subjected to an applied voltage 

(V), all dielectrics have a finite resistivity, allowing the passage of current (I) through it. At an 

applied electric field, the Fowler-Nordheim tunneling, Poole-Frenkel emission, Schottky effect, 

space-charge-limited conduction, ionic conduction, or a combination of some of these 

mechanisms may be held responsible for current flow through an impurity-free dielectric. Only a 

single mechanism cannot explain the observed I-V characteristics of the deposited film at all the 

applied voltages; however, over a measured voltage range, any of these mechanisms may have 

dominating effect. The maximum electric field a dielectric can sustain without causing runaway 

currents is generally used to define leakage current capability. The current-voltage (C-V) 

properties must be analyzed between the insulator and contacts of the prepared thin film material 

to find the rate-limiting dominant transport method. Barrier-limited and bulk-limited transport 

mechanisms are two significant-categories of rate-limiting mechanisms [36,43-45]. 

Barrier-limited processes are effective in the locality of the contact-insulator interface. The flow 

of charge restricts the conduction process from the contact to the insulator; once the charge is 

injected, it has difficulty migrating to the other electrode. Tunneling and Schottky emission 

conductions come into this type of mechanism. A sufficient number of charge carriers are 

inserted into the insulator conduction band by tunneling or Schottky emission in a bulk-limited 

mechanism [41,43]. Still, bulk transport restrictions make it difficult to reach the opposite 

electrode. The leakage current characteristics show ohmic behaviour at the lower electric field 

and exponential behaviour at moderately high fields [46,47]. Poole-Frenkel (PF) and space-

charge-limited (SCL) conductions are examples of this mechanism [36]. The behaviour of some 

common conduction mechanisms is briefly tabulated in Table 6.1.  

 

Table 6.1 Basic conduction processes in insulators [36,48]. 

Process                                                                      Expression                                                    

                                             Schottky emission (SC)                    
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Tunnel or field emission (TE)         
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Poole-Frenkel emission (PF)             
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Ionic conduction (IC)                           T
B

k
i

EΔexp
T

E
~J

a
 .                              (6.6) 

where B = barrier height, A = effective Richardson constant, m* = effective mass of the 

electron, E = electric field, d = insulator thickness, Eae = activation energy of electrons, Eai = 

activation energy of ions, and    
0
επq , kB = Boltzmann’s constant, q = electronic charge, 

V = applied voltage, T = absolute temperature, J = current density, µ = mobility of charge 

carriers, εi = insulator dynamic permittivity, ε0 = permittivity of vacuum, ε = dielectric constant 

of the insulator film,  and r are described in the text. 

 

The electrical characteristics of insulating oxide films and the conduction process in layers may 

be influenced by the existence of the following various charges [49]: 

(i) The trapped electrons and holes in the bulk of the insulator are identified as oxide-

trapped charges. 

(ii) The ionic impurities that in the insulator’s bulk are identified as mobile ionic 

charges. 

(iii) The structural defects localized in the insulator, around the insulator-

semiconductor, are identified as interface fixed oxide charges. 

(iv) The captured holes and electrons by trapping centres localized at the insulator-

semiconductor interface are identified as interface-trapped charges [36]. 
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The thermionic emission of electrons from a heated metal into a vacuum is known as the 

Schottky effect. This effect occurs due to the induced image force, which lowers the potential 

energy for charge carrier emission on the application of the electric field. The requirement of 

minimum energy to escape an electron from initial energy at the Fermi level into the vacuum is 

known as the work function qm (m in volts), as given in Fig. 6.1 [36]. The magnitude of qm 

for metals is small and alters from 2 to 6 electron volts (eV). Usually, the value of qm is much 

more prone to surface contamination. 

When an electron is at a distance x from the metal, an image positive charge (having equal and 

opposite charge of the electron) is induced on the metal surface [50,51]. The force of attraction 

between the electron and the induced positive charge corresponds to the force that would present 

between the electron at distance +x, and an equal positive charge located at distance -x, from the 

metal surface. The positive charge is referred to as the image charge, and the image charge 

induced to justify the basic concept is that inside a metal the electric field is zero. The force of 

attraction, known as the image force, is given by –q2/16ox
2, where o is the permittivity of free 

space. The potential energy of the electron at a distance x from the metal surface is q2/16ox, 

and is measured downward from the x-axis, and this rounds the potential barrier, Fig. 6.1. 

 

Fig. 6.1 Energy-band diagram between a metal surface and vacuum. The metal work function 

is qm. The effective work function (or barrier) is lowered when an electric field is 

applied to the surface. The lowering is due to the combined effect of the field and the 

image-force [36]. 
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At an applied electric field, E, the total potential energy (PE), as a position function (measured 

downward from the x- axis), is given by Eq. (6.7),  

qEx,
xoε  π16

2q
PE(x) 

 
(6.7) 

Schottky barrier lowering (also called image-force lowering)  and the location of the lowering 

xm (as shown in Fig. 6.1) is computed using the condition d[PE(x)]/dx = 0, which gives 

 

 xm = (q/16oE)1/2  ,    and       = (qE/4o)
1/2   = 2Exm   (6.8) 

The current owing to the thermally excited electrons hopping from one isolated state to the next, 

at low voltage and high-temperature, results an ohmic conduction mechanism. The ohmic 

conduction shows a linear characteristic between J and E, Eq. (6.3). The process of ionic 

conduction is analogous to that of diffusion, Eq. (6.6). The space-charge-limited (SCL) current 

occurs owing to the non-uniform rate of flow of charge carriers from metal contact to insulating 

film and through the insulating film and develops a space-charge cloud, which results in slowing 

down the further carrier injection from contact [43]. The applied voltage squared determines the 

space-charge-limited current, Eq. (6.4). 

Poole-Frenkel emission is involved with field-enhanced thermal excitation of trapped electrons 

into the conduction band of the insulator [36]. Poole-Frenkel (PF) effect follows a straight line 

plot in between the Ln (J/E) and √E, Eq. (6.5). The coefficient r, presented in Eq. (6.5), is 

referred to as the slope parameter [52] to show the impact of the trapping or acceptor centres (1 ≤ 

r ≤ 2) [48,53,54]. For r = 1, the conduction process is called the normal Poole-Frenkel effect 

[35,49]. The conduction mechanism is attributed to the modified Poole-Frenkel effect or Poole-

Frenkel method with compensation [49,55], for r = 2. In the latter case, the insulator 

encompasses the non-negligible number of trapped carriers [49,56]. Poole-Frenkel effect is a 

trap-limited mechanism, in which the slope of the line of the Ln (J/E) vs √E plot relies on the 

relative densities of the donor- and acceptor-type trapping centres [49]. 
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The current for Poole- Frenkel and Schottky emission mechanism may be described as [49], 

from Table 6.1. 

i = io exp[βq√E/kBT],         (6. 9) 

where  β = (q/απoKd)
1/2,         (6. 10) 

and Kd is the high frequency or dynamic dielectric constant. 

One can calculate β*SC = βSCq/kBT and β*PF = β*PF q/rkBT from the slopes of the Ln J vs √E and 

Ln (J/E) vs √E plots, respectively. Experimentally, it is hard to differentiate Schottky and Poole-

Frenkel’s mechanisms. The constant β is the only term which differentiates these two 

mechanisms, which is twice, in Poole-Frenkel emission, of that for Schottky effect (βPF = 2βSC), 

owing to image-charge formation in the latter (β = 1 for Poole-Frankel effect, and 4 for Schottky 

emission). 

The internal emission mechanism can transport bulk charge, trapped by impurity levels in the 

insulator band gap, to the conduction band. In Poole-Frenkel emission [57,58], the impurity is 

considered an ionized donor with a hydrogen-like coulomb potential. The defect centre becomes 

neutral with filled by an electron. Applying an electric field distorts the potential well 

asymmetrically [43], Fig. 6.2. The escaping of trapped electrons may occur when the thermal 

activation overcomes the energy barrier corresponding to that necessitated to ionize the donor. 

The net current flows due to successive electrons’ hopping between Poole-Frenkel traps. In 

specific temperature and voltage ranges, any conduction mechanism may dominate, in an 

insulator. Furthermore, because the processes of conduction mechanisms are not independent of 

one another, they must be thoroughly investigated. For example, Schottky and tunneling 

characteristics are pretty-comparable for the huge space-charge effect [59]. 

Tunnel emission happens when trapped electrons are field ionized into the conduction band or 

electrons from the metal Fermi level tunnel into the insulator’s conduction band. Tunnel 

emission is greatly influenced by the applied voltage, but is largely unaffected by temperature. 

The Fowler-Nordheim tunneling or field emission shows a straight line in the Ln (J/E2) vs (1/E) 

plot, Eq. (6.2). 
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Fig. 6.2 Bulk-limited conduction methods (dotted lines refer to E = 0); (a) space-charge 

limited; (b) ionic conduction of cations ; (c) Poole-Frenkel emission [43]. 

 

The electron may flow through tunneling from the negative electrode into unoccupied portions of 

the positive electrode in a very thin (few nm) film with a moderate applied field [60], Fig. 6.3(a). 

For a thicker film and higher voltage (field is greater than the barrier height), the electrons by the 

tunnel procedure are preferably conveyed into the conduction band of the dielectric somewhat 

than directly to the opposite electrode; Fig. 6.3(b), transition 1. For a large number of traps, the 

tunneling in the dielectric can take place through some of the traps, 2 in Fig. 6.3(b). The transfer 

probability increased significantly in this way [60]. The tunneling can also occur from some 

occupied traps into the conduction band, 3 in Fig. 6.3(b), or (at high applied fields) from the 

valence band into the conduction, i.e., Zener breakdown mechanism, Fig. 6.3(c), transition 1. 

 

 

Fig. 6.3 The energy diagrams of possible mechanisms of charge transport in a dielectric film 

D: (a) tunneling between electrodes K1 and K2; (b) tunneling: 1 - into conduction 

band; 2, 3 – from traps; (c) 1- Zener breakdown; Ef1 and Ef2 – Fermi levels in K1 and 

K2 metals [60]. 
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All the mechanisms described above depend upon the flow of free carriers into the dielectric’s 

conduction band. The carriers have a constrained mean free path owing to the multiple 

interactions undergone in the dielectric. Due to the interaction with optical phonons, the carriers 

lose their relatively low energy, or traps can catch them. During their journey, they are 

accelerated by an applied electric field. In a dielectric, the space-charge-limited current is 

triggered by the drift mobility of charge carriers, which relies on the presence and type of traps, 

recombination centres, etc. The presence of shallow traps (trap levels exist between the Fermi 

level and the bottom of the conduction band) may drastically minimize the current. Deep traps 

[61,62] below the Fermi level have no impact on the current, since they are always full and 

hence cannot support capturing the injected carriers. The laws are made more complicated by the 

existence of additional types of traps. The current can increase significantly with double injection 

and the absence of recombination centres [63]. These recombination centres are responsible for 

mutually neutralizing the associated space charges. In the case of double injection, the features 

may illustrate a zone of negative resistance under specific circumstances. This phenomenon is 

caused by a sudden increase in conductivity, which could be because that the carrier lifetime 

relies on the injection level.  

 

6.3    Current-voltage (I-V) characteristics         

In the current study, ceramic pellet target of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 0.9), was 

prepared by solid-state reaction process through double sintering. Thin films were deposited by 

radio-frequency (RF) sputtering of the prepared ceramic target, using a RF power of 60 W and 

argon as the sputtering gas at room temperature. The as-deposited films were annealed at 

different temperatures (between 500 and 800 oC) in the ambient air for one hour. The methods 

for preparing and characterizing thin films are discussed in Chapter-5. For the measurement of 

current-voltage (I-V) characteristics of the prepared films, metal-insulator-semiconductor (MIS) 

structures, Ag/BCZT0.9/p-Si, were prepared using a shadowing mask (with circular opening of 

0.5 mm diameter) to sputter deposit silver as the top circular electrode(s) of 1.963 × 10-3 cm2 are 

and formed the metal-insulator-semiconductor (MIS) structures. Without a mask, silver was 

deposited on the silicon substrate’s back side to create the bottom electrode for the MIS 

configuration. To measure the current-voltage (I-V) characteristics of the prepared films, a P-E 

loop tracer (aixACCT Systems GmbH, aixPES) with a piezometer was used. The film thickness 
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was calculated by optical method, and was found to be around 330 ± 10 nm, Chapter-5. In each 

I-V measurement, the voltage was swept from 1 to 10 volts, in 19 steps, while a delay time was 

set at 2 seconds. The top electrode was considered a positive polarity of the applied DC voltage 

concerning the bottom electrode. All the I-V measurements of BCZT0.9 thin films were 

performed at room temperature. A schematic view of the prepared MIS Ag/BCZT0.9/Si/Ag 

assisted structure is shown in Fig. 6.4. 

Fig. 6.5 exhibits the observed current-voltage (I-V) variations of the as-deposited and annealed 

BCZT0.9 films, which were measured at room temperature (RT). All of the prepared films 

exhibited an exponential rise in current at low voltages, accompanied by a saturation region at 

higher voltages, except the films annealed at 600, 650, 700, and 750 oC. No saturation region 

was observed in the measured applied voltage range for the films annealed at 600, 650, 700 and 

750 oC. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 Schematic view of the prepared MIS Ag/BCZT0.9/Si/Ag assisted structure. 
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Fig. 6.5 Variation of leakage current with applied voltage (V) in BCZT0.9 films annealed at 

different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 Variation of leakage current density (J) with an applied electric field (E) in BCZT0.9 

films annealed at different temperatures. 
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The observed variation of room temperature leakage current density (J) with the applied field (E) 

for the prepared MIS structures is shown in Fig. 6.6. With higher annealing temperatures, till 750 

oC, the J reduced considerably. The J was observed to be significantly reduced, by order of 10-3, 

for the BCZT0.9 films annealed at and above 600 oC (crystalline films), compared to that for the 

films annealed at a lower temperature (≤ 500 oC) (amorphous films). With increasing annealing 

temperature (≤ 750 oC), the leakage current density decreases, which may be the result of 

enhanced crystallization, film stress, decreased O2 vacancies, and increased interface oxide layer 

(SiO2) thickness [64]. The significant drop in the J of the crystalline BCZT0.9 films, which were 

annealed at temperatures from 600 to 750 oC, may be attributed to the rise in the film quality, 

improved oxygen stoichiometry, and decreased weak leakage passes. Though the formation of 

the interfacial SiO2 layer increases the barrier height at the interface and thereby reduces the 

leakage current, this might have also reduced the resultant capacitance of the structure on 

increasing annealing temperature. Presently, on rising annealing temperature, the capacitance of 

the MIS structure was found to increase (Chapter-7), which indicates an insignificant effect of 

the interfacial SiO2 layer, if forms any. 

From the observed I-V and J-E characteristics, different conduction mechanisms, in 

Ag/BCZT0.9/p-Si/Ag MIS structures, in different applied field ranges can be envisaged, Figs. 6.5 

and 6.6, respectively [36,65]. For the films annealed at 600, 650, 700 and 750 oC, the linear 

variation of leakage current exhibits the ohmic conduction for E < 1.21 x 102 kV/cm 

(corresponding to 4 V), whereas the films deposited at RT and annealed at 500 oC, show ohmic 

conduction, for E ≤ 1.05 x 102 kV/cm (corresponding to 3.5 V) [36,66]. To find the probable 

conduction mechanisms (Fowler-Nordheim tunneling, Poole-Frenkel emission, Schottky effect, 

space-charge-limited conduction, or ionic conduction) in Ag/BCZT0.9/p-Si MIS film structures, 

several plots have been drawn for the prepared BCZT0.9 films. To find out the possibility of 

Schottky conduction (Eq. 6.1), a relationship between log (J) and the square root of the electric 

field was plotted and shown in Fig. 6.7. Similarly, for Poole-Frenkel conduction mechanism, 

Eq.6.5, log (J/E) vs (E) ½ plot was drawn and shown in Fig. 6.8. The leakage current density (J) 

was measured lowest (3.6 × 10-9 A/cm2 at 3.0 × 102 kV/cm, i.e., at 10 V); and dielectric constant 

(K) maximum, at 1 MHz (148), for the films, annealed at 750 oC, exhibiting the best electrical 

properties among the prepared BCZT0.9 thin films.  
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Table 6.2 Refractive indices obtained from Schottky and Poole-Frenkel plots. 

 

 

 

 

 

 

 

 

 

 

 

Various parameters 

 (BCZT0.9 thin films) 

Obtained from 

SE Plot 

Obtained from PF Plot 

    (Normal  PF)     (modified PF effect) 

r = 1 r = 2 

As-deposited films  

(no = 1.8975)                            

n = √Kd  

Kd  

 

 

1.84 

3.41 

 

 

0.77 

0.60 

 

              

0.38 

0.15 

Films deposited at 500 oC 

(no= 1.8963)                            

n = √Kd  

Kd 

 

 

1.91 

3.65 

 

 

0.77 

0.59 

 

 

0.38 

0.14 

Films deposited at 600 oC 

(no = 1.9975)                            

n = √Kd  

Kd 

 

 

0.81 

0.65 

 

 

0.59 

0.35 

 

 

0.30 

0.09 

Films deposited at 650 oC 

(no = 2.0552)                            

n = √Kd  

Kd 

 

 

0.79 

0.63 

 

 

0.58 

0.34 

 

 

0.29 

0.08 

Films deposited at 700 oC 

(no = 2.0909)                            

n = √Kd  

Kd 

 

 

0.79 

0.62 

 

 

0.58 

0.34 

 

 

0.29 

0.08 

Films deposited at 750 oC 

(no = 2.0929)                            

n = √Kd  

Kd 

 

 

0.78 

0.62 

 

 

0.59 

0.34 

 

 

0.29 

0.08 
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Fig. 6.7 Ln J vs √E plot for BCZT0.9 films, deposited at RT and annealed at 500 oC (Schottky 

emission). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8 Ln J/E vs √E plot for BCZT0.9 films, deposited at RT and annealed at 500 oC 

(suspected Poole-Frenkel conduction). 
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Fig. 6.9 J/d vs E2/d2 plot for BCZT0.9 films, deposited at RT and annealed at 500 oC (Space-

charge-limited conduction). 

 

For films deposited at RT and annealed at 500 oC, the linear Ln J vs √E plots, Fig. 6.7, indicates 

the dominance of Schottky emission (SE) [36,65], whereas the linearity in the Ln J/E vs √E  plot, 

Fig. 6.8, exhibits prominence of Poole-Frenkel (PF) type conduction [36,65], in the applied field 

ranging from 1.05 x 102 kV/cm to 1.81 x 102 kV/cm. Out of the two mechanisms, the SE and PF, 

the dominating mechanism is determined from the consistency of the refractive index (no) 

obtained from the optical measurements and the refractive index (n = √Kd), where Kd is the 

dynamic dielectric constant obtained from electrical measurements, and the refractive index (no) 

calculated from the optical data (at 550 nm), Table 6.2 [36,65]. The consistency of the refractive 

index, obtained from the two methods, supports the dominance of SE [67] and discards the 

possibility of PF-type conduction in the applied field between 1.05 x 102 kV/cm and 1.81 x 102 

kV/cm for these films. Further, in the higher measured field range (E > 1.81 x 102 kV/cm), the 

linearity between J/d vs E2/d2 plot, exhibited the dominance of space-charge-limited type 

conduction [68,69], in the films deposited at RT and annealed at 500 oC, Fig. 6.9. 
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750 oC; whereas the linearity of the J/d vs E2/d2 (d is the film thickness) plots exhibits the 

dominance of space-charge-limited (SCL) current conduction, in the measured field range, E ≥ 

1.21 x 102 kV/cm, in these film, Fig. 6.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.10 J/d vs E2/d2 plots for the BCZT0.9 films, annealed at 600, 650, 700 and 750 oC (Space-

charge-limited conduction). 

 

A probability of tunneling conduction was shown by the linear Ln (J/E2) vs 1/E curve for the 

films, annealed at 600, 650, 700 and 750 oC, at the higher fields (E ≥ 1.96 x 102 kV/cm), Fig. 

6.11. The tunneling conduction operation is initiated by the migration of trap carriers into the 

conduction band as a result of field ionization or by the tunneling of electrons from the Fermi 

energy extent of metal into the insulator conduction band [36,70,71]. The probability of various 
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330 nm). Very thin films (less than 50 nm) have a high tunneling probability. The fact that the 

very thin interfacial SiO2 layer forms on the silicon substrate and thickens with increasing 

annealing temperature may be helped to explain the observed tunneling [70,72]. The increased 

interfacial SiO2 layer increases the field to notice tunneling conduction (≥ 1.96 x 102 kV/cm) in 

the annealed films. Films crystallize on annealing at and above 700 oC. There is a probability of 

tunneling conduction in the films annealed films (600, 650, 700 and 750 oC), at the higher 

electric fields (≥ 1.96 x 102 kV/cm); however, owing to the increased thickness of the interfacial 

SiO2 layer, the probability of tunneling conduction becomes low in the 600-750 oC annealed 

films, Fig. 6.11. Since Schottky and Poole-Frenkel conductions are not possible within the films 

annealed at 600, 650, 700 and 750 oC, the trap-assisted tunneling (double barrier and direct) 

through the anode to the cathode can be excluded. These measurements indicate the dominance 

of Fowler-Nordheim (FN) tunneling from the Fermi level of the electrodes into the insulator 

conduction band, through a very thin SiO2 interface layer, without trap electron hopping, in the 

600, 650, 700 and 750 oC annealed BCZT0.9 films, in the higher fields, E ≥ 1.96 x 102 kV/cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11 Ln (J/E2) vs 1/E plot for the BCZT0.9 films, annealed at 600, 650, 700 and 750 oC 

(Fowler-Nordheim tunneling). 
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6.4    Discussion 

The leakage current density (J) of the presently prepared BCZT0.9 films was observed to vary 

with annealing temperature. At the measured electric field 3.0 × 102 kV/cm, among the prepared 

films, the minimum J was measured 3.6 × 10-9 A/cm2 for the films annealed at 750 oC, Fig. 6.5. 

Presently, for the as-deposited and films annealed at various temperatures, the breakdown was 

not detected in the observed field range, i.e., up to 3.0 × 102 kV/cm. Structural imperfections and 

stress may influence the electrical properties of amorphous thin films. The leakage current 

density was measured to reduce due to the compensation of oxygen vacancies. The leakage 

current density was also strongly observed depending on the annealing temperature. Generally, 

the gradual decreasing behaviour of the leakage current was observed in the BCZT0.9 films on 

annealing up to 750 oC, which can be owing to the enhanced crystallization and compensating 

oxygen vacancies during annealing. A drastic reduction in leakage current was observed for all 

the deposited BCZT0.9 films, annealed from 600 to 750 oC, which may be attributed to the 

heightened barrier height at the interface due to the formation of an interfacial SiO2 layer 

between silicon and oxide film. 

An in-depth understanding of various conduction mechanisms in MIS structures might lower the 

leakage current’s value. The current work investigated the different conduction mechanisms of 

the BCZT0.9 films, deposited at RT and annealed at 500, 600, 650, 700 and 750 oC. The various 

conduction operations were found depending on the different annealing conditions. The 

developing interfacial SiO2 layer, which depends on annealing treatment, was essential in 

computing the probable current conduction operations in the prepared BCZT0.9 films. 

It is still necessary to conduct further research to understand the current transport phenomena in 

dielectrics. More rigorous theoretical models and experimentation would explore the insights of 

the system examined. More work would be needed to understand the underlying process since 

these measurements are essential for electronic applications. 
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CHAPTER-7 

Capacitance-voltage characteristics of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 

0.9), thin films 

 

 

Brief summary 
 

The capacitance-voltage characteristics of the prepared BCZT0.9 films, annealed at different 

temperatures, have been described in this chapter. MIS Ag/BCZT0.9/Si/Ag assisted structure was 

prepared to measure the capacitance-voltage characteristics of the prepared BCZT0.9 films. The 

variation of room temperature dielectric constant (K) with annealing temperature (oC) for the 

prepared MIS structures was measured. With a rise in annealing temperature, the improved 

density and increase in grain size may be attributed to the observed increase in the dielectric 

constant (K) of the BCZT0.9 films. The dielectric constant was obtained maximum, 148 (at 1 

MHz), and leakage current density minimum, 3.6 × 10-9 A/cm2 (at 3.0 × 102 kV/cm electric 

field), for the films, annealed at 750 oC. Dielectric characteristics were observed to improve for 

the films annealed at 750 oC than other annealed films. 
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CHAPTER-7 

Capacitance-voltage characteristics of (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.155, y = 

0.9), thin films 

 

7.1 Introduction 

Over the past few years, ferroelectric materials have been integrated into semiconductor 

technology through extensive research and development. Integrated circuits built on silicon have 

already been constructed with ferroelectric capacitors. Electrical characterization of the 

ferroelectric capacitor is a significant part of gate stack characterization of the insulating films 

and the semiconductor surface research [1-5]. Capacitance-voltage (C-V) measurements are one 

of the most accepted methods for getting information on the interface states, oxide charges, ion 

move through the insulator and the silicon impurity [6-9]. Frankl [10] described the utilization of 

metal-insulator-semiconductor (MIS) capacitor capacitance-voltage curves to examine such 

devices. Terman [11] studied C-V variations to determine surface state densities. Grove et al. 

[12] first published papers on these studies, which contributed an important role in understanding 

and developing metal-insulator-semiconductor (MIS) technology. Deal et al. [13] used C-V 

variations to illustrate the barrier heights for various gate metals. Zaininger and Heiman [14] 

described the variety of material/device variables that may be calculated from C-V variations. 

Both low and high frequencies are used to measure MIS capacitance. Castagne [15], Kuhn [16], 

Kappallo and Walsh [17] demonstrated the low-frequency C-V variations, which are mentioned 

as quasi-static calculations to measure interface traps. The MIS capacitor characteristics are well 

documented in the popular books by Sze [18] and Nicollian and Brews [7]. 

C-V variations in a semiconductor device are performed by using two simultaneous voltage 

sources; an applied small alternating current (AC) voltage and a direct current (DC) voltage (Vdc) 

[19]. The measurement of capacitance is based on the variations in the magnitude of direct 

current (DC) voltage for a fixed AC signal. The direct current (DC) voltage bias is used to enable 

the sampling of the material at various depths in the device. The alternating current (AC) bias 

presents the small-signal bias so that the capacitance measurements may be conducted at a given 

depth in the device.  
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7.2     Typical capacitance-voltage (C-V) characteristics 

The numerous charges may be computed by the capacitance-voltage (C-V) characteristics of 

metal-insulator-semiconductor capacitors (MIS-C) [20,21]. The energy band diagrams of an 

ideal and a practical MIS capacitor with a p- or an n-type substrate has been shown in Fig. 7.1 

[20,21]. 

 

 

 

Fig. 7.1 An ideal and practical MIS capacitor’s energy band diagram [21]. 

 

The intrinsic energy level Ei or voltage ψ in the neutral region of the device is selected as the 

zero reference potential. At the semiconductor surface, ψ = ψs, where ψs is called the surface 

potential. The work function of the metal (or semiconductor) Φm (or Φs) is the energy essential 

for an electron within the metal (or semiconductor) to shift from the Fermi level to the vacuum 
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level. The two work functions are the same in the ideal MIS structure Φms ≡ Φm - Φs = 0, as 

shown in Fig. 7.1.  

Observations of C-V variation for p-type substrates are generally measured by ‘sweeping’ the 

bias voltage at fixed high AC frequency and simultaneously measuring capacitance, which 

changes owing to accumulation, depletion, and inversion of charge carrier in the semiconductor 

substrate adjacent to the dielectric interface, as given in Fig. 7.2. When the metal electrode is 

biased negatively (i.e., ψs < 0) concerning “p-type” semiconductor (Si in the present case), the 

band bending results in an accumulation of the majority of p-type carriers, and a negative surface 

voltage appear adjacent to the semiconductor surface, Fig. 7.2(b(i)); this is the charge 

accumulation situation. In this situation, the capacitance, C, is determined by the thickness of the 

dielectric alone, whereas, when a less positive voltage is applied onto the metal (i.e., ψB > ψs > 

0), the band bends downwards, Fig. 7.2(b(ii)), and the semiconductor surface potential becomes 

more positive, and majority carriers (holes) are repelled away from the film/substrate interface 

layer, to a depletion depth; this is the charge depletion situation. In the depletion case, the rate of 

electron-hole pair recombination is highest near the semiconductor surface [22]. Additionally, 

raising the gate (metal) voltage (ψs > ψB) in the positive direction, the bands bend even more 

downward. Further, the intrinsic level Ei at the surface crosses over the Fermi level EF, Fig. 7.2 

b(iii). In the present study, the number of electrons (minority carriers) at the surface is higher 

than that of the holes, the surface is thus inverted, and this is the ‘inversion’ case. In the 

inversion region, capacitance is computed by the thickness of that film and depletion depth, 

which is, therefore, lower. At a very large positive bias potential, the concentration of electrons 

in the inversion becomes high. Deep depletion (DD), as shown in Fig. 7.2(a), occurs in the MIS 

capacitor when the high-frequency capacitance is measured, i.e., while the gate voltage is swept 

‘rapidly’. ‘Rapidly’ means that the gate voltage must change fast enough so the structure is not in 

thermal equilibrium [23]. 
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Fig. 7.2 Typical MIS, on p- type substrate, (a) capacitance- voltage curves for low frequency 

(LF), high frequency (HF) and deep depletion (DD) [24], and (b) band diagram for 

HF [19, 25-26]. 

 

When dealing with practical MIS systems (on p- type substrates), one must consider the effects 

of actual surfaces. First, the choice of metal and semiconductor results in a non-zero work 

function difference (Φms = Φm ~ Φs ≠ 0), as shown in Fig. 7.3(a). Second, there are charges inside 

the oxide and at the film/substrate interface. In this case, the band diagram at equilibrium has a 

tilt in the oxide conduction band to align the Fermi levels, given in Fig. 7.3(b). Consequently, the 

bands bend close to the semiconductor surface to accommodate the difference in work function. 

To achieve the flat-band condition, Fig. 7.3(c), in which the surface potential of the 

semiconductor goes away (ѱs = 0), a bias voltage is needed on the gate. This bias is referred to as 

the flat band potential [19] VFB = Φms. 
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Fig. 7.3 Energy band diagrams (at V = 0) of (a) ideal MIS, (b) practical MIS stacks on p- type 

substrate, and (c) flat- band voltage in practical MIS stacks. 

 

Practically, sometimes a distorted and stretched-out C-V plot is observed, i.e., accumulation, 

depletion and inversion phenomena are not found in the C-V variations. In that case, interface 

quantum states might have arisen generally because of its broken symmetry resulting from the 

crystal lattice’s termination at a surface [26,27]. These states may also involve energies that are 

contained within the bulk crystal’s band gap. Physically, interface traps and fast surface states 

[28] may be assumed as originating from unfulfilled, i.e., dangling bonds, which lie owing to the 

transition from single crystal silicon to amorphous insulator/SiO2 films. The density and energy 

distribution of interface traps and fast surface states are typically highly process and/or material-

dependent [29]. Although the semantic distinction between interface traps and fast surface states 

is not entirely clear, one can make a useful distinction by considering time constants. In this 

situation, a fast surface state has a charging time constant quick enough for a high-frequency C-

V measurement to pick up on its response. As seen in Fig. 7.4, this causes the resulting C-V plot 

to be stretched out and distorted. 
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Fig. 7.4 Distortion due to fast surface states (p- type substrate, accumulation at left). 

 

In equilibrium, MIS structure is also influenced by the presence of charges in the insulator, and 

at the interface between the oxide and semiconductor, Fig. 7.5 [18]. The charges associated with 

the oxide-semiconductor system, such as fixed oxide, interface trapped, oxide trapped charge, 

mobile ionic, etc., have been summarized into (1) fixed oxide interface and are immobile under 

an applied electric field. (2) Oxide-trapped charges Qot, which may be observed owing to the X-

ray radiation or hot electron injection: these traps are contained inside the insulating layer. (3) 

Mobile ionic charges (Qm), like barium and calcium ions. (4) Interface trapped charge Qit at the 

insulator interface [30].   

Interface traps are electrically active defects with an energy distribution across the Si band gap. 

They serve as for generation and recombination and contribute to the leakage current, decreased 

mobility, drain current, low-frequency noise, and transconductance [19]. Interface traps at the 

oxide-semiconductor interface are acceptor-like in the upper half and donor-like in the lower half 

of the band gap [31]. As electrons or holes occupy interface traps, the interface traps become 

charged and donate to threshold voltage shifts. Studies have shown that the periodic lattice 

structure is thought to be disrupted by impurities and defects near the interface, resulting in the 

existence of the interface charge, Qit, within the forbidden gap [7,32].  
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Fig. 7.5 Terminology for charges attributed to thermally oxidized silicon [19].  

 

When a voltage is applied, the interface-trap level moves up or down with the valence and 

conductance bands while the Fermi level remains fixed. A charge modification in the interface 

trap happens when it crosses the Fermi level. This charge modification donates to the MIS 

capacitance and varies the ideal MIS plot. Even on a clean surface, in a UHV system, Qit can be 

extremely high [33]. Proper surface passivation and post-deposition annealing may help to 

minimize Qit. At high frequencies, the interface cannot follow the AC voltage swing, which 

yields high-frequency plot free of capacitance owing to the interface traps [18]. 

Oxide charges (Qox) include the oxide fixed charge (Qf), the oxide trapped charge (Qot) and the 

mobile ionic charge (Qm), as shown in Fig. 7.5. Oxide fixed charge, Qf, is fixed and cannot be 

charged or discharged over a wide variation of surface potential. It is located within the order of 

80 Å at the Si-insulator interface [19]. Its density is not potentially influenced by the oxide 

thickness or the type or concentration of impurities in the silicon. It is typically positive and 

depends on oxidation and annealing conditions, and silicon orientation. It has been recommended 

that excess silicon (trivalent silicon) or the loss of an electron from excess oxygen centres close 

to the semiconductor-insulator interface is the source of fixed oxide charges [19]. In the 
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electrical measurements, Qf can be regarded as a charge sheet at the semiconductor-insulator 

interface. Oxide-trapped charges (Qot) are associated with defects in the oxide film. The oxide 

traps are generally electrically neutral but may be charged by introducing electrons and holes 

into the oxide. Snow et al. [34] explained that alkaline earth metal ions, such as calcium, cause 

significant flat-band voltage shifts, and device instability.  

In the accumulation case, the semiconductor capacitance, Cs, is too large, because the slope of 

space charge density (Qs) vs ѱs plot is very steep, as shown in Fig. 7.6. At the surface of the 

semiconductor, the surface potential (ѱs) depends only on the characteristics of the 

semiconductor, e.g., band gap, dielectric constant, doping level, etc. Hence, the series 

capacitance in the accumulation case is just the oxide capacitance (Cox). The physical thickness 

(d) of the oxide, calculated by optical method [35] (Chapter-5); the capacitance (Cox), in the 

accumulation case, obtained from C-V variations may be used to compute the dielectric constant 

of the oxide [20], 
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oxA

oxC



             

.                                                               (7.1) 

As the gate voltage becomes less negative, the semiconductor surface is depleted. The depletion 

layer capacitance Cd is added in series with Cox [20],      
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CoxCC
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(7.2) 

where εs permittivity of the substrate, A is the surface area of the electrode, and W is the 

depletion width in the semiconductor substrate. 
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Fig. 7.6 Space-charge density (Qs) as a function of the surface potential (ѱs), for typical p- 

type semiconductor (Ge), at RT [19].  

                                                      

The depletion width (W) increases with rising gate voltage across the capacitor in the depletion 

region. When flat- band condition has arrived, the MIS capacitance, CFB, is shown by [20],  
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,                                                               (7.3) 

The metal-semiconductor work function difference (Φms) is used to calculate the flat-band 

voltage of real MIS structures. The flat band voltage (VFB) distinguishes the accumulation 

regime from the depletion regime. The amount of charge in the oxide or charge at the oxide-

semiconductor interface affects the flat-band voltage. The flat-band voltage is still known as the 

voltage, which yields a flat energy band in the semiconductor when applied to the gate electrode. 

Any charge impacts the flat-band voltage, whether it is in the oxide or at the interface [36]. On 

biasing, the effective trapped charge (Qi), is then known as the addition of oxide charges (Qf, Qm 

and Qot) and interface charges (Qit). It effectively shifts the ideal MIS curve along the voltage 

axis, depending on the existence of positive or negative Qi, at the interface [7,20].                                                                     
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The magnitude of the flat- band voltage shift (ΔVf) is caused by fixed oxide charge (Qf), is given 

by  

                            ,                                                                                                                                (7.4) 

 

where Cox is oxide capacitance. The flat- band voltage shift, owing to the mobile ionic charge 

(Qm), from Gauss’s law, is shown by  
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where ρm(x) is the volume charge density. The oxide traps are associated with defects in 

insulating film and are generally electrically neutral, which, by introducing electrons or holes, 

may be changed into the oxide-trapped charge. The flat band voltage shift owing to the oxide-

trapped charge [37], is shown by 
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where Qot is the effective net charge of mobile ions per unit area at the semiconductor-insulator 

interface and ρot (x) is the volume charge density. The overall voltage shift owing to all the oxide 

charges is shown by (summing equations. (7.4), (7.5) and (7.6), 
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Where Qi (= Qf + Q m + Qot) is the addition of the effective net oxide charges per unit area, at 

insulator- semiconductor interface. If the value of Φms is not zero, and if the oxide charge Qi 

exists, Eq. (7.7) (assuming negligible interface traps), the experimental C-V plot, will be shifted 

from the ideal theoretical plot by an amount [18], 

oxC

f
Q

f
V 



146 
 

oxC

iQ
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The flat-band voltage shift is obtained concerning an ideal C-V plot, for which Qi = 0. For both 

n- and p-type substrates, positive Qi causes the C-V plot to shift to more negative values of gate 

bias concerning the ideal C-V plot, while negative Qi causes the C-V plot to shift to the more 

positive gate voltage. 

While the gate voltage becomes more positive than the flat-band voltage, the MIS capacitance 

keeps decreasing until strong inversion is achieved at the threshold voltage VT; at this point, the 

surface potential is twice the Fermi potential, i.e., 

                   B
inv

S
 2)(  .                                                                            (7.9) 

Strong inversion with a maximum depletion width, Wd, occurs at higher voltages than the 

threshold voltage, VT. In the current work, the high frequency measurements were performed; a 

small-signal measuring voltage at high frequency (1 MHz) was used. The gate voltage varies 

more quickly than the generation-recombination rate of the minority carriers in the inversion 

layer, and the interface traps do not follow the AC gate voltage [19]. The charge in the inversion 

layer cannot change in response and does not affect the capacitance in any way. As a result, the 

MIS capacitance remains at its minimum, Cmin, corresponding to the minimum depletion-layer 

capacitance (Cd_min), resulting from the maximum depletion width WD [20]. 
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If the C-V variations are carried out at low frequency [15-17], the MIS capacitance in the strong 

inversion case, at low-frequency, will become very dissimilar from that discovered by high-

frequency measurements. Because the gate voltage varies gradually at low frequency [38], there 

is enough time for minority carriers to get produced in bulk, to drift across the depletion region 

to the inversion layer, or to go back to the substrate and recombine. ‘Low frequency’ means the 

AC probe frequency at which the interface traps and minority carrier inversion charges must be 

able to react to the measurement. The charge in the inversion layer also contributes to the 

capacitance. The charge in the inversion layer also contributes to the capacitance. In an ideal 
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MIS capacitor, this is the space charge, QS, induced by the electric field. The semiconductor 

capacitance (CS) is substantial in the case of strong inversion because the space-charge density 

increases exponentially, Fig. 7.6. Again, the MIS series capacitance at low frequency is Cox. The 

low frequency (LF) curve in Fig. 7.2(a) shows Cox in the strong inversion region. In a practical 

MIS system, the interface charge also contributes to the capacitance in the potential inversion 

case. The deep depletion region is shown as the DD curve in Fig. 7.2(a). It corresponds to the 

experimental situation in which both the gate voltage and the low-signal measuring voltage alter 

too quickly to form an inversion layer in the surface depletion range. As a result, the depletion 

layer becomes wider than WD, and there is no capacitance minimum in deep depletion. A thin 

SiO2 layer is usually, formed onto the Si substrate due to the reaction of Si with ambient oxygen. 

When the film of the dielectric material is deposited on this Si substrate, the interfacial SiO2 

layer also contributes to the obtained (effective) relative permittivity of the material. In the 

relative permittivity measurements, the adequate thickness of the insulating material in the MIS 

structure has involved the contribution of the SiO2 layer and the thickness of the deposited 

material film. Therefore, to measure the material’s actual relative permittivity, the actual 

thickness of the deposited material film and the contribution of the interfacial SiO2 layer must be 

considered. 

 

7.3     Capacitance-voltage (C-V) characteristics 

The dielectric constant of bulk (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 composition was found to be 

maximum among the prepared compositions, at room temperature, Chapter-2. In the present 

study, the Si- based MIS capacitors of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 were fabricated. Thin layers 

of (Ba0.845Ca0.155)(Zr0.1Ti0.9)O3 system were sputter deposited onto p- type Si (100) wafer, at 60 

W forward power and 1 W reverse power, for 30 min., at RT, using a RF sputtering vacuum 

system. All the samples were deposited in similar conditions, at room temperature, as described 

in Chapter-5. The RT-deposited films were annealed at 500, 600, 650, 700 and 750 oC, for 1 

hour, in an ambient atmosphere. The physical thickness of thin films of BCZT0.9 was determined 

by optical method, as mentioned in Chapter-5. An array of silver (Ag) dots (1.963 × 10-3 cm2 

area) as metal gates was sputter deposited onto the prepared films to make MIS structures. 

Electrical measurements were carried out on the MIS Ag/BCZT0.9/Si/Ag structures using the 

deposited films. The capacitance-voltage (C-V) variations were measured by to and fro sweep of 
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the applied DC voltage (between +10 and −10 V), using a 50 mV (peak to peak), 1 MHz signal. 

To carry out the capacitance-voltage (C-V) characteristics of the prepared films, a multi-

frequency LCR meter (Fluke, PM 6306) was used at a frequency of 1 MHz. 

In the MIS configuration, Krupanidhi and Rao [39] have observed that the existence of interface 

states results in frequency-dependent capacitance characteristics. This was explained by the 

frequency dispersion of permittivity of the insulator, a high density of interface states, and the 

existence of a high resistive interfacial layer [40]. The measured variation of capacitance with 

frequency for the prepared BCZT0.9 films is depicted in Fig. 7.7. Fig. 7.8 displays the variation of 

tan δ (dissipation factor) vs f (frequency). It was found that capacitance reduces with rising 

frequency, for all the prepared samples. Dissipation factor was found minimum in the films 

annealed at 750 oC, which can be associated with the oxygen incorporation in the stoichiometry 

of the film and enhancement in density. Fig. 7.9 exhibits the measured C-V variations of 

BCZT0.9 assisted MIS configuration, deposited at RT, and annealed at 500, 600, 650, 700 and 

750 oC, respectively. For all the prepared films, the measured capacitance was found rising with 

a rise in annealing temperature. However, the films were peeled out at temperature 800 oC. The 

occurrence of film crystallization was observed on annealing at and above 600 oC. On 

crystallization, the capacitance was found to increase. The release of compressive stress with 

rising annealing temperature may be associated with the increased polarization, and hence to the 

increased capacitance. The C-V characteristics show inversion, depletion, and accumulation 

zones for all the prepared thin films. For negative bias voltage, the negative charge of electrons, 

at the gate, is compensated by the positive charge of holes accumulated at the surface of the 

semiconductor (p-type), which measures the capacitance of the deposited film (Cox). When the 

bias voltage is switched to a positive direction the surface of the semiconductor becomes 

depleted from the holes, and the resulted in extra space charge capacitance (Csp) is added in 

series to the Co. In the strong inversion region, the change in the potential at the gate depends on 

the number of negative charges at the metal-semiconductor interface. The obtained low 

hysteresis C-V curves of most of the prepared compositions indicate low trap densities. The C-V 

curves of prepared BCZT0.9, assisted MIS structures show clockwise hysteresis. The clockwise, 

and anti- clockwise hysteresis, in the C-V plots, are the signs of electron and hole ejection into 

the film, respectively [21]. 
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Fig. 7.7 Frequency variation of capacitance of BCZT0.9 film assisted MIS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.8 Frequency variation of dielectric loss (tan ) in BCZT0.9 films, annealed at different 

temperatures. 
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Fig. 7.9 C-V characteristic of BCZT0.9 assisted MIS configuration, films deposited at RT and 

annealed at 500, 600, 650, 700 and 750 oC. 

 

Chanaliere et al. [41] suggested that the hysteresis exhibits anti-clockwise behavior for 

orthorhombic symmetry and clockwise for hexagonal symmetry. They also suggested that the 

direction of the hysteresis loop in MIS capacitors may be anti-clockwise due to surface-state 

trapping [42]. The anti-clockwise hysteresis behavior occurs due to negative Qi, which shifts the 

C-V curve to a more positive side along the voltage axis [43,44]. The low hysteresis in the C-V 

curves exhibits low trap density at the film-substrate interface [45]. The observed C-V 

characteristics were moving towards a larger negative bias, indicating the existence of a positive 

fixed oxide charge (+Qf) at the interface of the deposited film and the silicon [18]. 

The dielectric constant (K) of the deposited films was calculated from the C-V plots using the 

capacitance at the charge accumulation. In Table 7.1, Co is the capacitance in the accumulation 

region, which was found increasing with the annealing temperature upto 750 oC. The flat-band 

capacitance (CFB), calculated from the Eq. (7.3), was found increasing with an increase in 

annealing temperature. It was found 117.01 pF for the as-deposited films, and 273.63 pF for the 

films annealed at 750 oC, in BCZT0.9 thin films. The value of flat band voltage (VFB) 

corresponding to CFB was observed shifting from the relatively larger negative (-2.33 V, for the 

films deposited at RT) to the smaller negative value with increasing annealing temperature (-0.32 
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V, for the films annealed at 750 oC), Table 7.1. For all the prepared films, the flat band voltage 

(VFB) shifted towards the left side with respect to ideal one, Fig. 7.4. The observed shifting in 

VFB can be associated with the compensation of fixed oxide positive charge (Qf) by the negative 

charge employed during the annealing process [46]. Also, the shifting of C-V curves may be due 

to the interface trap charge and oxide charge [7].  

In the observed C-V characteristics, a bulge (temporary increase) in the deep depletion side may 

be associated with dark current [47]. The C-V characteristics of MIS Ag/BCZT0.9/Si/Ag 

structures instantly shift from the accumulation side to the deep depletion side when a voltage 

pulse triggers the gate, Fig. 7.2. If the gate potential is held constant, thermally produced 

minority carriers will subsequently enter the surface potential well, which may increase the 

Ag/BCZT0.9/Si/Ag MIS capacitance with asymptotic inversion condition. The magnitude and 

rate both of the observed dark current can be determined from the storage time, which is usually 

a few milliseconds [47]. Ta2O5 and SrTiO3 exhibit a similar nature in the deep depletion side 

[48,49]. 

After the flat- band capacitance (CFB) is determined, from Eq. (7.3), the amount of the offset of 

the corresponding voltages, ΔVFB, from the dual sweep C-V curves, Figs. 7.9, may be used as a 

quantitative measure of how big the hysteresis is. The density of interface states Dit, may be 

estimated at the flat- band voltage (flat- band condition), from the Lehovec’s method [5], for 

evaluation of built- in charges from capacitance- voltage plots,  

 
    


















 


2

FBo

2

o

FB

FBFBo
it

AqCC

C

qKTAδVδC3

CCC
D ,                                   (7.11) 

where A is area of the electrode. 

In addition, it was found that the width of hysteresis voltage was not influenced by different 

sweep rates, showing that the observed C-V curves were in steady state; and also proposing that 

the current C-V hysteresis is triggered by other sources [50], such as interface trap density, etc. 

As mentioned earlier these curves show n- type carrier injection hysteresis (clockwise), as is 

showed by arrows, in the Fig. 7.9.  

The density of states, Nit, recharges during each bias cycle, i.e., interface states that are occupied 

and released by injected and re-emitted charges during each bias cycle, is shown by [51], 



152 
 

               Nit = CoVH /qA,  (7.12) 

where VH is amount of hysteresis. 

The depletion capacitance Cd, being in series with the film capacitance; and maximum depletion 

width Wm, are calculated from Eq. (7.2) [51]. All the above parameters have been calculated 

from the measured C-V variations, for all the prepare samples, and have been given in Table 7.1.  

With increasing annealing temperature the flat band voltage was observed shifting towards 0 V, 

i.e., less negative, for the annealing temperatures ≤ 750 oC. For the films annealed at 

temperatures ≤ 750 oC, in the ambient atmosphere, it seems that due to the less escaping of 

alkaline earth metal ions and improved oxygen stoichiometry might have reduced n- type 

carriers. With increasing annealing temperature crystallinity of the films also improved than that 

for the samples deposited at RT and annealed at lower temperatures, Fig 7.1. The improved 

oxygen stoichiometry and crystallinity resulted in reduced magnitude of VFB, for the films 

annealed at temperatures ≤ 750 oC. Also, the escaping of volatile A-site constituents (barium, 

calcium ions) [51], might have triggered oxygen vacancies (charge compensation) with 

increasing processing temperature. Competition between the temperature dependent escaping of 

A- site and O- site constituents may be held responsible for the observed C-V characteristics and 

VFB shifting of the prepared MIS structures. 

The interface density of states Dit, which is related to the interfacial traps, for the structures 

(MIS) prepared under different conditions, was computed and presented in Table 7.1. The 

observations show that, among the prepared samples, interface density was measured minimum 

for the samples annealed at 500 oC. Values of Dit for BCZT0.9, in the present results, are lower 

than that for other reported [20] materials; e.g., 5.95  1013 eV-1cm-2 for NaNbO3, etc. Materials, 

with lower value of interface states, find applications in the field of insulating low ε dielectrics.  

Hysteresis voltages have been found between 0.1 and 0.92 V, for all the prepared samples. 

Utilizing the hysteresis voltage, the density of states (Nit), which is being recharge at each cycle, 

has been calculated. On annealing, at and above 700 oC, films crystallize. Nit was found 

maximum for the films annealed at 700 oC. For the BCZT0.9 samples, the depletion layer 

capacitance and depletion width values have been calculated. 

The capacitance of depletion layer (Cd) was found 39.81 pF, for the films deposited at RT, and 

corresponding width (Wm) of the layer was measured 510 nm; for the samples annealed at 500 
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oC, Cd was found 48.02 pF, and corresponding Wm was obtained 423 nm; for the films annealed 

at 600 oC, Cd was found 42.40 pF, and corresponding width of the layer was obtained 479 nm; 

for the films annealed at 650 oC, Cd was found 50.22 pF, and Wm was obtained 404 nm; for the 

films annealed at 700 oC, Cd was found 62.43 pF, and Wm was obtained 339 nm; for the films 

annealed at 750 oC, Cd was found 60.08 pF, and Wm 338 nm. Also, small capacitance (C) value 

was found about 33.2 pF for the films deposited at RT. The measured C matches closely with 

that calculated from the given relation [20,50]   

 

Table 7.1 Various parameters determined from the C-V variations of the prepared BCZT0.9 thin 

film-assisted MIS structures. 

 

                           Parameters RT 500 oC 600 oC 650 oC 700 oC 750 oC 

Co (pF) 200 236 486 649 712 782 

C (pF) 33.2 39.9 39.0 46.6 55.3 55.8 

CFB (pF) 117.01 138.65 184.27 227.64 263.72 273.63 

VFB (V) -2.33 -0.95 -0.37 -0.35 -0.35 -0.32 

VH (V) 0.92 0.45 0.50 0.15 0.44 0.12 

Nit (x1011 cm-2) 5.86 3.38 7.73 3.09 9.97 2.99 

Dit (x10+13 eV-1cm-2) 0.646 0.197 0.208 0.283 0.284 0.286 

DC 38.01 44.84 92.34 122.93 135.28 148.81 

Cd (pF) 39.81 48.02 42.40 50.22 62.43 60.08 

Wm (nm) 510 423 479 404 339 338 

Qi (x 10-10 eV-1cm-2) 4.66 2.24 1.79 2.26 2.49 2.51 

Cs (fF/μm2) 1.01 1.20 2.47 3.29 3.62 3.99 

Qc (fC/μm2), at 8V 9.17 10.82 22.28 29.67 32.65 35.91 

 

where Co- capacitance of accumulation region, C- capacitance of inversion region, CFB- flat- 

band capacitance, VFB- flat- band voltage, VH - amount of hysteresis, Nit - density of states, Dit - 

density of interface states,  DC- dielectric constant, Cd- maximum capacitance of depletion layer, 

Wm- maximum depletion width, Qi - Effective trapped charge, Cs- charge storage capacity,  Qc- 

charge storage density.  

Co = f A/ [d + (f / s)Wm]      (7.13) 

The minimum capacitance calculated from relation (7.13) is found 33.2 pF and is identical as 

found from the C-V plots of the films deposited at RT. The dielectric constant (K) of the 

deposited films was measured from the C-V plots, using the capacitance at the charge 

accumulation [52]. For Ag/BCZT0.9/Si capacitors, at 1 MHz, maximum capacitance (782 pF) 
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was observed for the films annealed at 750 oC, Fig. 7.9. The dielectric constant of the BCZT0.9 

films, deposited at RT and subsequently annealed at 500, 600, 650, 700 and 750 oC, was found 

38, 45, 91, 123, 135 and 148, respectively, Fig. 7.10. The observed dielectric constant (K) of 

BCZT0.9 films, annealed at 750 oC, at 1 MHz, was found higher than the reported low frequency 

results [53-55].  

With the rise in annealing temperature, the enhanced density and grain size may be associated 

with the observed rise in the dielectric constant of the BCZT0.9 films [56]. For annealing 

temperatures below 600 oC, the prepared BCZT0.9 films exhibit poor dielectric features, probably 

due to their amorphous structure and weak boundary-dominated leakage currents [57]. 

Stoichiometry, strain, microstructure, and a ‘dead layer’ close to the interface between the film 

and the electrodes frequently have an influence on the dielectric characteristics of thin films [58]. 

The observed maximum dielectric constant for the prepared BCZT0.9 films is 148.81 (at 1 MHz), 

which is lower than the value reported for bulk. Films were only deposited in an argon 

environment, so the lack of oxygen may have caused the decreased relative permittivity. The 

development of an interfacial SiO2 layer on the silicon substrate prior to deposition could be the 

one reason for the observed minimum (effective) in relative permittivity, despite adequate 

cleaning. In addition, for non- volatile memory device applications, material may have a large 

charge storage capacity. Usually, this is achieved by decreasing the thickness of the insulating 

layer, which strictly influences the reliability of the capacitors. The charge storage capacity for a 

planar capacitor is shown by the relationship [20], 

Cs = orA/ d,        (7.14) 

where r is the dielectric constant of the film. From the C-V measurements, the charge storage 

density was computed using the relation [20]; 

          Qc = orE,         (7.15) 

where E is the applied electric field. Charge storage capacity and density have been calculated 

for the RT deposited films, and the films annealed at 500, 600, 650, 700 and 750 oC. Maximum 

charge storage capacity (3.99 fF/m2) and density (35.91 fC/m2) were found for the films 

annealed at 750 oC. At higher annealing temperatures, the dielectric constant was found 

sufficiently increased as compared to its base composition BaTiO3 [54]. Hence, at the MPT 
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region, the BCZT0.9 system has a remarkable charge storing capacity for memory device 

applications. The leakage current density and charge storage density of the deposited films 

together may be suitable for use in DRAM applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.10 Annealing temperature variation of K of BCZT0.9 thin films. 

 

7.4     Discussion 

The dielectric constant was obtained maximum, 148 (at 1 MHz), and leakage current density 

minimum, 3.6 × 10-9 A/cm2 (at 3.0 × 102 kV/cm electric field), for the films annealed at 750 oC. 

Electrical properties improved for the films annealed at 750 oC than other annealed films. The 

improved oxygen stoichiometry and increased density of the films may be the cause of the 

increased dielectric constant and decreased band gap with an increase in annealing temperature. 

Further studies on BCZT0.9 thin film system, with varying deposition temperature, annealing 

temperature, composition (y), deposition rate, oxygen pressure, etc., and deposition in the 

presence of forming gases, like hydrogen or nitrogen, preparation in the atmosphere of the 

volatile constituents (Ba, Ca) to maintain the stoichiometry of the film, etc., may be helpful in 

further understanding of the characteristic features of the system for different technological 

applications.  
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CHAPTER-8 

Conclusions and scope for future work 

 

8.1 Conclusions 

The solid-state reaction technique was used to prepare the ceramic pellets of (Ba1-xCax)(Zr1-

yTiy)O3, (x = 0.140-0.160, y = 0.9), which were then subjected to double sintering. Its 

composition and auxiliary conditions significantly influence the characteristics of the material.  

Several factors, such as powder impurity, particle size, processing and sintering methods, etc., 

significantly impact the properties of samples. To achieve repeatable results, each of these 

parameters needs to be carefully managed. In this study, high purity (> 99.5 %) powders of 

barium carbonate (BaCO3), calcium carbonate (CaCO3), titanium oxide (TiO2) and zirconium 

oxide (ZrO2) were used as raw materials. The compositions of BCZT ceramics were prepared 

using a solid-state reaction route with double sintering. Using CuKα1 radiation with a 

wavelength of 1.5406 Å, XRD measurements of all the prepared compositions were performed at 

room temperature (RT). With the help of a scanning electron microscope, the surface 

morphology and grain size of the produced samples were investigated. For dielectric 

measurements, specimens were electroded, with conducting silver paste in a metal-insulator-

metal (MIM) arrangement. The dielectric constant (ε), loss tangent (tan δ), and electric 

conductivity (σ) of the prepared composition samples were measured at 10, 100 and 1000 kHz, 

and in the temperature range from room temperature to 450 oC. 

The prepared (Ba1-xCax)(Zr0.1Ti0.9)O3 (0.140 ≤ x ≤ 0.160) compositions exhibit polycrystalline 

behaviour as observed in the measured X-ray diffraction patterns. ICSD data were used for peak 

indexing. ICSD stands for Inorganic Crystal Structure Database. The lattice parameters were 

calculated from the observed XRD data and High Score Plus software [1]. The chosen space 

group for these refinements was orthorhombic (C) [2], and tetragonal (P4mm). The estimated 

lattice parameter values and the published values [2] were found to be equivalent. 

For all the prepared samples, varied grain sizes and porosity were noted via SEM studies. The 

prepared compositions’ average grain size varied between 1.03 and 1.7 µm, and the composition 

(x) variation in density of the prepared pellet samples was measured to be between 3.8 and 4.2 

g/cc. The dielectric characteristics of the samples are significantly influenced by density and 
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porosity [3,4]. According to the observed EDX data, the content of calcium and barium has 

remarkably escaped from all of the processed samples, except for the composition x = 0.150. 

The temperature and composition (x)-dependent dielectric properties [dielectric constant (ε), loss 

(tan δ), and electric conductivity (σ)] of the prepared compositions were measured over a broad 

range of frequencies as well as temperatures. With an increase in frequency, typically, ε and tan 

δ were found to decreasing, and σ increase, for the prepared compositions. With increasing the 

calcium content (x), ε, tan δ, and σ were observed, generally, increasing with x, except for the 

composition x = 0.150, at all the measured temperatures and frequencies. An irregular decrease 

was found in the dielectric properties, near MPB (morphotropic phase boundary), with 

anomalously lower values of ε, tan δ, and σ, at x = 0.150, among the prepared compositions [5]. 

Such an anomalous dielectric behaviour, near these compositions of (Ba1-xCax)(Zr1-yTiy)O3 

system, (x = 0.140-0.160 and y = 0.9), was observed for all the measured temperatures (RT to 

450 oC) and frequencies (10 kHz to 1 MHz). A break in the shifting of the XRD peaks was also 

found at these samples. From the composition-property diagram of solid solution systems, at 

MPB, the ferro- composition has two or more phases and has extremal electro- physical 

properties [6-8]. MPB exhibits sharp structural and electrical properties change in response to 

composition change in a solid solution [9,10]. The composition-property diagram of solid 

solutions includes a morphotropic zone, which is highly interesting. The sample (x = 0.150) and 

MPT calculated by changes in entropy and enthalpy followed by thermal and X-ray 

measurements are in agreement [11]. 

Tian et al. [12] and Fu et al. [13] presented a phase schematic of (Ba1-xCax)(Zr1-yTiy)O3 system, 

(x, y = 0 to 1), showing different crystalline structures. Temperature-dependent dielectric 

measurements exhibit two distinct phases with transitions near 100 oC, showing tetragonal 

symmetry from RT to about 100 oC; and above 100 oC, cubic symmetry was observed. The high-

temperature X-ray diffraction (HT-XRD) measurements were made on the samples with x = 

0.150 and 0.155, in the temperature range from RT to 450 oC. The dielectric properties (ε, tan δ, 

and σ) of the (Ba1-xCax)(Zr1-yTiy)O3, (x = 0.140-0.160, y = 0.9) ceramics were measured. At all 

the measured frequencies and temperatures, the observed dielectric constant, loss and electric 

conductivity exhibit minimum values for the compositions with x = 0.150, among the prepared 

compositions. The HT-XRD measurements show a distinct phase transition, from tetragonal to 

cubic phase, at around 100 oC, consistent with the dielectric measurements.  
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Like other oxides, with the increase in frequency, usually, ε and tan δ were found decreasing, and 

σ increasing, for the prepared compositions. The findings are consistent with the previously 

reported results [4,14,15]. Among the prepared compositions, a structural anomaly was 

observed; and the ε, tan δ and σ were observed minimum, at all the measured frequencies and 

temperatures, for the composition with x = 0.150, exhibiting morphotropic-like phase boundary 

at this composition. Among the prepared compositions, a significant escaping of alkali earth 

metal (Ba and Ca) ions was observed in the sintered pellets, with a minimum for the composition 

with x = 0.150. The composition-dependent structural anomaly and decreased A-site vacancies 

may be held responsible for the observed morphotropic-like behaviour, in these p-type 

perovskite compositions, at x = 0.150. 

The observed dielectric constant peaks at certain temperatures (Tc) are attributed to the structural 

phase transitions in these ABO3 kind perovskites. The Structural phase transition of the 

perovskites is associated with a significant temperature-dependent vibrational mode-the soft 

mode [16-18]. At the transition temperature, the soft-mode frequency tends to zero, and the 

lattice observes a displacement leading to the structural anomaly-the structural phase transition 

[16-18]. The soft mode substantially impacts the dielectric characteristics of ABO3 type 

perovskites [16-18], which explains their anomalous behavior, near Tc. At the transition 

temperature (Tc), the soft mode frequency tends to zero, and the lattice observes a displacement 

leading to the structural anomaly- the structural phase transition.  

At MPB, extremal electro-physical properties of the ceramics have been reportedly observed 

[19]. To explore the piezoelectric characteristics of the (Ba1-xCax)(Zr0.1Ti0.9)O3 ceramics, (x = 

0.140-0.160, y = 0.9), near the morphotropic composition, sample variation of converse 

piezoelectric coefficient (d33
*), coercive field, remnant polarization, and current polarization 

measurements were taken at RT. To carry out piezoelectric measurements, double-sintered 

compositions were used. The piezoelectric measurements such as piezoelectric coefficients and 

polarization were carried out using a piezo-meter (aixACCT Systems GmbH, aixPES) and 

ferroelectric (PE-loop tracer). The P-E (polarization vs electric field) hysteresis loops of the 

prepared (Ba1-xCax)(Zr0.1Ti0.9)O3 compositions were measured at room temperature, at 1 Hz 

frequency (triangular wave), with an applied peak electric field 8.28 kV/cm. The hysteresis loops 

exhibit a good ferroelectric nature of the prepared ceramics. For the prepared (Ba1-xCax)(Zr1-

yTiy)O3 compositions, (x = 0.140-0.160, y = 0.9), with increasing the calcium content (x value), 
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the area of the polarization-electric field (PE) hysteresis loops was observed increasing, up to x = 

0.150, which after that reduces with a rise in x. The maximum strain was found for the 

composition with x = 0.150, among the prepared BCZT samples. For the prepared BCZT 

compositions, the observed variation of coercive field (Ec) and remnant polarization (Pr) with Ca 

content (x) have been investigated. In the prepared composition range, the maximum value of 

remnant polarization (Pr) was found 20.82 µC/cm2; and the maximum coercive field (Ec), 3.384 

kV/cm, for the samples with x = 0.150. These observations may be attributed to the increased 

distortion in the lattice of the BCZT ceramics, near MPB, at x = 0.150 [20]. Decreasing the 

volume of switchable domains, the coercive field (Ec) may also increase due to the cell’s more 

significant deformation [20]. The variation of polarization current with the applied electric field 

was studied. Among the prepared samples, the highest magnitude (3.48 x 10-5 A) was observed 

for the compositions with x = 0.150. According to previously reported findings and current 

observations, the preparation method, content, and structure significantly impact the 

piezoelectric characteristics of BCZT ceramics. The structural anomaly, and extremal values of 

converse piezoelectric constant (d33*), strain (%), remnant polarization, and coercive field 

indicate a MPB- like composition, near x = 0.150, in the prepared BCZT ceramics. 

 

8.1.1 Applications of ceramic capacitor 

Extensive research on some ferroelectric materials belonging to the ABO3 structural family has 

revealed that they are helpful for dielectric heating, tuning circuits, filters circuits, sensors and 

actuators, RF application, microwave applications etc. [21-24]. Physical properties such as 

tangent loss, dielectric constant, piezoelectricity and pyroelectricity, which depend on the type 

and class of materials and their synthesis/fabrication technique, determine the applicability of 

materials for devices. Because of their strong dielectric characteristics, titanate ceramic materials 

have been investigated as potential compounds [25-30]. The prepared pellet samples of the 

BCZT ceramics can be worked as a ceramic capacitor. Ceramic capacitors were extensively used 

due to their low cost and high breakdown voltage (chapter 4). They are reliable due to good 

frequency response characteristics. It is ideally suited for the application of AC signals due to its 

non-polarized nature. 

 

8.1.2 LCR circuit operating condition  
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In the parallel LCR circuit, the prepared pellet samples may be used as a capacitor in the place of 

electrolyte capacitor. The ceramic capacitor has two electrodes separated by a dielectric medium. 

A potential difference of high frequency is applied across the electrodes. A sinusoidal signal is 

taken as an input for the parallel LCR circuit, Fig. 8.1. At a particular frequency, the capacitive 

and inductive reactance will be equal in the parallel LCR circuit. Thus they will cancel out each 

other at that frequency. This phenomenon is called resonance. The resistance, capacitance and 

inductance of the parallel LCR circuit are given by 10 kΩ, 0.10 nF and 0.5 mH, respectively. 

Again, a 10 kΩ series resistance was added to get high Q factor. The gain vs frequency variations 

were measured using a 5 Vp-p (peak to peak) sinusoidal signal with a variation in frequency from 

1 kHz to 3 MHz. At around 700 kHz, the gain of the LCR circuit was found to increase. This 

phenomenon may be occurred due to the resonance effect. To carry out the gain-frequency 

characteristics of the prepared BCZT ceramics, a function generator (Keysight, 33500B series) 

was used. A DSO (digital storage oscilloscope, Keysight DSO-X 2024A) was used to measure 

the change in output voltage and frequency. 

In conclusion, changing the frequency of the applied voltage in a LCR circuit can significantly 

impact the circuit’s behaviour and altering the circuit’s impedance. From the gain characteristics, 

it can work as a band-pass filter. Understanding how frequency affects an LCR circuit is crucial 

for various applications, including tuning circuits, filters, and oscillators. The resonant frequency 

is a key parameter that governs the circuit’s behaviour.  

 

 

 

Fig. 8.1 Circuit diagram with an applied voltage. 
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Fig. 8.2 Parallel LCR circuit with an applied sinusoidal voltage (frequency 700 kHz, 5 Vp-p) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



166 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.3 (a) Input sinusoidal signal with a magnitude of 5 Vp-p (left), (b) Frequency response 

characteristics of parallel LCR circuit with an applied sinusoidal voltage (right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.4 Gain vs frequency response analysis of the parallel LCR circuit. 
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From the frequency response analysis graph of the parallel LCR circuit, the maximum gain was 

measured at around 700 kHz frequency. The Q-factor and bandwidth of the parallel LCR circuit 

are calculated at resonance frequencies around 4.57 and 0.153 MHz, respectively. Thus, the 

ceramic capacitor can be used in a tuned amplifier. The advantage is that the ceramic capacitors 

have a very minimum value (nF range) and can provide a resonance frequency near the MHz 

range. 

The growing demand for miniaturization and ferroelectric thin films in memory devices, 

electromechanical devices, high-frequency sensor applications [31], etc., has extended the study 

further to the thin films of these materials. Thin films were deposited, on quartz and p-Si (100) 

substrates, by radio frequency (RF) sputtering of ceramic barium calcium zirconate titanate 

[(Ba1-xCax)(Zr0.1Ti0.9)O3], (x = 0.155, y = 0.9), target. With varying deposition and annealing 

conditions, films were prepared. The film deposition conditions drastically influence the 

structure, crystallization, electron trap densities, presence of voids, defects, film-substrate 

interaction, stoichiometry and chemical composition etc. [32]. For electrical and optical 

measurements, thin films were deposited onto silicon and quartz substrates, respectively.  

The as-deposited films were annealed for one hour at different temperatures, between 500 and 

800 oC. However, films peeled out on annealing at 800 oC. From the observed XRD patterns, it 

was observed that the films annealed at and above higher temperatures (700 oC), show crystalline 

structure with a common orientation (020). The films were observed orientating towards (020) 

plane, when the films were annealed above 450 oC. It was observed that the transmittance of the 

films increased with a rise in annealing temperature up to 600 oC; and decreases with further 

rising annealing temperature. The transmittance was measured to decrease (~73-87%) with 

further increase in annealing temperature (between 650 and 750 oC), which may be associated 

with the multi-orientation of the crystallites on annealing, (XRD data, Fig. 2.1, Chapter-2), 

which may cause in the scattering of incident photons and hence reduced transmittance [33].  

The optical transmittance plots were used to compute the film thickness (d), refractive index (no), 

and other optical properties of the prepared BCZT0.9 films using the famous Swanepoel’s 

envelope technique [34]. As photon energy increased, the films’ refractive index (no), absorption 

coefficient (), and extinction coefficient typically increased. The measured optical parameters 

were found to be consistent with the earlier reported results [35]. The film thickness was 

calculated from the transmittance data and was obtained as 330 ± 10 nm for the films deposited 
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at RT. It remained the same after annealing at various temperatures. To understand the related 

methods, the directly allowed energy band gap (led by photon-electron interaction, and following 

2 vs h plot), indirect allowed energy band gap (led by photon-phonon interaction, and 

following 1/2 vs h plot), direct forbidden band gap (led by photon-phonon assisted interaction, 

and following 2/3 vs h plot); and indirect forbidden band gap (led by exciton interaction, and 

following 1/3 vs h plot) have been computed for all the prepared samples. From such 

observations, a convincing illustration was found for the 2 vs h curve and recommends direct 

transition possibility, in the deposited BCZT0.9 films, by photon-electron interaction. The band 

gap widens (red shifts) for the films annealed at higher temperatures, according to the measured 

variation of the optical band gap as a function of annealing temperature [36]. This observed band 

gap widening may be explained on the basis of the Burstein effect [37]. 

To understand the conduction mechanisms in the Ag/BCZT0.9/Si/Ag MIS structure, insulating 

films were annealed at 500, 600, 650, 700 and 750 oC. After annealing in an oxygen atmosphere 

and different temperatures, silver electrodes were deposited to carry out electrical measurements. 

The observed current-voltage (I-V) behaviour suggests several conduction mechanisms in 

BCZT0.9 assisted MIS structure. For the films annealed at 600, 650, 700 and 750 oC, the linear 

variation of leakage current shows the ohmic conduction for E < 1.21 x 102 kV/cm. In contrast, 

the films deposited at RT and annealed at 500 oC, show ohmic conduction for E ≤ 1.05 x 102 

kV/cm. The current-voltage variations of the prepared films exhibit different conduction 

mechanisms above a critical field, e.g., Schottky emission, Poole-Frenkel, and other conduction 

processes. The linearity of the plots obtained using different methods shows that ohmic 

conduction dominates in the smaller field region (E ≤ 1.05 x 102 kV/cm), Schottky emission in 

the applied field range (1.05 x 102 kV/cm < E ≤ 1.81 x 102 kV/cm), and space-charge-limited 

conduction in the higher fields (E > 1.81 x 102 kV/cm), for RT deposited films and the films 

annealed at 500 oC. Similarly, for the films annealed from 600 to 750 oC, ohmic conduction in 

the lower fields (E ≤ 1.21 x 102 kV/cm) followed by space-charge-limited conduction in the 

higher fields (E > 1.21 x 102 kV/cm), has been observed. The current study’s deposited film 

thickness was relatively high (around 330 nm), so there are few chances of tunneling through the 

film volume. Tunneling can be significantly possible through extremely thin films (less than 50 

nm). The films, annealed from 600 to 750 oC, indicated a probability of tunneling conduction at 

the higher fields (E ≥ 1.96 x 102 kV/cm). The probability of tunneling conduction decreases in 
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the films annealed from 600 to 750 oC as the annealing temperature rises due to an increased 

interfacial SiO2 layer, which raises the field to find tunneling conduction in higher fields (≥ 1.96 

x 102 kV/cm). From these present observations, conduction mechanisms in Ag/BCZT0.9/Si/Ag 

MIS structure comprises ohmic, Schottky emission, and space-charge-limited conduction 

mechanisms dominating different field regimes, for the as-deposited and the films annealed at 

500, 600, 650, 700 and 750 oC films. 

The conduction mechanisms were further confirmed by comparing the refractive indices 

obtained from I-V characteristics with that obtained optically. Joshi and Cole [38] have found 

that the dominating conduction mechanism may be determined by calculating the refractive 

index (n) obtained from I-V characteristics (ε = n2), and comparing it with that obtained from the 

optical measurements (no). Where the values of the refractive indices obtained from the two 

approaches are comparable, that determines the dominating conduction mechanism. From the I-

V measurements, the measured conduction mechanism in Ag/BCZT0.9/Si/Ag MIS structure 

comprises ohmic, Schottky emission, and space-charge-limited conduction mechanisms 

dominating at different rising applied field regions.   

The prepared Ag/BCZT0.9/Si/Ag MIS structure’s measured capacitance-voltage (C-V) 

characteristics show that the prepared samples’ capacitance decreases with increasing frequency. 

The loss tangent (tan ) was observed small in the films annealed at 750 oC, which can be 

attributed to the incorporation of oxygen in the stoichiometry of the films, and to the improved 

density as well. At lower annealing temperatures, the tan  was found to increase, which can be 

due to less oxygen stoichiometry in the film lattice. 

The prepared thin films had visible accumulation, depletion, and inversion phenomena. It was 

observed that the C-V plots of all prepared samples show clockwise hysteresis. In the 

capacitance-voltage plots, the clockwise and anti-clockwise hysteresis indicate electron and hole 

ejection into the film, respectively [39]. The clockwise hysteresis suggests positive Qi, which 

shifts the C-V curve to a more negative side along the voltage axis. The anti-clockwise hysteresis 

suggests negative Qi, shifting the C-V plot to a more positive side along the voltage axis [40,41].   

Flat-band voltage, flat-band capacitance, interface density of states, the highest capacitance of 

depletion layer, and corresponding widths of the depletion layer, minimum capacitance, charge 

storage density, charge storage capacity, magnitude of hysteresis and density of interface states 

have been calculated, from the measured C-V variations, for all the prepared MIS structures. 
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From the C-V plots, the flat-band capacitance (CFB) was found 117.01, 138.65, 184.27, 227.64, 

263.72 and 273.63 pF, for the films deposited at RT, and annealed at 500, 600, 650, 700 and 750 

oC, respectively. The flat-band voltage (VFB) was observed -2.33, -0.95, -0.37, -0.35, -0.35 and -

0.32 V, respectively. For all the prepared films, the flat-band voltage (VFB) moved towards the 

left side concerning the ideal one.  

With increasing annealing temperature, the flat-band voltage was shifted towards 0 V, i.e., it 

becomes less negative, up to 750 oC. This may be attributed to the following supposition. With 

increasing annealing temperature (≥ 500 oC), it was observed that owing to the less escaping of 

alkali ions and improved oxygen stoichiometry might have reduced n-type carriers. Also, with 

the increase in annealing temperature, the crystallinity of the films enhanced than that for the 

samples deposited at RT and annealed at lower temperatures. The improved oxygen 

stoichiometry and crystallinity resulted in a reduced magnitude of VFB, for the films annealed 

from 500 to 750 oC temperature. Competition between the temperature-dependent escaping of A- 

and O-site constituents may be held accountable for the obtained C-V characteristics and VFB 

shifting of the prepared BCZT0.9 thin films.  

The capacitance in the accumulation zone was used to compute the dielectric constant. The 

dielectric constant (ε) was found to be 38.01, 44.84, 92.34, 122.93, 135.28 and 148.81 for the 

films deposited at RT, annealed at 500, 600, 650, 700 and 750 oC, respectively, at 1 MHz, which 

are less than that measured results of the respective bulk pellets. The decrease in dielectric 

constant (ε) may be observed due to the deterioration in Ba and Ca stoichiometry and 

improvement in oxygen stoichiometry of the deposited films.  

Charge storage capacity and density have been calculated for the as-deposited and the films 

annealed at 500, 600, 650, 700 and 750 oC. Charge storage capacity (3.99 fF/m2) and charge 

storage density (35.91 fC/μm2) were found to be maximum for the films annealed at 750 oC. For 

the films that were annealed at 750 oC, the maximum relative permittivity (148) was obtained. At 

higher annealing temperatures, the dielectric constant was found sufficiently increased as 

compared to its base composition BaTiO3 [42]. Hence, at the MPB region, this system (Ba1-

xCax)(Zr0.1Ti0.9)O3 has reasonable charge storing capacity and charge storage density, for 

memory device applications. At lower annealing temperatures, due to low dielectric constant, 

low charge storing capacity, and low density of interface states, it may be useful in digital 
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circuits, ultrasonic delay lines, and insulating dielectrics to differentiate the conducting parts 

(transistors and wire interconnects) from one another, etc.  

The significant composition-dependent variations in the dielectric properties and occurrence of 

morphotropic phase regions exhibit that (Ba1-xCax)(Zr0.1Ti0.9)O3 system has tremendous 

technological potential for developing tailor-made materials for industrial applications. Carrying 

out further careful and systematic studies, particularly for the improved stoichiometry of the thin 

film material, with varying composition (x) and processing conditions, may be helpful in further 

understanding the characteristic features of this lead-free system for different technological 

approaches. 

 

8.2 Scope for future work 

The ferroelectric perovskite lead-free materials exhibit good electrical properties, making them a 

potentially efficient alternative in the place of lead-based ferroelectrics. Electrical properties of 

lead-free (Ba1-xCax)(Zr1-yTiy)O3 (x, y = 0 to 1) ceramics were optimized in the current work using 

grain growth, chemical modification, and double sintering. The systematic investigations may 

show much information to understand the influences of grain growth, dopants and sintering on 

the dielectric and piezoelectric properties of BCZT ceramics. Also, the prepared BCZT0.9 thin 

films show enhanced dielectric and minimum leakage current density. This work still has some 

limitations, so more research will need to be done. 

 The electrical properties significantly depend on the sintering conditions. The sintering 

process may affect the prepared pellet samples’ density, grain size, and other properties. 

Although, similar sintering conditions have been applied to the prepared pellet samples. 

One can vary the sintering temperature in accordance to the melting point of the 

composition. Therefore, more work needs to be done to get optimized sintering results. 

 The present work systematically studied variation in A- site at MPB. However, variations 

in B- site may be performed to understand the change in the electrical properties. 

 Piezoelectric materials may be a suitable choice to be used as a nanogenerator. Also, the 

enhanced output voltage will be necessary for nanogenerator applications. Therefore, 

more work needs to be done in this area. 

 The study of compatible high K thin film materials can be helpful for memory devices, 

thin film capacitors, electromechanical devices, and high-frequency sensor applications. 
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The optical properties, leakage current density and dielectric constant were measured in 

the present study. More variations in deposition conditions and annealing temperature 

need to be done to get application-leading results.  

 Variations in substrate temperature and biasing may result in enhanced dielectric constant 

and depreciation in the leakage current. 

 Temperature variation of the electrical measurements may be performed to understand 

the thin film device properties. 
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