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Abstract 

 

The rising global demand for energy consumption for meeting the commercial and 

economic growth concerns for sustainable energy resources, generation, harvesting, and 

storage. The energy storage devices include electrochemical capacitors, batteries, fuel cells, 

and dielectric capacitors. Among these storage devices, dielectric ceramics offer inherently 

high power density and ultrafast charging/discharging time ranging from micro-nano to second 

time. This thesis mainly focuses on lead-free dielectric ceramics and thin films for energy 

storage applications. A detailed investigation of two systems, (1-x)BaTiO3-xBiFeO3 (BTBF) 

and (1-x)BaTiO3-xBi[Zn2/3(Nb0.85Ta0.85)1/3]O3 (BT-BZNT) from BaTiO3-BiMeO3 (where Me is 

trivalent or average trivalent metal ions) solid solution family in the bulk form is carried out. 

The ferroelectric studies for both compositions are analyzed to evaluate energy storage 

performance. The BTBF3 composition displayed a Wrec and η (%) of ⁓ 40 mJ/cm3 and 60.92%, 

respectively, at 25 kV/cm applied field, which is sufficiently lower as compared to other 

BaTiO3-BiMeO3 systems. A significant improvement in energy storage performance is 

observed in BT-BZNT ceramics. A remarkably high Wrec of 2.06 J/cm3 with an η (%) of 78% 

is achieved for BT-BZNT3 ceramics at an applied field of 180 kV/cm. The ultrahigh-energy 

efficiency of up to 96% is observed for higher concentrations in BT-BZNT ceramics. Herein, 

BT-BZNT3 and BT-BZNT4 ceramics exhibited a comparable energy storage performance at a 

lower applied field of 180 kV/cm, demonstrating the excellence of BT-BZNT ceramics over 

other BaTiO3-BiMeO3 family.  

Similarly, the BLFO thin films at different oxygen partial pressures (OPPs) (15, 20, 25, 

and 30 SCCM) are deposited on n-type silicon and quartz substrates using pulsed laser 

deposition technique. Among the deposited films, 20 SCCM deposited films exhibited an 

enhanced energy storage density of 2.09 J/cm3, having an energy efficiency of 78.42% at the 

applied field of 488 kV/cm. The lower leakage current density of ~1.08×10-7 is estimated for 

20 SCCM film, attributing to dense microstructure and favorable oxygen ambiance. It is known 

that the physical properties of ferroelectric thin films are very sensitive to the presence of 

interfaces. These interfaces will inevitably influence the electrical properties and parameters of 

ferroelectric devices. Thus, the BLFO/BTO bi-layer thin films with varying top layer 

thicknesses and BZNT/BTO multi-layer heterostructures with alternate stacking of BTO and 

BZNT layers are deposited on n-type and Pt Si substrates. The heterostructure with 
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BLFO/BTO3 displays an improved Wrec of 11.65 J/cm3 with η of 85% at 746 kV/cm. The 

interfacial layer between BLFO and BTO enhances the energy density and efficiency ascribed 

to the enhancement of EBDS induced via the interfacial barrier effect on the conducting 

filaments. Similarly, a remarkable enhancement in recoverable energy density (Wrec) of 52.19 

J/cm3 with energy efficiency (η) of 92.21% at 2.58 MV/cm is achieved for the higher number 

of stacking layered films among the BZNT/BTO multi-layer films. The enhancement in energy 

storage performance may be attributed to the intervening ferroelectric BTO and BZNT layers 

in the multilayered BZNT/BTO3 films. In both cases, a low value of leakage current density in 

the order of ~10-6 A/cm2 and ∼10−7 A/cm2 is also observed for BLFO/BTO3 and tetra-layer 

BZNT/BTO films at an applied field of ± 500 kV/cm respectively. The improved response of 

bi-layer (BLFO/BTO) and multi-layer (BZNT/BTO) films assures their appropriateness for 

energy storage device applications.       
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Introduction 

 

1.1 Introduction 

With the growing global population and ongoing economic growth, there is a greater 

demand for energy in various electronic and automotive sectors, necessitating the development 

of different energy generation and storage technologies. The global energy demand has been 

raised more than twice in the last 40 years, per the International Energy Agency's (IEA) report 

[1]. From 1973 to 2016, the total energy consumption of the world increased from 54,207 

terawatt-hours (TWh) to 111,125 TWh [2]. According to the report [3], the global market for 

stationary and transportation energy storage is expected to grow at 2.5-4 TWh per year by 2030, 

or roughly 3-5 times the current 800-gigawatt-hours (GWh) market. Consequently, electrical 

energy storage devices play a significant effect in the development of sustainable renewable 

technologies, such as energy conversion and storage. Energy storage equipment in the electrical 

system collects extra energy during periods of high production, stores it as a reservoir, and then 

releases it as needed. Due to industrial and commercial purposes, energy consumption has 

significantly increased over the past few decades. As a result, there is a greater reliance on 

electrical energy to power electronics and machinery today.   

1.2 Current interest in the field of energy storage 

Large numbers of publications for energy applications are generated for investigating the 

research topic of energy storage. A survey on the Scopus database shows the growing interest 

in energy storage in the last decade, as portrayed in Figure 1. 1. The report summarizes the 

literature survey for energy storage technologies with a timeline. Figure 1. 1(a) and (b) display 

the rise of publications associated with interest within different countries and a number of 

Chapter 1 
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publications related to lead-free dielectric storage systems. With time, interest in the energy 

storage application is gaining attention, and constant effort by researchers has been made in 

the forward direction. This also suggests the recent progress and increasing demand for energy 

storage technologies in the near future. 

 

Figure 1. 1: Number of annual publications for energy storage capacitors based on Scopus 

database: (a) country-wise, (b) different dielectric ceramics. 

The mainstream electrical energy storage systems (EESSs) are batteries, fuel cells, 

dielectric capacitors, electro-capacitors, etc. [4][5]. Figure 1. 2(a) is a graph comparing the 

various energy storage devices. The power density and energy density of storage systems vary 

significantly due to the charge-discharge process and differences in energy storage 

mechanisms. The energy density vs. power density of EESSs is generally depicted by the 

Ragone plot, named after David Vincent Ragone. The Ragone plot in the graph shows the 

different energy storage systems and their energy storage and power density comparisons. The 

chart indicates that batteries and fuel cells offer a higher energy density than electrochemical 

and dielectric capacitors but have low power density due to the slow mobility of charge carriers 

[6]. As a result, they have limited utility in high-power electronics. Electrochemical capacitors 

exhibit high power density and moderate energy density, but their charging and discharging 

processes are quite slow. Further, electrochemical capacitors can only be used at low operating 
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voltages and are costlier compared to dielectric capacitors. The electrostatic capacitors offer 

inherent high power densities, ultrafast charging-discharging rates (a few milliseconds to 

nanoseconds), low cost, and a long lifetime suitable for high voltage applications. The 

dielectric capacitors overcome the limitations of electrochemical capacitors and batteries, 

which exhibit ultrafast charge-discharge capability and make them favorable for pulsed power 

equipment.  

 

Figure 1. 2: (a) Comparison between different energy storage systems, (b) Pulsed power 

device applications of dielectric ceramics. 

Dielectric capacitors' reduced device volume (volumetric efficiency) can be improved by 

increasing their discharge energy density, and these are useful in many portable electronic 

devices [1]. In addition, the range of applications for dielectric capacitors can be substantially 

expanded if their energy density is comparable to that of fuel cells and batteries. 
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1.3 Dielectric capacitors: Their usage in pulsed power applications  

Dielectric capacitors are used in a wide variety of pulsed power applications, some of 

which are shown in Figure 1. 2(b). They can be useful in spacecraft, medical equipment 

(surgical lasers, pacemakers, X-ray units), hybrid electric vehicles, scientific research (high-

power accelerators, nuclear effects simulations), commercial systems (metal forming, food 

sterilization, camera flash), high-intensity magnetic field experiments, and military systems 

(radars, electrochemical guns, ballistic missiles, active armor, high-power microwave devices) 

[4][7][8]. Dielectric capacitors are crucial components in hybrid electric vehicles (HEVs). In 

electric hybrid vehicles, the energy storage capacitors can be helpful during low battery backup, 

as dielectric capacitors take a few milliseconds to charge and discharge. For instance, the 

electrification of the transportation sector was aided by the popularity of the Toyota Prius 

hybrid electric vehicle, leading to the introduction of products like the all-electric Nissan Leaf 

and the plug-in GM Volt [9].  

1.3.1 Why dielectric ceramic capacitors are of interest? 

Though the batteries provide high energy density and reliability and are used for stable 

and long-term energy supplies, they face a serious disposal issue. The batteries' use and self-

life are limited, and a vast number of raw materials, metals, and non-metal used to produce 

batteries generate environmental pollution (greenhouse gas, hazardous waste, and toxic 

emissions) during different stages of processing. This processing includes mining, 

manufacturing, transportation, collection, storage, treatment, disposal, and recycling [10]. 

Conversely, using liquid electrolytes involving chemical reactions in electrochemical 

capacitors also adds to the environmental risk. At the same time, the fuel cell is too expensive 

to manufacture due to the high cost of catalysts. The hydrogen gas in the fuel cell is highly 

inflammable, burns in air at concentrations ranging from 4 to 75%, and hence requires safety 

measures. The usage of these storage systems will have severe environmental and social 

TH-3332_186121023



  Chapter 1: Introduction 

5 | P a g e  

 

impacts. In detail, with the help of the illustration in Figure 1. 3, attempted to demonstrate the 

different energy storage systems with their merit and demerits. Accordingly, in terms of 

sustainability, the research has been focused on quantifying externalities and reducing risk by 

replacing these energy storage systems with dielectric capacitors. 

 

Figure 1. 3: Various types of energy storage systems with their advantages and 

disadvantages [1][6]. 

1.3.2 Essential background of dielectric capacitor  

A common example of a capacitance device is a dielectric capacitor or plane-parallel 

capacitor, which consists of two electrode panels separated with dielectric materials. Dielectric 

capacitors can store energy in the form of an electrostatic field, with an applied electric field, 

through polarization, which is caused by the separation of electric charges of the dielectric 

materials. Figure 1. 4(a) depicts a plane parallel capacitor composed of two electrode panels 

separated from one another with a dielectric material sandwich between them. Figure 1. 4(b) 

TH-3332_186121023



  Chapter 1: Introduction 

6 | P a g e  

 

shows some of the dielectric capacitor's advantages. Along with pulsed power applications, 

dielectric capacitor offers numerous advantages of high-power density, better temperature 

stability, ultrafast charge, and discharge rate (~μs to ns), good fatigue endurance, high safety, 

and reliability. 

 

Figure 1. 4: Dielectric capacitors [11] and advantages of dielectric capacitors [12]. 

1.4 Polarization mechanism in dielectric materials 

A dielectric is made up of either polar or nonpolar molecules. 

1.4.1 Polar molecules  

Polar molecules are ones in which positive and negative charge centers do not coincide 

with each other and they have a permanent electric dipole. Since the molecules are randomly 

orientated the net dipole moment will be zero without an electric field. However, in the 

presence of an electric field molecule will have a finite dipole moment. Some well-known 

examples of polar molecules are H2O, N2O, NH3, and HCl. Figure 1. 5(a) and (b) depict polar 

molecules in the presence and absence of an electric field. 
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1.4.2 Nonpolar molecules  

Non-polar molecules are those whose positive charge coincides with a negative charge 

in the absence of an electric field as illustrated in Figure 1. 5(c) so, they have zero dipole 

moment. Examples of non-polar molecules include N2, O2, H2, methane, etc. With an electric 

field, positive charges tend to align in the electric field direction and negative charges in the 

opposite direction of the electric field as displayed in Figure 1. 5(d). As a result electric field 

within the dielectric material is reduced. The molecule is then said to be induced polarized. In 

terms of applied electric field, the induced polarization can be written as follows 

𝑃⃗ = 𝜀0𝛼𝐸⃗       (1.1)  

here, α denotes the polarizability of the material.  

 

Figure 1. 5: (a) Polar molecules in the absence of an electric field (b) Polar molecules in the 

presence of an electric field (c) Non-polar molecules in the absence of an electric field where 

the center of positive charge coincides with a negative charge, (d) Charge separation in 

presence of an electric field. 
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1.4.3 Dielectric Polarization  

Dielectric materials have no free electrons to participate in conduction so, when they 

are placed in the electric field, partially no current flows in them, unlike the conductors. Instead, 

the charge carriers slightly displace away from their equilibrium position, resulting in a net 

dipole moment (𝜇 ) and the atom is said to be polarized. This phenomenon is referred to as 

polarization of the material, expressed in terms of net dipole moment (𝜇 ) per unit volume as, 

𝑃⃗ = ∑(𝜇 /𝑉). The positive charges will get displaced in the applied field direction and the 

negative charge will move away opposite to the direction of the field. Based on resonance and 

relaxation regimes, there are four different types of polarization mechanisms involved in the 

dielectric material. This polarization mechanism includes electronic (𝑃⃗ 𝑒), ionic (𝑃⃗ 𝑖), dipolar 

(𝑃⃗ 𝑑𝑝) and space charge (𝑃⃗ 𝑠𝑐) polarization. Electronic and ionic polarization is displacement 

polarization whereas, dipolar and space charge polarization comes under orientation 

polarization. Each polarization process relates to cut-off frequency. Above the cut-off 

frequency, the corresponding polarization mechanism becomes inactive and does not 

contribute to the polarization response. All the polarization mechanism in the dielectric 

material is depicted in Figure 1. 6 and discussed below:   

1.4.3.1 Electronic polarization:  

 As depicted in Figure 1. 6(a), a dipole moment is formed with an electric field in 

the molecules because the electron cloud outside the nucleus moves relative to the nucleus, 

which creates the displacement in positive and negative charges. This phenomenon is known 

as electronic polarization and is observed in a frequency range of 1012 to 1015 Hz (UV region). 

For this polarization to occur, at least one atom is required.  
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1.4.3.2 Ionic polarization:  

Figure 1. 6(b), shows the displacement of positive and negative ions under an applied 

electric field. The displacement of charges from its equilibrium positions induces a net dipole 

moment. This mechanism is known as ionic polarization in which at least two atoms are 

required. Ionic polarization will respond to infrared frequencies and occurs at frequencies 

between ~109 to 1012 Hz. 

1.4.3.3 Dipolar or orientation polarization:  

High thermal energy causes large fluctuations, leading to random molecular dipole 

orientation. In the presence of an external applied electric field, dipoles tend to align in the 

applied field direction. This alignment of permanent dipoles in the applied electric field 

direction is called orientation polarization and is shown in Figure 1. 6(c). 

1.4.3.4 Space charge or interface polarization:  

 

Figure 1. 6: Different types of polarization mechanisms present in dielectrics [13]. 

This type of polarization occurs when the charge carriers move through dielectrics and 

are restricted from moving due to the barriers, it can be grain boundaries (the electrons “pile 
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up”) or any other interface (like electrode-material interface). Due to this, the charges 

accumulate at the interface between two materials or regions inside a material with an applied 

electric field as depicted in Figure 1. 6(d). At low frequencies, dipolar polarization will 

respond which occurs below 109 Hz in the frequency range of 106 to 109 Hz while, space charge 

polarization is below 103 Hz. The net contribution from all types of polarization can be 

expressed as: 

𝑃⃗ 𝑡𝑜𝑡𝑎𝑙 = 𝑃⃗ 𝑒 + 𝑃⃗ 𝑖 + 𝑃⃗ 𝑑𝑝 + 𝑃⃗ 𝑠𝑐    (1.2)  

In linear dielectric systems, in terms of electric field, polarization can be expressed as below: 

    𝑃⃗ = 𝜒𝑒𝜀0𝐸⃗ = (𝜀𝑟 − 1)𝜀0𝐸⃗     (1.3) 

here, 𝜒𝑒, 𝜀𝑟 and 𝜀0 denotes the electric susceptibility, dielectric constant (or relative 

permittivity), and vacuum permittivity of the dielectric material respectively. Also, the 

dielectric constant can be expressed as, 

 𝜀𝑟 =
𝜀

𝜀0
      (1.4) 

A material's dielectric permittivity is a measure of its ability to store electric charge, whereas 

its dielectric loss quantifies the loss of electrical energy. The ratio of imaginary (ε") and real 

(ε') permittivity gives the dielectric loss (Loss tangent, tanδ) as written below: 

𝑡𝑎𝑛𝛿 =
𝜀"

𝜀′
      (1.5) 

The sum of the intrinsic and extrinsic losses gives the total dielectric loss. The interaction of 

alternating electric field with the phonon system is attributed to the intrinsic dielectric losses 

and it occurs in perfect crystals. The crystal symmetry, temperature, and alternating current 

field frequency influenced the intrinsic dielectric losses. Extrinsic losses are caused by crystal 

lattice imperfections such as vacancies, microstructural defects, impurities, porosity, order 
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disorder, micro-cracks, grain boundaries, dislocations, random crystallite orientation, dopant 

atoms, and so on. Since extrinsic losses are generated by lattice defects, and hence good 

material preparation can reduce them. Therefore, low dielectric losses and, a high dielectric 

constant are desired properties for applications in the electrical and electronic industries.  

1.5 Some crucial criteria to determine energy storage performance 

1.5.1 Dielectric permittivity 

The energy storage capability of dielectric capacitors is dependent on the capacitance 

(C) and electric polarization of the material. Figure 1. 7(a-b) depicts the schematic 

representation of a dielectric capacitor. The capacitance of the materials can be expressed in 

the term of voltage (V) and the incremental change in the charge (Q) as follow: 

𝐶 =
𝑑𝑄

𝑑𝑉
=

𝜀0𝜀𝑟𝐴

𝑑
     (1.6) 

here, εr, ε0, d, and A are the relative dielectric permittivity, dielectric permittivity in free space 

thickness of the dielectric material, and area of the electrode respectively. 

 

Figure 1. 7: Schematic illustration of energy stored in (a) vacuum capacitor, and (b) 

dielectric capacitor. 
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1.5.2 Stored energy density (W) 

When an external electric field is applied to the dielectric material or during the 

charging process, a non-zero charge on two plate capacitors is induced, due to which electric 

dipole tends to align themselves in the field direction. The dielectric polarization throughout 

the charging process is illustrated in Figure 1. 7(b). When the outside voltage becomes equal 

to the voltage difference produced by charge accumulation then the charging process of the 

capacitor ceases and the capacitor will fully charge. As a result, the electrostatic energy stored 

during the charging process stored in the dielectric layer can be expressed as: 

𝑊 =
𝐽

𝑉𝑣𝑜𝑙.
=

∫ 𝑉𝑑𝑞
𝑄𝑚𝑎𝑥
0

𝐴𝑑
= ∫ 𝐸𝑑𝐷

𝐷𝑚𝑎𝑥

0
   (1.7) 

where, J, E, Vvol, Qmax, and D are stored energy, applied electric field (E=V/d), volume (Vvol. = 

A×d), the maximum value charge acquired at the maximum electric field, and the electrical 

displacement respectively. The electric displacement can be expressed as D = ε0εrE = P+ε0E. 

Hence, the stored energy density can be rewritten as:  

𝑊 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

0
     (1.8) 

where P and Pmax represent the spontaneous polarization and maximum polarization under the 

maximum electric field. Since the applied electric field has no effect on the electric 

displacement or permittivity in linear dielectrics (LDs), then W can be defined as: 

     𝑊 =
1

2
𝜀0𝜀𝑟𝐸

2     (1.9) 

From, Eq. (1.9) it is clear that applied electric field and permittivity affect energy storage 

density, depending on whether the dielectric is linear or nonlinear [11].  
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1.5.3 Recoverable energy density (Wrec) 

In nonlinear dielectrics including ferroelectrics (FEs), relaxor ferroelectrics (RFEs), 

and antiferroelectrics (AFEs) materials energy dissipation is unavoidable and is quantified as 

joule heat loss, the deformation for determining Wrec is expressed as:  

     𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
    (1.10) 

where Pr is the remnant polarization. The nonlinear dielectric experiences considerable energy 

losses during the charging and discharging processes. Using the Sawyer Tower circuit depicted 

in Figure 1. 8(a), the P-E loops are used to calculate the recovered energy density for such 

materials. 

 

Figure 1. 8: (a) Schematic diagram of the Sawyer-Tower circuit for the P-E loop 

measurement; (b) graphical illustration of the assessment of energy storage parameters [14]. 

1.5.4 Energy efficiency (η) 

Similarly, η of the P-E loop can be calculated using the relation: 

𝜂 =
𝑊𝑟𝑒𝑐

𝑊
=

𝑊𝑟𝑒𝑐

𝑊𝑟𝑒𝑐+𝑊𝑙𝑜𝑠𝑠
     (1.11) 
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where Wloss is the energy dissipated and is represented by hysteresis loss. Figure 1. 8(b) 

illustrates the charging/discharging process and Wrec, Wloss shown in purple and orange colors 

respectively with their energy efficiency (η). Figure 1. 8(b) illustrates the typical monopolar 

ferroelectric hysteresis loop. Using this P-E loop, the stored energy of the material can be 

calculated using Eq. (1.8) and the area between the discharge curve and polarization axis in 

the ferroelectric curve gives the recoverable energy density which can be determined using Eq. 

(1.10). The energy efficiency is evaluated using Eq. (1.11). The total-colored portion (purple 

+ orange) in the ferroelectric hysteresis curve indicates the total stored energy in the capacitor. 

The orange portion shows the Wloss and the purple portion represents the Wrec in the dielectric 

material.  

1.5.5 Electric breakdown strength (EBDS)  

EBDS is another important parameter, which influences the energy storage performance. 

The Wrec and η of the material are highly dependent on the EBDS. The electrical resistance of 

the dielectric material significantly drops at a high applied electric field, and it becomes zero 

at the certain maximum electric field which is known as the breakdown strength (EBDS). The 

EBDS of the dielectric capacitors depends on the dielectric permittivity and energy bandgap of 

the material. At the same time, the microstructural parameters, such as material density, phase 

crystallinity, sample thickness, grain size, grain homogeneity, and defect chemistry, also 

significantly influence the breakdown strength. The external parameters such as surrounding 

temperature, pressure, operating frequency, and electric field application time also affect the 

EBDS of the material. Several other mechanisms involve dielectric failure such as intrinsic 

electric breakdown, partial discharge, thermal runaway, and electrostatic compressive forces. 

For achieving a higher sustainability of capacitance under a larger EBDS, high-quality dielectric 

materials with dense microstructure are essential.  
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Other crucial energy storage parameter includes discharge time, thermal stability, and 

fatigue endurance. Rapid charging/discharging is a distinctive characteristic of dielectric 

capacitors. This quick discharge generates a large current, which results in a high power in the 

capacitor. The discharging rate is measured in terms of discharge time, represented by τ0.9. 

Dielectric capacitors must have a high electric fatigue endurance to maintain their physical 

integrity over time and perform reliably during charging and discharging. Ferroelectric loops 

at a particular electric field are typically measured during repetitive cycling to determine the 

fatigue life of dielectric capacitors. For energy storage capacitors, good thermal stability is an 

essential requirement for the dielectric material in addition to high fatigue endurance. 

1.6 Dielectric materials for energy storage capacitors 

1.6.1 Different classifications of dielectric materials  

Dielectric ceramics are classified into different types based on ferroelectric domain 

structure. Figure 1. 9(a-e) illustrates the schematics of permittivity and polarization as a 

function of applied fields for different dielectric materials. In general, the dielectric materials 

are broadly categorized into linear and nonlinear dielectrics. Due to the absence of permanent 

dipoles, a linear dielectric (LD) material almost shows constant permittivity and linear 

polarization response. Non-linear dielectric materials including para-electric (PE), ferroelectric 

(FE), and anti-ferroelectric (AFE) possess permanent dipoles due to the presence of non-centre 

symmetry. However, PE systems have no ferroelectric domains but have permanent dipoles 

that show slight non-linear response in P-E and εr - E characteristics with an electric field and 

once the electric field is removed, the materials come back to their nonpolar state. Ferroelectric 

material, without the presence of an electric field, has a net electric dipole moment and shows 

spontaneous polarization. They exhibit superior polarization values, but their low breakdown 

strength, high dielectric loss, large remnant polarization, and hysteresis loss cause them to store 

less energy. As ferroelectric systems have large hysteresis loops displaying huge energy loss, 
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practically undesirable for real applications. As the name suggests, in anti-ferroelectric 

materials, the polarization aligns oppositely in an adjacent crystalline lattice, hence showing 

zero polarization without an electric field. With the application of an electric field, AFE 

materials show double hysteresis loops because of reversible phase transitions AFE↔FE phase 

transitions. AFE materials are best suited for energy storage applications because of the high 

discharge energy density. The majority of AFE materials are lead-based, which limits their use 

for practical applications. Relaxor ferroelectric (RFE) materials are a type of ferroelectric 

material with polar nano regions (PNRs) that, on the other hand, have better energy storage 

performance. The PNRs are responsible for the dielectric relaxation and decrease in long-range 

ferroelectric ordering and are also responsible for the slimmer P-E loops of relaxor materials. 

These characteristics are essential for high-energy storage performance in dielectric ceramics. 

 

Figure 1. 9: Categorization of dielectric materials with εr-E curves, domain wall structure, 

and their corresponding P-E hysteresis loop (attributed to [15]). 
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1.6.2 Types of dielectric materials 

Attaining enhanced energy storage performance in one material is a difficult task. As 

such, much research on dielectric materials with high energy potential has been centered on 

polymers, composites, glass ceramics, and ceramics [15]. Polymer dielectrics display a high 

breakdown field (> 7 MV/cm); however, poor thermal stability (< 100°C) and low dielectric 

permittivity (< 10) make their application limited [7]. Several polymer-based composites 

containing dielectric ceramic fillers in varying shapes and concentrations have been developed 

recently to increase their permittivity. Composite materials can boost energy storage 

performance but struggle with problems like ceramic filler aggregation and polymer/ceramic 

interface incompatibility. Compared to polymer dielectrics, glass-based oxide dielectrics have 

a higher breakdown field (> 10 MV/cm) and higher permittivity. However, energy storage 

performance is hindered by the interface effect between the crystalline and amorphous phases. 

Simultaneously, the synthesis of high-quality pore-free glass ceramics is complex. In the case 

of dielectric ceramics, the dielectric constant is 10−2000 with a breakdown strength of 0.1−1 

MV/cm. Figure 1. 10(a-b) represents the statistical data on the percentages of publications in 

2012-2022 based on the "ISI Web of Science database" for various dielectric materials. As 

depicted in Figure 1. 10(a), dielectric ceramics received a considerable amount of interest 

among all other dielectric materials. The development of these dielectrics has advanced 

significantly in recent years, but each dielectric material appears to have its limitations. For 

instance, despite having a large breakdown field, polymer dielectrics limit their suitability due 

to their significantly low dielectric permittivity and poor thermal stability, making dielectric 

capacitors a long-term objective for energy storage applications. Nowadays, ceramic-based 

dielectrics are mainly focused on taking several variables into account, such as fundamentality, 

environmental adaptability, energy storage potential, and so forth.     
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Figure 1. 10: Number of publications on energy storage (a) with different types of materials, 

and (b) different forms of dielectric ceramic: bulk ceramic, thin film, multi-layer ceramic 

capacitors (MLCCs), and thick film in the period of 2012-2022. 

Depending on their thickness, dielectric ceramics can be classified into four groups: bulk 

ceramics (>100 μm), multi-layer ceramic capacitors (MLCCs), thin films (<1 μm), and thick 

films (1-100 μm). MLCCs and thin films have a high EBDS due to the lesser quantity of pores, 

impurities, and defects, which results in a high Wrec [15]. The higher value of EBDS in thick 

films as compared to thin films can be fabricated into multilayer structures, which can acquire 

more electrical energy. Additionally, thick films are more suitable for device integration than 

bulk ceramics due to their small volume and high EBDS. Bulk ceramics, on the other hand, can 

store more electrical energy due to their simple manufacture, better mechanical qualities, low 

cost, and vast volume. It is worth noting that if the bulk form of dielectric materials has good 

energy storage capabilities, their thick film and thin film exhibit better energy storage 

performance. Furthermore, the properties of bulk materials give preliminary investigation for 

fabricating high-performance thick and thin films. Therefore, bulk materials are gaining 

increasing research attention due to their simple fabrication procedure and low cost compared 

to thin and thick films. According to the statistical data, it is stated that bulk ceramics are of 

fundamental relevance for research expansion in addition to thin and thick films.  
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1.7 Ferroelectric ceramics for energy storage applications 

1.7.1 Bismuth Sodium Titanate (Bi0.5Na0.5TiO3), BNT 

BNT (Bi0.5Na0.5TiO3) belongs to the perovskite family with an ABO3 structure and was 

found by Smolenskii et al. in 1961. BNT system exhibits rhombohedral phase structure with 

space group R3c at room temperature up to 200 °C. With elevated temperature, it undergoes a 

series of phase transitions. As the temperature rises to 320 °C, it transforms from rhombohedral 

to tetragonal phase (P4bm); across the region, it coexists in rhombohedral and tetragonal 

phases. At ~ 520 °C, BNT transforms from a tetragonal to a cubic phase with a Pm3m space 

group [12]. Figure 1. 11 shows the crystal symmetry of pure BNT ceramics exhibiting a 

rhombohedral phase with a lattice parameter, a = b = c = 3.885 Å with phase angles α = β = γ 

= 89.830 [16]. Pure BNT ceramics are not a good choice for electric energy storage because of 

their high conductivity, significant dielectric loss, and strong ferroelectricity (Ec = 73 kV cm-1, 

Pr = 38 μC cm-2) [15]. 

 

Figure 1. 11: Crystal structure of Bi0.5Na0.5TiO3. 
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BNT-based systems for energy storage applications gained interest at the beginning of 

2014 after the work reported by Lue et al. [17][18] on a binary solid solution with KN (KNbO3). 

Similarly, several additives such as CaZrO3, SrZrO3, and MgO were substituted in the BNT  to 

enhance their energy storage capabilities by introducing the relaxor phenomenon in the system 

[19][20][21]. 

1.7.2 Potassium Sodium Niobate, K0.5Na0.5NbO3 (KNN) 

KNN (K0.5Na0.5NbO3) has received significant attention over the last 20 years due to its 

exceptional piezoelectric performance and environmental friendliness. KNN is a solid solution 

of sodium niobate and potassium niobite, which is the combination of ferroelectric and anti-

ferroelectric systems, possessing an MPB analogous to that of the PZT system if the Na/K is 

in a 50/50 ratio [22]. KNN near MPB is reported to exhibit good piezoelectric (d33 ~ 148 pC/N) 

and dielectric response [23]. It displays an orthorhombic phase structure at RT and high TC at 

~ 420 °C. Mainly, the research interest focuses on their electro-optic, piezoelectric, and electro-

caloric effects. The low EBDS and high Pr result in a low Wrec, making undoped KNN ceramic 

unsuitable for electrical energy storage. 

 

Figure 1. 12: Crystal structure of K0.5Na0.5NbO3. 

The crystal symmetry with an orthorhombic phase of pristine KNN is depicted in Figure 1. 12. 

The primary challenge associated with KNN ceramics is poor densification because of the 
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volatile components such as K2O and Na2O, which quickly evaporate during high-temperature 

sintering [24]. Therefore, optimization of the sintering temperature of KNN is complicated with 

the solid-state reaction method. 

1.7.3 Bismuth Ferrite, BiFeO3 (BFO)  

BFO is a multiferroic system that possesses anti-ferromagnetic Néel temperature (TN ~ 

370 °C) and high Curie temperature (TC ~ 830 °C) [25][26]. Figure 1. 13 illustrates that BFO 

exhibits the rhombohedral distorted perovskite structure with a space group of R3c with a = 

3.965Å and an octahedral FeO6 tilting angle of 11°. Researchers are interested in the BFO due 

to the coexistence of magnetic and ferroelectric responses at room temperature, which makes 

it applicable in their wide range of applications, such as data storage, spintronics, and 

electromagnetic devices [26][27].  

 

Figure 1. 13: Crystal structure of BiFeO3. 

The applicability of BFO for energy storage mainly originated from the 

stereochemically active 6s lone pairs, which are attributed to high polarization (100 μC cm-2). 
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Furthermore, the high Curie temperature of BFO finds usage in high-temperature applications. 

Due to its considerable leakage current, pure-phase BFO with appreciable enhanced 

ferroelectric properties is very difficult to obtain. A major challenge in BFO is to control the 

formation of secondary phases such as BiFe4O9, Bi25FeO39, and Bi25FeO40 [28] during 

synthesis, leading to low resistivity and poor ferroelectricity that restricts their usage in various 

applications [25]. 

1.7.4 Barium titanate, BaTiO3 (BTO) 

BTO is a well-known ferroelectric material with various uses, including nonlinear optic 

devices and dielectric capacitors. In 1946, BTO was discovered to be the first polycrystalline 

ceramic material to exhibit ferroelectricity. BTO has a tetragonal phase at room temperature, 

with a lattice constant of a=3.99095 Å and c= 4.0352Å [15]. At elevated temperatures (~ 125 

℃), BTO exhibits cubic symmetry and is in a paraelectric state. As the temperature declines 

below 125 °C, the paraelectric cubic state of BTO changes to the ferroelectric tetragonal phase. 

When the temperature is further decreased, the tetragonal phase transforms to an orthorhombic 

state at ~ 8 ℃. Finally, at -71℃, BTO again changes its phase from orthorhombic to 

rhombohedral phase [29]. Figure 1. 14 displays the dielectric constant versus temperature for 

pristine BTO. The structures and characteristics of BTO have been extensively studied for more 

than 50 years after the discovery of ferroelectricity and piezoelectricity in this system [30]. 

BTO-based ceramics have received immense attention for electric energy storage because of 

their high εr, low dielectric loss, and medium EBDS.  Still, the wide square-shaped hysteresis 

loops in BTO render it inappropriate for energy storage applications with small EBDS, low Wrec, 

and low η. Therefore, the energy storage performance of BTO can boosted by compositional 

modification, fabricating ceramics/polymer composites, and so on. 
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Figure 1. 14: Temperature variation of the dielectric constant of a BaTiO3 single crystal. 

The lead-free perovskite materials include BTO, BNT, KNN, AgNO3 (AN), and 

NaNbO3 (NN) systems. Among them, BT and NN-based materials show low recoverable 

energy density (Wrec), KNN-based materials suffer poor thermal stability, and AN-based 

materials face high raw material cost and undergoes complex processing. Processing and 

synthesis of BNT materials is a challenge as Bi is highly volatile due to the high-temperature 

sintering process, and it is difficult to maintain chemical stoichiometry. KNN and BNT systems 

suffer a lack of chemical stability and densification at high-temperature heat treatment due to 

the evaporation of chemicals like sodium, potassium, and bismuth. Whereas BTO-based 

systems are chemically stable and acquire high dielectric permittivity and low dielectric loss. 

These additional properties are advantageous for energy storage capacitor applications.   

1.8 A brief overview of relaxor dielectric ceramics  

More than half a century ago, the relaxor ferroelectrics (RFEs) system,  a new class of 

dielectric materials, was discovered by Smolenskii and group in 1961 [31]. The relaxor 

behavior is first observed in an ABO3 perovskite structured ferroelectric system in lead 
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magnesium niobate (Pb(Mg1/2Nb2/3)O3) PMN and later in lead scandium tantalate 

(Pb(Sc1/2Ta1/2)O3) (PST). In these systems, relaxor behavior arises due to the partial or full 

substitution of Mg2+, Sc3+, Nb5+, and Ta5+ ions in the B-site, creating a nonstoichiometric 

disordered solid-solution. Similarly, relaxor behavior is also observed in Pb1−x Lax(Zr1−y 

Tiy)1−x/4O3 (PLZT), Ba(Ti1−xZrx)O3, and Ba(Ti1−x Snx)O3 materials. Later, the altered PZT 

materials were categorized as a special class of FE materials, known as RFEs, after L.E. Cross 

popularized the term in 1987. He proposed that a material can be classified as RFE if it satisfies 

three key criteria: (i) a diffused phase transition from the ferroelectric to the paraelectric phase 

or broad temperature-dependent dielectric permittivity; (ii) the presence of dielectric relaxation 

or the frequency-dependent dielectric maximum temperature (Tm); and (iii) there is no 

macroscopic symmetry break in the vicinity of Tm. 

 

Figure 1. 15: Comparison between normal ferroelectric (FE) and relaxor ferroelectric 

materials (RFE) [31]. 
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Figure 1. 15 illustrates the distinguishing features of RFEs from FE material. The origin 

of relaxor behavior in such systems is thought to be owing to their compositionally induced 

disordered nature, which happens as a result of symmetry breakdown at the nanoscale level. 

This is owing to the creation of polar nanoregions (PNRs), which can significantly impact 

material characteristics. Typically, these PNRs arise above the temperature-dependent 

maximum permittivity (Tm) zone known as the 'Burns' temperature (TD), in which the Tm shifts 

towards higher temperature as frequency increases. Due to the distinguishable features of REFs 

from FE materials and their potential advantage in energy storage applications, the REF 

systems have been rigorously explored in the last 30 years. Different BTO-based lead-free REF 

systems studied for energy storage capacitor applications are discussed as follows: 

1.9 BTO-based relaxor ferroelectric ceramics 

Lead-free RFEs usually accomplished in BaTiO3 (BTO) based series, exhibit equivalent 

excellence response to its anti-ferroelectric materials. The total Pmax of the BTO-based ceramics 

can efficiently be adjusted by combining these BTO-based solid solutions with others, such as 

polar Bi3+-based BiMeO3 (where Me denotes trivalent or average trivalent cation) [32]. The 

most extensively investigated composite system of BTO-based ceramics is BaTiO3-Bi(Me)O3. 

Table 1. 1 summarizes the current interest in BaTiO3-BiMeO3-based solid-solution for energy 

storage applications.  

Table 1. 1: A literature survey of energy storage performance of BTO-based solid solutions. 

Compositions 𝑾𝒓𝒆𝒄 (J/cm3) η (%) EBDS (kV/cm) Ref. 

(0.7-x)BFO-0.3BTO-

xBaZn1/3Nb2/3O3+0.1 wt%MnO2 

1.61 74.89 180 [33] 

0.20BiFeO3-(0.05)BaTiO3-0.25BiScO3–

0.50SrTiO3 ceramics  

3.4 85.6 230 [32] 
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(0.67–x)BFO–0.33BTO–

xBa(Mg1/3Nb2/3)O3 

1.56 75 125 [34] 

BTO-0.125BMN 1.89  83 240 [35] 

0.7[0.88BTO-0.12Bi(Zn2/3Nb1/3)O3]-

0.3BNT 

3.82 94.4 265 [36] 

0.95BTO-0.05Bi(Ni2/3Ta1/3)O3 0.55 87.15 117 [37] 

0.93BTO − 0.07YNbO4 0.61 86.8 170 [38] 

0.85BTO–0.15Bi(Mg1/2Zr1/2)O3 1.25 95.4 185 [39] 

0.92BTO–0.08Bi(Mg1/2Ce1/2)O3 1.26 68.5 250 [40] 

0.9BTO–0.1Bi(Mg2/3Nb1/3)O3 1.13 90 144 [41] 

0.86BTO–0.14Bi(Zn1/2Ti1/2)O3 0.81 94 120 [42] 

0.88BST-0.12BZN 1.62 99.8 225 [43] 

0.85BTO-0.15Bi(Mg0.5Sn0.5)O3 3.05 95 220 [44] 

0.9BTO-0.1BMH 3.38 87 240 [45] 

(1-x)BTO-xBi(Mg0.5Zr0.5)O3 2.9 86.8 220 [46] 

0.6BTO-0.4BMT 4.49 93 290 [47] 

0.85BTO-0.15BZS 2.41 91.6 280 [48] 

0.88(Ba0.8Sr0.2)TiO3-

0.12Bi(Zn2/3Nb1/3)O3 

1.62 99.8 225 [49] 

0.85BTO-0.15Bi(Mg0.5Zr0.5)O3 + MnCO3 1.61 94.3 230 [50] 

0.88BTO-0.12Bi(Li1/3Hf2/3)O3 1.65 95.6 230 [51] 

0.94BTO-0.06Bi2/3(Mg1/3Nb2/3)O3 4.55 92 520 [52] 

0.88BTO–0.12Bi(Mg1/2Ti1/2)O3 1.81 88 224 [53] 

0.7 BTO–0.3 BiScO3 2.3 - 225 [54] 
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0.7SrTiO3-0.3(0.65BaTiO3-

0.35Bi0.5Na0.5TiO3) 

1.40 90 196 [55] 

0.92BTO- 0.08K0.73Bi0.09)NbO3 2.51 86.9 327 [56] 

0.9BTO-0.1Bi(Li0.5Ta0.5)O3 2.2 89 280 [57] 

0.9BTO-0.1(Bi0.9Na0.1)(In0.8Zr0.2)O3 1.33 88 180 [58] 

0.9BTO-0.1Bi(Mg2/3Nb1/3)O3 1.13 95.8 113.5 [41] 

0.6BTO-0.4Bi(Mg1/2Ti1/2)O3 4.49 93 340 [59] 

 

Several BaTiO3-Bi(Me)O3, (here Me denotes trivalent or average trivalent cation) 

systems have recently been studied, including BT-BiScO3, BT-BiYbO3, BT-Bi(Zn1/2Ti1/2)O3, 

BT-Bi(Mg1/2Ti1/2)O3, BT-Bi(Mg1/2Nb1/2)O3, etc, with relaxor behavior displaying better energy 

storage performance [60][42]. Combining Bi(Me)O3 and BaTiO3 can assist in the creation of 

PNR by breaking the long-range ferroelectric order. Because of the comparable electronic 

structures of Pb2+ and Bi3+, the hybridization between Bi 6p and O 2p is anticipated to raise the 

maximum polarization. Furthermore, these BaTiO3-Bi(Me)O3 systems' energy storage 

performance is unaffected by external temperature changes with broad temperature-stable 

dielectric properties.  

Various binary or ternary solid solution systems based on BaTiO3-BiMeO3 including 

BaTiO3-BiFeO3 (BTO-BFO) have been throughly explored [61][62][63][64][65][66][67][68] 

[69][32]. Undoped BFO-BTO-based ceramic with higher BFO contents have high Pmax; 

however, its ΔP is low due to the fact that it is unsuitable for energy storage applications [70]. 

In recent years, researchers have focused on enhancing the energy storage performance of the  

BFO-BTO system. The composition with 0.75BFO-0.25(Ba0.99La0.01)TiO3 ceramics is reported 

to exhibit a large Wrec of 0.61 J/cm3 by Calisir et al.[71]. Similarly, Ba(Mg1/3Nb2/3)O3 

substituted BFO-BTO bulk ceramics exhibited double hysteresis loops with improved energy 
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storage performance Wrec of 1.56 J/cm3 with η of 75% and also showed wide temperature 

stability in temperature range of 25-190 °C [34]. Likewise, enhanced energy storage 

performance is observed for the Nd-doped BFO-BTO system with Wrec 1.81 J/cm3  [72]. 

Meanwhile, the previous studies report that the bulk ceramics with BaTiO3-Bi(Zn2/3Nb1/3)O3 

composition displayed a large Wrec of 0.79 J/cm3 and η of 93.5% at an applied field of 131 

kV/cm [73]. Further, the Ta substituted bulk composition with 0.87BaTiO3-

0.13Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 exhibited greatly improved energy storage performance with 

Wrec of 1.44 J/cm3 and η of 92.5% at 218 kV/cm [74]. Here, Ta is mainly substituted for Nb in 

BaTiO3-Bi(Zn2/3Nb1/3)O3 composition, expecting to decrease the energy loss and leakage 

current density at the higher applied electric field.  

 

Figure 1. 16: Procedure for tailoring BTO-based relaxor ferroelectrics [15]. 

Additionally, adding Bi-based compounds can accelerate the densification process and 

lower the sintering temperature, which leads to a low dielectric loss, large activation energy, 
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and dense microstructure in BTO-Bi(Me)O3 ceramics, which favor high EBDS. Ogihara et al. 

first examined the energy storage capabilities of the BTO-Bi(Me)O3 family in 2009 on 

0.7BTO-0.3BiScO3 (BTO-BS) ceramics [54]. Using 0.2 mm thick BTO-BS ceramics, 

enhanced energy storage (Wrec) of 2.3 J/cm3 is obtained at 225 kV/cm. Meanwhile, 15 μm thick 

single dielectric layer capacitors can produce a significant Wrec of 6.1 J/cm3 in the same 

composition together with exceptional thermal stability. Improved energy storage capabilities 

of BTO-BS ceramics triggered the curiosity of the BTO-Bi(Me)O3 family toward the electrical 

energy storage system. Figure 1. 16 demonstrates the tailoring strategy to improve the 

relaxation behavior by inducing nano-domains or PNRs and optimizing the microstructure via 

A and B-sites co-doping. 

1.10 Thin films for energy storage devices 

Developing a material into thin films provides an extension to improve the functionality 

of the system. A material is termed a thin film when its thickness layer ranges from fractions 

of a nanometer (monolayer) to several micrometers, as shown in Figure 1. 17. Meanwhile, 

with the rapid evolution of miniaturization, integration, and lightweight, film capacitors for 

energy storage have gained increasing attention. In contrast to their bulk equivalent, thin films 

possess pore-free and dense microstructure with low lattice imperfections and defects, which 

can withstand the larger applied electric field. Several factors, such as the method of material 

deposition, fabrication, choice of substrate, variations in crystal phase, disorder, and defect 

within poly-/nano-crystalline and amorphous materials, can all affect the different properties 

of thin films. Also, due to these factors, thin film exhibits a much more comprehensive range 

of structure, electrical, chemical, mechanical, and optical properties than their bulk 

counterparts. As the material's dielectric strength is inversely proportional to the thickness of 

the material, the dielectric strength becomes dimension-independent, which reaches the 
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intrinsic one when the thickness decreases to a critical value. Due to this reason, the dielectric 

films show a larger breakdown strength than that of bulk ceramics. 

Figure 1. 17: Comparison of dielectric materials based on thickness, highlighting the thickness 

range of thin film. 

Thin films naturally develop interfaces with the substrate, layers below or above, or the 

environment. Additional modifications may be seen at these interfaces and interfacial regions 

due to chemical composition, bonding configurations, confinement, environmental exposure, 

physical mixing, and prevailing morphology. Consequently, dielectric ceramic films have 

become the best material to exhibit gigantic energy densities (>100 J/cm3) and highly high 

storage efficiencies (>80%) under the influence of massively applied electric fields (>3 

MV/cm) [75]. Several studies have been conducted on dielectric films to be applicable for 

energy storage device applications. Various processing technologies, such as sol-gel, tape 

casting, screen printing, magnetron sputtering, chemical solution deposition, pulsed laser 

deposition, atomic layer deposition, etc., have been employed. The different parameters 

affecting the films' energy storage performance are deposition technique, substrate, stress 

between the film composition, substrate clamping, film thickness, grain size, etc. With the 

expansion of microelectronics technology demand for data storage, transducers, and 

microelectromechanical systems (MEMS), the ferroelectric thin film has become a crucial 

component. Ferroelectric thin films and Si complementary metal oxide semiconductors 
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(CMOSs) were successfully integrated in 1993, marking the beginning of the industrialization 

of ferroelectric memory. Since then, ferroelectric materials and device development have 

advanced from single crystal to thin film and separate to integrated devices [76]. In the years 

after that, ferroelectric thin film materials such as BFO, PZT, and BTO have been extensively 

explored in various domains, such as memory devices, detectors, piezoelectric MEMSs, and so 

on [76].   

Zhang et al. reported on Bi0.97Nd0.03FeO3 thin films with enhanced energy storage 

density of 10.43 J/cm3 by lowering leakage current density through co-doping Ti and Zn [77]. 

It was anticipated that the Ti4+ and Zn2+ atoms substituting for Fe3+ would diminish the oxygen 

vacancies, attributed to the smaller leakage current than pristine BFO. Xu et al. anticipated that 

Dy, Sm, La, and Gd substituted BFO thin films would attain huge energy density [78]. A 

representative of the BFO family, Bi1−xNdxFeO3 is evaluated to acquire high energy efficiencies 

of 80-88% with giant energy densities of 100-150 J/cm3 at an applied field of 2-3 MV/cm. 

There have been attempts to look into ways to enhance energy storage performance via strong 

interlayer couplings in layered heterostructures [79][80][81][82]. Zhang et al. put forward an 

effective way to enhance the energy storage performance and the EBDS by constructing F-I-F 

(ferroelectric-insulator-ferroelectric) opposite double-heterojunction configuration of 

PZT/Al2O3/PZT multilayer thin films  [83]. It was thought that the insulator layer between the 

ferroelectric heterojunctions would induce the built-in electric field (Ein) by different fermi 

levels and also counteracts the external electric field (Eex), resulting in the depletion of the 

carrier concentration in the AO layer that improves the EBDS and insulating strength of the AO 

layer. Similarly, tri-layered BiFeO3/Bi3.25La0.75Ti3O12/BiFeO3 films exhibited large Wrec of 

65.5 J/cm3 at 2.75 MV/cm. The enhanced energy storage capabilities are ascribed to the large 

polarization of the BFO layer with the reduction in leakage current density and large EBDS due 

to the interfacial effect hindering the formation of electric trees [84].  Likewise, the BCT/BZT 
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and BTO/BST multi-structured films are claimed to have super energy storage characteristics 

in multilayer films made using similar and dissimilar combinations of dielectric material and 

solid-solution ceramics films  [85][86]. Table 1. 2 summarizes the review of the monolayer, 

bilayer, and multi-layer films with enhanced energy storage characteristics. 

Table 1. 2: Energy storage performance of thin films 

materials Substrate Fabrication 

method 

𝑾𝒓𝒆𝒄 

(J/cm3) 

η (%) EBDS 

(MV/cm) 

Ref. 

BFO ITO  PLD 0.19 43 - [87] 

Ti and Zn co-

doped 

Bi0.97Nd0.03FeO3   

ITO metal-organic 

decompositio

n 

10.43 87 0.35 [77] 

0.88BTO–

0.12Bi(Mg0.5Ti0.5

)O3/PbZrO3 

Pt(1111)/Ti/SiO2/

Si 

Sol-gel 33 70 1.050 [79] 

BFO/BTO 

bilayer films 

SRO buffer (100) 

STO  

Rf magnetron 

sputtering 

51.2 73 2.600 [80] 

BTO- BST thick 

films 

Mylar substrates Tape casting 1.16 - 0.218 [81] 

BFO/BTO bi-

Layers 

LaNiO3 Buffer 

Pt/Ti/SiO2/(100)S

i   

rf magnetron 

sputtering 

71 61 - [82] 

PbZrO3/PbZr0.52

Ti0.48O3 

Pt(111)/Ti/SiO2/S

i 

Sol-gel 28.2 50 2.410 [88] 

PZT/AO/PZT Pt(111)/Ti/SiO2/S

i 

Sol-gel 63.7 81.3 5.71 [83] 

BCT/BZT 

multilayer  

(001) Nb: STO Magnetron 

sputtering 

52.4 72.3 4.5 [85] 

BTO/BST 

superlattices 

(100) MgO single 

crystal 

PLD 46 75 5 [86] 

BFO/Bi3.25La0.75

Ti3O12/BFO 

Pt(111)/Ti/SiO2/S

i 

CSD 65.5 74.2 2.75 [56] 

TH-3332_186121023



  Chapter 1: Introduction 

33 | P a g e  

 

 

1.11 Literature gap and motivation of thesis work  

 It is observed that most of the research on energy storage applications is focused on solid-

solution of the BaTiO3-BiMeO3 family. For materials to exhibit improved properties, 

synthesis methods, microstructure, and relatively high sample density are the dominant 

factors. For this, the selection of materials, as well as doping concentration, should be 

optimized. It is also noticed from the previous investigation that the MPB regime in this 

solid solution displays better properties. Many studies focus on (1-x)BaTiO3-xBiFeO3 

(where x =0.7-1). It is believed that (1-x)BaTiO3-xBiFeO3 system with composition range 

from (x=0.0-0.3) with pseudo-cubic nature will display high strain response in nano-

domain. Hence, it exhibits a better ferroelectric response, enhancing energy storage 

properties. It is also evident from the literature that no composition is explored in the 

broadband frequency region (1MHz to 1GHz); the present study is conducted to investigate 

the thermal stability of the composition in broadband frequency regimes. 

Other bulk systems with (1-x)BaTiO3-x[Bi-(Zn2/3(Nb0.85Ta0.05)1/3)O3] composition in x 

range from 0.05 to 0.025 is explored from BaTiO3-Bi(Me)O3 family exhibiting relaxor 

ferroelectric nature. This composition (1-x)BaTiO3-x[Bi(Zn2/3(Nb0.85Ta0.05)1/3)O3] with 

MLCCs is explored, showing enhanced energy storage performance. However, this 

composition is not studied for bulk ceramics.   

 Literature suggests that rare-earth doped BFO films displayed improved energy storage 

performance if the leakage current density is reduced. Very few studies are concentrated 

on the BFO for energy storage performance, and most of the films are deposited on single 

crystal substrates. The present work is the fabrication of monolayer Bi0.993La0.007FeO3 

(BLFO) thin films on economical friendly conducting (Pt/Ti/SiO2/Si) substrates compared 

to single crystal substrates, which are costly to be used for practical applications. 
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 Many studies are carried out on BFO/BTO bilayer and multilayer films for different 

purposes, such as the magnetoelectric coupling effect, photovoltaic effect, and energy 

storage capacitor applications. The physical phenomena occurring at the multiferroic 

heterostructure interfaces motivated to investigation of the multiferroic properties of 

BLFO/BTO thin films. Herein, the multiferroic response with energy storage performance 

is investigated. So far, BLFO/BTO bilayer films have not been reported. However, very 

few reports are available for top layer thickness variation of bilayer thin films.   

Certain efforts have been made to investigate the possibilities of enhancing the energy 

storage performance in ferroelectrics via strong interlayer couplings in layered 

heterostructures. Previous reports on multilayer and superlattices with alternating stacking of 

two dielectric materials displayed enormous recoverable energy densities. The enhanced 

discharge energy density in the multilayer films is attributed to charge transfer controlled by 

space charge and interlayer charge coupling. Till now, no studies are available on different 

numbers of stacking layers in BZNT/BTO composition. Taking advantage of the interface 

phenomenon, multilayer thin films with alternate stacking of two different dielectric materials 

are grown into BZNT/BTO multilayer films. Here, the effect of the number of stacking layers 

on energy storage performance is investigated.   

1.12 Objective of the thesis work: 

In this present work, bulk ceramics and thin films are synthesized for energy storage capacitor 

applications. The objective of the current thesis work includes: 

 To synthesize BTO-BFO solid-solution ceramics using the conventional solid-state 

reaction method (CSSR) and to investigate its multiferroic behavior and energy storage 

performance.  
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 Development of BTO-BiZn2/3(Nb0.85Ta0.15)1/3O3 homogeneous solid-solution for tuning 

energy storage performance.   

 Optimization of phase pure bismuth ferrite by chemical modification with rare earth 

element (La) and the development of BLFO thin films for energy storage capacitor 

applications. 

 Fabrication of BLFO/BTO bilayer hetero-structures and exploring the induced interfacial 

effect in enhancing the energy storage of the thin films. 

 Development of multilayer BZNT/BTO heterostructures to observe the dominance of 

alternate interfacial effect in enhancing the breakdown strength, reducing the leakage 

current density, and optimizing breakdown strength and electric parameters to improve 

energy storage response in alternating stacked multilayer thin films. 

1.13 Outline of the thesis work 

In this present work, the structural, microstructural, dielectric, and ferroelectric studies 

of lead-free barium titanate-based dielectric ceramic solid solutions and their thin films for 

energy storage capacitor applications have been reported. The first working chapter deals with 

the fundamental inorganic materials (BTO) and their chemical modification with other ABO3 

structures (BiMeO3, Me is trivalent or averagely trivalent) for tuning the structural, 

morphology, and electric properties. Substitution of Bi(Me)O3 into the BaTiO3 matrix is 

expected to help break the long-range ferroelectric order to establish PNRs. An optimum 

amount of Bi(Me)O3 composition addition is optimized to tune the microstructure, dielectric, 

and ferroelectric properties to acquire enhanced energy storage performance in BaTiO3-

Bi(Me)O3 solid solutions. The second section of the work describes the optimization of pure 

phase BFO with chemical substitution of rare earth and excess Bi addition. Further, the bulk 

ceramics powder of BLFO is used to develop an in-house PLD target to be utilized for BLFO 

thin film fabrications. The effect of oxygen partial pressure on structural, microstructural, 

TH-3332_186121023



  Chapter 1: Introduction 

36 | P a g e  

 

dielectric, and ferroelectric properties of BLFO thin films is investigated.  The final section 

describes the bilayer (BLFO/BTO) thin films developed to study the induced interfacial effect 

on dielectric, ferroelectric, and magnetic properties. It also involves the development of 

multilayer heterostructures of alternate stacking of BTO and BZNT layers to obtain multilayer 

thin films. The thesis is organized into six chapters covering the introduction and preparation 

procedure of ceramics and thin films, followed by three working chapters and summarizing 

with conclusions and future scopes. Each section of the thesis is briefly discussed below: 

Chapter I discusses the introduction and current interest in the field of energy storage 

applications. The requirement of energy storage systems and application of the dielectric 

materials in pulsed power devices. Different types of dielectric materials and their usage in 

energy storage applications, relaxor ferroelectric systems, barium titanate-based dielectric 

ceramics, and the strategies to improve and enhance their ferroelectric properties for practical 

applications. A strong emphasis has been given to BTO-based solid-solution, monolayer, 

bilayer, and multilayer thin films for their applicability in energy storage applications. Further, 

the improved energy storage performance of monolayer, bilayer, and multilayer thin films is 

discussed. The research gap and objectives of the thesis work are further emphasized. 

Chapter II gives detailed information about the experimental techniques and the synthesis 

route followed for the preparation of bulk ceramics and the deposition of thin films. The bulk 

ceramic synthesis is carried out using the conventional synthesis method, i.e., solid-state 

reaction method. A high-energy ball mill is used to obtain the fine powders with highly 

densified ceramics. The milling parameters, calcination, and sintering temperature are 

optimized for the desired phase structure with relatively high density. The heat treatment to the 

samples is given using the laboratory furnace Nabertherm, and the density of the prepared 

samples is measured using Archimedes’ principle. The phase structure is confirmed via XRD 

and Raman spectroscopy. The samples morphology is checked using FESEM analysis. The 
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elemental compositions and distribution are verified using the EDX in FESEM and XPS. The 

dielectric response of the ceramics is checked using an LCR meter and impedance analyzer. 

The ferroelectric measurements are carried out via a ferroelectric tester. The optical response 

is observed with the help of UV-visible spectroscopy. The pulsed laser deposition technique is 

used for the deposition of monolayer, bilayer, and multilayer films. The target mainly used for 

the deposition of the thin films is manually prepared in the laboratory using the solid-state 

reaction technique. The target used is pressed into 20 mm in diameter and 10mm in thickness. 

The surface topology of the deposited films is observed using AFM analysis, and IV 

characteristics are done to check the device response of the films. 

Chapter III: In this section, the combination of Bi(Me)O3 with BaTiO3 ceramic is studied 

systematically and presented in two sections.  

Section I discusses the solid-solution of (1-x)BaTiO3-xBiFeO3 (x=0.0-0.3) ceramic 

termed as BTBF composition synthesized using solid-state reaction method. The energy 

storage performance is mainly evaluated from the ferroelectric hysteresis curves obtained for 

BTBF samples. The Wrec and η(%) of 40 mJ/cm3 and 60.92%, respectively, are found for 

BTBF1 composition, which exhibited improved energy storage performance compared to other 

solid solutions. However, the energy density and efficiency value obtained in this study are 

lower for high-energy-density applications.  

Hence, in section II, another composition with the BaTiO3-Bi(Me)O3 family is explored. 

Lead-free ((1-x)BaTiO3-xBi[Zn2/3(Nb0.85Ta0.15)1/3]O3) composition with x ranging from 0.05 to 

0.25 is fabricated using the same synthesis route. The electrical parameter influencing the 

energy storage performance is investigated. The correlation between oxygen vacancies/defects, 

activation energy, and breakdown strength is studied. A remarkably high Wrec of 2.06 J/cm3 

with an η of 78% is achieved for BTO-BZNT3 ceramics at an applied field of 180 kV/cm. The 
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ultrahigh-energy efficiency of up to 96% is observed for higher concentrations in BTO-BZNT 

ceramics. In the present investigation, BT-BZNT3 and BT-BZNT4 ceramics displayed a 

comparable energy storage performance at a low applied field of 180 kV/cm, demonstrating 

the excellence of BT-BZNT ceramics over other BaTiO3-BiMeO3 family. The enhanced energy 

storage performance is attributed to the lower oxygen vacancies/defects in the higher BZNT 

substituted ceramics confirmed through XPS analysis. Therefore, the BTO-BZNT ceramics 

can have potential applications in advanced pulsed power capacitors.  

Chapter IV describes the optimization to achieve pure phase bismuth ferrite (BFO) with 

doping with lanthanum. The optimized B0.993L0.007FeO3 composition is used further to fabricate 

the thin films on n-type silicon and quartz substrates using the PLD technique. The deposition 

of thin films is optimized at different oxygen partial pressures (OPPs) under 15, 20, 25, and 30 

SCCM. The effect of OMPs is then studied to observe the multiferroic behavior. Among the 

deposited BLFO films, the film deposited at 20 SCCM displayed better crystallinity, dense 

microstructure, and low surface roughness. The HRTEM image and SAED pattern obtained 

using TEM analysis verified the crystal structure of BLFO films, which crystallizes into 

rhombohedral crystal symmetry. The films deposited at 20 SCCM displayed the high dielectric 

constant of εr ~ 447 with minimum loss tangent of tanδ ~ 0.202 and improved Wrec of 2.09 

J/cm3 with η of 78.42%, respectively. The dense microstructure and favorable oxygen ambiance 

contributed to the lower leakage current density of ~1.08×10-7 A/cm2 at ± 500 kV/cm, further 

improving energy storage performance.  

Chapter V presents the fabrication of bi-layer and multilayer heterostructure films. 

The First section presents the development of bi-layer thin film deposited using the 

PLD technique. Single layers, BTO, and BLFO thin films are initially optimized for fabricating 

bilayer thin films of BLFO/BTO thin films with variation in the top layer. The film with higher 
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(BLFO) top layer thickness exhibited good crystallization, uniform smaller grain size, and 

dense microstructure among the deposited heterostructures. The BLFO/BTO3 film displays a 

high Wrec of 11.65 J/cm3 with η of 85%. The improved overall response- low remnant 

polarization, large maximum polarization, high breakdown strength, and low leakage current 

of the heterostructures is attributed to low oxygen vacancies/defects in the BLFO/BTO3 films.  

The second part of this chapter describes the multilayer heterostructures with alternate 

BZNT and BTO layers, in which bilayer (BZNT/BTO), BZNT/BTO1, tri-layer 

(/BTOBZNT/BTO), BZNT/BTO2 and tetra-layer (/BZNTBTO/BZNT/BTO), BZNT/BTO3 

structure is designed by PLD technique. In this study, energy storage performance is evaluated 

with a number of stacking layers. Tetra-layer films with an increasing number of layers 

exhibited better crystallinity, better microstructure, and lower defects owing to multiple 

interfaces. With several stacking layers, the ferroelectric hysteresis loops of the 

heterostructures displayed a linear response, owing to the space charge located in interfacial 

layers. The enhanced energy storage performance may be attributed to the intervening 

ferroelectric BTO and BZNT layers in the multilayered BZNT/BTO3 films. An improved Wrec 

of 52.19 J/cm3 with η of 92.21% is achieved for the higher number of stacking layered films. 

The small leakage current value (∼10−7 A/cm2 at ±500 kV/cm) in the deposited tetra-layered 

BZNT/BTO multilayer structure assures its appropriateness for the device applications. Hence, 

the abundant interfaces are introduced by periodically stacking the different layers of BTO and 

BZNT, resulting in improved energy storage performance. 

Chapter VI concludes with a brief summary of the thesis work and its key output and 

highlights the future scope in the field of energy storage capacitor application. This chapter 

also unveils the experimental limitations with requisite improvement to carry the research in 

the forward direction.
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Experimental methods and characterizations 

 

2 Materials synthesis  

This chapter discusses the preparation method of bulk ceramics as well as the deposition 

of thin films. It describes the experimental procedure followed for the preparation of BTO-

based solid solution and thin films. This chapter also discusses the different characterization 

techniques implemented to analyze the material characteristics. The bulk ceramic preparation 

is carried out using a solid-state reaction method and thin films are developed by pulsed laser 

deposition technique. This chapter also includes brief descriptions of the working principles of 

different characterization techniques used. 

2.1 Synthesis of BTO and BTO-based ceramic powders 

There are different processing methods used to synthesize the bulk ceramics powders. 

The method includes sol-gel, hydrothermal, wet chemical routes, co-precipitation, combustion, 

conventional solid-state reaction methods (CSSR), and so on. The synthesis method highly 

influences the purity, grain size, morphology, and crystallinity of the prepared powders. Even 

if the same starting reagents are used, the ceramics displays quite different properties when 

prepared by different preparation route. In the present thesis work, the CSSR method is 

followed for the synthesis of BTO and BTO-based solid-solution. 

2.1.1 Conventional solid-state reaction method (CSSR) 

The CSSR method is the most widely used, simplest, and high-temperature synthesis 

technique in solid-state chemistry. It involves subjecting the different solid reagents to direct, 

Chapter 2 
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high-temperature reactions. This approach employs simple oxides, carbonates, nitrates, 

fluorides, and oxalates as reagents. Therefore, this technique is a thermodynamically stable, 

inexpensive, and user-friendly method. The starting reagents are initially weighed as per the 

stoichiometric ratio obtained by the reaction Eq. (2.1-2.4) and uniformly mixed by a high-

energy ball mill. The powder can be either dry milled or wet milled according to the 

requirement. In the case of the present work, the powder is wet ball milled in the distilled water 

medium. After ball milling, the powders are dried and calcined at an optimized temperature to 

obtain the desired phase. Later, the obtained pure phase powders are compacted into cylindrical 

discs to achieve densification and sintered at optimized sintering temperature. The complete 

recipe for sample preparation using the CSSR technique is shown in Figure 2. 1. 

 

Figure 2. 1: Flow of synthesis procedure by conventional solid-state reaction method. 

2.1.2 Starting reagents in stoichiometric proportion 

Analytical grade reagents with purity >99.99% are important to achieve the desired 

phase. The raw materials including BaCO3, TiO2, Bi2O3, Fe2O3, ZnO, Nb2O5, and Ta2O5 are 
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procured from ACROS Organic, Sigma Aldrich, Alfa-Aesar, and JiangXiHaiTe Advance 

Material. The initial starting reagents in the stoichiometric ratio are weighed (AG135, M/s 

METTLER TOLEDO, AG135, with accuracy ± 0.01 gm) for preparing BaTiO3, BiFeO3, 

Bi0.993La0.007FeO3, and Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 compositions, respectively as per the 

following reaction method: 

𝐵𝑎𝐶𝑂3 + 𝑇𝑖𝑂2 → 𝐵𝑎𝑇𝑖𝑂3 + 𝐶𝑂2       (2.1) 

𝐵𝑖2𝑂3 + 𝐹𝑒2𝑂3 → 2𝐵𝑖𝐹𝑒𝑂3        (2.2) 

 0.993𝐵𝑖2𝑂3 + 0.007𝐿𝑎2𝑂3 + 𝐹𝑒2𝑂3 → 2𝐵𝑖0.993𝐿𝑎0.007𝐹𝑒𝑂3   (2.3) 

𝐵𝑖2𝑂3 + 𝑍𝑛𝑂 + 𝑁𝑏2𝑂3 + 𝑇𝑎2𝑂5 → 𝐵𝑖𝑍𝑛2/3(𝑁𝑏0.85𝑇𝑎0.15)1/3𝑂3   (2.4)  

2.1.3 Sample preparation 

For uniformly mixing the starting materials, a mortar pestle and a ball mill (Pelverisette 

6, M/s Fritsch GmbH, Germany) are used. The raw powders in the stoichiometric ratio are 

poured into a zirconium jar with zirconium balls of diameter 5mm. The powder-to-ball ratio is 

kept at 1:10, and distilled water is used as a grinding medium. The mixture is grounded for 5 h 

at a rotation speed of 150 rpm (rotation per minute). The slurry obtained is dried in the hot air 

oven (M/s Optics Technology) and calcined at optimized calcination temperature. As-prepared 

BTO powder is calcined for 6 h at 1000 °C, and BFO, BLFO, and BZNT powders are calcined 

for 30 minutes at 800 ℃. Usually, calcination is the common thermal process used in ceramic 

preparation. It is used to decompose the carbonates, sulfates, and hydrates to obtain the desired 

phase. It is also used to remove the volatile substance or impurities from the sample. The 

temperature of calcination is above the decomposition temperature of one of the reactants and 

below their melting temperature. In this heat treatment process, the calcination temperature, 

dwelling time, heating rate, heating atmosphere, etc, are major factors that influence the phase 

formation of the sample. The calcination temperature is usually determined by 
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thermogravimetric and differential scanning calorimetry analysis (TGA-DSC). The phase 

formation is then identified using the XRD pattern of the calcined samples. After achieving the 

desired phase, the calcined powders are again ball-milled at 300 rpm for 10 h to bring down 

the initial particle size and to improve the density of the samples. The surface-to-volume ratio 

increases with the particle size reduction, which enhances the chemical reactivity of the 

particles. Further, the maximum density of the specimens with lower defects and better 

compaction can be achieved at significantly lower sintering temperatures.    

2.1.4 Compaction of the cylindrical discs 

Since the microstructural and structural properties highly influence the physical 

properties of the sample, a highly densified ceramics disc with uniform grain size and minimum 

defect is desired. The ceramic powders obtained after re-grinding are, however, non-elastic and 

are difficult to shape into discs of the desired dimension. Therefore, binding agents (or pressing 

lubricants) such as clays and polymers are added to the dry powders that provide adequate 

mechanical strength and elasticity to withstand the subsequent pressing processes, which 

include handling and high-temperature sintering. For pressing dry powder ceramics, 

polyethylene glycol (PEG) and polyvinyl alcohol (PVA) are regarded as the most effective 

binders. Herein, in the synthesized fine powders, the PVA (5 wt% PVA solution) is added, 

mixed uniformly, and pressed using a KBr hydraulic press (M-20, M/s Technosearch 

Instruments, India) into cylindrical discs of 1-5 mm in thickness and 10 mm in diameter. The 

pressure of 30-40 kg/cm2 is applied uniaxial to prepare the cylindrical green discs. The pressure 

applied on the top surface of the die can be expressed as follows, 

𝑃𝑥 = 𝑃𝑎 𝑒𝑥𝑝
−4𝜇𝐾𝐿

𝐷      (2.5) 

where Pa and Px denote the pressure applied and pressure gradient respectively. The μ, and K, 

represent the friction coefficient, and a constant, respectively. The variables L and D are the 
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dimensions referring to the length and diameter of the die, respectively. The cylindrical discs 

are prepared and then sintered at the optimized sintering temperature. During this process, the 

organic binder PVA evaporates at 400-600 ℃, unaffecting the electrical properties of the 

ceramics.  

2.1.5 Sintering 

Sintering is a post-calcination process, performed for compacting the material, heated 

in a controlled atmosphere below the melting point of the desired phase. It is usually carried 

out to enhance the crystal quality by achieving the maximum possible density, enhancing grain 

growth (reducing the total area of grain boundary), and minimizing defects.  High relative 

density and minimum porosity are important to achieve enhanced dielectric and ferroelectric 

properties. Therefore, the optimal sintering temperature is the one at which the ceramics exhibit 

their highest relative density. 

 The two most common sintering methods are the solid-state sintering (SSS) method 

and liquid-phase sintering (LPS). Densification occurs in the SSS process due to the 

agglomeration of solid particles, while in the LPS process, a liquid phase is present throughout 

the sintering process. LPS offers the advantages of being easy to control the microstructure, 

and inexpensive to process, however, a potential downside of the LPS process is that it may 

alter the mechanical properties of the ceramics. Accordingly, an SSS process is implemented 

for carrying out the thesis work. For sintering the as-prepared green discs, a high-temperature 

conventional furnace (LHT 04/18, M/s Nabertherm GmbH, Germany; with a temperature range 

from 25˚C-1800˚C) is used. SSS is mainly driven by an excess of surface-free energy. It is a 

complicated process that depends on the material and furnace parameters. Mainly, highly dense 

material is accomplished via the three interconnected stages, namely the initial stage, the 

intermediate stage, and the final stage as shown in Figure 2. 2. In the first phase (initial stage), 

the rearrangement of the particles with the formation of neck growth takes place, and end of 
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this stage, the relative density of compactness increases to almost 60-65%. During the 

intermediate stage, the neck growth between the particles evolves rapidly through grain 

boundary diffusion, lattice diffusion, and surface diffusion with the reduction in pores and 

enhancement in grain growth taking place. At the end of this stage, with shrinkage of volume, 

the relative density enhances from 65%- 90%. In the final stage, the densification is 

comparatively slower than in the initial and intermediate stages. This stage involves the 

removal of isolated pores within the grain boundaries and grains via the processes of grain 

boundary diffusion and lattice diffusion respectively. The final stage of sintering begins at 

approximately 90 to 95 percent of theoretical density.  

 

Figure 2. 2: Depicting various stages of the sintering process, starting from powder to 

initial stage, going through intermediate to final stage. 
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2.2 Thin film deposition 

2.2.1 Preparation of BTO, BLFO, and BZNT targets 

The BTO ceramic target for film deposition is synthesized using the CSSR method. 

Analytical grade reagents, including BaCO3 (M/s ACROS Organic, USA, ≥99%) and TiO2 

(M/s Sigma-Aldrich, USA, 99.99%), are weighed as per the stoichiometric proportion stated 

in Eq. 2.1. These powders are mixed and wet milled in distilled water (as a grinding medium) 

in a zirconium jar using a high-energy ball mill (Fritsch GmbH, Pulverisette 6, Germany) with 

a powder-to-ball ratio of 1:10. The mixture is grounded for 5h at 150 rpm speed. The powder 

obtained after drying the slurry is calcined at 1000 ℃ for 6 h. This powder is again ball milled 

for 10 hours at 300 rpm to reduce the particle size and achieve densification. The organic binder 

PVA is mixed with the dried powders before pressing it into a target of 20 mm diameter and 

4mm thickness using KBr Press (M/sTechno Search Instruments, M-20, India). Finally, the 

target prepared is sintered at the optimized temperature of 1250 ℃ for 2h.   

Following the same procedure, the BLFO and BZNT targets are developed. For 

preparing these targets, raw materials include La2O3, Bi2O3, ZnO, Nb2O5, and Ta2O5 (M/s 

Sigma-Aldrich, USA), and Fe2O3 (M/s JiangXiHaiTe Advance Material, China) are used. The 

calcination of the BLFO and BZNT powders is done at 800 ℃ for 2 h, and the targets are 

sintered at 800 ℃ for 30 minutes, respectively. 

2.2.2 Pulsed laser deposition (PLD) 

Various techniques are used for film deposition, including spin coating, sputtering, 

thermal evaporation, tape casting, pulse laser deposition (PLD), molecular beam epitaxy 

(MBE), and more. Mainly, film deposition techniques are divided into two types: chemical 

vapor deposition and physical vapor deposition methods. PLD comes under the physical vapor 

deposition method and is the most versatile deposition technique used for the deposition of 

complex oxides compared to other deposition methods. PLD can produce adhering thin films 
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of a variety of materials, including semiconductors, metals, and insulators. This technique 

provides chemical homogeneity, high crystallinity, and control on stoichiometry and thickness 

of the film. The illustration of the PLD is shown in Figure 2. 3.  In the thesis work, PLD is 

mainly used for the fabrication of BLFO, BLFO/BTO bilayer, and BZNT/BTO multilayer 

films.   

 

Figure 2. 3: Schematic illustration of the PLD setup. 

The PLD is a physical vapor deposition technique that uses a pulsed laser beam to ablate 

target material. As a result, the target material vaporizes as a plume, which subsequently 

condenses and is deposited on a substrate that is placed opposite to the target in a reduced 

atmospheric pressure. Figure 2. 4 depicts the schematic diagram of the laboratory PLD setup. 

The PLD reaction chamber is a spherical vessel of a 16-inch chamber made up of stainless steel 

furnished with a target holder, multiple viewports, substrate holder, pressure gauges, gas inlet 

port, and vacuum systems. The MFC (Mass flow controller) is connected to the deposition 

chamber to regulate the flow of working gas supplied through the gas line from the gas cylinder. 
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The Pirani gauge (for the high-pressure regime, 103-10-3 mbar) and the compact penning gauge 

(for the low-pressure regime, 10-2 to 10-7 mbar) are equipped to monitor the pressure inside the 

chamber. The PLD targets and substrate are mounted onto the target carrousel and substrate 

holder stage via 150 CF ports opposite each other. The substrate holder is supplied with a 

resistive heater to maintain the given temperature during the deposition. Before each 

deposition, the reaction chamber is evacuated to a 10-6 mbar low pressure. 

 

Figure 2. 4: Pulsed laser deposition setup and zoomed view during thin film deposition. 

2.2.3 Film growth 

As depicted in Figure 2. 5, a thin film undergoes several distinct growth stages, each 

of which influences the microstructure and physical properties of the resulting film. The growth 

mode of the films is determined by the correlation between (i) the surface energy of the film 

(f), (ii) the surface energy of the substrate (s), and (iii) the energy of the film-substrate 

interface (i)
2. The interaction of all these energies, along with some possible strain, influences 

the nucleation and film growth. The synthesis of thin films can be categorized into three basic 

growth modes: the Frank-Van der Merwe model, the Volmer-Weber model, and the Stranski-
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Krastanov model. Based on the Volmer-Weber model, the island growth phenomenon arises 

when the atoms within a deposit have stronger bonds with one another than with the substrate. 

This island growth mode is observed when the substrate and film are heterogeneous. For 

instance, the polycrystalline thin films with a rough surface are typically formed with the 

continual growth of the islands. The other kind of film growth described by Frank and Vander 

Merwe's model (layer growth) is obtained when the atoms in the deposit are more strongly 

bound to the substrate than to each other. In this layer growth, a monolayer is initially formed, 

followed by the formation of a second layer. Hence, layer-by-layer growth is two-dimensional, 

suggesting that complete film formation before the growth of subsequent layers. This growth 

mode is typically observed when the substrate and film are completely homogeneous, such as 

the epitaxial growth of oxide and semiconductor materials. The mixed growth (Stransky and 

Krastanov) S-K model combines the layer-by-layer growth and island growth characteristics. 

In the S-K mode, the thin films grow two-dimensionally in layer-by-layer mode before growing 

three-dimensionally in island mode. It takes place when the generated stress has an effect after 

the growth has occurred in only two dimensions.  

 

Figure 2. 5: Different film growth modes during deposition (a) Frank-Van der Merwe model, 

(b) Volmer-Weber model and (c) Stranski-Krastanov model. 
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2.2.4 Deposition parameters 

There are various deposition parameters to be taken care of during the deposition of the 

thin films. These parameters include substrate temperature, background gas, the kinetic energy 

of the deposition flux, deposition rate, and vacuum quality, which significantly affect the 

quality of thin films. In the case of oxide films, background gas or ambiance during film 

deposition is essential to obtain the stoichiometric film. The deposition rate with a background 

as the pressure can tune the structural and microstructural properties. In the present thesis work, 

all films are deposited at fixed laser influence of 80 mJ from Nd: YAG laser source (M/s 

InnoLas Laser GmbH, SpitLight compact 400, Germany) employing high power 3rd harmonic 

(λ= 355 nm) wavelength, pulse width ~10 ns and pulse repetition rate of 10 Hz, and, 

maintaining the target to substrate distance of 5 cm. Also, the deposition rate plays a significant 

role in determining the quality of thin films. A high deposition rate degrades the film quality 

because of the decreased chance for relaxation of film, while a low deposition rate results in 

unreasonable long runs of deposition.  

2.3 Characterization techniques  

2.3.1 X-ray diffractometer (XRD) 

XRD is a simple and powerful non-destructive structural analytic technique that is 

fundamentally used for the identification of phase and determination of crystal structure of 

polycrystalline materials. Using XRD diffraction patterns, information regarding the crystal 

structure of crystalline materials, like crystalline size, defects, and texture, can be extracted.  

The X-rays have a wavelength of the same order (λ= 1.5406 Å) as that of the lattice spacing of 

the crystalline phase to produce diffraction patterns. For a given crystal system having a 

particular d-spacing, when incident by X-ray with wavelength λ, the various orders (n) of 

reflection take place at the specific angle θ that follow the Bragg condition [89]: 

𝑛 = 2d Sin      (2.6) 
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Bragg’s law is valid only when the path difference between two scattered waves is equal to an 

integral multiple of the incident λ. 

 

Figure 2. 6: (a) illustration of Bragg's law for X-ray diffraction and (b) XRD. 

Figure 2. 6 displays a Braggs law reflection and XRD.  From Figure 2. 6(a), it can be 

inferred that when the path difference between ABC and A'B'C' paths differs by an integer 

number of , then the diffracted X-rays show constructive interference. In this thesis, BTO-

based ceramics and thin films are characterized by an XRD (TTRAX-III 18 kW, M/s Rigaku, 

Japan) with CuK α (λ = 1.5406 Å) radiation. Figure 2. 6(b) schematic illustrates the diagram 

of the XRD instrument. The XRD pattern of BTO-based ceramics and their thin film is 

performed between the 2 range of 20-80 with the scanning step size of 0.02 and scanning 

rate of 3/minute. Before the measurement, to account for the instrumental broadening, the 2 

calibration is performed using the standard Si sample, which is approximately equal to 0.15. 

Furthermore, all XRD patterns of BTO-based ceramics and thin films are Rietveld refined 

using the Fullprof software.  

Firstly, the Rietveld refinement method was described by the Dutch physicist Hugo 

Rietveld. Using this method on the XRD pattern, exact structural information such as bond 

length, bond angle, lattice parameter, space group, and atomic positions of the compound are 
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explored. The fitting of the experimental patterns with the theoretical Rietveld refinement is 

based on the least square method using a pseudo-Voight function and polynomial function to 

refine the peak shape and the background. The Rietveld method not only needs information 

about the crystal structure but also some structural parameters (lattice constant, Wyckoff 

position, and phase fraction) of the material. During the refining phase, different parameters, 

such as half-width parameters (U, V, W), Wyckoff positions, scale factor, lattice parameters, 

zero correction, and background, are refined while occupancy is kept constant. The quality of 

the refinement is then confirmed by the reliability factors, such as χ2, Rp (profile factor), Rwp 

(weighed profile factor), and Rexp (expected weight factor). To achieve the best fit (χ2 value 

close to unity), the values of other reliability factors should be minimal.  

2.3.2 Density measurement 

The bulk density is evaluated by Archimedes' method. According to the Archimedes 

principle, a body (disc) fully or partially immersed in a fluid experiences an upthrust equal to 

the weight of the fluid displaced. Before performing density measurements, the sintered discs 

are dried in the oven at 100 ℃ for 30 minutes. The reading of the measurement of the discs in 

different situations is noted. Initially, the dried disc is measured and its weight is taken as Wd. 

Later, the sample is suspended in the distilled water (with density ρw) to obtain the wet weight 

of the sample as Ww. Finally, the sample is taken out of the water and its weight is noted as 

Wdw. Then, the bulk density (apparent density) is calculated using the formula:  

𝜌𝑎 = (
𝑊𝑑

𝑊𝑤−𝑊𝑑𝑤
) × 𝜌𝑤     (2.7) 

Furthermore, the relative density of the pellets is obtained from the theoretical density (ρth) and 

apparent density (ρa) calculated as follows 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝜌𝑎

𝜌𝑡ℎ
× 100%   (2.8) 

TH-3332_186121023



Chapter 2: Experimental methods and characterizations 

53 | P a g e  

 

2.3.3 Raman spectroscopy 

Raman spectroscopy is originated from the Raman effect. In 1928, Sir Chandrasekhara 

Venkata Raman discovered the Raman scattering phenomenon [90]. It is a popular technique 

to analyze the sample molecule vibration. It measures the intensity and wavelength of light that 

is inelastically scattered light from the molecules. Raman spectroscopy does not require any 

sample preparation because it is very sensitive to the chemical composition, crystal structure, 

and bonding. These characteristics make it a very interesting instrument for revealing material 

in any physical form, such as solids, liquids, and gases. 

 

Figure 2. 7: Representation of the different energy levels in Raman and Rayleigh scattering. 

A small amount of light may be scattered elastically or inelastically when a 

monochromatic light falls on the sample. Because of the energy difference between the incident 

and scattered light, the Raman effect is observed. Based on the lower, higher, and equal energy 

of scattered light compared to the incident light energy, it is classified into three categories: 

Stokes, anti-Stokes, and Rayleigh scattering, respectively, as shown in Figure 2. 7. Raman 

spectroscopy is used to measure the Stokes lines, as their intensity is higher than the anti-Stokes 

line and the anti-Stokes lines are measured with fluorescing samples. The magnitude of the 
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Raman shifts is mostly unaffected by the wavelength of incident light. Water is usually used 

as an ideal solvent for liquid samples because the Raman scattering is low, so it does not affect 

the sample too much. In the case of a solid sample, the sample can be directly placed on a glass 

substrate, and the measurement can be performed. In the present thesis work, the Raman 

spectroscopic analyzer (LabRam HR800, M/s Horiba Jobin Yvon, Japan) is used with an Ar-

ion laser source of 514 nm excitation wavelength. This instrument is equipped with a specific 

heating/cooling (THMS600, Linkam) sample stage. Each spectrum is captured using a  Peltier-

cooled charge-coupled device detector and backscattered geometry equipped with a 50  

objective lens) and the proper edge filter. An Ar+ ion excitation laser source with λ= 514 nm 

and an 1800 mm-1 grating is used for the low-temperature micro-Raman measurement. The 

grating is fixed throughout the temperature scan to ensure high position accuracy. The Raman 

spectroscopy system has a spectral resolution of 1 cm-1.  

2.3.4 Field emission scanning electron microscopy (FESEM) 

The microstructure and chemical composition of the BTO-based ceramics and thin 

films are analyzed via FE-SEM (Sigma, M/s Zeiss, Germany). The elemental composition is 

analyzed using the energy-dispersive X-ray spectrometer (EDS) equipped with the same 

instrument. Before the sample analysis, to expose the source, the sample is coated with a thin 

layer of gold (~ 10 nm). As the samples used in the investigation are non-conducting, the 

coating prevents the sample from reducing thermal damage, charging, and enhancing the signal 

of secondary electrons for topographic imaging of the specimens. Figure 2. 8 Illustrated the 

schematic diagram of the FE-SEM instrumentation and interaction of electron beam during 

sample analysis.  

In the SEM analysis, the electron emitted in an electron gun by a tungsten filament 

thermionically or field emission is accelerated with high kinetic energy and is focused on the 

sample surface (anode) using electromagnetic lenses. In the case of FESEM, the electron is 
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emitted from the field. Due to the different signals based on the interaction between the electron 

and samples, the energy of the electron beam is dissipated. Among these, backscattered (BE) 

and secondary electrons (SE) are used for microstructure analysis and photons for elemental 

analysis. Backscattered electrons revealed compositional variations, whereas secondary 

electrons can describe typical topographic images. The chemical characterization of the sample 

is carried out using the EDS technique, which yields peaks corresponding to the energy levels 

in which X-rays are received. A unique peak of the spectrum is observed for each atom, and 

the peak intensity describes the concentration of the elements present in the synthesized 

sample. 

 

Figure 2. 8: (a) The block diagram of FESEM, (b) Interaction of the surface of the sample 

with a beam of electrons and creation of signals such as backscattered electrons, transmitted 

electrons, secondary electrons, X-rays, and cathodoluminescences. 

2.3.5 Field emission transmission electron microscopy (FETEM) 

FETEM is an electron microscope with higher resolution than standard microscopes. 

FETEM employs a high-intensity electron beam to identify the crystal structure, size, shape, 

lattice imperfection, defect, and compositional element present in the nanoparticles or 
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nanocrystals. The basic principle of this technique involves the electron beam incident to a thin 

sample in which some part of the beam is transmitted from the specimen. This transmitted 

beam is divided into three components: i) direct transmitted beam, ii) inelastic, and iii) elastic 

electron beam. The contrast of an image in TEM is associated with the ratio of the directly 

transmitted electrons to that of the elastic scattering electrons. Figure 2. 9 shows the schematic 

outline of the FETEM instrument. Mainly, its components are divided into four sections, 

including an electromagnetic lens, the sample holder (it consists of the mechanical arm to hold 

and control the specimen's position), and the electron gun (which is made of an anode, cathode, 

and a tungsten filament usually emits the electron) and the image recording system. The 

FETEM works similarly to a slide projector in which the projector emits a light beam that 

passes through the slide. Only a portion of the light beam can pass through the patterns painted 

on the slide. As a result, when the beam is transmitted and hits the screen, the patterns on the 

slide are replicated, resulting in an enlarged image of the slide.  

 

Figure 2. 9: Schematic view of field emission transmission electron microscope illustration.  
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In this thesis, the FETEM analysis of the BLFO monolayer thin films is examined using 

the FETEM instrument (2100F, M/s JEOL, Japan) operated at 200 kV to capture the 

crystallographic structure and morphology. Further, the films are analyzed by high-resolution 

transmission electron microscopy images (HRTEM), bright-field TEM images, and the 

selected area diffraction (SAED) patterns. The instrument has an accelerating voltage range of 

60 to 200 kV in 50 V steps, a resolution of 1.9 Å to 1.4 Å, and a tilt of ± 25°. The typical 

specimens have a magnification range of 50 X to 1,500,000 X, making them an incredibly 

sophisticated tool for the characterization of nanomaterials. A CCD (charge-coupled device) 

high-resolution camera with a resolution of 2.672 × 2.672 K is also integrated, producing an 

image of the sample in exceptionally high resolution.  

2.3.6 X-ray Photoelectron spectroscopy (XPS) 

XPS is a technique for obtaining qualitative and quantitative information on the 

elemental composition of surfaces. This method gives information regarding the elemental 

identification electronic state and chemical valence state of the element present on the surface 

of the specimens. When the sample is exposed to an X-ray beam, photoelectrons are ejected. It 

is the photoelectric phenomenon in which the inner core photoelectrons are ejected through a 

transfer energy process from the photons, which gives information about the electronic state of 

elements that exist within the sample. Figure 2. 10 illustrates the photoemission process in 

XPS and the ejection of core-level electrons. XPS gives us information regarding the binding 

energy of electron orbitals and peak position in the spectrum, which allows us to identify the 

atomic position of the sample. Mg Kα and Al Kα are the commonly used sources. The 

composition of the sample can be determined quantitatively by measuring the relative areas of 

the photoelectron peaks.  

In XPS, the photoemission process is elastic, which means that photons completely 

transfer their energy to electrons. Eq. 2.9 describes the relationship between the measured 
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kinetic energy, the binding energy, and the energy of the photons when the electrons leave the 

sample without interacting with anything else and reach the spectrometer. 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜙𝑠     (2.9) 

where BE denotes binding energy, hν represents the energy of the photons produced by the X-

ray source, KE symbolizes the kinetic energy of the photoelectrons detected by the 

spectrometer, and ϕs is the work function of the particular material. It can be noted that only 

the core levels with a BE less than the energy of the photons are accessible by XPS. 

In the present work, the ionic state of the sample is confirmed using the XPS instrument 

(PHI5000VersaProbe III, M/s ULVAC-PHI, Inc.). During the measurements, the samples are 

irradiated with an X-ray beam of Al Kα radiation (hv=1486.6 eV) at an electron emission angle 

of 45°, and spectra of the sample's core level are collected over an area of 100 μm. During the 

spectral acquisition, the base pressure is maintained at 10-7 mbar. Using the same instrument 

and a He (I) source of energy (hν = 21.22 eV), ultraviolet photoelectron spectroscopy (UPS) is 

used to analyze the work function (ϕSA) of the sample [91][92]. 

 

Figure 2. 10: Schematic representation of the XPS process.   
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2.3.7 Physical property measurement system (PPMS) 

 

Figure 2. 11: Schematic diagram of PPMS. 

PPMS is used to analyze the magnetic and electric transport properties of the sample in 

a well-controlled magnetic field and temperature environment. The types of samples measured 

using this instrument include powder, bulk, and thin film form. In the present work, the 

magnetic properties of bulk ceramics as well as thin films are measured using the PPMS facility 

(DynacCool, M/s Quantum Design, USA) furnished with VSM. The device employs a two-

stage pulse tube cooler to cool both the superconducting magnet and the temperature control 

system. As a result, the configuration can provide continuous low-temperature control precise 

field and temperature sweep modes. The magnetic moment and temperature precision are 

quoted as ± 0.5% and ± 15 %, respectively. The PPMS is made up of a superconducting magnet 

and a hybrid digital/analog magnet controller that precisely controls the magnetic field. The 

cryostat is the most critical component of the PPMS system, as it is responsible for keeping all 
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of the system's vital components at the required temperature. Figure 2. 11 illustrates a block 

diagram of the cryostat control system and all of its components. The pulse tube cry cooler is 

divided into two stages; the first operates at 45 K, while the second operates at about 4.2 K. 

The circulation pump, main and low-temperature flow, bucket and liquid helium, 4 K plate, 

annulus radiation shield, cooling annulus, and main radiation shield are the primary 

components cooled by these two stages.  

Furthermore, for performing the electrical measurements, we have fabricated a 

capacitor by coating the sintered cylindrical disc on both smooth surfaces with highly 

conductive silver ink (M/s Sigma-Aldrich, resistivity ~ 1.59 μΩ/cm, ≥ 99%). The films 

deposited on the conducting substrate n-type Si and Pt Si substrates are taken for electrode 

pattern using the shadow mask. An Al coating as a top and bottom electrode is designed on the 

surface of thin films using a thermal evaporator. Then, the electrical characteristics, such as 

dielectric, impedance, ferroelectric, and I-V characteristics, are measured in a metal-insulator-

metal (MIM) configuration. 

2.3.8 Dielectric measurements and impedance spectroscopy 

In this present thesis work, the dielectric response of the sintered samples and the thin 

films is performed using an LCR meter (M/s Wayne Kerr Electronics Pvt. Ltd., 4300) in the 

frequency range from 100 Hz to 1MHz. The temperature-dependent measurement from RT to 

500 ℃ is conducted with the LCR meter attached to the PID controller (Proportional-Integral-

Derivative) (3216, Eurotherm). The RF impedance material analyzer (M/s Agilent 

Technologies, E4991A) is used for measurements in the high-frequency range from 1MHz -

1GHz in the wide temperature range from -160˚C to 400 ̊ C. Liquid nitrogen is used as a cooling 

or heating medium for temperature-dependent measurements with a temperature control 

system (M/s Novocontrol, BDS 2300). The schematic representation of a typical RF 

impedance/material analyzer is shown in Figure 2. 12. 
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Figure 2. 12: RF Impedance/Material Analyzer set-up. 

The investigation of the dielectric behavior of the synthesized material is important to 

understand the phase transition, relaxation phenomenon, and polarization mechanism in the 

material. The dielectric response is related to the electrical energy storage and dissipation in 

the material. The relative permittivity (εr) and loss tangent (tanδ) with frequency and 

temperature are studied for bulk and thin film samples. Furthermore, the electrical properties 

of the sample are investigated by Impedance spectroscopy measurement. This technique 

usually measures the resistance of a material, both the real part (x-axis) and the imaginary part 

(y-axis). The obtained data for the material is displayed in a complex-plane plot called the 

Nyquist or Cole-Cole diagram. As alternating voltage signal V= Vo cosωt is applied between 

the electrodes of the sample as depicted in Figure 2. 13, there will be a phase shift (φ) between 

applied voltage (V) and resultant response current (I) as given below:  

𝑉(𝑡) = 𝑉0exp (𝑗𝑤𝑡)     (2.10) 

𝐼(𝑡) = 𝐼0exp (𝑗𝑤𝑡 + 𝜑)    (2.11) 
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where 𝐸0, 𝐼0, 𝜔, φ represent the amplitude of potential, the amplitude of current, angular 

frequency, and phase, respectively. 

and 

exp(𝑗𝜑) = 𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑    (2.12) 

then, the impedance in complex form is given by 

𝑍∗ =
𝐸

𝐼
= 𝑍0

exp (𝑗𝑤𝑡)

exp (𝑗𝑤𝑡+𝜑)
    (2.13) 

Thus, impedance is the ratio of an oscillating voltage to an oscillating current having a 

magnitude 𝑍0 and a phase angle ∅. In the Cartesian complex plane, the impedance is divided 

into real and imaginary parts: 

𝑍∗ = 𝑍′ + 𝑗𝑍″      (2.14) 

here, 𝑍′ and 𝑍" are the resistive and reactive components of the impedance.  

 

Figure 2. 13: Schematic representation of phase-sensitive voltage and current analyzer. 
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2.3.9 Ferroelectric measurements 

For ferroelectric materials, the studies are focussed on domains and their response to 

external factors such as temperature, stress, electric field, and others. The P-E loop is the most 

effective and simple method for understanding ferroelectric materials. This is a simple and 

effective method to understand ferroelectric ceramics.  

 

Figure 2. 14: Typical ferroelectric hysteresis loop. 

Generally, all ferroelectric ceramics have their distinct P-E loop, just like a signature. 

However, in the case of a polycrystalline material, the grains are split into many domains to 

attain energy minima, i.e., the direction of the domains is randomly distributed to attain net 

zero macroscopic polarization. With the application of an electric field, these domains are 

brought into a polar state through an induced macroscopic polarization. Subsequently, the 

induced polarization increases gradually with the increase of electric field strength and reaches 

a maximum value called saturation polarization (𝑃𝑠). At the removal of the electric field, some 

of the domains will back-switch, while others won’t, and thereby, a net non-zero polarization 

develops, leading to the remnant polarization (𝑃𝑟) even at zero electric fields. To attain zero 
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polarization, an electric field must be applied in the opposite direction, and this field at zero 

polarization is called the coercive field (𝐸𝑐) or coercivity. Again, a similar rearrangement of 

the polarization occurs when the electric field is increased in the opposite direction, resulting 

in the so-called P-E or hysteresis loop. For ferroelectric ceramics, the spontaneous polarization 

Ps can be calculated by intersecting the polarization axis with the extrapolated linear segment, 

as shown in Figure 2. 14.  

 

Figure 2. 15: Representation of Sawyer-Tower circuit for P-E loop measurements. 

Valasek described the first P-E loop in Rochelle salt. However, progress in ferroelectric 

research was slow at the time. This could be because of the difficulties in determining the P-E 

loop, which was solved in 1930. The first electronic circuit to measure the ferroelectric 

characteristics was invented by Sawyer and Tower of Rochelle Salt in 1930. Figure 2. 15 

depicts the schematic connection of the Sawyer-Tower circuit. An AC input voltage (𝑉𝑖𝑛) is 

applied to the ferroelectric capacitor, and the applied input voltage can be read on the horizontal 
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axis (x-probe) of an oscilloscope. Then, the applied electric field (𝐸) is calculated using the 

input voltage (𝑉𝑖𝑛) and the thickness (𝑑) of the sample: 

𝐸 =
𝑉𝑖𝑛

𝑑
      (2.15) 

The voltage across the reference capacitor (𝐶𝑟) induces polarization in the sample and can be 

measured on the vertical axis (y-probe) of an oscilloscope. Thus, the P-E loop is constructed in 

the oscilloscope based on the electrical polarization calculated using the formulas: 

𝑄 =
𝑉0

𝐶𝑟
       (2.16) 

𝑃 =
𝑄

𝐴
       (2.17) 

where 𝑄, 𝑃, and 𝐴 represent the charge, polarization, and sample surface area, respectively. 

The ferroelectric hysteresis in the thesis work is obtained using a ferroelectric tester (Precision 

LCII, Radiant Technologies. Inc, USA) for the electrode-designed samples. 

2.3.10 Leakage current characteristics 

  One of the key characterizations of device applications is the examination of leakage 

currents. The majority of applications rely on applying an external voltage to thin-film or bulk 

ceramic capacitors, which causes leakage current to occur. Defects that cause property 

degradation may be the source of the leakage current. Understanding the conduction 

mechanism in the samples can help you find solutions for lowering the leakage current. 

Therefore, to determine which conduction processes are in charge of the leakage current, it is 

crucial to examine the charging mechanism in samples. In this dissertation, the leakage current 

was measured using a Keithley parameter analyzer (M/s Tektronix, 4200A-SCS, USA). 
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2.3.11 Atomic Force Microscopy (AFM) 

A simplified diagram of an atomic force microscope (AFM) is shown in Figure 2. 16. 

The AFM is a highly effective imaging method for capturing topographical images on 

nanoscale samples, including their size, shape, and roughness. By scanning the sample with 

the AFM, a three-dimensional surface profile can be obtained. An AFM instrument includes a 

flexible (silicon or silicon nitride) cantilever with a sharp tip, signal processing unit, controller, 

and scanner. The Atomic interactions between the sample surface and the tip determine the 

surface topography as the tip scans the surface. According to Hooke's law, the cantilever bends 

as a result of the Van der Waals forces exerted by the atoms between the sample surface and 

the tip.  

 

Figure 2. 16: Block diagram of the atomic force microscopy. 

Figure 2. 16 shows a laser being reflected off the cantilever's top surface and into a 

photodetector to measure this deflection. The detected signals are then sent to the signal 

processing unit, which produces the topography image as well as amplitude and phase. In this 

TH-3332_186121023



Chapter 2: Experimental methods and characterizations 

67 | P a g e  

 

thesis work, the atomic force microscope (M/s Brucker; Innova SPM) is used to obtain AFM 

topological images of the thin films.  

2.3.12 Optical characterization 

The optical characteristics of the samples are examined utilizing a UV-VIS-NIR 

spectrophotometer (UV 3101PC, M/s Shimadzu) in this thesis work. The basic parameters such 

as optical bandgap energy (Egap), linear refractive index (n), optical packing density (P0), and 

film thickness (d) can be examined via transmission spectra. When light strikes the film, some 

is reflected, while some light is transmitted through the interfaces of film-substrate, air-film, 

and substrate-air. As the beams came from a single coherent source, both the transmitted and 

reflected light display the interference pattern. Figure 2. 17(a) shows the optical transmission 

through a film with thickness d and refractive index n deposited on a quartz substrate with 

thickness ds and the refractive index ns. Figure 2. 17(b) displays the transmittance spectrum of 

a film deposited onto a substrate examined in the 200 -850 nm wavelength range.  

The Egap of the sample is extracted from the absorbance spectra recorded in the UV-

visible range. The direct band gap energy is estimated following the Taucs equation and can 

be expressed as [93][94]: 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔𝑎𝑝)
𝑚     (2.18) 

where hν and α are the photon energy and absorption coefficient respectively. A denotes 

constant and is a transition parameter dependent on the value of m. The value of m corresponds 

to 1/2 and 2 for allowed direct and indirect transitions, while 3/2 and 3 for forbidden direct and 

indirect transitions [94][95].  

The Swanepoel’s envelope method is employed to derive the refractive index (n) of the 

films based on the following expressions [96][97]: 
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𝑛 = [𝑁 + 𝑁2 − 𝑛𝑠
20.5

]0.5    (2.19) 

𝑁 = 2𝑛𝑠 (
𝑇𝑀−𝑇𝑚

𝑇𝑀.𝑇𝑚
) +

𝑛𝑠
2+1

2
    (2.20) 

where TM denotes the transmittance maximum and Tm represents the transmittance minimum 

at a particular λ. The refractive index of the transparent substrate, ns equal to 1.51 (for 

amorphous SiO2 substrate). Hence, the thickness of the films (d) can be estimated using the 

relation below [98][99]: 

𝑑 =
𝑀𝜆1𝜆2

2[𝑛(𝜆1)𝜆2−𝑛(𝜆2)𝜆1]
     (2.21) 

where M is the number of oscillations between two extrema (M=1 between two consecutive 

extremas consecutive maxima or minima). Similarly, the optical packing density (𝑃0) of the 

films is determined using the following expression [100][101]: 

𝑃0 = (
𝑛𝑓

2−1

𝑛𝑓
2+2

)(
𝑛𝑏

2+2

𝑛𝑏
2−1

)     (2.22) 

where, nf and nb are the refractive indices of the thin films and the bulk composition, 

respectively.

 

Figure 2. 17: (a) Illustration of light transmittance through different interface mediums of the 

thin film, (b) transmission spectra of a thin film. 
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Evaluation of energy storage performance in BaTiO3-

BiFeO3 and BaTiO3-Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 solid 

solutions  

                                                                                                                                                        

This chapter describes the fabrication, characterization, and evaluation of the energy storage 

performance of BaTiO3 (BTO) based dielectric ceramics. The study includes the substitution 

of BiFeO3 (BFO) and Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 (BZNT) in the BTO matrix to form a solid 

solution. 

3 BaTiO3-BiFeO3 and BaTiO3-Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 ceramics 

3.1 Introduction 

The ferroelectric systems with ABO3 perovskite structure have proven extremely useful 

in various electronic applications such as capacitors, thermistors, and electrocaloric and storage 

information devices [102]. Among the lead-free perovskite systems, BTO is one of the most 

explored ferroelectric ceramics with good chemical stability, high dielectric permittivity, and 

temperature-stable dielectric characteristics [103]. It usually possesses a large dielectric 

constant because of long-range ordered spontaneous polarization [104]. However, immense 

energy loss makes them unsuitable for field energy storage applications due to non-polarization 

response and extensive Pr induced by slow-moving macro-domain reversal [105]. Therefore, 

chemical modification and tailoring are needed to adjust its comprehensive performance. BTO-

based systems were widely studied with different compositions to fine-tune their properties 

Chapter 3 
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[106]. Pure BTO at RT is ferroelectric and changes its phase to a paraelectric state around 

120°C. The properties deteriorate as the material enters the paraelectric state (>120°C), which 

restricts its further application in elevated temperatures. The addition of BiMeO3 (Me 

symbolizes trivalent and average trivalent metal ions) compounds with BaTiO3 improves the 

temperature-dependent dielectric behavior due to the weakly coupled polarization in the polar 

nano regions (PNRs) that develops from the substitution of Bi3+ and Me3+ in place of Ba2+ and 

Ti4+ [107]. Combining Bi(Me)O3 and BaTiO3 can assist in the creation of PNR by breaking the 

long-range ferroelectric order. Because of the comparable electronic structures of Pb2+ and 

Bi3+, the hybridization between Bi 6p and O 2p is anticipated to raise the maximum 

polarization. Previous studies suggested that a solid solution of BaTiO3-Bi(Me)O3 formed by 

another perovskite (ABO3) structure with Bi3+ at the A-site and multiple cations at the B-site 

can be used to tune BTO ceramics [108]. The ferroelectric and relaxor ferroelectric properties 

of Bi2O3-doped BaTiO3 ceramics resulted in an extensive study of BaTiO3-BiMeO3 

compositions. The most studied lead free composition are BaTiO3-BiYO3 [109]; BaTiO3-

BiScO3 [110]; BaTiO3-Bi(Mg1/2Zr1/2)O3 [111][112]; BaTiO3-Bi(Mg2/3Nb1/3)O3 [113][114]; 

BaTiO3-Bi(Mg1/2Ti1/2)O3 [115]; BaTiO3-BiFeO3 [116] and BaTiO3-Bi(Zn1/2Zr1/2)O3  [60][103] 

systems with relaxor behavior displaying better energy storage performance.  

Various binary or ternary solid solution systems based on BaTiO3-BiMeO3 including 

BaTiO3-BiFeO3 have been throughly explored [32][61][62][63][64][65][66][67][68][69]. 

Undoped BFO-BTO-based ceramic with higher BFO contents have high Pmax; however, its ΔP 

is low due to the fact that it is unsuitable for energy storage applications [70]. In recent years, 

researchers have focused on enhancing the energy storage performance of the  BFO-BTO 

system. The composition with 0.75BFO - 0.25(Ba0.99La0.01)TiO3 ceramics is reported to exhibit 

a large Wrec of 0.61 J/cm3 by Calisir et al. [71]. Similarly, Ba(Mg1/3Nb2/3)O3 substituted BFO-

BTO bulk ceramics exhibited double hysteresis loops with improved energy storage 
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performance Wrec of 1.56 J/cm3 with η of 75% and also showed wide temperature stability in 

the temperature range of 25-190 °C [34]. Likewise, enhanced energy storage performance is 

observed for the Nd-doped BFO-BTO system with Wrec 1.81 J/cm3  [72]. Meanwhile, the 

previous studies reported that the bulk ceramics with BaTiO3-Bi(Zn2/3Nb1/3)O3 composition 

displayed a large Wrec of 0.79 J/cm3 and η of 93.5% at an applied field of 131 kV/cm [73]. 

Further, the Ta substituted bulk composition with 0.87BaTiO3-0.13Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3 

exhibited greatly improved energy storage performance with Wrec of 1.44 J/cm3 and η of 92.5% 

at 218 kV/cm [74]. Here, Ta is mainly substituted for Nb in BaTiO3-Bi(Zn2/3Nb1/3)O3 

composition, expecting to decrease the energy loss and leakage current density at the higher 

applied electric field. Additionally, adding Bi-based compounds can accelerate the 

densification process and lower the sintering temperature, which leads to a low dielectric loss, 

large activation energy, and dense microstructure in BTO-Bi(Me)O3 ceramics, which favor 

high EBDS. In this chapter two series of BaTiO3-Bi(Me)O3 family; (1-x)BaTiO3-xBiFeO3 

(BTBF) in x range from 0.0 to 0.3 and (1-x)BaTiO3-xBi[Zn2/3(Nb0.85Ta0.15)1/3]O3 (BT-BZNT) 

in x range from 0.05 to 0.25 is synthesized using solid-state reaction route. These compositions 

are further investigated for energy storage performance from the ferroelectric response.    

3.2 Sample preparation of BTBF and BT-BZNT ceramics 

The lead-free (1-x)BaTiO3-xBiFeO3 (x = 0.00, 0.1, 0.2, and 0.3 abbreviated as BTO, 

BTBF1, BTBF2, and BTBF3, respectively) and (1-x)BaTiO3-xBi[Zn2/3(Nb0.85Ta0.15)1/3]O3 

(x=0.05, 0.10, 0.15, 0.20 and 0.25) solid-solutions are prepared by the solid-state reaction route. 

Analytical grade reagents including  BaCO3 (M/s ACROS Organic), TiO2, Bi2O3, ZnO, Nb2O5, 

and Ta2O5 (M/s Sigma Aldrich), and Fe2O3 (M/s JiangXiHaiTe Advance Material) with a 

purity of 99.99% are used as a starting material. The complete recipe for sample preparation is 

discussed in Chapter 2. The BTBF and BT-BZNT samples are sintered at 1050°C and 1250°C, 

respectively for 2 hr to achieve a maximum relative density range of 93-97%.      
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3.3 Results and discussion: BTBF solid-solution 

The XRD pattern of the ceramics has been recorded to check the phase purity and the 

crystal structure, as shown in Figure 3. 1(a). The prepared compositions revealed the pure 

perovskite structure with no other phases, suggesting that BiFeO3 (BFO) has thoroughly 

diffused into the host lattice (BaTiO3) to form a new homogeneous solid solution [20][21]. The 

diffraction peaks for pure BTO are indexed with JCPDS card 01-074-9807. The corresponding 

peaks of the BFO added system are matched with the values of reflection reported for  PDF#34-

0411 [117] and indexed with JCPDS card no. 00-066-0524.  

Figure 3. 1: (a) Room-temperature XRD patterns of (1-x) BTO-xBFO ceramics, (b) 

magnified view of shifting of 2θ ⁓32° and 2θ ⁓ 45.5° reflection towards the higher angle, 

Rietveld Refined XRD patterns for (c) pure BTO (d) BBFT1 and inset images represent the 

respective VESTA generated images of BTO and BTBF1 ceramics. 
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The disappearance of the (200) peak splitting around 2θ ⁓ 45.5°, shown in the magnified 

view in Figure 3. 1(b) indicates the phase change. The pure BTO exhibits a tetragonal phase 

at room temperature. With the addition of rhombohedral BFO, the prepared ceramics changed 

their phase from tetragonal symmetry (P4mm space group) to pseudo-cubic phase (pm-3m 

space group). Figure 3. 1(b) also shows the magnified view of shifting of reflection around 2θ 

⁓32° and 2θ ⁓ 45.5° towards a higher angle with increasing BFO content due to the 

dissimilarity in ionic radii of A and B site cations resulting in the lattice distortion of a unit cell. 

In the A site, the Ba2+ (1.61Å) ion has larger ionic radii compared to Bi3+ (1.03Å) [109]. 

However, at the B site, Ti4+ and Fe3+ have similar ionic radii of 0.605 Å and 0.60 Å, respectively 

[118]. The shifting of diffraction peaks (θ) towards the higher angle is observed due to the 

lattice distortion (shrinkage) because of the decrease in lattice parameter by the introduction of 

a smaller ion in place of a bigger ion. Hence, the formation of BTO-based solid solution with 

BFO lead to decrease of the lattice constant [63]. 

Table 3. 1: Structural parameters for the prepared ceramics obtained by Rietveld refinement 

of the XRD patterns. 

Composition c/a χ2 Volume(Å3) 

BTO 1.0060 2.85 64.3862 

 x=0.1 1.0032 2.57 64.3769 

x=0.2 1.0028 2.88 64.3242 

x=0.3 1.0023 2.68 64.3083 

 

To verify the crystal structure and to calculate the lattice parameter (unit cell volume), 

the Rietveld refinement of the XRD pattern of the ceramics is carried out via Fullprof software. 

Figure 3. 1(c-d) shows the Rietveld fitting result of the XRD pattern of the BTO and BTBF1 
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ceramics. The pseudo-Voigt function is used to fit the diffraction peak profiles. The pure BTO 

and BFO added specimens are refined by tetragonal symmetry. The refinement result suggests 

the confirmation of phase-shifting from tetragonal to mixed phase (i.e., pseudo-cubic 

symmetry) with decreased lattice parameters. The crystal structure of BTO and BTBF1 

ceramics generated after refinement is shown in the inset of Figure 3. 1(c) and (d), respectively. 

The dark green and orange portion observed for BTBF1 ceramic represents the substitution of 

Bi and Fe ions in place of Ba and Ti, respectively. The obtained refinement parameter of the 

prepared ceramics is given in Table 3. 1.  

Raman Spectra for all specimens (200-800 cm-1) measured at RT are presented in 

Figure 3. 2. All-optical modes are Raman inactive for pure BTO with cubic symmetry. In 

contrast, eight Raman active modes can be seen with tetragonal symmetry. The Ti4+ ions are 

placed sufficiently far away from O2- ions in the case of tetragonal BTO lattice, whereas, under 

cubic symmetry, the triply generated modes split into A1, B1, and E modes. Hence, the 

theoretical optical mode for tetragonal BTO can be represented as Г= 3A1 + B1 + E. Due to 

electrostatic interaction among the ions, the A1 and E modes further split into transverse (TO) 

and longitudinal (LO) optical modes. Raman spectra of the pure tetragonal BTO sample exhibit 

four dominant peaks at 255, 307, 517, and 716 cm-1 assigned to A1(2TO), {B1 + E(TO) + 

E(2LO)}, {A1(3TO) + E(4TO)} and {A1(3LO) + E(4LO)} modes, respectively [23][24]. 

Among these four peaks, two peaks at 255 and 517 cm-1 can also be seen for Raman inactive 

cubic phase BTO due to the shift of position of Ti4+. At the same time, the other two intense 

peaks at 307 and 716 cm-1 are characteristic tetragonal peaks of pure BTO [62]. These peaks 

generally arise due to the asymmetry within the TiO6 octahedral of BTO and phonon 

propagation along the c-axis [119]. Raman spectra obtained for the BFO-added compositions 

show weaker and broader peaks with no remarkable shift. The intensity of signature tetragonal 

peaks at 307 and 716 cm-1 diminishes sharply for BFO mixed compositions and finally becomes 
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broader and flat for x = 0.3 composition. The reduced peak intensity with increasing BFO 

concentration indicates the mixed tetragonal and cubic symmetry phase. Hence, Raman spectra 

are evident for the phase change of the prepared specimens from tetragonal symmetry to 

pseudo-cubic symmetry.   

 

Figure 3. 2: Room temperature Raman spectra of (1-x)BaTiO3-xBiFeO3 for x = 0.00, 0.1, 0.2, 

and 0.3.   

The field emission scanning electron microscopy (FESEM) technique provides 

information on surface morphologies such as grain growth, the shape of grains and grain 

boundaries, voids, defects, porosity, etc. Figure 3. 3(a-c) shows the surface micrographs of 

BTBF1, BTBF2, and BTBF3 ceramics sintered at 1050°C for 30 minutes. All the micrographs 

are recorded at the same magnification of 30 KX using an in-lens detector. The grain size has 

been averaged using Image-J software, and its distribution via histogram is represented in the 

inset of Figure 3. 3. The decrease in grain size of the composition is observed with the addition 

of BFO content. With the addition of BFO, the crystal lattice's volume decreases, which can be 
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seen as grain growth suppression in BFO-added ceramics. An increase in the concentration of 

BFO inhibits grain growth and reduces the size of grains. The composition with x = 0.1 

(BTBF1) showed a homogeneous, well-packed, and densified microstructure with an average 

grain size of 0.664 μm. The non-uniform and porous microstructure is observed for 

composition x = 0.2 and 0.3 (BTBF2 and BTBF3) specimens with an average grain size of 

0.661 μm and 0.536 μm, respectively. The large grains with smaller grains at the boundary 

indicate inhomogeneous grain growth [116]. The relative density of the samples has 

deteriorated with the increasing content of BFO (from 96% for BTBF1 to 93% for BTBF3), 

which may be the reason for non-uniform grain size with porous microstructures.  The surface 

morphology and grain average size of specimens are tabulated in Table 3. 2.  

Figure 3. 3: FESEM image of (a) BTBF1, (b) BTBF2, (c) BTBF3, and (d) EDX spectrum of 

spectra of BTBF1. The inset shows the grain size distributions of respective ceramics. 
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Energy dispersive X-ray analysis (EDAX) is a technique to identify the elemental 

composition. EDAX spectra show the different elements existing in the sample via spectra of 

corresponding peaks. Figure 3. 3(d) depicts the EDAX spectra of BTBF1 ceramic recorded 

for quantitative analysis of all the elements present in the specimen. The spectra reveal the 

presence of all the elements according to the stoichiometric ratio of the elements present in the 

empirical formula of BTBF1 composition. Hence, the phase purity of the ceramic is verified. 

The inset of Figure 3. 3(d) shows the obtained atomic % value of all the elements present in 

BTBF1 ceramic. 

Table 3. 2: Average grain size of BTBF1, BTBF2 and BTBF3 ceramics. 

Composition Average grain size (μm) Surface morphology 

BTBF1 0.664 ± 0.010 Uniform grain size 

BTBF2 0.661±0.004 Non-uniform grain size with 

a porous microstructure 

BTBF3 0.536± 0.008 Non-uniform grain size with 

a porous microstructure 

 

Figure 3. 4 shows the temperature (-140°C-300°C) dependence of the (εr) of the BTBF 

ceramics for a frequency range of 1MHz to 1GHz. Pure BTO sequentially undergoes a phase 

transition from ferroelectric phase to paraelectric phase, i.e., from rhombohedral to 

orthorhombic (TR-O), orthorhombic to tetragonal (TO-T) and tetragonal to cubic (TC) phase at ⁓ 

-90°C, ⁓5°C and ⁓120°C, respectively [106]. For BTBF1 ceramics, two dielectric peaks around 

60°C and 150°C are observed. These peaks are believed to be the phase transition peaks for TO-

T and TC phase transitions. For the specimens with higher BFO concentrations, the peaks at a 

lower temperature almost disappeared. Only the Tc is observed to be shifted from 150°C to 

180°C with increasing BFO content. The loss tangent also showed a similar trend as the 
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dielectric constant. It almost shows the hump around the transition temperature. A gradual 

increase in the value of loss tangent with increasing temperature is observed and is ascribed to 

the thermally activated charge carriers. The loss tangent is directly related to conductivity. 

Therefore,  the conductivity begins to dominate with a temperature rise, resulting in a surge in 

tan δ [118]. The BTBF1 ceramic showed an improved (εr) with low dielectric loss.  

 

Figure 3. 4: Temperature-dependent dielectric constant at the selected frequency for (a) 

BTBF1, (b) BTBF2, and (c) BTBF3 ceramics and (d), (e) and (f) represents the 

corresponding loss tangent. 

Complex impedance is an effective technique to study the electrical characteristics of 

the specimens. This approach helps establish the correlation between the materials' 

electric/conduction mechanism and microstructures [120]. Detailed studies can be made on 

dielectric relaxation mechanisms associated with the effect of bulk (grains), grain boundaries, 

and electrode contribution to conductivity [121][122]. The frequency-dependent electrical 

properties in terms of complex impedance (Z*) and complex modulus (M*) can be represented 

by the following related parameters:  
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Complex impedance,  𝑍∗(𝜔) = 𝑍′ − 𝐽𝑍′′ = 𝑅𝑠 −
𝑗

𝜔𝐶𝑠
  (3.1) 

where, Z'=|Z|cosθ and Z''= |Z|sinθ [123]. 

Complex modulus, 𝑀∗ =
1

𝜀∗
= 𝑀′ + 𝑗𝑀′′    (3.2) 

Complex permittivity, 𝜀∗ =
1

𝑀∗
= 𝜀′ − 𝑗𝜀′′

    (3.3) 

Complex Admittance, 𝑌∗ = 𝑌′ + 𝑗𝑌′′ =
1

𝑅𝑝
+ 𝑗𝜔𝐶𝑝   (3.4) 

Loss tangent,      𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′ =
𝑀′′

𝑀′ =
−𝑍′

𝑍′′ =
𝑌′′

𝑌′      (3.5) 

where j = √−1, the imaginary factor and ω =2πf [27,28]. 

At different varying temperatures, the real part of impedance (Z') with frequency 

ranging from 1 MHz to 1 GHz is shown in Figure 3. 5(a-c) for all the compositions. All the 

composition shows the decreasing Z' values with increasing frequency and temperature, 

indicating the rise in conductivity. The magnitude of Z' is seen to be large at low frequencies, 

which reduces with a rise in frequency, and then it merges for all temperatures. Due to the 

surge in defect concentration and charge accumulation at the grain boundaries, the high value 

of Z' is observed at the low-frequency region. With the rise in frequency, the drop in Z' value 

may be due to the release of space charge polarization, which lowers the material's barrier 

properties [124]. At the low-frequency region, the declining Z' is noticed with the temperature 

rise, indicating the material's negative temperature coefficient of resistance (NTCR) 

phenomenon [120][124]. Figure 3. 5(d-e) depicts the frequency dependence of the imaginary 

part of the impedance (Z") or loss spectrum of the respective compositions. The decrease in the 

trend of the Z" value can be seen with a rise in temperature as well as frequency. The change 

in Z" as a function of frequency shows the same behavior as that of Z' with frequency.  

However, the variation in peak broadening is seen with increasing temperature, indicating the 
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electrical relaxation at a particular frequency  [120]. The steady species at low temperatures 

and defects at higher temperatures are mainly responsible for the relaxation process in the 

material.  

 

Figure 3. 5: Variation of real impedance (Z') with frequency for (a) BTBF1, (b) BTBF2, and 

(c) BTBF3 ceramics at a selected temperature from RT to 200°C in the high-frequency range 

from 1 MHz to 1 GHz and (d), (e) and (f) represents the corresponding variation of the 

imaginary part of impedance (Z") with frequency. 

Figure 3. 6 represents the impedance spectra plotted at different temperatures and 

presented on the complex plane of Z" and Z' for BTBF1 ceramic in a high-frequency range (1 

MHz to 1GHz).  The inset shows the equivalent modeled circuits. This plot helps to study the 

impact of grain, grain boundary effect, and their electrode contributions to the electric 

properties of materials using various circuit elements (resistors, capacitors). The number of 

semicircle arcs determines the types of contribution of the electric process present in the 

material. For an ideal Debye-type relaxation, a perfect single semicircle with a center lying at 
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the Z' axis is observed [121]. An asymmetrical distorted semicircle suggests the presence of 

non-Debye-type relaxation in the sample.  

 

Figure 3. 6: Nyquist plot of BTBF1 ceramic for temperatures 200 ºC, 225 ºC, 250 ºC and 300 

ºC. The solid line (black color) denotes the fitting with the RQC equivalent electronic circuit 

obtained from the fitting. The equivalent circuit model is represented in the inset. 

Table 3. 3: Fitted parameters for Nyquist plots for BTBF1 solid solution sample. 

Temperature (ºC) Model R(kΩ) C(pF) Q  n Relaxation 

Time(τ sec) 

200 RQC 823.27 336.41 2.5118×10-09 0.8562 276.53 

225 RQC 505.53 365.16 4.6638×10-08 0.4659 184.32 

250 RQC 407.13 323.24 3.5029×10-08 0.4900 131.46 

300 RQC 329.07 360.57 1.2246×10-07 0.3825 118.65 

 

A Z' and Z" plot for BTBF1 ceramics at high temperatures is fitted with an RQC 

equivalent circuit, where C is capacitance, Q is constant phase angle (CPE), and R is resistance. 
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The equivalent circuit is modeled by EIS (Electrochemical Impedance Spectroscopy) [125] for 

200 ºC, 225 ºC, 250 ºC, and 300 ºC temperatures. The single arc represents the only effect of 

grain contribution to the conduction [126]. The nature of semi-circle arcs varies with 

temperature, and their radii increase with a decrease in temperature. With increasing 

temperature, the resistance and relaxation time decrease, indicating the rise in conductivity. 

The value of fitted parameters for the Nyquist plot is given in Table 3. 3.   

A typically frequency-dependent spectrum comprises two distinct regions: frequency-

independent dc-conductivity (low-frequency dispersion) and highly dispersive frequency-

dependent ac-conductivity (an extended dispersion at high frequency) [120]. The frequency-

dependent conductivity is related by the simple expression given by Jonscher’s power law 

[127]: 

𝜎(𝜔) = 𝜎0 + 𝐴𝜔𝑠     (3.6) 

where A is the pre-exponential constant, ω=2πf is the angular frequency, and s is the power-

law exponent lies between 0<s<1, σα is dc conductivity, and σ(ω) is ac-conductivity, [128]. 

The conductivity for any ceramic is calculated by empirical formula [122]: 

𝜎𝑎𝑐(𝜔) = 𝜔𝜀0𝜀𝑟𝑡𝑎𝑛𝛿     (3.7) 

The frequency-dependent study of conductivity explains the mechanism of charge 

carrier hopping. The plot between ln σac versus ln(f) in the high-frequency region from 1 MHz 

to 1 GHz at constant temperature for BTBF1 ceramic has been represented in Figure 3. 7(a). 

The ac conductivity rises with an increase in frequency, indicating conductivity dispersion with 

frequency. The conductivity is frequency-dependent and increases linearly for all the 

temperatures. Figure 3. 7(b) displays the ln (σac) versus 103/T at selected frequencies for 

BTBF1 composite ceramics.  It shows a linear relationship between ln (σac) and the inverse 
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temperature. The thermal activation energy of the charge carrier is estimated by the Arrhenius 

equation given by [36][129]: 

𝜎𝑎𝑐 = 𝜎0exp (
−𝐸𝑎

𝑘𝛽𝑇
)     (3.8) 

where Ea represents activation energy, kβ is the Boltzmann constant, σ0 is the pre-exponential 

factor, and σac is ac conductivity. The estimated activation energy at high-temperature regions 

for 1 MHz, 10 MHz, 100 MHz, and 1 GHz is 0.020 eV, 0.025 eV, 0.044 eV, and 0.031 eV, 

respectively. The value of activation energy is found to be increasing with frequency in higher 

temperature regions. 

 

Figure 3. 7: Frequency-dependent conductivity at a selected frequency and (b) Temperature-

dependent ln (σac) at various selected frequencies for BTBF1 ceramics. 

The polarization as a function of the electric field (P-E) is studied at RT to examine the 

ferroelectric features of the prepared specimens. The P-E hysteresis loop measurement is 

carried out in the presence of different applied voltages at 10 Hz for each sample, as shown in 

Figure 3. 8(a-c).  A well-shaped hysteresis loop can be seen with increasing applied fields for 

each sample. However, a well-saturated loop is not observed for any composition due to the 

application of low electric fields to avoid the breakdown of samples during measurement. The 
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nature of the loops obtained is ferroelectric loops with considerable remnant polarization and 

coercive fields. The enhanced maximum polarization and better ferroelectric P-E loops are 

obtained for the prepared ceramics as compared to earlier reports [130]. The values of the 

hysteresis loop and the energy storage parameters for BTBF1 ceramics are tabulated in Table 

3. 4.   

 

Figure 3. 8: PE loops obtained for (a) BTBF1, (b) BTBF2, (c) BTBF3 ceramics, and (d) 

represents the recoverable energy density and hysteresis loss of BTBF1 ceramics. 

From an energy storage application point of view, the following key parameters must 

be taken care of large stored and recoverable energy density, high energy efficiency, large 

breakdown fields, and thermal stability [8]. In the present study, the required parameters for 

energy storage performance are evaluated and obtained from the P-E hysteresis loops. The 
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recoverable energy density (Wrec) is obtained by integrating the area between the polarization 

axis and the discharge curve of the polarization curve of the P-E hysteresis loop illustrated in 

(equation 3.10) [131]. The energy stored density (W) and energy efficiency (η) are 

mathematically expressed using equations (3.9) and (3.11), respectively [41][42]: 

𝑊 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

0
     (3.9) 

𝑊𝑟𝑒𝑐 = −∫ 𝐸𝑑𝑃
𝑃𝑟

𝑃𝑚𝑎𝑥
              (3.10) 

𝜂 =
𝑊𝑟𝑒𝑐

𝑊
 × 100%     (3.11) 

where Pmax represents maximum polarization, and Pr indicates remnant polarization.  

Table 3. 4: BTBF1, BTBF2, and BTBF3 Polarization parameters. 

Composi

tion 

Pr 

(μC/cm2) 

Ec 

(kV/cm) 

Pmax 

(μC/cm2) 

Energy 

density 

(mJ/cm3) 

Efficiency 

η (%) 

 

Electric field 

(kV/cm) 

BTBF1 0.64 3.66 4.07 39.71 60.92  25 kV/cm 

BFBT2 0.81 3.70 4.04 27.03 52.52  24 kV/cm 

BTBF3 0.84 3.62 4.03 26.98 52.48  20 kV/cm 

 

The Wrec and η (%) for BTBF1, BTBF2, and BTBF3 ceramic composite have been 

calculated using the monopolar P-E loops. The Wrec and η (%) for BTBF1 ceramics are 

highlighted in pink and light green color, respectively, as depicted in Figure 3. 8(d). The 

BTBF1 ceramic showed a higher energy density among all the ceramics, i.e., ⁓ 40 (mJ/cm3) at 

an applied field of 25 kV/cm. The obtained value of recoverable energy density is comparable 

to the earlier reported value [132]. However, much effort is needed to get a higher magnitude 

of Wrec to serve the purpose of the energy storage application. Energy efficiency is another 
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important parameter for evaluating energy storage performance. It suggests better reliability, 

low heat loss, and a longer lifespan of physical integrity (capacitors) [8]. The η (%) for BTBF1 

is 60.92%, higher among the prepared samples. 

3.4 Results and discussion: BT-BZNT solid-solution 

The structural analysis is carried out via an X-ray diffractometer scanned in the 2θ range 

between 20-80° to check the phase formation and crystal structure. Figure 3. 9(a) shows the 

obtained XRD pattern of the prepared BT-BZNT ceramics, sintered at 1250°C for 2 hrs without 

any secondary phases.  All the obtained diffraction patterns of the compositions are indexed 

with a JCPDS card no 01-074-9807 related to pure BT having a tetragonal structure. No 

separate phase for BZNT composition is observed, suggesting that the dopants have thoroughly 

diffused into the host lattice (BTO). For the lower concentration of BZNT ceramics (i.e., x = 

0.05, 0.10, and 0.15), no prominent peak splitting is observed for the peak at (110). However, 

a slight peak splitting can be seen for the peak at the (200) plane, which signifies the 

characteristic of tetragonal symmetry [133].  

 

Figure 3. 9: (a) XRD pattern of BT-BZNT ceramics, (b) Enlarged portion of diffraction 

peaks at 2θ~31.76°, 39.2° and 45.45°. 
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With the further addition of BZNT ceramic, a remarkable peak splitting (110/101), 

(220/020) is observed for (110/200) planes indicating the structural transformation. The 

orthorhombic phase is characterized by 220/020 splitting at ~45° [103]. It is also observed from 

Figure 3. 9(b) that the splitting of the (111) plane along with the shoulder peak at the (200) 

plane gives evidence of rhombohedral symmetry in all synthesized ceramics [134]. Figure 3. 

9(b) depicts the shifting of the diffraction peaks with the composition modification. The 

diffraction peaks shift toward the left, indicating the crystal lattice's expansion. The expansion 

in the lattice is caused by the substitution of bigger ionic radii [Zn2+ (0.74Å), Nb5+ (0.64Å), and 

Ta5+ (0.64Å)] [135][105][136] ions with comparable smaller ionic radii [Ti4+ (0.605Å)] in B-

site [44]. The crystal structure expansion indicates that B-O6 octahedral is dominant in unit cell 

volume [45], although the ionic radii of Ba2+ (1.61Å) are larger than the Bi3+ (1.36Å) in A-site. 

 

Figure 3. 10: Rietveld refined XRD pattern of (a) BT-BZNT1, (b) BT-BZNT2, (c) BT-

BZNT3, and (d) BT-BZNT4 ceramics. 
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The crystal symmetry of BT-BZNT ceramics seems quite complex when analyzed 

using the XRD pattern alone. Further, the experimentally obtained XRD pattern is refined using 

the FullProf Suite software to confirm the phase assemblage. The refinement fitting results 

confirmed that the XRD pattern of the BT-BZNT ceramics is best fitted with the two-phase 

model using tetragonal and rhombohedral symmetries. Therefore, a two-phase refinement 

method is carried out considering tetragonal and rhombohedral structures (p4mm+R3c). The 

observed pattern is well matched with the calculated patterns, as shown in Figure 3. 10 for all 

fitted samples. The extracted goodness of fitting (χ2) and lattice parameters from the refinement 

are listed in Table 3. 5.  

Table 3. 5: χ2  and lattice parameters deduced from Rietveld refined XRD pattern. 

Compositions χ2 Crystalltite 

size (nm) 

Lattice 

strain 

(10-3) 

Tetragonal phase Rhombohedral Phase Grain 

size 

(μm) 

Relative 

density 

(%) 

    a=b 

(Å) 

c 

(Å) 

Volume 

fraction 

(%) 

a=b 

(Å) 

c (Å) Volume 

fraction 

(%) 

  

BT-BZNT1 4.65 165 1.90 4.01

4 (0) 

4.00

8 (0) 

96.17 5.496 

(9) 

13.64

6 (4) 

3.83 0.64 ± 

0.01 

93.2 

BT-BZNT2 4.42 148 1.83 4.01

7 (0) 

4.01

2 (0) 

91.35 5.249 

(3) 

13.61

3 (4) 

8.65 1.30 ± 

0.03 

93.7 

BT-BZNT3 4.89 134 1.65 4.01

8 (0) 

4.01

4 (0) 

84.58 5.220 

(9) 

13.53

2 (6) 

15.42 1.72 ± 

0.03 

95.8 

BT-BZNT4 4.71 118 1.62 4.02

0 (0) 

4.01

8 (0) 

79.63 5.070 

(11) 

12.04

5 (9) 

20.37 2.91 ± 

0.05 

96.4 

BT-BZNT5 4.58 112 1.53 4.02

5 (0) 

4.02

3 (0) 

76.04 4.368 

(8) 

13.67

8 (7) 

23.96 4.65 ± 

0.08 

94.3 
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Further, the crystal structure of pure BTO and BZNT is illustrated in Figure 3. 11(a) 

and (b), generated from Vesta software. The presence of respective elements in the respective 

positions in the BTO and BZNT ceramics unit cell is well visualized. Likewise, the dual phases 

can be observed for multiphase refined  BT-BZNT4 ceramic, illustrating the mixed crystal 

structures consisting of BTO and BZNT phases as shown in Figure 3. 11(c). Therefore, the 

formation of homogeneous perovskite binary solid-solution of BT-BZNT ceramics with dual 

phase is confirmed [103].   

 

Figure 3. 11: Vesta generated crystal structure of (a) BTO, (b) BZNT, and (c) BTO-BZNT4 

ceramics. 

The crystallite size and lattice strain of the synthesized ceramics are calculated utilizing 

the Williamson Hall (W-H) analysis method using the equation as follows [102]:  

𝛽𝑐𝑜𝑠𝜃 =  
𝑘𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃    (3.12) 

here, β represents full width at half maxima, k denotes the shape factor, and λ equal to 1.5406 

Å, which is the wavelength of X-ray radiation. D and ε represent crystallite size and lattice 

strain, respectively, and are deduced from the y-intercept and slope of the fitted line from the 
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𝛽𝑐𝑜𝑠𝜃 and 4𝑠𝑖𝑛𝜃 as shown in Figure 3. 12(a-d). The extracted values of crystallite size and 

lattice strain are listed in Table 3. 5. With BZNT concentration, the crystallite size diminishes, 

suggesting the crystal lattice's expansion. Besides increased lattice parameters and shifting of 

diffraction peaks towards a lower angle with BZNT substitution, the coexistence of tetragonal 

and rhombohedral symmetry is evident from the XRD analysis for all the ceramics. 

 

Figure 3. 12: W-H plot for (a) BT-BZNT1, (b) BT-BZNT2, (c) BT-BZNT3, and (d) BT-

BZNT4 ceramics. 

Raman spectra of the BT-BZNT ceramics are analyzed to complement the XRD 

analysis to verify the crystal structure and phase formation. Figure 3. 13(a) depicts the Raman 

spectra for all samples in the 100-800 cm-1 wavenumber range. The tetragonal BTO consists 

of eight Raman active phonon modes comprised of 3[A1(TO) + A1(LO)] + 4[E(TO) + E(LO)] 

+ B1. The asymmetric mode around 111 cm-1 is assigned to E(TO1), whereas the strong peak 
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at 178 cm-1 is assigned to the A1(TO1) mode corresponding to Ba2+ ions for TiO6 octahedra. 

Two broad bands approximately located at 267 and 524 cm-1 correspond to A1(TO2) mode and 

A1(TO3) modes, respectively [137]. The sharp mode present at 305 and 720 cm-1 is the signature 

peak indicating the tetragonal distortion in BaTiO3 [138].  

Table 3. 6: Raman shift (cm-1) of the modes for BT-BZNT ceramics. 

Composition 1 2 3 4 5 6 7 8 

BT-BZNT1 111.6 151.1 178.9 267.4 305.7 524.8 721.1 769.8 

BT-BZNT2 111.5 149.7 176.1 270.5 307.7 524.7 704.8 760.4 

BT-BZNT3 111.9 149.3 182.8 261.3 309.3 524.4 720.0 765.6 

BT-BZNT4 112.2 146.9 177.6 264.2 314.7 524.9 724.3 771.7 

BT-BZNT5 111.9 150.7 185.4 238.6 312.4 525.0 715.5 766.3 

 

All the Raman modes assigned in Figure 3. 13(a) are consistent with the earlier 

investigation on BaZr0.05Ti0.95O3 ceramic [139]. It is evident from Figure 3. 13(a) that the 

tetragonality is reduced as the concentration of BZNT is raised, which is confirmed by the 

intensity of the 305 and 720 cm-1 peaks assigned for ETO2 and A1LO3 mode diminishes for 

higher BZNT substituted samples. With BZNT substitution, the broadband detected around 

770 cm-1 (A1LO4) further broadened may result from the B-site substitution. Hence, a stable 

binary solid solution is formed by introducing BZNT [140][141]. Figure 3. 13(b-f) illustrates 

the fitted Raman spectra using the Gaussian-Lorentzian distribution function, revealing the 

prominent peak positioning of the synthesized samples. The broadening and the shifting of 

several peak positions are observed, suggesting the coexistence of dual phase (tetragonal + 

rhombohedral) in BT-BZNT ceramics.  All detected and fitted vibrational modes for BT-BZNT 

ceramics are listed in Table 3. 6. 
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Figure 3. 13: (a) Raman spectra and (b-f) fitted experimental Raman spectrum of BT-BZNT 

ceramics. 

Figure 3. 14 shows the FESEM  micrograph of BT-BZNT ceramics and the corresponding 

grain size histogram. For all BT-BZNT compositions, both irregular and cuboidal-shaped 

grains are observed. The tiny irregular grains belong to BTO, whereas BZNT ceramics displays 

cuboidal-shaped grains. A mixture of tiny irregular and cuboidal-shaped grains is observed for 

BT-BZNT1 ceramics, which systematically grows with further BZNT substitution. The grain 

growth in the ceramics observed may be due to the expansion in the crystal lattice with the 
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addition of BZNT into the BTO matrix, which agrees well with the XRD and Raman 

interpretations.  

 

Figure 3. 14: FESEM microstructure with grain size histogram in the inset for (a) BT-

BZNT1, (b) BT-BZNT2, (c) BT-BZNT3, and (d) BT-BZNT4 ceramics. 

The addition of BZNT ceramic in which A-site element Bi volatilizes, as a result, 

oxygen vacancies are generated to maintain overall charge neutrality that facilitates the mass 

transportation during the sintering, which accelerates the grain growth [40][142]. Similar grain 

growth is likewise observed in solid solutions with higher substitution concentrations 

[143][43]. With increasing BZNT substitution, the number of irregular grains reduced, and the 

concentration of cuboidal-shaped grains appeared. The average grain size estimated from 

ImageJ software is found to be 0.64 (BT-BZNT1), 1.30 (BT-BZNT2), 1.72 (BT-BZNT3), 2.91 

(BT-BZNT4), and 4.65 μm (BT-BZNT5). The calculated average grain size of the 

compositions is listed in Table 3. 5, along with the relative density of BT-BZNT ceramics. It 

is found that with BZNT addition, the relative density of the ceramics improved from 93.2% 
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(BT-BZNT1) to 96.4% for BT-BZNT4 and reduced to 94.3% for BT-BZNT5. With BZNT 

substitution, the surface of the ceramic becomes dense with negligible voids, and clear grain 

boundaries appear, implying that the optimum concentration substitution can appreciably 

improve the microstructure. The dense morphology for BT-BZNT4 ceramic may be attributed 

to the better crystallinity and the maximum relative density. The presence of all the elements 

and the formation of synthesized ceramics in the stoichiometric ratio is examined through 

EDAX analysis. Figure 3. 15(a) and (b) show the FESEM images and the corresponding 

elements in the BT-BZNT1 and BT-BZNT4 ceramics. The EDAX  spectra represent the 

elemental peaks corresponding to the elements present in the sample. The presence of elements 

in the stoichiometric ratio is confirmed by the experimentally obtained atomic weight % of the 

elements compared to the theoretical calculation as presented in the inset of Figure 3. 15(a) 

and (b).  

 

Figure 3. 15: EDAX spectra and elemental mapping of (a) BT-BZNT1 and (b) BT-BZNT4 

ceramics with their respective elements. 

The elemental mapping at the same scanned area revealed that the corresponding 

elements are uniformly distributed, demonstrating good chemical homogeneity. For BT-
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BZNT4 ceramic, the elemental distribution of the substituted BZNT compositions, such as Bi, 

Zn, Nb, and Ta elements, appears dense compared to the BT-BZNT1 composition. The 

experimentally obtained atomic weight % of the BT-BZNT4 ceramic is close to the 

theoretically calculated At. % values that display the better formation of the sample in the 

stoichiometric ratio and the substitution of BZNT compositions are well incorporated in the 

BTO matrix. The X-ray photoelectron spectroscopy (XPS) analysis is further carried out for 

BT-BZNT ceramics to validate the elemental compositions.  

 

Figure 3. 16: (a) XPS full scan spectra and high-resolution XPS spectra for (b) Zn 2p, (c) Nb 

3d, and (d) Ta 4f states of BT-BZNT ceramics. 

Figure 3. 16(a) shows the XPS full spectra of BT-BZNT ceramics obtained for 

different samples (i.e., BT-BZNT1, BT-BZNT2, BT-BZNT3, and BT-BZNT4).  The core level 
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peaks of all elements constituting the BT-BZNT ceramics (Ba 3d, Ti 2p, Bi 4f, Zn 2p, Nb 3d, 

and O 1s) are significantly observed in the spectra. The intensity of the BT characteristic peaks 

"Ba 3d" and "Ba 4d" gradually weaken for higher BZNT substituents (BT-BZNT4 sample). 

Additionally, Bi 4f, Zn 2p, Nb 3d, and Ta 4f peaks of BZNT composition become prominent 

with higher BZNT substitution. The high-resolution (HR) spectrum of Zn 2p, Nb 3d, and Ta 

4f are depicted in Figure 3. 16(b-d). Similarly, the higher intensity of the fine spectrum is 

found for higher BZNT substituent samples. 

To determine the oxidation states of the elements present in the samples, the HRXPS spectra 

for Ba 3d, Ti 2p, O 1s, and Bi 4f states are plotted and shown in Figure 3. 17(a-d). In the 

synthesized ceramics, a significant change in chemical state is observed for major substituted 

elements. Two peaks with binding energies around 779.59 and 794.93 eV are assigned to Ba 

3d5/2 and Ba 3d3/2 with spin-orbit separation (SOS) energy difference of 15.34 eV suggests the 

presence of Ba in the Ba2+ state in all samples. However, the prominent peak spectra of Ba 3d 

become less significant with higher BZNT addition, as shown in Figure 3. 17(a). Similarly, 

for Ti 2p, two peaks located approximately at 458.12  and 464.18 eV belong to Ti 2p3/2 and Ti 

2p1/2, displayed in Figure 3. 17(b), indicating the presence of Ti 2p in the Ti4+ state. With 

further BZNT substitution, the prominent peak shifting is noticed for the Ti 2p1/2 peak due to 

the low concentration of Ti in higher substituted samples. Figure 3. 17(c) depicts the O 1s 

spectra. Two sub-components at binding energies ~529 and 531 eV appeared, indicating the 

lattice oxygen and oxygen vacancies/defects. However, with further addition of BZNT, the 

oxygen vacancies/defects are expected to be less dominant. The peak at higher binding energy 

(531 eV) seems to be reduced with the composition variation, indicating the low amount of 

oxygen vacancies in the higher substituted samples. As can be seen from Figure 3. 17(d), the 

Bi 4f spectra consist of two deconvoluted peaks at 164.8 and 158.5 eV for Bi 4f5/2 and Bi 4f7/2, 

with SOS of 5.3 eV confirming the presence of bismuth in +3 state. Meanwhile, two less 
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prominent peaks appeared at lower binding energies for Bi 4f5/2 and Bi 4f7/2 around 162.1 and 

156.5 eV for lower BZNT substituted samples, validating the existence of Bi in a lower 

oxidation state (Bi2+) [144]. The presence of oxygen vacancies (𝑉0
2+) resulted in a transition of 

the Bi3+ → Bi2+ state to maintain the charge neutrality in the sample. Thus, the Kroger–Vink 

notation can be described  as follows [145][146]:  

                        2𝐵𝑖3+ + 3𝑂2− 2𝑉𝐵𝑖
3− + 3𝑉0

2+ + 𝐵𝑖2𝑂3    (3.13) 

For the BT-BZNT4 sample, the presence of lower binding peaks for Bi 4f5/2 and Bi 4f7/2 

disappeared, suggesting the lower oxygen vacancies within the sample. 

 

Figure 3. 17: Fitted HRXPS spectra of (a) Ba 3d, (b) Ti 2p, (c) O 1s, and (d) Bi 4f states of 

BT-BZNT ceramics. 

Figure 3. 18(a) and (b) show the dielectric response of the BT-BZNT ceramics as a 

function of temperature from RT to 500 °C, measured at 1 MHz frequency. With the 
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substitution of BZNT, the subsequent dielectric behavior is noticed in the synthesized samples.  

(i) It is to be noted that BT-BZNT1 ceramics exhibited two peaks at ~95°C (Tm1) and ~155°C 

(Tm2) in the measured temperature range. Whereas the other compositions with higher BZNT 

substitution showed only one diffused peak. Two characteristic dielectric peaks (Tm1 and Tm2) 

appeared for BT-BZNT1 ceramic and may be associated with the particular structure of the 

grain. A similar dielectric response is observed for BaTiO3–Bi(Zn0.5Zr0.5)O3 and 

BT@(0.3BZT‐0.7BT) core-shell structure systems [103][147]. The lower substituent sample 

(BT-BZNT1) showed a prominent sharp peak at 155 ℃ corresponding to the tetragonal-cubic 

phase transition often referred to as the Curie temperature (Tc) of pure BTO ceramic, which 

gradually shifted to a higher temperature (170°C) with a compositional variation. (ii) With the 

further addition of BZNT, the Tc gradually broadens, manifesting diffused behavior [148]. (iii) 

The value of dielectric permittivity (εr) of the ceramics is observed to be decreasing with BZNT 

substitution. The reduced εr with compositional variation may be due to the difference in ionic 

radii between Ti4+ (0.605Å) and (Zn0.667Nb0.283Ta0.05)
3+ (0.674Å). Adding a bigger cation is 

expected to compress the oxygen octahedra and restrict the area available for B-site cations to 

migrate, consequently lowering the permittivity and reducing polarization [45].  

 

Figure 3. 18: (a) Temperature-dependent dielectric response and (b) diffusivity analysis of 

BT-BZNT ceramics measured at 1 MHz.   
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With BZNT content, the curves exhibited diffused behavior with decreased εr, which 

may indicate the existence of nanodomain structures. Besides, the dielectric loss curve 

resembles the dielectric permittivity curve trend. The dielectric loss hump above 200 ℃ is 

found for BT-BZNT1 ceramic which further shifted to a higher temperature for higher BZNT 

substitute samples. The influence of diffuse phase transition in BT-BZNT ceramics is further 

examined using the diffusivity analysis. The modified Curie-Weiss law fitting is used to 

investigate the effects of diffuse phase transition in BZNT-substituted BTO ceramics. The 

material with γ = 1 indicates the ferroelectric nature of the sample. When γ = 2, the material is 

expected to show complete relaxor behavior. And if the γ value is between 1 and 2, the material 

exhibits ferroelectric diffuse characteristics [138]. 

1

𝜀
−

1

𝜀𝑚
=

(𝑇−𝑇𝑚)𝛾

𝐶
     (3.14) 

here, ε is the dielectric constant, and εm is the maximum dielectric constant in the given 

temperature range. T is the temperature, and Tm is the corresponding temperature at the 

maximum dielectric constant. C and γ are constants, termed as the Curie-Weiss constant and 

diffusivity constant, respectively. Figure 3. 18(b) depicts the relation between ln(1/ε - 1/εm) 

versus ln(T-Tm) for all BT-BZNT ceramics. The diffusivity constant in the current study is 

between 1 and 2 for samples up to x = 0.15 composition.  Above this, the sample behaves like 

a normal ferroelectric material, exhibiting a diffused phase transition behavior, as shown in 

Figure 3. 18(a). 

Figure 3. 19(a) shows the dependence of conductivity with frequency in the range of 100 

Hz to  0.5 MHz for the BT-BZNT ceramics measured at 250 ℃. The observed decrease in 

conductivity with increasing BZNT substitution shows that the samples have resistive 

insulation characteristics, which enhances the electric breakdown strength. Figure 3. 19(b) 

represents the frequency-dependent conductivity for BT-BZNT4 ceramic in the temperature 
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range from 210-250 ℃. An increase in conductivity with temperature in the sample suggests a 

negative temperature coefficient of resistance (NTCR) behavior [40]. In both cases, the 

conductivity curve shows three distinct frequency regions indicated as Region I, Region II, and 

Region III in the graph. Lower frequency conductivity (Region I) is almost frequency-

independent and equal to direct conductivity (dc conductivity) caused by charge carrier 

displacement, extending progressively with frequency [149]. In the intermediate frequency 

range (Region II), the conductivity rises with frequency, increasing linearly at higher frequency 

regions (Region III). Therefore, electrical conductivity can be expressed as dc and ac 

conductivity as equation 3.6. The ω (2пf) and S (0<S<1) are angular frequency and power-law 

exponent, respectively. The fitting parameter "S" is less than or equal to unity, representing the 

measure of interaction between the mobile ions and their surrounding lattices.  

 

Figure 3. 19: (a) Conductivity versus frequency at 100 kHz frequency for (a) all BT-BZNT 

ceramics, (b) at different temperatures for BT-BZNT4 ceramics. 

The thermal activation energy (EA) of the synthesized ceramics is estimated using the 

Arrhenius equation following the relation below: 

    𝜎𝑎𝑐 = 𝜎0𝑒𝑥𝑝(
−𝐸𝐴

𝑘𝐵𝑇
)     (3.15) 
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here, 𝜎0 is the pre-exponential factor, T represents the absolute temperature and 𝑘𝐵 is the 

Boltzmann constant. The Arrhenius equation in terms of resistivity (since σac = 1/ρac) can be 

expressed as: 

    𝜌𝑎𝑐 = 𝜌0𝑒𝑥𝑝(
𝐸𝐴

𝑘𝐵𝑇
)     (3.16) 

 Figure 3. 20(a-d) shows the ln(ρac) versus 1000/T plots for BT-BZNT ceramics in the 

measuring temperature regime (210-250 °C). Using equation 3.16, the value of EA of the 

charge carriers is found to be 0.37, 0.42, 0.43, 0.46, and 0.61 eV for BT-BZNT1, BT-BZNT2, 

BT-BZNT3, BT-BZNT4, and BT-BZNT5 ceramics respectively. With the addition of BZNT, 

the activation energy of the composition is observed to be increasing at the measured 100 kHz 

frequency. This suggests the existence of oxygen vacancies and defects in the samples with 

higher BZNT substitution reduced, further supporting the XPS finding. These activation energy 

values are similar to the LiCrP2O7 compound studied below 550 K [149]. However, the 

estimated activation energy values are less than 1 eV implying the presence of oxygen 

vacancies due to the relaxation of charge carriers or defects of ions in complexes. At the same 

time, oxygen vacancies are unavoidable in perovskite oxides under high-temperature sintering 

conditions. Generally, the charge carriers are not free to contribute band-to-band conduction 

process at low temperatures, despite hopping from one state to another energetically favored 

state within the band. This hopping-like conduction may be limited to nearest neighbor hopping 

(NNH) or variable range hopping (VRH). According to the VRH model proposed by Mott 

[150], the hopping conduction of the charge carriers follows the relation with the measuring 

temperature as expressed: 

     𝜌𝑎𝑐 = 𝜌0exp(
𝑇0

𝑇
)1/4    (3.17) 

here, 𝜌0 is the pre-exponential factor, and T0 (equals 16𝛼3/𝑘𝐵𝑁(𝐸𝐹)) is the 

characteristic temperature coefficient calculated from the slope following the relation ln(ρac) 
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versus T-1/4. Figure 3. 20(a-d) illustrates the variation of ln(ρac) versus T-1/4 for BT-BZNT 

ceramics measured at 100 kHz. The linear straight-line fitting (R2 > 0.9) suggests the validation 

of the VRH conduction mechanism present in the synthesized samples. 

 

Figure 3. 20: Temperature-dependent electrical resistivity for (a) BT-BZNT1, (b) BT-BNT2, 

(c) BT-BNT3, and (d) BT-BZNT4 samples with respect to 1/T and T-1/4, respectively. 

Following equation (3.17), the slope of the [ln(ρac/ρ0)] vs. lnT curve fitted linearly should be 

equal to ~ 1/4. Hence, the obtained values of the slope for the BT-BZNT ceramics are nearly 

found to be -0.25, as shown in Figure 3. 21(a-d), indicating that Mott's VRH model is obeyed 

in this temperature regime. Again, the density of the localized states at the Fermi level using 

temperature coefficient (T0) and the inverse localized length of localized states (α) can be 

expressed by: 

𝑁(𝐸𝐹) =  
16𝛼3

𝐾𝐵𝑇0
      (3.18) 
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The decay length, ξ (ξ =1/α), can be taken as the distance between the nearest Ti ions and equals 

0.40 nm in the case of BTO [151][152]. Hence, the obtained N(EF) are 3.91×1018, 2.53×1018, 

2.27×1018, 1.67×1018, and 1.28×1018 eV-1 cm-3 for BT-BZNT1, BT-BZNT2, BT-BZNT3, BT-

BZNT4 and BT-BZNT5 ceramics respectively. The density of states decreased from 3.91×1018 

to 1.28×1018 eV-1 cm-3 with BZNT substitution from BT-BZNT1 to BT-BZNT5 ceramics and 

is well agreed with the observed increment of activation energy with BZNT concentration. The 

similar magnitude of N(EF) as BT-BZNT ceramics is also seen in Cu and Nb-doped BaTiO3 

ceramics [152].  

Figure 3. 21: ln[ln(ρac/ρ0)] vs. ln(T) and the inset shows the variation of average RH and 

average WH with temperature for (a) BT-BZNT1, (b) BT-BZNT2, (c) BT-BZNT3, and (d) 

BT-BZNT4 ceramics. 

According to Mott's VRH, the average hopping length (RH)  and average hopping 

energy (WH) can be expressed as follows: 
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𝑅𝐻 = 0.75 × [3/(2𝜋𝛼𝑁(𝐸𝐹)𝐾𝐵𝑇)]1/4  (3.19) 

and 

𝑊𝐻 = [3/4𝜋𝑅𝐻
3𝑁(𝐸𝐹)]    (3.20) 

The RH and WH as a function of temperature are depicted in the inset of Figure 3. 21(a-d). With 

the rising temperature, the average hopping length is found to be decreasing, whereas the 

average hopping energy is found to be increasing. The estimated RH value for the BT-BZNT 

ceramics is almost 10 times larger than the lattice constant, validating the system's VRH 

transport in the systems [152]. 

Room temperature ferroelectric hysteresis loop measurements for BT-BZNT ceramics are 

performed at 10 Hz, and are shown in Figure 3. 22(a). All the samples exhibited well-shaped 

ferroelectric hysteresis loops up to composition x = 0.15, and beyond this composition, the 

samples exhibited extremely slim hysteresis loops. At the same time, both maximum saturation 

polarization and remnant polarization drastically reduced with the BZNT substitution. The BT-

BZNT1 ceramics can achieve higher maximum polarization up to 30.36 μC/cm2, which 

declines to 19.40 μC/cm2 for BT-BZNT5 samples. The recoverable energy storage density 

(Wrec) and energy efficiency (η) are calculated from the ferroelectric hysteresis curves 

measured to further reveal the energy storage performance. The achieved Wrec and η(%) values 

for the BT-BZNT ceramics are shown in Figure 3. 22(b). The Wrec acquired is 1.48, 1.64, 2.06, 

1.82, and 1.70 J/cm3 for BT-BZNT1, BT-BZNT2, BT-BZNT3, BT-BZNT4, and BT-BZNT5 

respectively. Similarly, the obtained η(%) is 60.01, 62.70, 78.21, 94.79, and 96.27% at applied 

field of 140, 160, 180, 180 and 180 kV/cm respectively. The ultrahigh energy efficiency in the 

ceramics is attributed to the extremely thin hysteresis loops (low remnant polarization) for 

higher substituted BZNT samples. The Wrec is directly dependent on breakdown strength 

(EBDS), whereas η(%) is only dependent on the shape of the hysteresis loop and completely 
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independent of EBDS for all investigated ceramics. In the current investigation, the BT-BZNT3 

sample exhibited a high Wrec of 2.06 J/cm3 with an energy efficiency of 78% at 180 kV/cm. 

Still, the BT-BZNT4 ceramic demonstrated excellent energy storage performance among all 

synthesized samples by achieving a Wrec of 1.82 J/cm3 with extremely high energy efficiency 

of 95% at 180 kV/cm. 

 

Figure 3. 22: (a) Ferroelectric hysteresis loops measured at RT, and (b) Energy density and 

energy efficiency for BT-BZNT ceramics. 

A detailed comparison of energy storage performance of the BaTiO3-BiMeO3 family 

with the present study. Table 3. 7 shows that the listed BaTiO3-BiMeO3 ceramics exhibited 

quite interesting energy storage performance. It is worth noting that some reports display higher 

recoverable energy density and efficiency at higher applied fields than the present study. The 

highly applied field strongly influences the performance of the devices, affecting the supporting 

insulation of electronic devices, making them unsuitable for general applications in integrated 

miniaturized portable equipment and wearable electronic device applications [153]. In the 

present study, BT-BZNT3 and BT-BZNT4 ceramics achieved comparable energy storage 

performance at a low applied field of 180 kV/cm, demonstrating the excellence of BT-BZNT 

ceramics over other BaTiO3-BiMeO3 counterparts listed in Table 3. 7. 
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Table 3. 7: Comparison of energy storage performance between the BaTiO3-BiMeO3 family 

and the current work.  

Compositions 𝑾𝒓𝒆𝒄 (J/cm3) η (%) EBDS (kV/cm) Ref. 

BT-0.125BMN 1.89  83 240 [35] 

0.7[0.88BT-0.12Bi(Zn2/3Nb1/3)O3]-

0.3Bi0.5Na0.5TiO3 

3.82 94.4 265 [36] 

0.95BaTiO3-0.05Bi(Ni2/3Ta1/3)O3 0.55 87.15 117 [37] 

0.93BaTiO3 − 0.07YNbO4 0.61 86.8 170 [38] 

0.85BaTiO3–0.15Bi(Mg1/2Zr1/2)O3 1.25 95.4 185 [39] 

0.85BaTiO3–0.15Bi(Zn2/3Nb1/3)O3 0.79 93.5 131 [73] 

0.92BaTiO3–0.08Bi(Mg1/2Ce1/2)O3 1.26 68.5 250 [40] 

0.9BaTiO3–0.1Bi(Mg2/3Nb1/3)O3 1.13 90 144 [41] 

0.86BaTiO3–0.14Bi(Zn1/2Ti1/2)O3 0.81 94 120 [42] 

0.88BST-0.12BZN 1.62 99.8 225 [43] 

0.85BaTiO3-0.15Bi(Mg0.5Sn0.5)O3 3.05 95 220 [44] 

0.9BT-0.1BMH 3.38 87 240 [45] 

(1-x)BaTiO3-xBi(Mg0.5Zr0.5)O3 2.9 86.8 220 [46] 

0.6BT-0.4BMT 4.49 93 290 [47] 

0.85BT-0.15BZS 2.41 91.6 280 [48] 

0.85BT-0.15BZNT 2.06 78 180 This work 

0.80BT-0.20BZNT 1.82 95 180 This work 

 

3.5 Conclusions 

 Two series (BTBF and BT-BZNT solid solutions) of the BaTiO3-BiMeO3 family have been 

synthesized using a solid-state reaction route.  
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 The crystalline phase, microstructure, dielectric, ferroelectric, and energy storage 

properties are systematically investigated.  

 The XRD pattern, the Rietveld refinement, and the Raman analysis confirmed the 

tetragonal phase for pure BTO, and the phase gradually changes to pseudo-cubic with the 

addition of BFO for BTBF ceramics. Whereas, the BT-BZNT ceramics displayed a dual 

phase symmetry with tetragonal (p4mm) and rhombohedral (R3c) crystal structure.  

 The binary solid solutions BTBF and BT-BZNT displayed both types of grains (smaller 

and larger) resembling a mixture of two different phases. An average grain growth is 

slightly suppressed with BFO substitution for BTBF ceramics, however, a significant grain 

growth with dense microstructure is found with the BZNT substitution in BT-BZNT solid 

solution.  

 In the case of BTBF composition: two dielectric peaks around 60 ℃ and 150 ℃ are 

observed for BTBF1 ceramics, which are believed to be the phase transition peaks for TO-T 

and TC phases. For the other two specimens with higher BFO concentrations, the peaks at 

a lower temperature almost disappeared. Only the TC is observed to be shifted from 150 ℃ 

to 180 ℃ with increasing BFO content. Similarly, for BT-BZNT ceramics, two peaks at 

~95°C (Tm1) and ~155°C (Tm2) are found for the BT-BZNT1 sample, whereas only one 

diffused peak at higher temperature is observed for higher BZNT concentrations with slight 

peak shifting towards higher temperature. In both compositions, the dielectric permittivity 

is found to be the highest for a lower concentration of BFO and BZNT concentrations.  

 Further, the ferroelectric studies for both compositions are analyzed to evaluate energy 

storage performance. The BTBF composition displayed a Wrec and η (%) of ⁓ 40mJ/cm3 

and 60.92% respectively at 25 kV/cm applied field, which is sufficiently lower as compared 

to other BaTiO3-BiMeO3 systems. However, a significant improvement in energy storage 

performance is observed in BT-BZNT ceramics. A remarkably high Wrec of 2.06 J/cm3 with 
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an η(%) of 78% is achieved for BT-BZNT3 ceramics at an applied field of 180 kV/cm. The 

ultrahigh-energy efficiency of up to 96% is observed for higher concentrations in BT-

BZNT ceramics. This improvement in energy storage performance is attributed to the lower 

oxygen vacancies/defects in the higher BZNT substituted ceramics confirmed through XPS 

analysis. Therefore, the BT-BZNT ceramics can have potential applications in advanced 

pulsed power capacitors. 
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The development of BLFO thin films for energy storage 

capacitor applications 
 

The synthesis of BFO ceramic is highly challenging when prepared through a solid-state 

synthesis route. Hence, this chapter deals with the optimization of pure-phase BFO ceramics. 

After obtaining the single-phase BLFO bulk ceramics, the BLFO thin films are grown to 

investigate the energy storage performance at different oxygen partial pressures (OPPs). 

4 Optimization of pure phase BFO and development of BLFO thin films 

4.1 Introduction 

Multiferroic materials belong to the class of materials known for having more than one 

ferroic property [154]. They simultaneously show ferroelectric and antiferromagnetic behavior 

in the same phase [155][156][157]. The electric polarization can be reversed with the 

application of a magnetic field and vice versa in these materials due to coupling between the 

ferroic orders [155]. The category of material having perovskite structure includes BiMnO3, 

TbMnO3, YMnO3, and BiFeO3 [158]. BiFeO3 (BFO) is a single-phase multiferroic material 

known to have the highest TC (Curie temperature), i.e., 1103 K, and the highest TN (Neel 

temperature), around 643 K [159]. It has a rhombohedral distorted perovskite structure with an 

R3c space group [160]. The coexistence of magnetic and electric ordering at room temperature 

gained the interest of researchers in BFO compounds for their wide range of applications in the 

field of multifunctional devices such as in spintronics, data storage, and electromagnetic 

devices [26][27][161]. However, despite having promising properties at room temperature, 

BFO limits its potential in device application due to high leakage current and secondary phase 
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formation during sintering at high temperatures. This happens because of the volatile nature of 

Bi, fluctuation of the valence of Fe element, and oxygen vacancies created during the high-

temperature sintering process. Therefore, numerous efforts have been made to overcome these 

limitations and eliminate secondary phase formation such as Bi2Fe4O9, Bi25FeO39 [162], and 

Bi25FeO40 [163]. Rare-earth ions doping is considered the most effective approach to improve 

the magnetic and photocatalytic properties of BFO. Lanthanide rare earth elements have similar 

ionic radii as that of Bi3+ ion. Therefore, the dopant is more likely to occupy the A-site replacing 

Bi3+ causing the lattice distortion which effectively tunes the multiferroic properties of BFO 

[154]. The earlier report suggests that the doping with La3+ in the A site of BFO nanoparticles 

can easily cause the lattice distortion (due to compressive stress) with La (La3+ = 1.03Å) 

substitution in BFO (Bi3+ = 1.17Å)  [164]. Because of this lattice distortion, there is a change 

in canting angle between FeO6 in the octahedral accompanying the structural changes [165]. 

The substitution of La3+ in place of Bi3+ improves the crystallinity of the BLFO system and 

helps reduce the Bi loss during high-temperature sintering [166]. Excess Bi is also added to 

account for the loss of Bi to suppress the formation of Bi-deficient secondary phases.  

 Thin films show different exciting properties to their bulk counterparts. In thin films, 

the surface-to-volume ratio increases, which alters the properties of bulk ceramics. Achieving 

high-quality thin film is difficult as maintaining stoichiometric is challenging in the BFO 

system. The deposition pressure, oxygen partial pressures (OPPs), and deposition temperature 

also play an important role in acquiring the desired properties in thin films [167][168][144]. 

These parameters influence the film growth rate, stoichiometry, and crystallinity. Introducing 

the gas (O2) in the vacuum may lead to the lower kinetic energy of the target material particles 

resulting in the growth of higher crystalline films. The presence of oxygen in the deposition 

chamber is necessary for depositing the oxide films using the pulsed laser deposition technique 

[169]. Acquiring smooth and uniform growth of ZnO film in the presence of an oxygen 
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atmosphere is studied by Hasabeldaim, et al. [170]. The authors have also observed the films 

grown in Ar and vacuum are rougher than the films grown in an O2 atmosphere. The plume 

particles that arrive onto the substrates are expected to have higher energy in the absence of 

gas, resulting in re-sputtering of the previous film layer, hence the film deposited in a vacuum 

seems rougher. Another group of researchers found oxygen deficiency in SiO2 films grown in 

a vacuum [171]. The substrate temperature may also greatly influences the growth of the thin 

films as it may affect the aggregation and atomic motion of the crystal [172].  

The current study describes the optimization to achieve pure phase bismuth ferrite (BFO) 

with doping with lanthanum. The optimized B0.993L0.007FeO3 composition is used further to 

fabricate the monolayer thin films on quartz substrates, and n-type Si, and Pt/Ti/SiO2/Si (Pt-

Si) substrates using the PLD technique. The deposition of BLFO thin films is optimized at 

different oxygen partial pressures (OPPs) under 15, 20, 25, and 30 SCCM. The effect of OPPs 

is then studied to observe the multiferroic behavior. 

4.2 Bulk ceramic preparation (target preparation) and film deposition: 

Analytical grade reagents from M/s Sigma Aldrich, USA (Bi2O3, La2O3) and M/s 

JiangXiHaiTe Advance Material, China (Fe2O3) are used to prepare Bi0.993La0.007FeO3 (BLFO) 

composition. The preparation route discussed in Chapter 2 (section 2.1) is followed to obtain 

the BLFO powders. Initially, the preparation of BFO is optimized with Bi (0% to 15%) excess 

addition. Subsequently, the La-doped BFO powders are prepared with an excess 5% Bi addition 

to compensate for the Bi-loss during the high-temperature sintering process. In this study, a 

trace amount of La is substituted in the A-site to obtain the pure phase BFO composition and 

to reduce the effect of secondary phases. Eventually, 0.7% La-doped samples exhibited a single 

phase, hence, this composition is used for the BLFO target preparation.  Using this BLFO 

target, the thin films are deposited at different OPPs on quartz and the n-type silicon substrate 

via PLD. The BLFO thin films are deposited at the substrate temperature of 500 ℃ and kept in 
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a vacuum (~10-2 mbar) for 1hr at the same temperature to induce crystallinity. The deposition 

conditions of the BLFO thin films are listed in Table 4. 1. 

Table 4. 1: Deposition conditions for BLFO thin film growth by the pulsed laser deposition 

technique at various OPPs. 

Deposition condition 15 SCCM 20 SCCM 25 SCCM 30 SCCM 

OPPs (SCCM) 15 20 25 30 

Base pressure  4×10-6 mbar 4×10-6 mbar 4×10-6 mbar 4×10-6 mbar 

Deposition pressure   1×10-2 mbar 1×10-2 mbar 1×10-2 mbar 1×10-2 mbar 

Deposition time 20 min 20 min 20 min 20 min 

Laser Energy (Fluence) 80 mJ 80 mJ 80 mJ 80 mJ 

Pulse repetition rate 10 Hz 10 Hz 10 Hz 10 Hz 

A substrate to target distance 5 cm 5 cm 5 cm 5 cm 

Laser Type Nd: YAG  Nd: YAG Nd: YAG Nd: YAG 

wavelength 355 nm 355 nm 355 nm 355 nm 

 

4.3 Results and Discussion: 

Figure 4. 1(a) shows the XRD spectra for all La-doped BFO ceramics prepared with the 

addition of excess Bi from 0% to 15%. The experimentally recorded XRD pattern of the 

samples is scanned in the range of 2θ varies from 20⁰ to 80⁰ with Cu-Kα radiation (λ = 1.5406 

Å). As Bismuth oxide is volatile, extra Bi2O3 is added to the sample to compensate for the loss 

of Bi. To optimize the addition of excess Bi, the ceramic with various Bi2O3 concentrations (x 

= 0%, 5%, 10%, 15% excess Bi) is added to the composition. The Bi deficient secondary phases 

such as Bi2Fe4O9 (assigned ♠) and Bi25FeO40 (assigned ♣) are observed for 0% excess Bi2O3 

added BFO ceramics due to Bi loss during high-temperature sintering. The sample with 5% 
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excess Bi2O3 showed a single phase with a trace amount of impurity phase. After the addition 

of 10% and above excess Bi2O3, the extra weak reflection corresponding to Bi-rich secondary 

phase Bi2O3 (assigned ♥) indicates the phase segregation at the grain boundaries [173]. 

Therefore, 5% excess Bi has been added to prepare La-doped BiFeO3 ceramics to compensate 

for Bi loss during the sintering. 

 

Figure 4. 1: (a) XRD pattern with varying excess Bi content (0%, 5%, 10%, and 15%) (b) 

XRD patterns of La-doped BiFeO3, sintered at 800°C for 30 minutes (c) Zoomed region 

corresponding to diffraction angle 2θ ~22° and 32° and (d) 2θ ~39° and 45°showing peak 

shifting. 

The room temperature XRD patterns are recorded to obtain the structural information of 

La-doped BiFeO3 ceramics shown in Figure 4. 1(b). All significant peaks are indexed by 
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characteristics peaks of BFO (JCPDS No. 00-066-0439) with distorted rhombohedral phase 

with R3c space group. The corresponding peak also matches with the values of reflection 

reported for JCPDS card No. 71-2494 [159]. A minute amount of the secondary phase of 

Bi2Fe4O9 and Bi25FeO40 along with the primary phase is observed for BiFeO3 ceramics [174]. 

The major diffraction peaks with La-doped samples at 2θ ~32°, 39°, and 45° shifted to a higher 

angle for  x= 0.00 to 0.007. Then these peaks are shifted to the left (lower angle) for x = 0.01 

and x = 0.03, as shown in Figure 4. 1(c-d). The shifting of diffraction peaks to a higher Bragg 

angle is a consequence of the difference in ionic radii of La3+ (1.03 Å) and Bi3+ (1.17 Å). The 

difference in ionic radii creates the (compressive stress/strain) lattice distortion in the 

rhombohedral structure of BFO with the substitution of La ion [175]. However, in the samples 

with concentration x = 0.01 and above, the impurity phase of La2O3 appears. The appreciable 

shifting of diffraction peaks toward the lower angle indicates the induced stress attributed to 

increasing La content. Furthermore, no phase transition is observed for all the ceramics. 

The XRD patterns of the BLFO films deposited at different OPP variations are shown in 

Figure 4. 2(a). All films show a pure perovskite phase with no trace of an impurity phase. 

There is a slight difference in thin films with the OPP variation. Only the intense diffraction 

peak is observed for the film deposited for 20 SCCM. The diffraction peak of the films is 

matched with the JCPDS card no 00-066-0439 and indexed with the rhombohedral structure 

with the R3c space group. Furthermore, the Rietveld refinement of the XRD pattern is 

performed using FullProf software, and the diffraction peak profiles are fitted with a pseudo-

Voight function. Figure 4. 2(b) represents the refined pattern for the film deposited at 20 

SCCM, and the inset figure represents the crystal structure of the BLFO system. The inset 

image represents all the atoms in the system in stoichiometric ratio and occupying the 

respective positions. Figure 4. 2(b) presents the lattice parameters obtained after refinement. 
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Figure 4. 2(c-d) shows the TEM-analyzed micrographs of BLFO thin films deposited at 20 

SCCM OPP. 

 

Figure 4. 2: (a) Experimentally obtained XRD pattern for BLFO thin films at different OPPs, 

(b) The XRD Rietveld refinement results of the BLFO thin films deposited at 20 SCCM. The 

inset illustration presents the generated crystal structure of the BLFO system, (c) an HRTEM 

image confirming the crystal planes, and  (d) the SAED pattern obtained from FETEM 

analysis. 

Figure 4. 2(c) shows a high-resolution TEM image of the BLFO crystallites. The inset 

image in Figure 4. 2(c) shows the inverse Fast Fourier transform (FFT) of BLFO crystallites. 

Using ImageJ software, the inverse FFT is used to plot the profile to estimate the interplanar 
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distance. An atomic plane with an inter-planar distance of 0.25 nm and 0.23 nm is estimated 

and is indexed to (110) and (066) planes, respectively. Figure 4. 2(d) represents the (selected 

area electron diffraction) SAED pattern for the same film. The image shows bright fringes 

representing each of the lattice plane characteristics of the BFO crystal structure. Bright 

concentric fringes reveal that the film is well crystalline, with prominent fringes representing 

the corresponding plane of the BLFO system. The d-spacing and the crystal planes obtained 

via SAED analysis well match the d-spacing and plane obtained via HRTEM analysis. The d-

spacing and crystal plane estimated using HRTEM and SAED pattern is verified with the 

JCPDS card assigned to rhombohedral BFO with space group R3c.  

 

Figure 4. 3: Williamson-Hall plots of BLFO thin films, deposited at different OPPs. 

The Williamson-Hall (W-H) method is used to calculate the crystallite size and strain 

in the deposited films at different OPPs [176]. The crystallite size and microstrain of the films 
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are deduced from equation 3.12.  The W-H plot with straight lines with Y-intercept (kλ/D) and 

slope (ε) are shown in The crystallite size and microstrain have been estimated from intercept 

and slope and are presented in Table 4. 2. It is worth noting that the film deposited at 20 SCCM 

has the minimal strain; further, the strain is found to be improved for 30 SCCM deposited films. 

Similarly, the crystallite size for the same film is found to be the lowest among the deposited 

films. However, an improvement in crystallite size is observed with the increasing OPPs. After 

crystal structure verification and lattice parameter information, the surface morphology and 

topology of the films are examined using FESEM micrograph and atomic-force microscopy 

(AFM) imaging. The correlation between RMS roughness and grain growth with the OPPs 

variation is studied further. 

Table 4. 2: Lattice parameters, lattice volume crystallite size, and microstrain of BLFO films.  

OPPs a=b (Å) c (Å) V(Å3) Crystallite size (nm) Strain  

15 SCCM 5.612(0) 13.655(0) 372.53(16) 42.46 6.2×10-3 

20 SCCM 5.616(0) 13.660(4) 373.15(13) 33.29 5.4×10-3 

25 SCCM 5.615(0) 13.685(6) 373.69(16) 43.10 5.7×10-3 

30 SCCM 5.617(0) 13.704(6) 374.49(17) 51.17 6.5×10-3 

 

Figure 4. 4(a-d) represents the FESEM images of BLFO thin films deposited at 

different OPPs. All the deposited films exhibited spherical grains with homogeneous 

microstructure. It can be noticed that the increase in oxygen content amount facilitates grain 

growth in the films. Enhanced grain growth with increasing oxygen pressure is observed for 

the films deposited at different deposition conditions. The film deposited at 20 SCCM showed 

uniform, compact, and dense morphology. To check the surface morphology and roughness, 

the AFM image of BLFO thin film has been imaged for an area of 2×2 μm. The 3D pictorial 
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representation for the atomic forced microscopy images has been shown in the inset of Figure 

4. 4(a-d).  

 

Figure 4. 4: FESEM micrograph of (a) 15 SCCM, (b) 20 SCCM, (c) 25 SCCM, and (d) 30 

SCCM deposited BLFO thin films. Insets of (a), (b), (c), and (d) represent the respective 

AFM 3D images. 

The images show the uniform growth of all the films for all the deposited conditions. 

The films' RMS roughness of the films is calculated using the Gwyddion software. The RMS 

roughness for all the films is 3.12, 3.38, 3.70, and 3.93 nm, respectively. The measured 

roughness of the films is well-matched with the profilometer-obtained results, which are nearly 

5 nm average roughness. It can be inferred that the grain growth and roughness in the films are 

improved with increasing OPPs. It is worth correlating the grain growth and surface roughness 

with OPPs. On the other hand, it can be inferred that a rough surface develops more nucleation 

sites resulting in grain growth [87].  
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With increasing OPPS, the film's thickness enhancement is also observed and 

confirmed through FESEM cross-section images. The cross-sectional FESEM images of BLFO 

thin films with OPPs variation are presented in Figure 4. 5(a-d). The films' estimated thickness 

is approximately 200 ± 10 nm, which agrees well with the thickness measured using a 

profilometer. In addition, a relatively compact and dense microstructure in depth is revealed 

for 20 SCCM films. 

 

Figure 4. 5: Cross-sectional FESEM images of (a) 15 SCCM, (b) 20 SCCM, (c) 25 SCCM, 

and (d) 30 SCCM deposited BLFO thin film with well distinct and smooth grain growth of 

each film with nearly 200 nm. 

After crystal structure and microstructural analysis, the electronic structure of BLFO 

film deposited at 20 SCCM is analyzed via X-ray photoelectron spectroscopy (XPS). This 

technique is used mainly to determine the surface chemical state of the elements present in the 

film. XPS measurement mainly studies the thin surface's Bi and Fe chemical state. The binding 
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energy of the XPS spectra is calibrated using the C1s (285.44eV). Figure 4. 6(a-d) shows the 

fitted high-resolution spectra of  Bi 4f, La 3d, Fe 2p, and O 1s core level state for BLFO thin 

film. Figure 4. 6(a) displays the XPS Bi 4f spectrum representing two peaks at 163.04 eV and 

157.74 eV corresponding to Bi 4f5/2 and Bi 4f7/2 assigned to Bi-O bonds. The spin-orbit splitting 

between these two peaks is estimated to be approximately 5.3 eV, confirming the trivalent 

oxidation state of Bi ion [177]. The peak positions of Bi 4f7/2 and Bi 4f5/2 and their difference 

between the BEs agree with the earlier study [178]. Figure 4. 6(b) shows the La 3d peaks with 

minute intensity due to the low content of the La element in BLFO film. However, the La 3d 

core energy level is deconvoluted to see the sub-peaks at 836.85 and 833.20 eV belonging to 

the La 3d5/2 peak [179]. The other two peaks that appear at 844.79 and 842.01 eV are assigned 

to the satellite peak of La 3d5/2 peak. Meanwhile, the peak at higher binding energy 

corresponding to La3d3/2 peaks is undetected. Further, the Fe2p peaks are deconvoluted by two 

sets of sub-peaks assigned to Fe2+ and Fe3+, as shown in Figure 4. 6(c)   An oxygen deficiency 

is responsible for the combination of Fe3+ and Fe2+ ions. The presence of oxygen vacancies 

results in the transition of Fe3+ → Fe2+ described with equation [145][180][181]: 

2Fe3+ + O2- →2Fe2+ + 𝑉𝑂
2+ + 

1

2
 O2   (4.1) 

The appearance of oxygen vacancies and Fe2+ ions simultaneously occurs for charge 

compensation in the BFO system [182]. Fe2+ components are indexed at 708.74 and 721.65 

eV, whereas Fe3+ components appeared at peak positions at 710.10 and 722.56 eV. The 

component of Fe2+ and Fe3+ belonging to Fe2p3/2 peak and Fe2p1/2  appears at (708.74, 710.10 

eV) and (721.65, 722.56 eV), respectively. A pair of satellite peaks belonging to Fe2+ and Fe3+ 

are observed to appear at 716.75 and 717.58 eV [183]. The Fe peak spectra fitted for Fe 2p 

core level reveal that Fe exists in Fe2+ and Fe3+ in BLFO thin film. For O1s, two peaks are 

observed at 529.87 and 531.98 eV. One peak corresponds to cation-oxygen (lattice oxygen) 
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bonding indicated by dark cyan color, and the other peak corresponds to oxygen vacancies (O 

defects) [183] shown in orange color in Figure 4. 6(d). Hence, the existence of Fe2+  with 

oxygen vacancies/defects is confirmed via XPS analysis.    

 

Figure 4. 6: High-resolution fitted XPS spectra for (a) Bi 4f, (b) La 3d, (c) Fe 2p, and (d) O 

1s core level state for BLFO thin film, deposited at 20 SCCM. 

The dielectric behavior with varying frequencies of the films is displayed in Figure 4. 

7(a-b). The dielectric response of the films is measured as a function of frequency (103–106 

Hz) at RT to see the behavior of the film deposited at different oxygen ambiances. There is a 

slight variation of dielectric constant and tanδ with variation in OPPs. As expected, the 

dielectric constant and tanδ are observed to decrease with frequency for all films. The BLFO 
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films deposited at 20 SCCM revealed a higher dielectric constant of 447 and lower tanδ of 

0.202 at 1 kHz among the deposited films, as summarized in Table 4. 3.  

 

Figure 4. 7: (a) Dielectric permittivity and (b) dielectric loss of BLFO films as a function of 

frequency at different OPPs, (c) temperature-dependent dielectric plots, and (d) Nquist plot for 

20 SCCM deposited BLFO thin films. 

The RT value obtained for dielectric permittivity for BLFO films is much higher than 

those reported in the literature [145][184]. It is worth noting the value of the dielectric 

permittivity at low-frequency regions is higher than that at relatively higher frequencies. 

Generally, the dielectric permittivity is high at low frequencies due to the potential barrier from 

the space charge polarization at the grain boundaries. Accumulating charges at grain 

boundaries leads to high dielectric permittivity in the material. Reducing space charge 

polarization at high frequency results in low dielectric permittivity values. At the same time, a 
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high value of tanδ at low frequency is observed, which may be due to space charges in the 

interface of the films. Herein, for each film, the decrease in tanδ is observed up to 104 Hz, and 

then it increases when the frequency exceeds 104 Hz. Beyond 105 Hz, the rise in tanδ is 

significant again. In the present study, the tanδ includes three parts: polarization, conduction, 

and resonance loss. The leakage current dominates in lower frequencies, whereas polarization 

relaxation governs in higher frequency regions [185]. The dielectric studies obtained for BLFO 

thin films are superior to the values reported in earlier studies [186][187]. 

Table 4. 3: Dielectric response of all the deposited films at room temperature and measured at 

1 kHz. 

Deposition condition Dielectric constant (εr) Dielectric loss (tanδ)  

15 SCCM 387 0.269 

20 SCCM 447 0.202 

25 SCCM 420 0.206 

30 SCCM 368 0.214 

  

Figure 4. 7(c) displays the temperature-dependent dielectric response of 20 SCCM 

deposited film from RT to 250°C at a frequency range of 103–106 Hz. The dielectric 

permittivity is expected to rise with an increment in temperature up to the phase transition 

temperature known as Curie temperature. As BFO systems are known to have higher Neel 

temperature (Tc ~ 370 °C) and Curie temperature (Tc ~ 830 °C), the dielectric constant is 

observed to rise with temperature in the plotted curve. Furthermore, tanδ first appears to 

decrease up to 104 Hz for all temperature differences. Beyond 104 Hz, the rise in tanδ is 

observed again as the film's charge carriers cannot follow the rapidly varying external electric 

field. Figure 4. 7(d) depicts the complex impedance spectrum (Z'' vs. Z') for wide temperature 
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differences from 25 to 250 °C. The Debye type relaxation governs the relaxation process if the 

impedance spectra are a perfect semi-circle. On the other hand, if the impedance spectra exhibit 

asymmetric and depressed semi-circle plots indicates the existence of non-Debye-type 

relaxation in the material. The spectra of Z'' vs. Z' with frequency is fitted with ZSimpWin 

software. The thin film's dielectric response is modeled with an equivalent circuit comprising 

two parallel RC circuits in series followed by an additional resistance, R. The simulated data 

are well-fitted with the experimental data implying the contributions from grain, grain 

boundaries, and electrodes. The first (Rg, Cg) circuit describes the grain contribution, while the 

second (Rgb, Cgb) circuit corresponds to the grain boundary contribution [188]. The R represents 

the electrode resistance and is comparatively small. The equivalent modeled circuit is shown 

in the inset of Figure 4. 7(d), and the expression of the total impedance can be given as follows  

Ztot = Zg+Zgb+R     (4.2) 

The low-frequency response can be seen from grain boundaries and electrode contribution, 

while the high-frequency response corresponds to grain contribution in the sample. The fitted 

parameters for the Nyquist plot at different temperatures are obtained from the modeled series 

RC circuit in Table 4. 4. 

Table 4. 4: The obtained parameters for Cole-Cole plots measured at different temperatures. 

Parameters Cg (F) Rg (Ω) Cgb (F) Rgb (Ω) R (Ω) 

25 °C 3.008E-8 2590 6.932E-9 192 4.18 

50 °C 3.072E-8 2518 6.964E-9 182 4.45 

100 °C 6.213E-9 2137 5.400E-8 106 4.22 

150 °C 5.979E-9 2050 3.486E-8 103 5.42 

200 °C 8.808E-9 1588 1.546E-8 92 6.62 

250 °C 9.348E-9 1502 1.422E-8 56 7.94 
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Room temperature ferroelectric hysteresis studies are obtained at 100 Hz by varying 

the applied electric field. With the application of an electric field, the maximum polarization 

tends to increase for all deposited films and is depicted in Figure 4. 8(a-d). The curves obtained 

for the different fields at room temperature showed well-shaped ferroelectric hysteresis loops 

for all films. Slim hysteresis loops with maximum polarization are obtained for the film 

deposited at 20 SCCM. Considering the obtained hysteresis loop parameters, the energy storage 

performance of the thin films is evaluated following the equations mentioned in equations 

(3.10) and (3.11). The energy stored density (𝑊), the recoverable energy storage density (Wrec), 

and energy efficiency (η) can be calculated using equations (3.9), (3.10), and (3.11) from the 

polarization-electric field (P-E) hysteresis loops curve [131][189].   

 

Figure 4. 8: Ferroelectric hysteresis loops for (a) 15 SCCM, (b) 20 SCCM, (c) 25 SCCM, 

and (d) 30 SCCM measured at RT. 
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Values obtained from ferroelectric hysteresis loops, energy storage density, and energy 

efficiency calculated from P-E loops for the films have been summarized in Table 4. 5. The 

values obtained from P-E hysteresis loops for BLFO films are superior to those reported in the 

previous studies [176][190]. The film's improvement in energy storage performance is also 

observed compared to reported studies on energy storage performance [87]. 

Table 4. 5: Key parameters obtained from ferroelectric hysteresis loops. 

OPPs Pmax (μC/cm2) Pr (μC/cm2) EBDS (kV/cm) Wrec (J/cm3) η (%) 

15 SCCM 1.7 1.26 488 0.22 21.08 

20 SCCM 4.8 0.51 488 2.09 78.42 

25 SCCM 4.4 0.56 488 1.85 64.24 

30 SCCM 5.7 1.85 488 1.87 47.40 

      

The absorption spectra and bandgap energy estimated for BLFO thin films grown on 

an amorphous SiO2 substrate are shown in Figure 4. 9(a-b). According to the inter-band 

absorption theory, the optical band gap of the films can be calculated using Tauc's equation 

[191][180][192]: 

αhν= A(hν-Eg)
n      (4.3) 

where α is the adsorption coefficient, hν is photon energy, A is constant, Eg denotes bandgap 

energy, and n represents the transition coefficient with values 1/2 and 2 for direct and indirect, 

respectively [191]. 

Figure 4. 9(b) shows the direct bandgap curve extrapolated from the linear portion of 

(αhν)2 versus photon energy (hν). The values of bandgap energies obtained for BLFO thin films 

match well with the earlier reported values of bandgap energy of ~2.8 eV of BFO films 

[191][192][193][194]. It is observed that the bandgap for the film deposited at 20 SCCM 

showed a low value of 2.74 eV, and it rises with further increasing OPPs. Figure 4. 9(c) shows 
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the films' corresponding optical transmission spectra. The films exhibited the optical spectra of 

around 70-96% of transmission in the visible region. The observed transmission is relatively 

high, confirming the films' low roughness and homogeneous growth. Figure 4. 9(d) represents 

the refractive index of the films derived from transmission spectra using the envelope methods 

of Swanepoel as discussed in Chapter 2. 

 

Figure 4. 9: Optical properties of BLFO thin films (a) absorption spectrum and (b) Tauc plots, 

(c) transmission spectra, and (d) refractive index for BLFO films at various deposition 

conditions. 

The estimated film thickness, refractive index, and bandgap energy for the film are 

presented in Table 4. 6. The thickness of the films calculated is approximately 200 nm for all 

deposition conditions and agrees well with the results obtained from the profilometer. The 

refractive index value of the film deposited at 20 SCCM is 2.78 at 450 nm, and it starts 
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declining with the increase in OPPs. The high value of the refractive index for 20 SCCM film 

indicates the increase in the material density of the film as the material density is proportional 

to the refractive index [191]. The refractive index of the BLFO films is comparable to those 

reported in earlier studies [195] but smaller than the values reported by L. Bi et al. [196]. The 

lower bandgap energy and higher refractive index for the 20 SCCM film indicate the better 

crystallinity of film among the deposited films [195]. Hence, the relatively high value of the 

refractive index may be correlated with higher crystallinity (high intense diffraction peaks) and 

dense microstructure, as suggested by the XRD pattern and AFM images. 

Table 4. 6: Thickness, 𝑛𝑓, and bandgap energy estimated using optical spectra 

OPPs Thickness (nm) (𝒏𝒇) at 450 nm Bandgap energy (eV) 

15 SCCM 202 2.24 2.81 

20 SCCM 188 2.78 2.74 

25 SCCM 196 2.58 2.77 

30 SCCM 210 2.34 2.79 

 

The leakage current density (J) of BLFO thin films deposited at different OPPs as a 

function of the electric field measured at RT  is shown in Figure 4. 10(a). All deposited films 

exhibited almost symmetric behavior under positive and negative electric fields (±500 kV/cm). 

The rise in J value is observed with the increasing applied field; still, the saturation is not 

achieved even at the higher applied electric field of 500 kV/cm. The leakage current density of 

the deposited BLFO thin film at 15 SCCM is ~8.34×10-7 A/cm2 at 100 kV/cm electric field. 

Interestingly, leakage current density decreases substantially to 1.08×10-7 A/cm2  for 20 SCCM 

deposited films. With a further increase in oxygen ambiance (for 25 and 30 SCCM deposited 

films), a significant rise in leakage current density is observed. It is intriguing to note that the 

leakage current density of 20 SCCM deposited films exhibited lower J values of ~1.08×10-7, 
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2.20×10-6, and 3×10-5 A/cm2  at an applied field of 100, 250, and 500 kV/cm respectively among 

the deposited films.  

 

Figure 4. 10: (a) Current density and electric field characteristics of BLFO thin films deposited 

at various OPPs, (b) Schematic illustration of the MFM capacitor configuration of 

Al/BLFO/Al. 

Table 4. 7: The value of leakage current density at different applied fields. 

OPPs  @± 100 kV/cm (A/cm2) @± 250 kV/cm (A/cm2) @± 500 kV/cm (A/cm2) 

15 SCCM 8.34×10-7  1.14×10-5  8.87×10-5  

20 SCCM 1.08×10-7  2.20×10-6  2.99×10-5  

25 SCM 1.88×10-6  1.85×10-5  1.94×10-4  

30 SCCM 1.46×10-6  7.29×10-6  6.08×10-5  

 

The lower value of leakage current density for 20 SCCM film may be attributed to the 

higher crystallinity and homogeneous, smooth, and dense microstructure [197]. The leakage 

current studies display a comparatively excellent value of leakage current density than earlier 

reports on BFO films [162][198]. The value of current density at different applied electric fields 
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is summarized in Table 4. 7. Figure 4. 10(b) represents the simplified graphical illustration of 

the MFM capacitor for the Al/BLFO/Al structure.   

4.4 Conclusions 

 La-doped BFO ceramics are effectively synthesized via a solid-state reaction route without 

any impurity phase. Utilizing this BLFO target, a series of BLFO films varying the OPPs 

is grown using the pulsed laser deposition technique on n-type silicon and quartz substrates.  

 A rhombohedral phase structure with space group R3c is confirmed via XRD, and the 

crystal planes (110) and (006) are revealed for the same film and are correlated with the 

high-resolution HRTEM image and  SAED pattern. A microstructural and topological 

study found improved grain size and surface roughness with increased OPP concentration. 

The existence of mixed-phase of Fe2+ and Fe3+ was analyzed with the XPS spectrum.  

 The improved dielectric and ferroelectric response were observed for 20 SCCM deposited 

films. The high dielectric constant (447) with minimum loss tangent (0.202) and enhanced 

energy storage density of 2.09 J/cm3, having an energy efficiency of 78.42% at 488 kV/cm, 

are achieved for BLFO thin films.  

 The low bandgap energy of 2.74 eV and relatively higher refractive index of 2.78 are 

observed for the same film. The optical spectra of the films exhibited ˃ 70% transmission 

in the visible region, and the estimated refractive index declined with increasing OPPs after 

20 SCCM deposited film. 

  The thickness of the films determined by optical studies is approximately 200 nm, well 

matches the cross-sectional FESEM images and profilometer-obtained results. The lower 

leakage current density of ~1.08×10-7 is estimated for 20 SCCM film attributing to dense 

microstructure and favorable oxygen ambiance. Hence, the BLFO films can be studied for 

memory, visible light response photocatalysts, and energy storage capacitor applications.
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Investigation of BiMeO3/BaTiO3 bilayer and multilayer 

thin films  
                                                                                                                                                        

This chapter describes the fabrication of BLFO/BTO bilayer hetero-structures and explores the 

induced interfacial effect in enhancing the energy storage of thin films. This also discusses the 

development of multilayer BZNT/BTO hetero-structures to observe the dominance of alternate 

interfacial effect in enhancing the breakdown strength and reducing the leakage current density 

to obtain improved energy storage response in alternatively stacked multilayer thin films. 

5 Investigation of BaTiO3/BiMeO3 bilayer and multilayer thin film 

5.1 Introduction 

The growth and success of the electronic industry, particularly in automotive, mobile, 

photovoltaic, and pulse power technologies, motivate researchers to develop exceptional 

energy storage devices. The rapid development of miniaturization, lightness, and integration 

has increased interest in thin film capacitors for energy storage. The concept of combining 

multiple material properties into a single system is gaining popularity in the fields of science 

and engineering. This is the case with so-called multifunctional materials (MF), which can 

perform multiple functions within a system due to their unique properties. Barium titanate 

(BTO) is a typical ferroelectric material with ferroelectric, dielectric, piezoelectric, electro-

optical, and non-linear optical effects. BTO is among the multifunctional materials with broad 

applications in multilayer ceramic capacitors, energy storage devices, and PTC (Positive 

temperature coefficient) thermistors, owing to its exceptional physical properties [199][200]. 

Chapter 5 
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The superiority of the superlattice structure as a lead-free film capacitor has caused current 

research to concentrate on BTO-based multilayer films [199]. Because of its abundant 

structural defects like pores, voids, and impurities, bulk ceramic has an extremely low energy 

density and electric breakdown strength [201]. The inherent limitations of individual 

compositions and a single nanostructured material cannot practically obtain a fast 

charging/discharging rate, high energy density, large breakdown strength, and long cycle 

performance. However, in a single dielectric material, it is highly challenging to satisfy these 

requirements. Therefore, to find a suitable design for high energy density pulse power 

capacitors, bilayer, and multilayer film capacitors have come into being. Nanoscale structure 

design involving the fabrication of bilayer or multilayer thin films results in a subtler 

microscopic change than ion-scale doping modification. Meanwhile, several studies on energy 

storage performance have been reported on BFO/BTO bilayer films. The BFO/BTO film on 

SrRuO3 (SRO)-coated (100) SrTiO3 (SRO/STO) substrate deposited by RF sputtering is 

reported to achieve a high Wrec of 51 J/cm3 with η of 73% at an applied field of 2600 kV/cm 

[80]. Likewise Mn-doped BiFeO3–BaTiO3 thin films deposited on conductive Nb-doped 

SrTiO3 (STO) (100) substrates using PLD record an enhanced Wrec of 80 J/cm3 with η > 90% 

at 3100 kV/cm [202]. A single layer of BTBF films fabricated by PLD on Pt/Ti/SiO2/Si 

substrate displayed a Wrec of 19 J/cm3 with η of 51% at 900 kV/cm [203]. On the other hand, 

BFO/BTO films deposited on Pt/Ti/SiO2/Si substrates showed a significantly low value of Wrec 

in order of 10-2 in magnitude [204], [205].  Multilayer thin films are expected to display 

significantly superior performance compared to single-layer thin films. Designing a multilayer 

structure is a very effective way to address and resolve the above-discussed limitations with 

single-layer or bulk ceramics. Multilayer-structure arrangements preserve structural integrity 

and restrict volume expansion. Additionally, it can also protect the inner materials from being 

affected by the outside environment and promotes the rapid transport of electrons and ions. In 
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addition, multilayer arrangement improves the BDS and possesses high polarization facilitating 

improved energy storage performance [206]. Likewise, 

[(Ba0.9Sr0.1)Zr0.4Ti0.6O3/SrZr0.1Ti0.9O3]N (BSZT/SZT) multilayer films achieved a high Wrec 

of 107.3 J/cm3 with an energy efficiency of 84%, investigated recently by Nguyen [207]. 

Localized space charges near the BSZT/SZT interfacial layers prevent charge carrier 

propagation under the externally applied field between the alternative stacking of BSZT and 

SZT layers. It is responsible for improving energy storage performance in BSZT/SZT 

multilayer films. A similar study on BCT/BZT heterostructures via interface engineering 

displayed a large Wrec of 42.1 J/cm3 conducted by Sharma, et al. [206]. 

In this chapter, bilayer BLFO/BTO structures and BZNT/BTO multilayer films are 

reported to observe the interfacial phenomenon occurring at heterostructure interfaces. Both 

the series of bilayer (BLFO/BTO) and multilayer (BZNT/BTO) films are deposited on SiO2/Si 

(100) and Pt/Ti/SiO2/Si substrates using a pulsed deposition technique. The first section of this 

chapter includes BLFO/BTO thin films with varying thicknesses of the BLFO (top) layer, 

mainly to overcome the leakage current. The bottom layer BTO (200 nm) is fixed with the 

growth of different nanoscale thicknesses of the BLFO layer on top of it, 200, 250, and 300 

nm. This investigation emphasizes the impact of top-layer variation on structural, 

morphological, dielectric, magnetic, and ferroelectric behavior. In the second section, two 

excellent ferroelectric materials (BTO and BZNT) with the same structure (perovskite 

structure: ABO3), have been used to enhance the multifunctional properties of the BZNT/BTO 

multilayered structures. A comprehensive study has been performed on the structural, 

electrical, ferroelectric, and leakage characteristics of the BZNT/BTO multilayered system. 

This study also aims to study the leakage current properties with the number of alternate 

stacking layers associated with evaluating the energy storage performance of multi-layered thin 

films. 
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5.2 Materials and method of film deposition: 

BTO, BLFO, and BZNT powders prepared from solid-state reaction routes are used for 

target preparation. The powders of BTO, BLFO, and BZNT are pressed in the form of 

cylindrical discs of 20 mm diameter and 4 mm thickness. The BTO disc is sintered at 1250 °C 

for 2 hr while the BLFO and BZNT discs are sintered at 800 °C for 30 minutes. Using these 

targets, bilayer (BLFO/BTO) and multilayer (BZNT/BTO) films are deposited. The deposition 

procedure of bi-layer and multi-layer is the same as discussed in Chapter 4 for the deposition 

of BLFO films. Here, the bilayer films are deposited at 20 SCCM varying the BLFO (top layer) 

thickness. For multi-layer stacking, the number of stacking layers (alternate stacking of two 

different layers; BTO and BZNT) is varied forming bi-layer, tri-layer, and tetra-layer 

arrangements. The BLFO/BTO and BZNT/BTO heterostructures are deposited at the substrate 

temperature of 600℃ and kept at the same temperature for 1 hr under vacuum (~ 10-2) to 

achieve crystallinity.   

5.3 Results and Discussions: BLFO/BTO bilayer films: 

Figure 5. 1(a) depicts the obtained XRD pattern of the bilayer films grown on n-type Si. 

The thickness of the BTO bottom layer is kept constant at 200 nm, and the deposition time is 

varied for the BLFO layer to get different film thicknesses of 200 nm, 250 nm, and 300 nm. 

The XRD patterns of single layers; BTO, and BLFO layers are also included in the XRD pattern 

to show the BTO and BLFO phases and their contribution to phase formation for bilayer films. 

The nomenclature of the deposited bilayer films is kept as BLFO/BTO1, BLFO/BTO2, and 

BLFO/BTO3 for the sake of simplicity. The pure phase for BTO and BLFO layers are achieved 

at a deposition temperature of 700 °C and 500 °C, respectively. The bilayer thin films are 

optimized, and the crystalline phase is obtained at 600 °C deposition temperature. The 

corresponding peak profiles of BTO and BLFO are indexed with JCPDS card no 01-083-1880 

and 00-066-0439. Both tetragonal (T) and rhombohedral phases (R) are observed for bilayer 
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films in the XRD pattern without the appearance of any satellite peaks suggesting that the 

individual ferroelectric and ferromagnetic phases are retained in the double-layered thin films 

[208].  

Figure 5. 1: (a) Experimentally obtained XRD pattern of single layer BTO and BLFO with 

their bilayer thin films, (b) represents the 3D crystal structure of upper layer (BLFO), bottom 

layer (BTO), and bilayer heterostructure (BLFO/BTO). 

It is worth noticing the intensity of the BTO (101) peak reduced with increasing BLFO 

thickness with an increase in the (110) peak corresponding to BLFO. It is evident from the 

XRD pattern that the BLFO layer is well-grown over the BTO layer. The Rietveld refinement 

of the films is performed to gather further information regarding the phases and the crystal 

system. FullProf software has been employed for the experimentally obtained XRD pattern for 

bilayer films to estimate the contribution of both phases. The peak profile of the obtained XRD 

pattern is fitted with the pseudo-Voight function. The XRD pattern for the monolayer films, 

BTO and BLFO, is refined considering the T and R phases. The multiphase refinement with T 

and R phases for bilayer films revealed the presence of both layers. Figure 5. 1(b) shows the 

respective 3D crystal structure of BLFO, BTO and their bilayer heterostructures generated from 

TH-3332_186121023



Chapter 5: Investigation of BiMeO3/BaTiO3 bilayer and multilayer thin films  

136 | P a g e  

 

Vesta software. The upper layer BLFO with rhombohedral crystal structure having R3c space 

group is represented with pink and dark yellow color indicating A-site (Bi) and B-site (Fe) 

atoms with O in sky blue color. It is to be noted that the La atom in the A-site is not visible in 

the BLFO crystal structure illustrated in Figure due to the trace amounts of La in the BLFO 

composition. Similarly, the crystal structure of the bottom layer (BTO) is shown with the 

respective atoms present in respective positions. Likewise, the blue and green color represents 

A site (Ba) and B site (Ti) atoms with sky-blue oxygen atoms. The 3D representation of the 

BLFO/BTO bilayer is illustrated on the right side of Figure 5. 1(b) shows both the contribution 

of BLFO and BTO layers in the heterostructure. Hence, the presence of both phases in bilayer 

films is well depicted by the Vesta-generated illustrations.  

Figure 5. 2(a-d) shows the Rietveld refined XRD pattern for BTO single layer and 

BLFO/BTO bilayer films. The obtained χ2 values signify the good fitting ranging between 1-2 

in the present study. The presence of each layer in the bilayer films is quantified with 

volumetric fraction percentages for BTO and BLFO layers. The enhancement in the top layer 

in heterostructures increased the volumetric fraction percentages of the R phase, whereas the 

T phase declined. All other refined parameters for all the deposited films are presented in Table 

5. 1. The lattice mismatch between the intermediate and top layers significantly impacts the 

heterostructure; therefore, the lattice mismatch of the BTO and BLFO is examined. The 

expression of the lattice mismatch concerning film is as follows [209]: 

𝑆 =
𝑎𝑓−𝑎𝑠

𝑎𝑓
            (5.1) 

here, S is the lattice mismatch of the two materials; 𝑎𝑓 is the lattice constant of the top layer 

and 𝑎𝑠 is the lattice constant of the substrate. The differences in lattice parameters of Si (a = b 

= c = 5.43 Å), BTO (a = b = c = 3.999 Å), and BLFO (a = b = 5.593 Å and c = 13.778 Å) would 
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lead to stresses (tensile or compressive strain) on deposited film as a result of lattice mismatch 

(S). The calculated lattice mismatch according to expression (1) is summarized in Table 5. 1. 

 

Figure 5. 2: Rietveld refinement XRD pattern for (a) BTO monolayers and (c-d)  

BLFO/BTO bilayers. 

The lattice mismatch between the BTO and BLFO layers causes strain in the thin films. Here, 

the lattice mismatch occurred due to the difference in lattice constant between BTO and BLFO 

films. The monolayer BTO and BLFO films deposited on Si have lattice mismatches of -

35.78% and 2.91%, respectively. The lattice mismatch of bilayer films is found to be around 

29.5%. A large lattice mismatch between the two layers is also observed for the bilayer films 

[209], [210]. 
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Table 5. 1: The obtained refined parameter for BTO, BLFO/BTO, and BLFO films. 

Films χ2 Tetragonal Phase Rhombohedral Phase S (lattice 

misfit) 

Volume 

Fraction (%) 

a=b=c 

(Å) 

Volume 

Fraction (%) 

a=b (Å) c (Å)  

BTO 1.48 100% 3.999(1) - - - -35.78% 

BLFO/BTO1 1.88 52.87% 3.939(4) 47.13% 5.583(1) 13.873(16) 29.44% 

BLFO/BTO2 1.80 39.61% 3.934(3) 60.39% 5.593(1) 13.841(9) 29.66% 

BLFO/BTO3 1.38 34.31% 3.931(3) 65.69% 5.581(0) 13.877(14) 29.56% 

BLFO 1.59 - - 100% 5.593(1) 13.778(2) 2.91% 

 

 

Figure 5. 3: FESEM cross-section showing the thickness of (a) BTO, (b) BLFO thin films, 

(c) BLFO/BTO1, and (d) BLFO/BTO3 bilayer films. 
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Figure 5. 3(a) and (b) illustrate the cross-section FESEM images of the single layer, 

BTO, and BLFO thin films. The thickness estimated for the monolayers BTO and BLFO films 

is 400 and 399 nm, respectively. Similarly, the thickness of the bilayers is calculated using the 

cross-section FESEM images and found to be approximately 205/198, 201/247, and 202/295 

nm for BLFO/BTO1, BLFO/BTO2, and BLFO/BTO3, respectively, and is summarized in 

Table 5. 2. The cross-section image for BLFO/BTO1 and BLFO/BTO3 heterostructure with 

distinct interfaces is observed in Figure 5. 3(c) and (d).   

 

Figure 5. 4: FESEM images of (a) BTO, (b) BLFO/BTO1, (c) BLFO/BTO2, and (d) 

BLFO/BTO3 bilayer thin films. 

The microstructure of the BTO and BLFO/BTO bilayers is presented in Figure 5. 4(a-

d). The corresponding average grain size histogram is depicted in the inset. The microstructure 

of the BTO single layer seems to be rough, with an average grain size of 27 nm and is estimated 
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using ImageJ software. With stacking of the BLFO layer over BTO, the microstructure seems 

rougher, and significant grain growth is observed for BLFO/BTO1 bilayer film. With the 

further enhancement in thickness of the top layer, the suppression in grain growth for 

BLFO/BTO2 and BLFO/BTO3 bilayer films with an average grain size of 22.84 and 18.51 nm 

is observed. The inhibition of grain growth with uniform microstructure is achieved for 

BLFO/BTO3 bilayer films indicating the good stacking of each layer and improved 

crystallization. A well-grown BLFO layer over the BTO layer is also quite evident from the 

structural analysis. 

 

Figure 5. 5: AFM 3D topological representation of (a) BTO, (b) BLFO/BTO1, (c) 

BLFO/BTO2, and (d) BLFO/BTO3 with their corresponding particle size distributions. 

The surface topology of bilayer thin films with BTO monolayer is examined using the 

AFM analysis to study the nature of the deposited film. The images are scanned at a 2×2 μm 

area to observe the roughness and topology of the films. The corresponding particle size 

distribution is shown along the 3D AFM images determined with the help of WSxM software, 

as illustrated in Figure 5. 5(a-d). The RMS roughness (Rrms) of the single layer BTO is 22 nm, 

whereas uniform and smooth topography is achieved for BLFO monolayers with Rrms of 3.73 

TH-3332_186121023



Chapter 5: Investigation of BiMeO3/BaTiO3 bilayer and multilayer thin films  

141 | P a g e  

 

nm for the same film thickness of 400 nm. Interestingly, the bilayer film with 200/200 nm 

thickness (BLFO/BTO1) showed a lower roughness of 14.56 nm compared to the BTO 

monolayer. The possible reason could be the higher roughness of the BTO (bottom) layer is 

suppressed by the BLFO layer with lower roughness. Another reason for the reduced roughness 

could be the lower bottom layer thickness of BTO (200 nm) compared to monolayer BTO of 

400 nm thickness. Similarly, for BLFO/BTO2 and BLFO/BTO3, the RMS roughness is 15.66 

and 22.92 nm, respectively, as summarized in Table 5. 2. The increase in roughness is noticed 

with the further enhancement in thickness of the top BLFO layer. The improvement in RMS 

roughness in bilayer films is due to an increment in the average thickness of the films. 

Table 5. 2: FESEM and AFM analyzed parameters. 

Films Thickness (nm) cross-section  Grain size (nm) RMS Roughness (nm) 

BTO 400±2.65 26.93±0.21 22.12 

BLFO/BTO1 205.33±3.79/198.67±9.02 31.26±0.75 14.56 

BLFO/BTO2 201.33±3.51/247.33±1.53 22.84±0.21 15.66 

BLFO/BTO3 202±4.36/294.67±10.99 18.51±0.26 22.92 

BLFO 399±6.24 21.31±0.31 3.73 

 

The dielectric studies of the deposited films from RT to 250 °C as a function of frequency 

are measured for monolayer BTO and BLFO/BTO3 bilayer films. The effective dielectric 

permittivity of the heterostructure can be calculated by introducing a series capacitor model 

[211]. Suppose ε1 and ε2 are the dielectric permittivity of the two films with thickness t1 and t2, 

respectively. In that case, the effective dielectric constant of the bilayer films can be deduced 

using the following relation [212]: 

𝜀𝑒𝑓𝑓 =
𝜀1𝜀2(𝑡1+𝑡2)

𝑡1𝜀2+𝑡2𝜀1
      (5.2) 
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here, ε1 and ε2 represent the dielectric permittivity of the BTO and BLFO layer, and t1 and t2 

are the corresponding thickness. 

 

Figure 5. 6: Dielectric permittivity and dielectric loss as a function of frequency for (a) BTO 

and (b) BLFO/BTO3 bilayer thin films. 

Figure 5. 6(a-b) depicts the dielectric permittivity and tangent loss (tanδ) for BTO and 

BLFO/BTO3 bilayer thin films as a function of frequency. At RT, the ‘εr’ at 100 Hz is about 

514 for BTO monolayer films, which drops to 388 for bilayer films. The slight reduction in εr 

for BLFO/BTO3 bilayer film compared to BTO monolayer film is due to adding a low 

dielectric constant (BLFO) layer. Therefore, adding the BLFO layer slightly lowers the 

dielectric permittivity of the bilayer films. At the same time, the dielectric permittivity for both 

the BTO monolayer and BLFO/BTO3 heterostructure declines with the rise in frequency. At 

lower frequencies, mainly the space charge polarization is responsible for the elevated values 

of dielectric permittivity, and this behavior also agrees with the Maxwell-Wagner model [213]. 

After attaining a certain frequency (103 Hz), both films exhibited a steady dielectric 

permittivity behavior. The slight variation in permittivity with frequency in the higher 

frequency regions may be due to the release of space charge polarization. Figure 5. 6 shows 

the dielectric loss (tanδ) for both films stabilizes low values for the measured frequency, 

indicating the high quality of the films. However, the rising trend in tanδ beyond a particular 
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frequency (i.e., 105 for BTO films and 104 for BLFO/BTO3 heterostructure) may be due to the 

insufficient response of the charge carriers to the external electric field [214].  

Complex impedance analysis helps to investigate the electroactive regions in the 

fabricated thin films. The electrical response due to various contributions to impedance 

depends on the film's microstructure [215]. The complex impedance can be described as 

follows in equation 3.1. Figure 5. 7 illustrates the real and imaginary part of the complex 

impedance plotted for monolayer BTO and bilayer BLFO/BTO3 films.  

 

Figure 5. 7: Real part and imaginary part of impedance with varying frequency for (a-b) 

BTO and (c-d) BLFO/BTO3 bilayer thin films. 

Figure 5. 7(a) and (c) depict the real part of the impedance for BTO and BLFO/BTO3 

films showing the decreasing trend of Z' with the rise in frequency and temperature. At lower 
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frequencies (102 - 104 Hz), the decrease in the magnitude of Z' with the temperature rise 

suggests the negative resistance temperature coefficient (NTCR) behavior [216]. At higher 

frequencies, the values of Z' seem to merge for all temperatures mainly due to the release of 

space charge. The imaginary part of impedance for both the films showed the maximum peak 

around the mid-frequency region for the lowest temperature (200 °C), which then decreased 

with a temperature rise. These peaks observed for the imaginary part of impedance are mainly 

attributed to the relaxation process resulting from the contribution of immobile charges [213]. 

From Figure 5. 7(b) and (d), the peak shifting towards the higher frequency regions is also 

observed with the rise in temperature for both films. The broadening with asymmetry of the 

peaks with increasing temperature is attributed to the increase in relaxation time [215].  

 

Figure 5. 8: Room temperature Nyquist plot for (a) BTO, (b) BLFO/BTO1, (c) BLFO/BTO2, 

and (d) BLFO/BTO3 thin films. 
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To see the effect of different contributions to impedance, such as grain, grain 

boundaries, and electrode/sample interfaces, a Nyquist plot is plotted between the real and 

imaginary impedance parts. A room-temperature Nyquist plot for monolayer and bilayer films 

is shown in Figure 5. 8(a-d). The correlation between the spectrum and morphology of the 

film is shown with the help of the corresponding electrical circuit shown in the inset of Figure 

5. 8(a-d). The semicircle at low frequency arises due to the grain boundary and electrode/ 

sample interface, and the high-frequency semicircle represents the grain contributions. In the 

current study, the Z' versus Z" curves are fitted with different circuit models using ZSimWin 

software for all the deposited films at RT. In the monolayer film BTO, only one semicircular 

arc is found, indicating only the grain effect is predominated [217]. An equivalent model with 

a single RC circuit with additional R in series well fitted confirms the only grain contributions 

shown in Figure 5. 8(a). For BLFO/BTO bilayer films, grain and grain boundary contribution 

is observed with two parallel RC circuits in series with additional R. The obtained resistance 

and capacitance values are summarized in Table 5. 3. 

Table 5. 3: Equivalent circuit model fitting parameters for BTO and BLFO/BTO 

heterostructures measured at RT. 

Films R(Ω) Cg(F) Rg (Ω) Cgb (F) Rgb (Ω) 

BTO 24.9 1.11E-11 3.82E4 - - 

BLFO/BTO1 38.1 2.91E-9 2739 3.21E-9 4.08E6 

BLFO/BTO2 46.3 6.28E-10 4154 3.34E-9 3.72E5   

BLFO/BTO3 58.7 6.06E-9 6753 8.32E-9 2.86E5 

 

Similarly, to know the effect of temperature on microstructure, the Nyquist plot for 

BTO and BLFO/BTO3 films are plotted in the temperature range of 200-250 °C shown in 
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Figure 5. 9(a-b). Likewise, the BTO film showed semicircles fitted with two parallel RC 

circuits with additional R, as shown in Figure 5. 9(a). 

 

Figure 5. 9: Nyquist plot in the temperature range of 200 - 250 °C for (a) BTO and (b) 

BLFO/BTO3 bilayer thin films. 

Interestingly, for BLFO/BTO3 films, the Z' versus -Z" curves are fitted with three 

parallel RC circuits connected in series with additional R illustrated in Figure 5. 9(b) inset. As 

discussed earlier, the third RC circuit indicates the presence of a polarization effect at the 

material–electrode interface at high temperatures [218]. The contribution of the films' 

resistance, capacitance, and polarization effect (α) are tabulated in Table 5. 4.  

Table 5. 4: Equivalent circuit model fitting parameters for BTO and BLFO/BTO3 thin films 

measured at 250 °C. 

Films R(Ω) Cg (F) Rg (Ω) Cgb (F) Rgb (Ω) Cα (F) Rα (Ω) 

BTO 21.8  1.83E-9 477 2.76E-9 2.593E5 - - 

BLFO/BTO3 14.3 8.28E-9   876 8.77E-8   1.64E5 3.456E-9 407.1 

 

To study the role of oxygen vacancies/defects and the effect of the change in valence state 

in the films, the X-ray photoelectron spectroscopy (XPS) spectra with different BLFO layer 
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thicknesses are measured. The core level spectra of Ti 2p, Fe 2p, and O1s for the BTO and 

BLFO/BTO thin films are displayed in Figure 5. 10 using the high-resolution XPS (HRXPS) 

spectrum. Figure 5. 10(a) depicts the full scan of the XPS spectra for BTO and BLFO/BTO 

hetero-structures suggesting that all the elements are present in the fabricated film.  

 

Figure 5. 10: (a) Full scan of XPS spectra for BTO and BLFO/BTO films, (b) HRXPS fitting 

of Ti 2p and O1s spectrum for BTO monolayer film, (c) depicts the HRXPS fitting of Fe 2p 

and O1s spectrum for BLFO/BTO1 film, similarly (d) and (e) represents Fe 2p and O1s 

spectra for BLFO/BTO2 and BLFO/BTO3 films, respectively. 

Figure 5. 10(b) illustrates the HRXPS Ti 2p and O1s spectra of BTO monolayer film. The 

Ti 2p spectrum is resolved into two peaks at 458.04 and 463.85 eV belonging to Ti 2p3/2 and 

Ti 2p1/2 respectively, well agreeing with the Ti 2p3/2 and Ti 2p1/2 components of Ti4+ in BTO 
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[219], [220]. Similarly, Figure 5. 10(c), (d), and (e) show the Fe 2p and corresponding O1s 

spectra for all bilayer films. Further, the Fe 2p core levels are de-convoluted by two 

components assigned to Fe2+ (green) and Fe3+ (blue) components. The satellite peaks appearing 

for Fe2+ and Fe3+ are indicated with dark yellow and purple colors. Fe2+ peaks around 709.8, 

715.1, 722.5, and 728.9 eV are assigned to Fe 2p3/2, a satellite, Fe 2p1/2, and a satellite peak, 

respectively. Likewise, the peaks approximately at 711.4, 719.1, 724.8, and 731.8 eV belong 

to Fe3+ [178]. These values of  Fe 2p core level binding energies agree with the previous work 

[178]. The ratio of Fe3+/Fe2+ determined by XPS spectra fitting for BLFO/BTO1, BLFO/BTO2, 

and BLFO/BTO3 improves from 1.7 to 2.1. Accordingly, the existence of both Fe2+ and Fe3+ 

is confirmed by the presence of oxygen vacancies in the bilayer heterostructures. The slight 

oxygen deficiency is reported to result in the combination of Fe2+ and Fe3+ ions.  

To support the existence of Fe2+ and Fe3+ in bilayer films, a series of O 1s spectra is 

fitted with Gaussian/Lorentz distribution as depicted in Figure 5. 10(c), (d), and (e). The fitted 

profile of O 1s spectra displays de-convoluted sub-peaks found approximately at 529 and 531 

eV. The peak at lower binding energies (BEs) is attributed to the lattice oxygen, and the peak 

at higher BEs is ascribed to oxygen defects and vacancies [221]. It is believed that the BE of 

Bi2O3 appears at 529.8 eV [222], and the oxygen atoms corresponding to the Ba-O-Ti bond 

appear at 529.5 eV [223]. The BE at 531 eV appears due to the adsorbed oxygen species present 

on the surface of the sample. It is noticed that the peak at higher BE corresponding to defects 

and vacancies decreases significantly for BLFO/BTO3 hetero-structures. It is found that with 

increasing thickness of the top layer of the films, the Fe3+/Fe2+ ratio rises with a lowering of 

oxygen defect percentages, summarized in Table 5. 5. It can be well expressed that with 

increasing thickness of the top layer of the films, the leakage current in the system can be 

significantly reduced. In the current study, the interface of the two layers plays a major role in 

bridging and enhancing the film quality. 
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Table 5. 5: Fe3+/Fe2+ ratio in 2p core level spectrum and the contribution of lattice oxygen and 

oxygen vacancies in O 1s for BLFO/BTO bilayer thin films. 

Films Fe 2p core level O 1s percentages 

Fe3+/Fe2+ O-X O defect 

BTO - 67.16 32.84 

BLFO/BTO1 1.7 68.61 31.39 

BLFO/BTO2 1.9 72.51 27.49 

BLFO/BTO3 2.1 86.75 13.25 

 

The isothermal magnetization versus magnetic field for bilayer BLFO/BTO 

heterostructures and BLFO thin film measured at room temperature are shown in Figure 5. 11. 

It can be noticed from Figure 5. 11(a) that the BLFO films showed a relatively low value of 

magnetization among the deposited films. A BFO is a G-type canted antiferromagnetic material 

with weak ferromagnetic ordering [224]. Pure BFO thin films generally possess small 

saturation magnetization (Ms) as the spiral spin structure cancels the net magnetization [225]. 

In the current study, for BLFO thin films, La-substitution enhanced the magnetic property as 

La suppresses the spiral spin structure, improving the magnetic response [186]. In 

heterostructure films, the Ms is enhanced compared to BLFO films. Here, the ferroelectric BTO 

buffer layer is anticipated to induce ferromagnetism, which is attributed to the interface 

diffusion next to the lattice constraint, where strong hybridization of Ti-O and Bi-O leads to 

the corresponding mechanism for stabilizing the distorted structure [226]. The bilayer film 

(BLFO/BTO1) with lower top layer thickness showed the highest magnetization of 35.9 

emu/cm3 at 2.5 kOe applied field with a broad hysteresis loop. With the enhancement in BLFO 

top layer thickness, the magnetization of the films is reduced with slimmer hysteresis loops. 

The enhancement in top layer thickness increased the total thickness of the bilayer films. Hence 
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the decrease in magnetization is found for bilayer films with higher BLFO thickness. The lower 

magnetization with increasing film thickness is believed to be due to the particle size effect 

[224].  

 

Figure 5. 11: Magnetic studies of BLFO/BTO bilayer films with varying BLFO thickness 

and monolayer BLFO thin films. 

Table 5. 6: Magnetic parameters for BLFO/BTO heterostructures and BLFO monolayer films. 

Film Hc (k Oe) Mr (emu/cm3) Ms (emu/cm3) b (Oe2) *106 

BLFO/BTO1 0.277 9.54 35.9 (0) 8.0 (1) 

BLFO/BTO2 0.065 4.10 31.3 (2) 2.6 (1) 

BLFO/BTO3 0.051 2.46 30.8 (2) 9.4 (5) 

BLFO 0.056 2.14 19.0 (1)  2.9 (1) 

 

Figure 5. 11(b) depicts the Ms of the films determined by fitting the law of approach to 

saturation (LAS). The value of Ms of all the films is listed in Table 5. 6, expressing LAS as 

follows [227]: 

𝑀(𝐻) = 𝑀𝑠 (1 −
𝑏

𝐻2) + 𝜒𝐻       (5.3) 
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where 𝑀(𝐻) and 𝑀𝑠 represents magnetization at applied field H and saturation magnetization 

respectively. b is a factor proportional to 𝐾1
2 (𝐾1 anisotropy constant) and 𝜒 is magnetic 

susceptibility obtained by fitting parameters. 

Figure 5. 12 depicts the typical RT polarization versus electric field loops of BTO and 

BLFO/BTO heterostructures fabricated on Pt-Si substrates. Well-defined hysteresis loops are 

observed for all the films. A strong ferroelectric nature of loops is seen for BTO thin film, 

whereas the shape of loops becomes slimmer for bilayer films with comparatively low remnant 

polarization. Since the ferroelectric properties are mainly dependent on structural modification 

and change in microstructure. The oxygen vacancies and defects also affect the ferroelectric 

response of the films. The bilayer film (BLFO/BTO3) significantly showed lower oxygen 

vacancies as compared with other films when analyzed with high-resolution XPS spectra for 

O1s. It suggests that the contribution of lattice oxygen is the majority, i.e., 86.75% of the total 

O1s element present in the film, and nearly 13.25% of the contribution comes from oxygen 

vacancies and defects. At the same time, microstructure also plays a vital role in enhancing 

ferroelectric properties. The heterostructure with higher top layer thickness showing uniform 

and comparatively dense microstructure could be the possible reason for higher ferroelectricity 

in the film. The other reason for improved ferroelectricity is the addition of a BTO buffer layer 

in the BLFO/BTO system. Further, the energy storage performance of thin films, such as total 

energy storage density (W), recoverable energy storage density (Wrec), and energy efficiency 

(η), is determined for all the deposited bilayer films. The mathematical expression for 

evaluating the energy storage parameters is described elsewhere [228]. Table 5. 7 presents the 

obtained ferroelectric loop values for all films. The maximum polarization (Pmax) and electrical 

breakdown strength (EBDS) of heterostructure films improved with the higher BLFO thickness. 

At the same time, the reduction in remnant polarization is observed for bilayer films with higher 

BLFO thickness attributing to the better energy efficiency of 85% for BLFO/BTO3 films. 
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Additionally, a complete ferroelectric loop is observed for BLFO/BTO3 films, indicating a 

shallow leakage current in the film.  

 

Figure 5. 12: Ferroelectric hysteresis curve (a) BTO, (b) BLFO/BTO1, (c) BLFO/BTO2, and 

(d) BLFO/BTO3 heterostructures. 

Table 5. 7: Ferroelectric properties and energy storage parameters for BLFO/BTO 

heterostructures.  

Films Pmax (μC/cm2) Pr (μC/cm2) EBDS (kV/cm) Wrec (J/cm3) η(%) 

BTO 28.84 2.74 596 6.84 74.67 

BLFO/BTO1 28.85 2.58 646 8.01 79.86 

BLFO/BTO2 30.54 2.42 696 9.32 80.55 

BLFO/BTO3 34.00 1.50 746 11.65 85.04 
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Electrical breakdown strength (EBDS) is one of the critical factors in obtaining better 

energy storage performance in determining a large Wrec and operating the electric field of 

dielectrics for practical applications. The improved EBDS observed for the heterostructures are 

listed in Table 5. 7 may be attributed to the influence of the interfacial layer. Figure 5. 13 

illustrates the interfacial layer between the BTO and BLFO layers preventing the formation of 

conducting filament. Figure 5. 13(a) shows the BTO single-layer films with Pt atoms and 

oxygen-deficient BTO interface. When high voltage is applied to the electrodes (Pt), there is a 

formation of the conducting filaments in series with the induced BTO/Pt interface. With the 

further application of the electric field, the formed conduction filament becomes thicker with 

more and more oxygen vacancies resulting in lower electric resistance, finally leading to the 

electrical breakdown as shown in Figure 5. 13(b). In the case of bilayer thin films, the EBDS 

can be increased to some extent by preventing the formation of conducting filament by 

interfacial layer between BTO and BLFO layers, as illustrated in Figure 5. 13(c). Therefore, 

the large EBDS is attributed to the enhanced Wrec of 11.65 J/cm3 at 746 kV/cm applied field in 

the bilayer films. With this, the acquired ferroelectric response and energy storage performance 

of BLFO/BTO thin films are superior to the earlier studies for multilayer films [204], [229]. 

 

Figure 5. 13: Schematic diagram of conducting filament formation (a) before an electric 

breakdown, (b) after the electrical breakdown of monolayer BTO films, and (c) 

heterostructure thin films [230]. 
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The power density of BTO and BLFO/BTO3 films are further evaluated to see the 

performance of the capacitors. Power density possessing a capacitance, C can be estimated 

based on a theory of Ragone plots as follows [229], [230]:   

𝑃 =
𝑊𝑟𝑒𝑐

2×𝐸𝑆𝑅×𝐶
      (5.4) 

where 𝑊𝑟𝑒𝑐 denotes recoverable energy density, and equivalent series resistance (ESR) 

represents equivalent series resistance and is the product of dielectric loss (tanδ) and capacitive 

reactance (Xc). Hence, the ESR can be written as: 

ESR= tanδ×Xc = 
tanδ

2𝜋𝑓𝐶
     (5.5) 

Therefore, the maximum power density can be estimated as follows : 

𝑃𝑚𝑎𝑥 =
𝜋𝑓𝑊𝑟𝑒𝑐

tanδ
      (5.6) 

here, it is observed from equation 5.6 that the maximum power density depends on energy 

storage density and the dielectric loss of the material. Using the above relations, the power 

density of the BTO and BLFO/BTO3 bilayer films obtained is 0.5 and 0.9 MW/cm3 at 100 Hz 

frequency. 

Figure 5. 14(a) depicts the leakage current density (J) versus the electric field (E) for BTO 

and BLFO/BTO bilayer thin films with varying BLFO thicknesses. The current leakage 

characteristics curves of the films are asymmetric for positive and negative bias electric fields. 

The asymmetry in the leakage curves is due to the metal-ferroelectric-metal configuration 

[231]. It is evident from Figure 5. 14(a) that the bilayer films displayed a lower magnitude of 

leakage current densities than the monolayer BTO film. Table 5. 8 lists the values of leakage 

current density and slopes at different field regions. A leakage current density of 1.69×10-4 

A/cm2 at 500 kV/cm is achieved for BTO films, whereas a significant decline in values is 
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observed for BLFO/BTO1, BLFO/BTO2, and BLFO/BTO3 heterostructures with 2.77×10-5, 

1.07×10-5, and 5.99×10-6 A/cm2, respectively. As the interface barriers exist at the interface of 

bilayer films, the movement of the free charge carriers is prevented in the heterostructure 

showing lower leakage current characteristics in the bilayer thin films [230]. An appreciable 

lower leakage current density in BLFO/BTO3 thin films can also be correlated with the lower 

oxygen vacancies and defects confirmed with the XPS analysis. The ferroelectric studies also 

supported the acquired low leakage current density for BLFO/BTO3 films.   

 

Figure 5. 14: (a) Leakage characteristics, and (b) log(J)-log(E) curves with slopes fitted at 

different field regimes for BTO monolayer and BTO/BLFO bilayer thin films. 

The positive bias leakage current curves are fitted with the different leakage 

mechanisms to understand the conduction mechanism of the heterostructure thin films. It is 

found that the leakage current curves are well fitted with the space-charge-limited conduction 

(SCLC mechanism) using the power law relationship log(J)-log(E) shown by three straight 

lines in Figure 5. 14(b) for all the films. Three distinct electric field regions can be observed 

for each film. The fitting lines with different slopes (S) indicated the dominating conduction 

mechanism in the different field regions. In the lower field region (region I), the slope (S1) of 

the curve is almost 1, indicating the Ohmic behavior [208]. In region II, the slope (S2) values 
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are around 2 suggesting the SCLC mechanism dominating in this field region. In the high field 

region (region III), an abrupt increase in the slope is observed (nearly S3~3.5) and can be 

explained by the trap-filled-limit (TFL) law. In this region, the contribution to the conduction 

mechanism is mainly attributed to all available traps filled by the injected electrons. The values 

of slopes at different field regimes are listed in Table 5. 8 for all the films. Hence, the other 

conduction mechanisms ruling in different field region for the deposited films is explained 

through Ohmic, SCLC, and TFL mechanisms. 

Table 5. 8: Leakage characteristics at a positive and negative bias  (±500 kV/cm) and the SCLC 

fitted values at different field regions 

Thin Film J(A/cm2)@ -500 

kV/cm 

J(A/cm2)@ 

+500 kV/cm 

Region I 

(slope=S1) 

Region II 

(slope=S2) 

Region III 

(slope=S3) 

BTO 8.08×10-5 1.69×10-4 0.97 2.12 3.50 

BLFO/BTO1 1.23×10-5 2.77×10-5 1.21 2.03 3.56 

BLFO/BTO2 4.47×10-6 1.07×10-5 1.01  2.31 3.23 

BLFO/BTO3 1.21×10-6 5.99×10-6 1.24 2.30 3.76 

 

Table 5. 9 presents the comparison of the energy storage performance of the bilayer 

BLFO/BTO films with earlier values reported on BFO/BTO systems. The present study shows 

a relatively lower value of recoverable energy density as compared with the previous reports. 

It is worth noting that the energy storage performance of the BLFO/BTO films is achieved at 

the comparatively lower values of the applied field. So, it is promising for those devices that 

operate at lower applied fields. Further, it is also important to mention that the BLFO/BTO 

films are deposited on the cost-effective SiO2/Si (100) and Pt-Si substrates compatible with the 

Si technology. 
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Table 5. 9: Comparison of the present work with earlier reported BFO/BTO heterostructures. 

Films Deposition 

method 

Substrate used Wrec 

(J/cm3) 

 

η(%) 

EBDS 

(kV/cm) 

Ref. 

BFO/BTO 

bilayer 

RF 

sputtering 

SRO/STO 51 73 2600 [80] 

Mn -doped 

BiFeO3–

BaTiO3 thin 

films 

PLD Conductive Nb-

doped SrTiO3 

(STO) (100) 

substrates 

80 90 3100 [202] 

BFBT 

single layer 

PLD Pt/Ti/SiO2/Si  19 51 900 [203] 

BFO/BTO 

multilayer 

Spin 

coating 

Pt/Ti/SiO2/Si  121 ×10-3 59 - [204] 

BFO/BTO 

bilayer 

RF 

sputtering 

Pt/Ti/SiO2/Si  920 ×10-3 79.7 330 [205]  

BLFO/BTO 

bilayer 

PLD Pt/Ti/SiO2/Si  11.65 85 746 Present 

work 

 

 In the former section of this chapter, the effect of top layer thickness in bilayer films is 

investigated successfully. The later section discusses the influence of a number of alternating 

interfacial layers on the energy storage performance of the fabricated multilayer films. 

5.4 Results and discussions: BZNT/BTO multi-layer thin films:  

The 3D surface topology of the films obtained using WSxM software over a scanned 

area of 2×2 μm2 is depicted in Figure 5. 15(a1, b1, c1, d1, e1, and f1). The corresponding 

particle size distribution of the films is shown in Figure 5. 15(a2, b2, c2, d2, e2, and f2), which 

revealed the uniform particle size distribution of all hetero-structures. Further, the RMS 

TH-3332_186121023



Chapter 5: Investigation of BiMeO3/BaTiO3 bilayer and multilayer thin films  

158 | P a g e  

 

roughness (Rrms) of the films is extracted from WSxM-generated parameters. Rrms estimated for 

a bare substrate is 0.23 nm in the scanned area of 2×2 μm2. The BZNT films showed a low Rrms 

value of 5.13 nm among the deposited films, whereas BTO exhibited a moderate Rrms value of 

22.51 nm. For hetero-structured films, the highest roughness of ~ 32.01 nm is observed for the 

tri-layered films (BZNT/BTO2) in which BTO is present in the top layer. As compared to tri-

layered films (BZNT/BTO2), a relatively lower roughness is found for bi-layered 

(BZNT/BTO1) and tetra-layered films (BZNT/BTO3) with BZNT in the top layer. For 

BZNT/BTO1 and BZNT/BTO3 films, the roughness of 30.23 nm and 11.41 nm is estimated, 

and is worth noting that with an increasing number of alternate stacking layers, the roughness 

of the film is declined. 

 

Figure 5. 15: Topological 3D representation and corresponding particle size histogram for 

(a) bare Si substrate, (b) BTO, (c) BZNT/BTO1, (d) BZNT/BTO2, (e) BZNT/BTO3 and (f) 

BZNT thin films. 
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The reduction in the roughness of the films with the stacking of alternate layers 

indicates the improved crystallization properties of the films. Therefore, the AFM analysis for 

alternately stacked hetero-structures strongly agreed with the expected stacking assumption. 

Generally, the film's roughness variation is correlated with the grain size. The roughness is 

expected to increase with improvement in grain size and increase in grain size leading to 

enhancement in structural properties [232]. Further, structural and morphological studies are 

carried out to see the effect of the stacking sequence of the deposited films.  

The crystal structure of the deposited bi-layer, tri-layer, and tetra-layer structures is 

confirmed using an X-ray diffraction pattern and is depicted in Figure 5. 16(a). The XRD 

patterns of monolayer BTO and BZNT thin films fabricated under the same deposition 

conditions have also been shown in the XRD plot for comparison. The monolayers BTO and 

BZNT are indexed with tetragonal (P4mm) and cubic symmetry (Fd-3m), referring to the 

JCPDS card no. 01-083-1880 and 01-079-6718, respectively. There is a slight peak shifting for 

BZNT diffraction peaks because the XRD pattern is indexed with the JCPDS card no 01-079-

6718 for Bi3Zn2Ta3O14 composition. The XRD pattern of the multilayered thin films revealed 

that all the peaks correspond to either BTO (depicted by the "♣" symbol) or BZNT (depicted 

by the "♦" symbol) only. The absence of parasitic XRD peaks, except the presence of Si 

substrate peak (indicated by the "♥" symbol), is observed for tri-layered and tetra-layered films 

confirming the pure phase formation of the deposited films. It is also noticed that the bi-layer 

(BZNT/BTO1) films showed both the BTO and BZNT diffraction peaks with high-intensity 

BZNT peaks due to the deposition of BZNT on top of the BTO layer. Similarly, the tri-layer 

film resembles tetragonal and cubic phases with decreasing BZNT peaks and higher-intensity 

BTO diffraction peaks. Likewise, the growth of the tetra layers is also confirmed by the rise in 

intensity of diffraction peaks of the top layer (BZNT) in the BZNT/BTO3 film. Hence, well-
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grown bi-layer, tri-layer, and tetra-layer films with the stacking of each layer are evident in the 

deposited multilayer films.  

 

Figure 5. 16: Crystal structure representation using (a) XRD pattern, (b) Grain size and 

thickness estimation of all films using FESEM, (c-e) depict the microstructure of bi-layer 

(BZNT/BTO1), tri-layer (BZNT/BTO2), and tetra-layer (BZNT/BTO3) heterostructures, and 

(f-h) represents the FESEM cross-sectional micrograph of BTO monolayer, BZNT monolayer, 

and BZNT/BTO1 bi-layer films. 

The estimated average grain size and film thickness using FESEM are shown in Figure 

5. 16(b). Figure 5. 16(c-e) depicts the morphology of the deposited multilayer films. The 

microstructure of the films showed uniform grain distributions with dense morphology. The 
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average grain size is evaluated and found to be ~ 26, 28, and 35 nm for bi-layer, tri-layer, and 

tetra-layered films, respectively. The improvement in grain growth is observed with the number 

of stacking layers. The improvement in grain size with a number of stacking layers may be due 

to the higher crystallinity of the films. Figure 5. 16(f-h) illustrates the cross-section images of 

BTO and BZNT monolayer films along with BZNT/BTO1 bilayer film. The inset of Figure 5. 

16(f) and (g) depict a well-grown monolayer of each film while the inset of Figure 5. 16(h) 

shows two distinct layers of bi-layer film. Each layer of BTO and BZNT of nearly 201 nm is 

estimated using ImageJ software. Likewise, the aggregate tri-layer and four-layered film's 

thickness is estimated to be 401 nm and 399 nm having each stacking layer of 134 and 100 nm, 

respectively. 

XPS is a successful spectroscopic technique for revealing surface information, such as 

elemental composition, chemical status, and electronic states. The XPS survey spectrum for all 

films is presented in Figure 5. 17(a) with high-resolution XPS O1s spectra. The full scan of 

the XPS spectrum reveals all the elements in the fabricated films. It also suggests that the 

deposited alternate BTO and BZNT surface layers are well-grown in the hetero-structured 

films. Similar to XRD analysis, the XPS spectrum consisting of the BZNT top layer 

(BZNT/BTO1 and BZNT/BTO3 films) displays BZNT peaks sharply as compared to BTO top 

layer (BZNT/BTO2) films. In the case of BZNT/BTO2 film, Ba 3d, and Ti 2p peaks appear 

more prominently than that of Bi 4f, Zn 2p, Nb 3d, and Ta 4f peaks with the appearance of 

BTO on the top surface. XPS is a surface-sensitive technique that can identify the elemental 

chemical state, defects, and impurities within the material or covering on its surface. Therefore, 

it is more obvious to determine the surface profile of the top layer of the deposited films. Hence, 

the intensity of the top layer (BTO or BZNT) is prominently visible depending on the stacking 

order. HRXPS spectrum of the O1s state for all samples showed asymmetric peaks, indicating 

the presence of various bonds of oxygen in the deposited films. The peak profile of O1s spectra 
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is fitted employing the Shirley background to observe two sub-peaks approximately at 529 and 

531 eV for all the films. The peak at lower binding energy is mainly ascribed to the lattice 

oxygen, and the peak at higher binding energy is responsible for oxygen defects in the 

specimen. The decrease in oxygen vacancies/defects can be seen with several stacking layers 

indicating the lower imperfection and defect in the higher number of alternately stacked films 

(BZNT/BTO3) and is ascribed to the better quality of the deposited films.  

 

Figure 5. 17: (a) Full range XPS survey and High-resolution XPS O 1s spectra of all films, (b) 

Core level HRXPS spectra of Bi 4f state for BZNT monolayer and BZNT/BTO hetero-

structured films, (c) Ti 2p state for BTO monolayer and BZNT/BTO hetero-structured films. 

The quantitative contribution of lattice oxygen and oxygen defects obtained from the 

fitted area is listed in Table 5. 10, along with the peak positions of O 1s, Bi 4f, and Ti 2p states. 

The appearance/generation of oxygen defect and vacancies are inevitable in the fabricated 
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oxide films owing to the volatilization of Bi and the reduction of Ti4+ to Ti3+ state (charge 

neutralization of multiple ionic state elements such as Bi and Ti) is explained further. 

Table 5. 10: Quantitative contributions of lattice oxygen and oxygen vacancies and the peak 

positions of core level O 1s, Bi 4f, and Ti 2p states. 

Films OI 

(eV) 

OII 

(eV) 

OI (%) 

 

OII (%) 

 

Bi 4f5/2 

(eV) 

Bi 4f7/2 

(eV) 

Ti 2p1/2 

(eV) 

Ti 2p3/2 

(eV) 

BTO 529.5 531.5 67.16 32.84 - - 458.0 463.8 

BZNT/BTO1 529.6 531.2 68.66 31.34 158.8 164.1 459.9 465.3 

BZNT/BTO2 529.4 531.6 69.64 30.36 158.7 164.0 458.0 464.7 

BZNT/BTO3 529.6 531.2 71.00 29.00 158.6 163.9 459.5 465.2 

BZNT 529.6 531.0 53.51 46.49 158.8 164.1 - - 

 

The diminishing of oxygen vacancies with many alternate stacking numbers can also 

be further verified by Bi 4f and Ti 2p states. Figure 5. 17(b) depicts the Bi 4f states for the 

BZNT monolayer and BZNT/BTO hetero-structures. For each film, two sub-peaks appeared 

nearly at 158.8 and 164.1 eV corresponding to Bi 4f5/2 and Bi 4f7/2 peaks with spin-orbit 

splitting (SOS) energy of ~5.3 eV validating the existence of Bi in 3+ state. Along with these 

peaks, the other two shoulder peaks appeared at lower binding energy, approximately at 157.4 

and 159.8 eV for BZNT, BZNT/BTO1, and BZNT/BTO2 films. For tetra-layered 

(BZNT/BTO3) films, one peak at lower binding energy disappeared while the other is visible 

at 156.9 eV giving evidence of Bi in lower oxidation states. The existence of Bi in more than 
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one chemical state (Bi3+ and Bi2+) validates the existence of oxygen vacancies [144] in all the 

films that reduce with the stacking number of layers. 

Additionally, Table 5. 10 presents the Ti 2p states of BTO monolayer and BZNT/BTO 

hetero-structures depicting two peaks nearly at 458.0 and 463.8 eV corresponding to Ti 2p3/2 

and Ti 2p1/2 peaks. For BTO monolayer film, two peaks are prominently visible for Ti 2p3/2 and 

Ti 2p1/2 states that are further broadened for BZNT/BTO2 bilayer film for which the BTO 

stacking is on the top surface. For the other two films with BZNT on the top surface, the peak 

intensity at lower binding energy (Ti 2p3/2) is almost diminished. Oxygen defects/vacancies are 

inherent for oxide thin films and hence cannot be avoidable. Therefore, the evidence of oxygen 

defects/vacancies is simultaneously observed for all the fabricated films, which can only be 

reduced to a certain amount for obtaining the higher quality films showing the better response. 

Controlled surface defect engineering is essential for tuning surface properties in enhancing 

ferroelectric as well as leakage conduction characteristics. 

The dielectric permittivity is generally considered to be one of the key elements 

affecting energy storage performance. Hence, the dielectric properties of the multi-layered thin 

films are studied from 100 Hz to 1 MHz frequency range with varying temperatures from RT 

to 250 °C. Figure 5. 18(a-d) shows the dielectric permittivity (εr) and dielectric loss (tanδ) 

with frequency variation for all the fabricated thin films. It is observed from the graphs that 

both εr and tanδ decreased with a rise in frequency exhibiting normal dielectric behavior. 

Initially, a rapid drop in (εr) is seen up to 103 Hz frequency for all films which stabilizes with 

a rise in frequency. In general, there are different types of polarizations associated with the 

dielectric response, including dipolar, interfacial, ionic, and electronic polarizations. All of 

these polarizations are effective at low frequencies, whereas electronic and ionic polarizations 

are active at higher frequencies. Mainly, at lower frequencies dipoles are easily oriented in the 

direction of the applied field which contributes to the total polarization leading to high 
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dielectric permittivity. As the frequency rises, these dipoles are no longer able to follow the 

rapidly varying applied field as a result oscillation begins to lag behind the applied field, and a 

decrease in permittivity is observed in the sample [233][234].  

 

Figure 5. 18: Frequency-dependent of the dielectric response of (a) BTO, (b) BZNT/BTO1, 

(c) BZNT/BTO3, and (d) BZNT hetero-structured thin films. 

All the films exhibited large dielectric dispersion with frequency indicating the 

existence of interfacial states due to space charge polarization [234]. Several models, including 

inhomogeneity and the electrode barrier effect present in the dielectric film, have been 

proposed to describe the dispersion in dielectric constant at lower frequencies [235]. In 

agreement with Koop's phenomenological theory, the higher dielectric dispersion at lower 

frequencies can be explained by the Maxwell-Wagner (MW) two-layer model [236]. The 

specimen, according to the MW two-layered model, is composed of two layers that include 

grains and grain boundaries, in which the conducting grains are separated by higher resistive 
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grain boundaries [236][237][238]. The grain boundaries are more effective at lower 

frequencies, whereas the grains become active at higher frequencies [239]. The hopping of the 

electrons causes them to approach the grain boundary, where if the resistance is high enough, 

they will build up and produce polarization. This mechanism describes the polarization of grain 

boundaries at low-frequency regions and is more applicable for inhomogeneous structures like 

structural heterogeneity, multiphase materials, and materials with large amounts of interfaces 

and defects [240][241]. 

Given temperature-dependent dielectric behavior, Figure 5. 18(a) shows the dielectric 

response of BTO monolayer film at 100 Hz frequency, which attains the maximum dielectric 

permittivity (788 at 100 °C) close to the Curie temperature (Tc ~120-130°C) [242][228][229] 

of bulk BTO ceramics and declines again for the higher temperatures. At 100 Hz, BZNT/BTO1 

and BZNT/BTO3 films displayed lower εr at RT in comparison to BTO monolayer film (εr ~ 

514), which may be due to the introduction of a low dielectric constant layer (BZNT) in the 

hetero-structures [243]. However, among the hetero-structure films, BZNT/BTO3 displayed 

enhanced dielectric response (εr ~253 and tanδ ~10-3 at RT and 100 Hz frequency) may be 

attributed to the presence of a heterostructure interface. At the same time, the εr continues to 

rise sharply with temperature for BZNT/BTO1, BZNT/BTO3, and BZNT films, indicating that 

the transition temperature lies quite above the measured temperatures. Indeed, εr is relatively 

constant over an extensive range of frequencies at low temperatures. At the same time, it 

displays high values at lower frequencies at increasing temperatures may be explained by the 

Maxwell-Wagner effect [244]. This effect is common in oxide heterostructures due to the space 

charge polarization at the interface between film and electrode. 

Likewise, the tanδ also followed a trend similar to dielectric permittivity, which 

declines with rising frequency. The tanδ shows a weak dependence on the frequency at lower 

frequencies for all the films. Beyond 100 kHz, the slight rising trend in tanδ with frequency is 
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noticed, indicating the failure of the polarization mechanism of defective dipoles leading to a 

rise in dielectric loss [245]. The dielectric loss for the BZNT/BTO3 film is the lowest of the 

order of 10-3 among the deposited film expressing the quality and low defects. The growth 

condition, orientation, the type of electrode used, and interfaces between the films, however, 

all significantly impact the εr and tanδ in the case of thin films [246]. Hence, different dielectric 

responses can be expected from their bulk counterparts. 

The Impedance spectroscopy (IS) investigation has been carried out to study the impact 

of various temperatures on the dielectric behavior of the heterostructured thin films. Figure 5. 

19(a-d) displays the Nyquist plots of all thin films in the frequency range of 100 Hz-1 MHz 

and at various temperatures from 200-250 °C. The Nyquist diagrams illustrate that the diameter 

of a semi-circle is substantially influenced by measured temperature. The decrease in 

semicircular diameters as temperature rises results in a decrease in resistance, which is caused 

by the thermal activation energy of the charge carriers [247][248]. For all thin films, a 

depressed semicircle is observed, which reveals a non-Debye-type relaxation mechanism of 

the charge carriers [215]. For both BTO and BZNT monolayer films, the semi-circular curves 

are well-fitted with the two parallel RC circuits in series with additional resistance R, as shown 

in Figure 5. 19(a) and (d). Here, R and C represent the resistance and capacitance. The first 

RC circuit (R1C1) contributes resistance and capacitance from grain and generally in high-

frequency regions. The second RC (R2C2) circuit indicates the grain boundary contribution, 

which is at a lower frequency [249][250]. The additional resistance R suggests the contribution 

of electrode resistance, which is generally a lower value. The inset of Figure 5. 19 shows the 

fitted electrical equivalent modeled circuit. In the case of bilayer and tetra-layered films, an 

additional RC circuit (R3C3) in series is observed (three RC circuits), indicating the interfacial 

polarization effect in hetero-structures [218]. The fitted parameters obtained from ZSimpWin 

software for grain, grain boundaries, and polarization effect for the films are listed in Table 5. 
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11. It can be concluded that the simulated data are very well-matched with the experimental 

data. 

 

Figure 5. 19: Cole-Cole plots for (a) BTO, (b) BZNT/BTO1, (c) BZNT/BTO3, and (d) 

BZNT hetero-structured thin films. 

Table 5. 11: The fitted parameters of the equivalent circuit elements measured at 250 °C 

Elements R (Ω) Cg (F) Rg (Ω) Cgb (F) Rgb (Ω) Cα (F) Rα (Ω) 

BTO 21.8 1.89E-9 477 2.76E-9 2.59E5 - - 

BZNT/BTO1 17.83 2.24E-9 1911 1.94E-8 1.47E4 8.51E-8 13.74 

BZNT/BTO3 62.41 2.76E-9 282 2.4E-8 4219 3.72E-7   27.97 

BZNT   29.56 2.03E-9 285 1.77E-8 8093 - - 
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Figure 5. 20(a-c) represents the ferroelectric hysteresis loops of multilayered thin films 

measured at 100 Hz frequency and 10 V applied bias voltage. When compared to bi-layer 

(BZNT/BTO1) and tri-layer (BZNT/BTO2) films, the tetra-layered (BZNT/BTO3) film 

displayed large maximum polarization (Pmax) and low remnant polarization (Pr) with higher 

EBDS, as shown in Figure 5. 20(d), which is the essential criteria for the enhanced energy 

storage performance. In the case of heterostructure films, the lattice coupling between BTO 

and BZNT plays a major role in this evolution.  Here, interfacial lattice induces lattice 

stretching, electron transfer, and domain segmenting effect. The first two effects give rise to 

polyhedral dipole polarization and interfacial polarization whereas the segment effect 

depresses the saturation polarization. With a rise in the number of layers, the Pmax increases 

due to the interfacial lattice coupling owing to the contributions from polyhedral dipole 

polarization and interfacial polarization. Similarly, the decrease in Pr and coercive field (Ec) 

indicates the depression of the interaction between domains due to the segmenting effect [251]. 

It is worth noting that the multilayered structures exhibited enhanced ferroelectric properties 

with a greater number of stacking layers. Tetra layered films (Al/BTO/BZNT/BTO/BZNT/Si) 

exhibited a large Pmax of 42.46 μC/cm2 with comparable low Pr of 1.58 μC/cm2 at an applied 

field of 2.58 MV/cm. The enhanced ferroelectric response of BZNT/BTO3 (tetra-layered) film 

may be due to the interfacial polarization acting a crucial role besides the other polarizations. 

A significant amount of space charge is generated at the multiple interfaces 

(Al/BTO/BZNT/BTO/BZNT/Si). These interfacial charges act as an effective charge trap for 

mobile electrons from metal electrodes under highly applied electric fields resulting in high 

electrical resistivity which further improves the electrical insulation, the breakdown field 

strength, and polarization [206]. Therefore, the current study unveils that the hetero-structured 

films having multiple interfaces improved the electrical insulation as well as boosted the 

polarization. 
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Figure 5. 20: (a-c) Ferroelectric loops measured at RT for fabricated heterostructure films, (d) 

maximum polarization and remnant polarization, (e) recoverable energy density with 

breakdown strength, and (f) breakdown strength with an interfacial number. 

The ferroelectric loops are further employed to calculate the electrical storage 

properties. The formula to compute the charging, and discharging energy densities and energy 

efficiencies of the heterostructure capacitors is described in detail elsewhere [252]. The 

BZNT/BTO3 film exhibited a maximum value of Wrec and energy efficiency of 52.19 J/cm3 

and 92.21%, respectively at an applied field of 2.58 MV/cm as shown in Figure 5. 20(e). The 

higher value of Wrec is attributed to a larger difference between Pmax and Pr (ΔP = Pmax - Pr) 
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with high EBDS. Similarly, the high energy efficiency (η) is ascribed to lower remnant 

polarization of the hetero-structured film. Figure 5. 20(e) also indicates that the recoverable 

energy density of the fabricated films is highly dependent on the breakdown strength. Likewise, 

Figure 5. 20(f) depicts the enhancement in breakdown strength with the number of interfacial 

layers. 

 

Figure 5. 21: (a) Leakage current characteristics and different types of leakage conduction 

model (b) SE mechanism, (c) SCLC mechanism fitted for BZNT/BTO multilayer thin films, 

and (d) shows the values of slope at different field regimes fitted linearly for log(J) versus 

log(E) plots.  

Apart from the improved dielectric response, leakage current characteristic is another 

crucial parameter to understand the reliability of the films. Figure 5. 21(a) depicts the leakage 

current density of the multilayer thin films recorded at an applied field of ±500 kV/cm at room 
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temperature. The J-E curve seems unsaturated even at a higher electric field (±500 kV/cm). All 

films displayed slight asymmetric current density curves for the positive and negative electric 

field, indicating the metal-ferroelectric-metal configuration [231], which is due to the 

difference in the work function of the electrode-film interface. Mainly, the leakage current 

density of the BZNT/BTO3 film is observed to be three orders of magnitude lower than the 

individual BTO and BZNT monolayer film, which is remarkably low compared to other 

deposited films. It is also evident that the lower leakage current density assisted in achieving 

higher polarization and a larger breakdown field [206], as can be seen for BZNT/BTO3 films. 

The lower leakage current density (~1.27×10-7 A/cm2) in the BZNT/BTO3 film may result 

from a higher potential barrier of charge carriers gathered at the interface between the film and 

the electrode. Hence, stacking two different ferroelectric layers effectively reduces the leakage 

current density, significantly improving the EBDS.  

The leakage current mechanism includes Ohmic conduction, space charge limited 

conduction (SCLC), Schottky emission (SE), Poole-Frenkel emission (PF), and Fowler-

Nordheim tunneling (FN) mechanism. Out of these conduction mechanisms, the SE and FN 

tunneling mechanism belongs to the electrode-limited conduction mechanism category, and the 

other belongs to the bulk-limited conduction mechanism [233]. The relation between the above 

conduction mechanism with the applied electric field is described in detail elsewhere [253]. 

Following the discussed relations, the different conduction models are fitted linearly to the 

experimental data to determine the dominant leakage mechanism in the fabricated multilayered 

films.  Schottky Emission barrier mainly comes from the Fermi-level difference between the 

metal electrode and the films [254]. The linear fit in high electric field regions between ln(J) 

and E0.5 curves is illustrated in Figure 5. 21(b) for all the films exhibited a well-fitted curve, 

implying that the SE mechanism is followed in the high electric field regions. Meanwhile, the 

possibility of the PF mechanism is ruled out for all the films as no linear behavior is observed 
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between ln(J/E) and E0.5 curves. In principle, both SE and PF mechanisms can be expressed as 

ln(J) proportional to E0.5; however, only the SE mechanism appeared in the deposited films due 

to the formation of interfacial barrier layers between films and electrodes [255]. The profile of 

the log(J) versus log(E) plots for all films is shown in Figure 5. 21(c) indicates three regimes 

(I, II, and III regimes) with different slopes (S1, S2, and S3). The slope (S1) of regime I is 

approximately 1 for all films indicating the typical Ohmic behavior in low-frequency regions. 

Similarly, the slope in the intermediate regions is ~2, suggesting the SCLC mechanism is 

dominant in Regime II.  When the electric field continues to increase, some of the injected 

electrons are trapped in the defects or voids, which slowly increases the density of electrons 

[256]. These trapped electrons are emitted at a particular electric field, giving rise to a trapped-

filled conduction mechanism in that field regime. As a result, a sudden increase in conductivity 

is observed for these higher frequency regions reaching the value of slope ~3 in Regime III, 

featuring the trap-filled limited voltage is obeyed where J is proportional to En (with n>2) [257]. 

Figure 5. 21(d) gives the fitted value of slopes (S1, S2, and S3) in different field regimes 

(regime I, II, and III) from log(J) versus log(E) curves. Here, in the present study, the FN 

leakage-conduction mechanism can be excluded because the thickness of the as-prepared film 

is about 400 nm, much larger than 50 nm for the possible tunneling depth [254]. The non-

existence of the FN mechanism in the films is also verified by a no-linear fitting of ln(J/E2) vs. 

1/E curves. Hence, the dominant mechanism in the fabricated films is typical Ohmic 

conduction behavior in low field regime while in high field regime, the conduction mechanism 

is governed by SCLC and SE mechanisms.  

Table 5. 12 presents the comparison of the energy storage performance of the fabricated 

film to that of other recently reported multi-structure systems. It shows that the energy storage 

properties of this work achieved a relatively better response in terms of energy efficiency and 

recoverable energy density at a comparatively lower applied field of 2.58 MV/cm.  
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Table 5. 12: Comparison of the present work with multilayer films. 

Multi-structures Wrec (J/cm3) η(%) EBDS (MV/cm) Ref. 

Ba2Bi3.97Pr0.03Ti5O18/BiFeO3 79.3 75 4.22 [258] 

BaSn0.15Ti0.85O3/Ba0.6Sr0.4TiO3 43.28 84.91 2.37 [259] 

0.5(Bi0.5Na0.5)TiO3-

0.5Bi(Zn0.5Zr0.5)O3 

40.8 64.1 1.50 [260] 

0.89NBT-0.06BT-0.05BFO 42.9 65.7 1.72 [261] 

BFO/NBT/LSMO 37.0 47.8 2.68 [262] 

Na0.5Bi0.5(Ti0.97Fe0.03)O3/Ba(1–

x)SrxTiO3 

67.18 75.65 3.17 [263] 

PbZrO3/Al2O3 32.6 88.1 4.76 [264] 

0.8STO-0.8BFO 65 75 4.90 [265] 

Bi[Zn2/3(Nb0.85Ta0.15)1/3]O3/ 

BaTiO3 (tetra-layer) 

52.19 92.2 2.58 Present 

work 

 

5.5 Conclusions: 

 The bi-layer and multi-layer films deposited on n-type and Pt Si substrates using a pulsed 

laser deposition technique have been reported. The bi-layer (BLFO/BTO) thin films with 

different top layer thicknesses, and multi-layered (BZNT/BTO) thin films with different 

numbers of stacking of alternate layers are fabricated.  

 The bilayer (BLFO/BTO3) with higher top layer thickness and multilayered system with 

more stacking layers exhibited improved crystallinity, dense microstructure, enhanced 

ferroelectric response, and lower leakage current density. 

 A significantly lower dielectric loss tangent of the order of 10-2 for BLFO/BTO3 and 

BZNT/BTO3 films suggests the better quality of the deposited films.  

 The interfacial layer between BLFO and BTO enhances the energy density and efficiency 

ascribed to the enhancement of EBDS induced via the interfacial barrier effect on the 
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conducting filaments. Hence, the heterostructure with BLFO/BTO3 displays an improved 

Wrec of 11.65 J/cm3 with η of 85% at 746 kV/cm. A remarkably improved recoverable 

energy density of 52.19 J/cm3 with an energy efficiency of 92.21% at 2.58 MV/cm is 

obtained for the higher number of stacking layered films. The enhanced energy storage 

performance may be attributed to the intervening ferroelectric BTO and BZNT layers in 

the multilayered BZNT/BTO3 films. 

 The low value of leakage current density in the order of 10-6 A/cm2 is also observed for 

BLFO/BTO3 films at an applied field of ±500 kV/cm. The experimental results achieved 

for BLFO/BTO heterostructures demonstrate that the interfacial layer is a very effective 

way of improving the energy storage performance of the films. Similarly, the lower leakage 

current value (∼10−7 A/cm2 at ±500 kV/cm) in the deposited tetra-layered BZNT/BTO 

multilayer structure assures its appropriateness for the device applications. Ohmic, SCLC, 

and SE mechanisms are dominant leakage mechanisms observed in all films at different 

field regimes. Hence, the fabricated multilayered structures are promising for energy 

storage applications.  
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Conclusion and Future Scope 
                                                                                                                                                           

This chapter highlights the important findings and discussions of BTO-BFO and BTO-BZNT 

solid solutions, BLFO thin films, BLFO/BTO bilayer films, and BZNT/BTO multilayer 

heterostructures. 

6 Summary 

This thesis work is mainly focused on lead-free dielectric ceramics and thin films for energy 

storage applications. The fundamental aspects of dielectric ceramics, their applications in 

pulsed power devices, evaluation of energy storage parameters, BaTiO3-BiMeO3 solid solution 

family, and thin films are presented in Chapter 1. A detailed synthesis route and 

characterization techniques are discussed in Chapter 2. Successful efforts have been made to 

enhance the structural, morphological, electrical, and ferroelectric properties of dielectric 

ceramics through compositional modification and forming solid solutions as presented in 

Chapter 3. Optimization of pure phase BFO, excess Bi addition, and substitution with La-rare 

earth element to obtain single-phase bismuth ferrite and to reduce the leakage current density 

in BLFO ceramics. Subsequently, the BLFO thin films are deposited by the PLD technique to 

investigate the ferroelectric response presented in Chapter 4. Further, the effect of interfacial 

layers on bi-layer and multi-layer thin films in improving the energy storage performance is 

discussed in Chapter 5. A summary of important findings of the thesis work is concluded in 

Chapter 6 as follows. 

Chapter 6 
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6.1 Conclusions  

 A detailed investigation of two systems (BTBF and BT-BZNT) from BaTiO3-BiMeO3 solid 

solution has been reported. The crystal symmetry, morphology, dielectric behavior, and 

ferroelectric properties are studied. The BTBF and BT-BZNT crystallize into dual phases 

of pseudo-cubic and tetragonal-rhombohedral crystal structures respectively.  

 The binary solution (BTBF1) exhibited two dielectric anomalies around 60 ℃ and 150 ℃ 

corresponding to phase transition peaks for TO-T and TC phases. Similarly, the BT-BZNT1 

sample displayed two peaks at ~95°C (Tm1) and ~155°C (Tm2) associated with the two 

particular structures of the grains. The peak at higher temperatures is around ~155°C (Tm2) 

is the TC for the BT-BZNT sample. In both series, the TC slightly shifted to a higher 

temperature with higher substitution. The BTBF1 ceramic showed enhanced dielectric 

properties with a large dielectric constant (εr =1555) and low loss tangent (tanδ = 0.08) at 

1MHz among the prepared BTBF ceramics.  

 The ferroelectric studies for both compositions are analyzed to evaluate energy storage 

performance. The BTBF composition displayed a Wrec and η (%) of ⁓ 40mJ/cm3 and 

60.92% respectively at 25 kV/cm applied field, which is sufficiently lower as compared to 

other BaTiO3-BiMeO3 systems. However, a significant improvement in energy storage 

performance is observed in BT-BZNT ceramics. A remarkably high Wrec of 2.06 J/cm3 with 

an η(%) of 78% is achieved for BT-BZNT3 ceramics at an applied field of 180 kV/cm. The 

ultrahigh-energy efficiency of up to 96% is observed for higher concentrations in BT-

BZNT ceramics. In this study, BT-BZNT3 and BT-BZNT4 ceramics exhibited a 

comparable energy storage performance at a lower applied field of 180 kV/cm 

demonstrating the excellence of BT-BZNT ceramics over other BaTiO3-BiMeO3 family. 

 A BLFO ceramics is initially optimized to obtain the single-phase to reduce leakage current 

density. As bismuth is highly volatile, it facilitates the formation of impurity phases like 
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Bi2Fe4O9, Bi25FeO39, and Bi25FeO40, and the preparation of a phase pure BFO is 

challenging, especially in realizing as a thin film. A highly crystalline and pure phase 

Bi0.993La0.007FeO3 (BLFO) thin films have been grown using a pulsed laser deposition 

technique at different oxygen partial pressures (OPPs) on n-type silicon and quartz 

substrates.  

 The film deposited at 20 SCCM OPPs at 500 °C under 10-2 mbar pressure exhibited a higher 

intensity diffraction pattern. The XRD pattern revealed a rhombohedral phase structure 

with an R3c space group, which is further confirmed by the crystal planes (110), and (066) 

found by the high-resolution HRTEM image and  SAED patterns. An improvement in grain 

size and surface roughness with increased OPP concentration is observed by 

microstructural and topological investigation. An improvement in dielectric constant (447) 

with minimum loss tangent (0.202) at RT is found for 20 SCCM deposited films. At the 

same time, the existence of mixed-phase of Fe2+ and Fe3+ along with oxygen vacancies is 

validated with the XPS spectra.  

 Further, the ferroelectric behavior for all films is analyzed using ferroelectric hysteresis 

loops for all deposited films. Among all, 20 SCCM deposited films exhibited an enhanced 

energy storage density of 2.09 J/cm3, having an energy efficiency of 78.42% at the applied 

field of 488 kV/cm. The lower leakage current density of ~1.08×10-7 is estimated for 20 

SCCM film attributing to dense microstructure and favorable oxygen ambiance. Hence, the 

BLFO thin films can be used for energy storage capacitor applications.  

 Several different types of interfaces, such as asymmetric top and bottom film-electrode 

interfaces and ferroelectrics/ non-ferroelectrics heterogeneous interfaces, are formed in the 

ferroelectrics/non-ferroelectrics heterogeneous bi-layered and multi-layered films. It is 

well known that the physical properties of ferroelectric thin films are very sensitive to the 

presence of interfaces. These interfaces will inevitably influence the electrical properties 
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and parameters of ferroelectric devices. The BLFO/BTO bi-layer thin films with varying 

top layer thicknesses and BZNT/BTO multi-layer heterostructures with a number of 

stacking layers are deposited on n-type and Pt Si substrate using a pulsed laser deposition 

technique.  

 The structural stability, dielectric, ferroelectric, magnetic, and leakage current 

characteristics based on top layer variation (for BLFO/BTO) and a number of stacking 

layers (BZNT/BTO) are investigated. The higher top layer thickness film (BLFO/BTO3) 

and higher number of stacking films (BZNT/BTO3; tetra-layer) exhibited improved 

crystallinity, dense microstructure, enhanced ferroelectric response, and lower leakage 

current density.  

 The interfacial layer between BLFO and BTO enhances the energy density and efficiency 

ascribed to the enhancement of EBDS induced via the interfacial barrier effect on the 

conducting filaments. Hence, the heterostructure with BLFO/BTO3 displays an improved 

Wrec of 11.65 J/cm3 with η of 85% at 746 kV/cm. At the same time, a remarkable 

enhancement in recoverable energy density (Wrec) of 52.19 J/cm3 with energy efficiency (η) 

of 92.21% at 2.58 MV/cm is achieved for the higher number of stacking layered films 

among the BZNT/BTO multi-layer films. This enhancement in energy storage performance 

may be attributed to the intervening ferroelectric BTO and BZNT layers in the multilayered 

BZNT/BTO3 films. In both cases, a low value of leakage current density in the order of 

~10-6 A/cm2 and ∼10−7 A/cm2 is also observed for BLFO/BTO3 and tetra-layer 

BZNT/BTO films at an applied field of ±500 kV/cm respectively. Hence, a small leakage 

current value in the deposited bi-layer (BLFO/BTO) and multi-layer (BZNT/BTO) films 

assures their appropriateness for energy storage device applications.       
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6.2 Future scope: 

 In particular, dielectric ceramic films demonstrating energy densities of 50–300 J cm−3, 

storage efficiencies of 60–90%, breakdown fields of 1–6 MV cm−1, fatigue life of 106–109 

cycles, and stability in the temperature range of -50 to 200 °C have a huge potential for 

implementation in real device applications.  

 Some effective approaches that have been adopted for enhancing the energy storage 

properties of dielectric ceramic films include fabrication of films with compositionally 

graded layers, formation of solid solutions of ceramics, control of crystallographic 

orientation of the films, domain engineering via lattice mismatch and misfit strain between 

the film and the substrate, and manipulation of composition and charge transport across the 

film/electrode interface.  

 Despite the progress accomplished through these approaches, there is plenty of room for 

further improvement as several issues remain to be addressed. The conduction losses and 

polarization fatigue in energy storage dielectrics under high electric fields and at high 

temperatures are concerning. The temperature-dependent ferroelectric response to 

investigate the temperature stability of dielectric ceramics and thin films needs to be further 

studied. Likewise, the frequency dependence of energy storage properties of the dielectrics 

has not been given enough attention and should be explored further. 

For practical implementation of the dielectric ceramic films in pulsed power capacitors, 

it is necessary to consider the aspects of device design and operating conditions. Although 

significantly large volume-specific energy storage densities have been obtained in dielectric 

ceramic films, the absolute energy stored in them is rather small due to their thickness/volume 

limitations. Therefore, the corresponding devices must be designed with configurations 

involving series and parallel connections. For the long-term operation of the dielectric 

capacitors, the intrinsic energy storage characteristics must be retained after the capacitor is 
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assembled with other electronic components for its final application. The capacitor must be 

reliable regardless of the exposure to derated voltages, temperatures, and a variety of operating 

conditions. To expedite the implementation of energy storage dielectric capacitors in practical 

applications, future research and development activities should focus on  

i) Improving the fundamental understanding of complex structure–property relationships,  

ii) Using high-throughput computational screening Combined with experimental synthesis and 

testing,  

iii) Simple and scalable synthesis and processing approaches for fabrication of large-area 

(wafer-scale) and freestanding dielectric ceramic films,  

iv) Developing a set of standard practices for energy storage performance evaluation, and  

v) Establishing a consensus of typical property requirements for energy storage dielectric 

capacitors used in real pulsed power electronic devices. 
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