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Abstract  

Electroceramics are necessary component in modern technologies of many kinds. In this 

regard, barium meta-titanate (BaTiO3 or BT) based materials with ABO3 perovskite structure 

are potential candidates for applications in electronic devices because of their piezoelectric, 

ferroelectric, and optical properties. Barium titanate-based materials have attracted significant 

interest, due to their widespread applications in wireless communication, space and defense. 

Barium titanate based ferroelectric materials are suitable for these applications due to their 

electric field dependent permittivity (εr) and low dielectric loss (tan δ) above Curie temperature 

(Tc). Ferroelectric materials generally have high dielectric losses, which is due to piezoelectric 

grain resonance and domain wall motion. 

This thesis investigates the synthesis, characterization, and properties of doped BaTiO3 

ceramics prepared using a modified sol-gel method. Various compositions including BaTiO3, 

Ba1-xSrxTiO3, Ba1-xYxTiO3, BaTi1-xYxO3, Ba1-xYxTi1-xYxO3, and Ba1-xSrxTi1-xYxO3 (x=0.075) 

were successfully synthesized and characterized for their structural, microstructural, chemical 

compositional stoichiometry, optical, thermal conductivity, and mechanical properties. X-ray 

diffraction (XRD) and Rietveld refinement revealed the tetragonal structure of BT, BSrT, and 

BYT ceramics, while BSrTY, BTY, and BYTY samples exhibited a cubic structure. Fourier-

transform infrared spectroscopy (FT-IR) supported the XRD analysis and scanning electron 

microscopy (SEM) indicated the formation of particles in flat block shapes. Energy-dispersive 

X-ray spectroscopy (EDS) confirmed the high purity of the ceramic samples. The thermal 

conductivity changes induced by Y and Sr dopants were attributed to alterations in Ti-O bond 

distances and bond strengths. UV-vis spectroscopy identified a decrease in the optical band 

gap due to oxygen vacancies and lattice distortions. Mechanical strength analysis revealed a 

correlation between dopant content and compressive strength, with undoped BaTiO3 exhibiting 

the highest strength. Additionally, dense BST-Cux ceramic composites were fabricated using 

spark plasma sintering, demonstrating enhanced AC conductivity with increasing Cu content 

and temperature. Electrical conductivity mechanisms shifted from oxygen vacancy migration 

to band conduction, and dielectric behavior varied based on phase ratio, with composites 

displaying elevated permittivity at low frequencies. These findings provide insights into the 

defect structure and thermoelectric behavior of doped BaTiO3 ceramics, contributing to their 

potential applications in micro-optical electro-mechanical systems and the multilayer ceramic 

capacitor (MLCC) industry. 
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Introduction 

Barium titanate (BT) is a type of material that is often used in the electrical and electronic 

industries due to its various desirable properties, such as its ability to exhibit ferroelectricity, 

pyroelectricity, and piezoelectricity, as well as having a high dielectric permittivity and a 

positive temperature coefficient of resistivity. It is abbreviated as BT and is written as BaTiO3 

in chemical notation [1], [2]. Perovskite materials that are derived from barium titanate have a 

wide range of applications, including use in devices that have a positive temperature 

coefficient, devices that generate pulses, infrared detectors, microwave electronics that can be 

voltage-tuned, multilayer ceramic capacitors, piezoelectric and ultrasonic actuators, thermal 

sensors and controllers, and microwave devices that utilize piezoelectric transducers and 

charge storage devices[3-5] and so forth. To produce multilayer ceramic capacitors (MLCCs) 

using BT material, the formulation of the BT must be carefully designed to control its electrical 

properties, particularly at high temperatures and under high electric fields [6]. To improve the 

reliability of multilayer ceramic capacitors (MLCCs) made with BT, various additives and 

dopants, such as yttria (Y2O3), are substituted to the BaTiO3.  

Yttrium (Y) is added to barium titanate to improve the reliability of multilayer ceramic 

capacitors. The Y3+ ion has an ionic radius that is intermediate in size between the Ba2+ and 

Ti4+ ions, which allows it to occupy either the Ba2+ or Ti4+ site in the BT lattice [7]. This means 

that the Y3+ ion can act as an acceptor or donor depending on its position in the lattice, and its 

inclusion in the BT structure is influenced by kinetic and thermodynamic factors [8], [9]. It is 

reported that the formation energy of 𝑌𝐵𝑎
. + 𝑉𝐵𝑎

′′ is 7.23 eV whereas it is only 4.35 eV to form a 

𝑌𝐵𝑎
. + 𝑉𝐵𝑎

′′′ defect [10]. The oxygen partial pressure and sintering temperature can create 

vacancies in the BT lattice for the Ba2+ or Ti4+ ions. These vacancies can then be filled by Y3+ 

ions, which may occupy either both or one of the sites [11]. The solubility of yttrium ions in 

the BT lattice, and therefore their ability to occupy the vacancies created by the Ba2+ or Ti4+ 

ions, is influenced by the Ba/Ti ratio, the dopant concentration, and its solubility. The solubility 

of Y ions can vary depending on whether they are occupying the Ba-site or the Ti-site in the 

lattice. According to a study by Wang et al. [12], the solubility of Y3+ ions in the BT lattice can 

vary depending on the sintering conditions and the site in the lattice that the ions are occupying. 

For example, the solubility of Y3+ ions at the Ba-site is approximately 1.5% when sintered in 

air at 1440-1470°C, but it increases to 4% when sintered under reducing conditions. The 

solubility of Y3+ ions at the Ti-site is higher, at approximately 12.2% when sintered in air at 

1515 °C. In addition, the introduction of Y3+ ions into the BT lattice can cause structural 

changes, such as a phase transformation from tetragonal to cubic. The amount of yttrium ions 

added to BT can be consumed by various processes during the processing of the ceramic 

material. A study by Belous et al.[13] found that the dopant could be consumed in processes 

such as the exchange of paramagnetic impurities that occupy Ti-sites, charge compensation 

mechanisms, and the formation of secondary phases such as Ba6Ti17O40 and Y2Ti2O7. These 

secondary phases can form when the solid solubility of the dopant in the BT is exceeded. The 

yttrium ions can also influence the charge compensation mechanisms in the BT lattice [14-16].  

It is possible to improve the structural, optical, and thermoelectric properties of a barium 

titanate system by adding the appropriate amount of dopants [14], [15]. The formation of 

secondary phases such as Ba2TiSi2O8, Ba6Ti17O40, Y2TiO5, and pyrochlore-type phases like 
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R2Ti2O7 (where R is a rare-earth element such as Dy, Er, Ho, or Y) [16-18] has been observed 

when barium titanate is doped with rare-earth elements [19]. These secondary phases are 

usually formed when the amount of dopant exceeds its solubility limit in the BT lattice and 

reacts with other free ions in the system, like Ti4+. The formation of these phases depends on 

factors such as the sintering conditions and the concentration of the dopant. The presence of 

these secondary phases can adversely affect the structural and dielectric properties of BT, 

which is of concern for industrial applications. Among the pyrochlore-type phases that have 

been reported, Y2Ti2O7 has been suspected to have a negative impact on the reliability of 

barium titanate (BT)-based MLCCs [20], [21]. This phase is believed to have a highly 

conductive nature and to cause resistance degradation in BT through the acceleration of oxygen 

vacancy electromigration [22]. The effects of Y2Ti2O7 and other secondary phases on the 

structural and dielectric properties of BT are of high interest for industrial applications, as 

several studies have reported negative impacts on the major properties of BT [21], [22]. The 

investigation of the parameters that influence the formation of Y2Ti2O7 and its potential effects 

on BT is of interest in both the academic and industrial fields, as Y2O3 is a commonly used 

dopant in the production of MLCCs. 

The electrical conductivity of a material can be measured to study the properties related to 

defects in non-stoichiometric compounds [23]. The advantage of measuring electrical 

conductivity is that it allows us to examine the properties of materials at high temperatures and 

monitor these properties during the materials' processing. However, interpreting electrical 

conductivity data, especially for polycrystalline materials, can be difficult due to the 

complexity of the physical sense of electrical conductivity. 

Thermal management is important for ensuring the reliability and integrity of electronics in a 

variety of applications. To optimize the performance and device design of electronics in 

challenging thermal environments, it is essential to understand the thermal properties of barium 

titanate. These properties, including thermal conductivity and heat capacity, play a significant 

role in the design and efficiency of many applications, particularly in thermal management in 

the optoelectronic industries and phase transition materials (PCMs) [24], [25]. In addition, 

evaluating the mechanical properties, such as compressive strength of MLCCs is necessary to 

understand the internal stresses imposed on the MLCCs [26] and to extend their lifetime. 

BaTiO3 has also been used in a range of electro-optic systems due to its excellent optical 

characteristics, including highly sensitive photodetectors, second harmonic generators, light 

sensors, and optical signal processing [27], [28]. By altering the content of yttrium (Y) in Ba1-

xYxTiO3 ceramic materials, it is possible to modify the physical characteristics and energy band 

gap of the material, potentially expanding its potential technological applications. Several 

methods have been used to synthesize BaTiO3 for electrical device applications, including 

conventional solid-state reaction, hydrothermal technique, and co-precipitation. However, the 

sol-gel method is particularly useful for fabricating new compositions because it allows for 

control of the stoichiometry and homogeneity of the material and can be performed at lower 

temperatures using simple laboratory equipment. In this report, sol-gel method was used to 

prepare yttrium-doped BaTiO3 at different doping concentrations and sintered the materials in 

air. The resulting materials were analysed to study the structural, microstructural, 

thermoelectrical, and optical properties, with a focus on the stoichiometric ratio of BaTiO3 and 

its semiconducting nature in relation to its use in multilayer ceramic capacitors.  
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Since ceramics are brittle, a variety of approaches to enhance their fracture resistance, 

compressive strength and optical properties have been reported. Recently, novel composite 

materials that exhibit excellent functional as well as mechanical properties have been 

developed for advanced engineering applications. Among them, ceramic matrix composites 

with ferroelectric/piezoelectric secondary dispersoids have been proposed. The 

electromechanical properties of ferroelectric/piezoelectric phases induced interesting functions 

in the composites. By utilizing the electromechanical properties of the ferroelectric material, it 

is possible to detect crack propagation. When an electric field is applied to the ferroelectric 

materials, anisotropic internal stresses induced can increase or decrease fracture toughness, 

depending on the poling direction. Ferroelectric particles dispersed in the ceramic matrix 

composite are expected to exhibit such smart functions that can predict the fracture, which 

electric signal can be detected during crack propagation, and controlling the crack.  

In the past few years, Komandin and his colleagues have proposed a ferroelectric 

nanocomposite with high strength and toughness such as PZT/Pt [32]  and BaTiO3/SiC [33] and 

many researchers have extensively investigated its excellent mechanical properties and also in 

such electrical properties as dielectric constant, the Curie temperature, and so on. Various 

compositions such as BaTiO3/Al2O3[34], BaTiO3/3Y–TZP [35], and BaTiO3/ZrO2 [36]  

composites have been studied. High fracture toughness has been recently achieved for a 

BaTiO3 toughened Al2O3 system [34]where the fracture toughness reached 5.1 MPa m1/2 for a 

composition of 5 mol% BaTiO3 in Al2O3 matrix composites, while that of a monolithic Al2O3 

is around 4 MPa m1/2.  

Barium strontium titanate BST still attracts much attention due to its unique properties, such 

as high tunable dielectric constant, low dielectric loss, and low dielectric relaxation time [18], 

[37]which are promising in the application as microwave resonators, phase shifters, pyroelectric 

sensors, and capacitors [38], [39] It was known that either stress or oxygen content will affect 

the dielectric properties of BST significantly, i.e., the ability of simultaneously achieving both 

high tuning and high dielectric Q is limited by the strain, while the properties are detrimentally 

influenced by the oxygen vacancies. It is suggested that the introduction of metallic particles, 

such as silver, into the ceramics matrix, could relieve the internal stresses and depress the 

oxygen vacancy[40], and even result in the great enhancement of the dielectric constant about 

percolation threshold for thus metal/ceramics composites. In addition, it is believed that a 

rationally modified synthetic route can also be adapted for the preparation of BaSrTiO3–Cu 

(BST-Cu) composite powders. Not only the development of a new synthetic route but also an 

advanced sintering method had to be adopted in order to obtain a microstructure with metallic 

inclusions of Cu homogeneously dispersed in an ultrafine ceramic matrix of BST. Much effort 

concerning the control of the size and distribution of metal nanoparticles has been undertaken 

in this context, but only micro composites have been reported so far. As mentioned above, it is 

believed that the realization of uniformly distributed metal particles within a ceramic matrix is 

a prerequisite for achieving good percolative ceramic–metal composites as a rather novel 

concept of dielectric materials. In this study, spark plasma sintering (SPS) has been carried out 

to successfully consolidate BST–Cu powders into composites preserving ultrafine 

microstructures. Because SPS offers the combined advantages of fast heating rates, the 

application of mechanical pressure, very short sintering times, and relatively low sintering 
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temperatures, this technique provides an effective approach to promote densification and to 

reduce grain coarsening during sintering of nano or submicron-composite powders [41-44].  

The motivation for this PhD work lies in the optimization of barium titanate (BT) based 

materials, particularly those doped with yttrium (Y) and strontium (Sr), to enhance their 

performance in multilayer ceramic capacitors (MLCCs) and other electronic applications. By 

delving into the intricate interactions between yttrium and strontium dopants and the BT lattice, 

the aim is to improve MLCC reliability by understanding and controlling the influence of 

dopants on material properties. Through experimental investigations, the focus is on 

elucidating the thermodynamic and kinetic factors governing dopant incorporation and 

solubility, ultimately enabling precise control over material properties. Additionally, this 

research endeavors to explore how yttrium and strontium doping influences the structural, 

optical, and thermoelectric properties of BT, employing advanced characterization techniques 

to analyze phase transformations and energy band gaps. Utilizing innovative synthesis methods 

such as the sol-gel process allows for the fabrication of yttrium and strontium-doped BT with 

tailored stoichiometry and homogeneity, while investigating novel composite materials 

incorporating BT aims to enhance mechanical, electrical, and optical properties, particularly 

through the integration of ferroelectric/piezoelectric secondary dispersoids to improve fracture 

resistance and electromechanical functionality. Furthermore, this work explores the synthesis 

of BT-based composites with metallic particles like copper, utilizing advanced sintering 

techniques such as spark plasma sintering (SPS) to preserve ultrafine microstructures and 

optimize composite performance. Through these endeavors, this PhD research contributes to 

advancing BT-based materials for various electronic applications, with a particular emphasis 

on enhancing MLCC reliability and performance. 
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1. Literature review and background of the research 

1.1 Historical development  

Perovskites obtain their name from the calcium titanium oxide (CaTiO3) structure which was 

first discovered in the Ural Mountains of Russia by Gustav Rose in 1839 and is named after a 

Russian nobleman and mineralogist Count Lev Aleksevich Von Perovski (1792–1856)[32].  

Generally, perovskites have the general formula ABO3 where, A and B are two cations of very 

different sizes and O is an anion that bonds to both[33]. A large number of perovskite type 

oxides have been studied because of their interesting properties including superconductivity, 

insulator-metal transition, ionic conduction characteristics[34], dielectric properties and 

ferroelectricity[35]. Perovskite is one of the most frequently encountered structures in solid-

state physics, and it accommodates most of the metal ions in the periodic table with a significant 

number of different anions. During the last few years, many experimental and theoretical 

investigations were devoted to the study of perovskite solids typically ABO3. 

The physicochemical properties of these materials are dependent on the crystal structure, lattice 

defect, exposed lattice plane, surface morphology, particle size, and specific surface area as 

well as the pore structure[36]. Up to now, a large number of perovskite-type oxides and 

perovskite-like oxides have been generated and investigated for clarifying their 

physicochemical properties. 

Recently, perovskite structured ceramics have become one of the worldwide materials due to 

their peculiar properties viz. ferroelectric, thermo-electric, pyroelectric, dielectric and optical 

properties. Depending on these peculiar properties perovskite ceramics have several 

extraordinary applications such as random access memories, tunable microwave devices, 

capacitors, displays, piezoelectric devices, sensors, actuators, transducers and wireless 

communications [37]. 

1.2 Structure and stability of ABO3 Perovskite 

Perovskite structure have the general formula as ABO₃. The A site cation is slightly larger than 

B cation. The B atom has 6-fold co-ordination number and the A atom have 12-fold co-

ordination number as shown in Fig.1. In general, Divalent A cations are 12-fold coordinated 

by oxygen anions and sits in corners of the cube at corner position (0, 0, 0). The tetravalent B 

cations lie within oxygen octahedral, occupies the body center position (½, ½, ½). The oxygen 

atoms are at the face center of the cubic lattice at position (½, ½, 0). 

The prediction criteria for identification of formability of perovskite structure can be 

estimated by calculating tolerance factor (t) suggested by Goldschmidt as[38]; 

 
𝑡 =

𝑅𝐴 + 𝑅𝑂

√2(𝑅𝐵 + 𝑅𝑂)
 

(1) 

 

Where, RA, RB and RO are the ionic radii of A, B and O ion respectively. Typically, the 

structures with t= 0.95 – 1.0 are cubic and the structures with t >1 is tetragonal [39]. There 

have also been reports of systems with t = 0.8 – 0.9 that do not take the perovskite form. 
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Figure 1. The ideal structure of ABO3 perovskite compounds [40] 

1.3 Electronic ceramics 

The genesis of electronic ceramics can be traced back to the formative stages of the ceramic 

whitewares industry, where specialized electrical insulators first emerged. However, it was the 

exigencies of World War II, particularly the imperative for increasingly high-performance 

spark plugs in automotive and aircraft engines, that catalyzed significant advancements in this 

domain. Traditional porcelain substrates, ubiquitous in household applications and low-voltage 

insulation, underwent systematic refinement to meet the exacting demands of wartime 

technology. This pivotal juncture heralded the emergence of high-performance, molecularly 

engineered electronic ceramics. In contemporary contexts, high-technology ceramics represent 

integral constituents of electronic and electrical systems, permeating diverse sectors 

encompassing consumer electronics, industrial infrastructure, and military apparatus. Within 

the electronic domain, these ceramics assume pivotal roles in circuitry, facilitating a spectrum 

of functions spanning computational processing, signal modulation, telecommunications, and 

power distribution [37]. Despite their omnipresent utility, electronic ceramics often operate in 

a background capacity, quietly underpinning critical aspects of technological infrastructure. 

1.4 Barium titanate (BaTiO3) 

The discovery of ferroelectricity in barium titanate (BaTiO3) has given birth to many ABO3 

type materials. The diversity of structures exhibited by BaTiO3 based perovskites, continues to 

fascinate in a range of areas including solid state chemistry, physics, and the earth sciences 

[40].  

Its simplest structure is cubic, which is the high temperature form for many mixed oxides of 

the ABO3 type. The simple cubic structure (space symmetry Pm-3m) consists of corner sharing 

oxygen octahedra (BO6) arranged in three dimensions with smaller, highly charged cations (B: 

Ti4+, Zr4+, Sn4+, Nb5+, Ta5+, W6+, etc.) located in the middle of the octahedra, and lower charged, 

larger cations (A: Na+, K+, Ca2+, Ba2+, Pb2+, etc.) in between the octahedra. The perovskite and 

crystal structure of BaTiO3 are shown in Fig.2.1 most perovskite-type ferroelectrics are 

compounds with either A2+B4+O3
2- or A1+B5+O3

2- type formula.  



8 
 

BaTiO3 is a white solid and typical ABO3 perovskite-type material. It has four kinds of crystal 

systems: hexagonal, cubic, tetragonal, orthorhombic and rhombohedral, depending on the 

phase transition temperature [41]. The basic crystalline structure of BaTiO3 at above 130°C is 

the ideal cubic perovskite structure. Below Curie temperature BaTiO3 is tetragonal. When the 

temperature is decreased further, the structure of BaTiO3 gradually changes from tetragonal to 

orthorhombic, and finally to rhombohedral. In the cubic perovskite phase, the barium and 

oxygen ions together form a face-centered cubic lattice (fcc), with titanium ions positioned on 

octahedral interstices. 

 

Figure 2. a) Perovskite Structure and b) Crystal Structure of BaTiO3 [42] 

Habib et al [41] finds the influence of temperature, aging time and particle size of titania 

precursor on the hydrothermal crystallization of BaTiO3 and the morphological changes 

occurring during the formation of BaTiO3 [41]. Hung et al adopted the sol–gel process along 

with the addition of a surfactant in order to get controlled sized and well-dispersed BaTiO3 

nanopowders [42]. 

1.5 Synthesis of BaTiO3  

Various methods have been employed to prepare BaTiO3 materials, each with its unique 

advantages and applications. These methods include the molten salt method [43], sputtering 

[44], hydrothermal [45], solvo-thermal [46], which involve the use of both solvent and heat to 

drive chemical reactions, and sol-gel [47], where a solution precursor undergoes hydrolysis 

and condensation reactions to form a gel that can be further processed into desired forms. 

Amongst these methods, hydrothermal and sol-gel routes stand out as the most extensively 

employed for synthesizing BaTiO3 nanoparticles. The hydrothermal method, leveraging 

aqueous solutions under controlled temperature and pressure conditions, offers superior 

crystallinity and phase purity even at relatively low temperatures. Similarly, sol-gel synthesis 

provides a versatile approach for tailoring the properties of BaTiO3 nanoparticles, facilitating 

precise control over composition, particle size, and morphology. These methods collectively 

enable the production of BaTiO3 nanoparticles with a highly crystalline structure and pure 

phases, essential for various technological applications. 

a) b) 
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1.6 Doping Barium titanate ceramics  

The intentional introduction of impurities into a host lattice is the process known as doping 

[48] leading to novel phenomena very different from the precursor materials. Bulk 

semiconductors are successfully doped to build functional devices, and imparted by new 

electrical, optical, mechanical, and magnetic properties [49], [50]. crystalline semiconductors 

with unusual size-dependent optical and electronic behavior, however, are already marketed 

for applications as wavelength-tunable lasers, optical gain devices, bioimaging and solar cells 

[49]. Because their electronic states are confined to a small volume, doping nanocrystals results 

in phenomena not found in bulk materials. 

Doping BaTiO3 ceramics is of great importance in the fabrication of electric and electronic 

devices, and a large number of different dopants can be accommodated in the BaTiO3 lattice. 

The ionic radius of dopants is the parameter which mainly determines the substitution site. For 

ions of the first series of the transition metals, like Cr3+, Mn2+, Mn3+, Fe3+, Co3+ and Ni2+, it is 

well established that they preferentially substitute on the Ti4+ site. 

1.6.1 Doping mechanism  

The usual mechanism of charge compensation for the ions involves the creation of a 

stoichiometric amount of oxygen vacancies, so they behave as acceptor dopants [51]. Rare 

earth ions such as La3+ (1.15 Å) and Nd3+ (1.08 Å) are incorporated exclusively at the Ba2+ 

(1.42 Å) site, as their size is incompatible with that of Ti4+ (0.61 Å). These ions are known to 

act as donor dopants [52] . For the smaller lanthanide ions from Sm3+ to Lu3+, the site occupied 

by the foreign cation is not exclusive. It is suggested that the ionic radius, dopant concentration, 

sintering atmosphere and Ba/Ti molar ratio all play crucial roles [52]. 

The properties of BaTiO3 can thus be modified through the incorporation with various ions. 

One of the important applications is the change in the magnitude and character of electrical 

conductivity induced by appropriate dopants, which leads to semiconducting behavior of 

BaTiO3 which is an insulator at room temperature. For instance, donor doping BaTiO3 

nanocrystals with trivalent ions (e.g., Y3+, La3+, Nd3+, Sm3+) causes an anomalous increase in 

electrical resistivity, known as the positive temperature coefficient of resistivity (PTCR) effect 

[53]. In this regard, electronic compensation is believed to be responsible for the PTCR effect, 

where reduction of a corresponding number of Ti4+ to Ti3+ ions occur and the reduced Ti3+ ions 

provide the source of semiconductivity [54]. The effect of a specific dopant on the mechanical 

and thermal conductivity of BaTiO3 strongly depends on the substitution site, grain size, doping 

concentration, and defects [52]. 

1.7 Current research on Ba1-xSrxTiO3 in past five years 

W. Q Cao et al [55] prepared the barium titanate powders by wet chemical route method. The 

surface composition of ceramic powders prepared via the low temperature Aqueous Synthesis, 

with formula Ba1-xSrxTiO3 (x=0-1), have been investigated. They measured the total relative 

amount of carbonate by X-ray diffraction and compared to that present on surface. The 

influence of Sr on the crystal structure, microstructure, and thermal expansion of Ba0.98Sr0.02Ti1-

xMnxO3 ceramics (0≤x≤0.02) was investigated by H.T Langhammer et al [56]. Compared to Sr 

“free” samples the transition region between tetragonal and hexagonal phase shifting was 
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observed for higher concentrations of Mn. They used the Goldschmidt tolerance factor to 

discuss the stabilization of the tetragonal phase by the Sr impurity. 

Sol–gel synthesis of Ba1-xSrxTiO3 (x=0.1, 0.2) ceramic fibers with a diameter of 6–10 µm using 

catechol-complexed titanium isopropoxide, barium acetate hydrate and strontium acetate 

hydrate as precursors has been investigated by M. Shandilya et al [57]. They studied the 

Microstructural development of barium strontium titanate (Ba1-xSrxTiO3) ceramic fibers as a 

function of strontium concentrations. From X-ray diffraction a well-developed cubic phase of 

(Ba, Sr) TiO3 was noted at 1100 °C. N.P Bhagya et al [58] studied the Eu3+ doped BST (65:35), 

and BST (80:20) at different compositional ratios of BaTiO3, SrTiO3 and Eu2O3. Both structural 

and microsurface analyses were done using X-ray diffraction and scanning electron 

microscopy, respectively. At room temperature they investigated the photoluminescence 

properties of doped samples. 

A. Karaphun et al [59] studied the Ba0.6Sr0.4TiO3 (BST) nanopowders preparation by using the 

modified citrate method with ammonium nitrate as a combustion promoter, and the formation 

mechanism, phase evolution, and particle size have been investigated using TG/DTA, XRD, 

and SEM. E. Hajisaeid et al [60] discussed the ceramic–polymer composites. The samples were 

fabricated from barium strontium titanate powder (BST) and polypropylene-graft-poly 

(styrene-stat-divinylbenzene) (ER) using a twinscrew extruder. 

P. Khirade et al [61] reported a simple, economic and low-temperature green combustion 

synthesis of Ba1- xSrxTiO3 (BST) ceramic nanopowders for composition x = 0.0, 0.2, 0.4, 0.6, 

0.8 and 1.0 with lemon juice as a firing agent. The samples were prepared by sol-gel 

combustion method. The fabricated nanopowders were characterized by TGA/DSC, XRD, FT-

IR, FESEM, TEM etc. analytical techniques. XRD analysis reveals the formation of single-

phasic tetragonal perovskite structure with no impurity phases for x = 0.0 to 0.2 samples. 

However, cubic phase was appeared for x = 0.4 to 1.0 samples. The saturation electric 

polarization (Ps), remanence polarization (Pr) and coercive field (Ec) decreases with increase 

in Sr2+ content expected to be dependent on the creation of oxygen vacancies and occurrence 

of cubic polymorphs by doping of Sr2+ ions. They studied the effects of Sr2+ ions on BaTiO3 

properties, where, the Sr2+-substitution has brought an overall enhancement in dielectric and 

electrical properties. However, the ferroelectric characteristics are weakened, which is 

primarily attributed to a considerable variation in the micro-structure of the solid.    

M. Arshad et al [62] discussed lead-free strontium-doped ferroelectric ceramics with the 

compositional formula Ba1-xSrxTiO3 (barium strontium titanate, BST) at (x = 0, 0.25, 0.3, and 

0.35) synthesized using a solid-state reaction.  Their samples samples are characterized by X-

ray diffraction (XRD) and Raman spectroscopy. Further dielectric properties and impedance 

are examined. The analysis from XRD and Raman spectrum studies revealed that the lattice 

constant, unit cell volume along with tetragonality ratio, Curie temperature (Tc), and dielectric 

constant along with dielectric loss factor decreased, which increased Sr2+ ions. Impedance 

spectroscopy revealed that relaxation behavior and obviously are responsible for conduction in 

the BST ceramic samples. Resistivity increased with the increase in Sr concentration. 

Activation energy of the grain boundary was higher than the grain, suggesting that the grain 

boundary has higher resistance. Ionic conduction in BST ceramics was considered for superior 

conduction. Lead-free and environment-friendly BST ceramics have the potential to be useful 

for multilayer chip capacitor and dynamic random-access memory. 
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G. Panomsuwan [63] prepared Barium strontium titanate (Ba1–xSrxTiO3, BSTO: x=0, 0.3 and 

0.5) ceramics by sintering sol–gel derived BSTO powders at 1350 °C for 2 h. they found the 

average grain size of BSTO ceramics decreased from 15 to 2 μm with increasing Sr molar 

fraction. X-ray structural analysis revealed that BSTO ceramics exhibited tetragonal structure 

(x=0 and 0.3) and transformed into cubic structure at high Sr molar fraction (x=0.5) at room 

temperature. They found also the energy storage density of pure BaTiO3 was about 0.2 J/cm3; 

however, energy storage efficiency was less than 50%. After doping with Sr molar fraction of 

0.5, energy storage density decreased to 0.1 J/cm3 but its energy storage efficiency 

significantly improved to 90%. 

1.8 Current research on Ba1-xYxTiO3  

H. C. Padmini et al. [64] prepared SrTiO3 by the solid-state reaction process and found that the 

thermal conductivity can be successfully decreased in dysprosium modified SrTiO3 ceramic 

powders.  H. Muta et al. [65] investigated the structural and thermoelectric properties of rare 

earth (Y, La, Sm, Gd, and Dy) modified BaTiO3 and he examined the influence of the doping 

and the rising of the temperature on decreasing the thermal conductivity, indeed, the number 

of merits is enhanced by the difference in the thermal conductivity.  

Z. Penk et al. described [66] the effects of preparation method on the phase formation behavior, 

dielectric and electric properties of Ba1-xYxTiO3 (x=0.15 and 0.85) ceramics. They found that 

when the Ba1-xYxTiO3 ceramics sintered at 1050 °C for 20 h, it showed more homogeneous 

microstructure, a higher dielectric constant (about 1.7×105), and a lower dielectric loss. The 

enhanced dielectric properties for Ba1-xYxTiO3 ceramics should be closely linked with the grain 

size. Moreover, the different microstructures between grain (nanodomain) and grain boundary 

were proposed to explain the enhanced dielectric properties.  

E. Rosa Selva et al. [67] synthesized YxBa1-xTiO3 (YBT)(x=0, 4 and 8%) by solid-state reaction 

method as well as a 1:1 heterojunction with yttria-stabilized zirconia (BST08/YSZ). They 

characterized the obtained samples (BT, YBT04, YBT08 and YBT08/YSZ) using TGA/DTA, 

XRD and SEM-EDS analysis. Their results showed that samples calcined under reducing 

atmosphere presented a higher crystallinity degree, less amount of secondary phase of 

pyrochlore and greater limit of solubility for the Y dopant when compared to samples calcined 

under inert atmosphere. Doping was proved by the preferential peak shift, increase in micro 

strain, and decrease in lattice parameters and crystallite size. SEM micrographs showed an 

efficient sintering process with well-defined grain boundaries. The average grain size of the 

samples decreased proportionally with the amount of yttrium, showing that Y presents an 

inhibitory role in the grain growth process. 

1.9 Current research on co-doped BaTiO3  

It is widely recognized that impurities significantly impact the major properties of BaTiO3 

ceramic material. Indeed, adequate ion doping or co-doping is considered an effective and 

useful technique to improve the structural, microstructural, optical, dialectical, and physical 

properties of BT. Similarly, the major characteristics of BaTiO3 can easily be modified by 

doping a cation ion at the X -site and/ or Y -site. Typically, the ionic radius can be employed 

to predict the site occupation of various dopants, e.g., dopants with wide ionic radius and low 

valence are appropriate to occupy the X-site of Ba2+ (rBa2+=1.35 Å) and dopants with high 
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valence and smaller ionic radius are appropriate to occupy the Y-site of Ti4+ (rTi4+=0.61 Å) 

[68]. The substitution site can also be defined X/Y ratio [69]. Moreover, the BaTiO3 can be 

modified into the semiconductor material using some type of doping which changes the 

structure and grain size to use in optoelectronic applications [70].  Numerous studies have been 

performed on the production and investigation of doped BT with different substitutions such 

as Sr and Ca at Ba site [71], [72] and Fe, Mn, Sn, Zr, and Y at Ti site to enhance its major 

properties [73-77]. While La, Sr, Ca, Co, Fe, Mn, and Ni co-doping at both Ba and Ti sites has 

been carried out for piezoelectric, optical, and magnetic properties of BaTiO3 [78-81]. Besides 

that, recently, Sr2+ and Y3+ modified BT materials have received much interest as 

technologically crucial lead-free ferroelectric materials [71-87]. Nevertheless, to the best of 

our knowledge, no similar studies were dedicated to the investigation of the optical, thermal 

conductivity, and compressive strength of Sr and Y co-doped BaTiO3 using the sol-gel method.  

Table 1. Effect of doping on some properties of BaTiO3 

 

Material 

 

Synthesis 

method 

 

Calcination 

temperature 

(°C) 

 

Structure 

 

Band 

gap 

(eV) 

 

Thermal 

conductivity 

(W.m-1. K-1) 

 

Ref. 

BaTiO3 Solid-state 

reaction 

1100, 4h Tetragonal 3.30 2.26 [88] 

Ba0.99Bi0.01TiO3 Sol-gel 800, 3h Tetragonal 3.00 - [89] 

Ba0.75Sr0.15TiO3 Sol-gel 950, 3h Tetragonal - 3.72 [15] 

BaTi0.8Fe0.2O3 sol-gel auto 

combustion 

900, 2h Tetragonal 3.11 - [90] 

BaTi0.72Y0.28O3 Sol-gel 1050sc, 3h Tetragonal 2.87 1.97 [91] 

BaTi0.985Co0.005Nb0.01O3 Solid-state 

reaction 

1100,5h Hexagonal 2.98 - [78] 

1.10 Ceramic-Metal composites 

Ceramic metal composites, or CMCs, combine ceramic phases with light metals to enhance 

properties and reduce costs. They offer higher strength, stiffness, hardness, wear resistance, 

and lower thermal expansion. Despite challenges like processing costs and reduced ductility, 

recent advances show promise. These composites address ceramic brittleness by incorporating 

ductile reinforcements like particles and fibers. Ongoing research aims to improve fracture 

toughness and reliability. CMCs represent significant progress in material science. Ceramic 

metal composites combine ceramic and metal phases to enhance material properties and reduce 

processing costs. These composites offer improved strength, stiffness, hardness, wear 

resistance, and reduced thermal expansion coefficients. Recent advancements include 

exploring continuous phases for an interpenetrating microstructure, addressing ceramic 

brittleness by incorporating ductile reinforcement morphologies. Despite their potential, 

ceramics lack plastic deformation at ambient temperatures, leading to lower fracture toughness 

compared to metals. Research focuses on enhancing fracture toughness and in-service 

reliability by minimizing flaws. Composite materials like MMCs and ceramic–matrix 

composites (CMCs) represent significant advancements, with interpenetrating composites 

offering unique structural advantages. 
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CMCs have been under investigation for more than 30 years with some successful commercial 

applications emerging with enhanced material properties and reduction in processing costs 

summarized e.g., by Zhi Ye [92] and by the authors [93], [94] Inclusions of a ceramic phase are 

used in light metals like aluminum and magnesium to achieve higher strength, stiffness, 

hardness, wear resistance and reduced coefficient of thermal expansion. The main drawback of 

the material has been the high costs associated with the processing and the loss of ductility of 

the material. It is interesting to see the subject matters from both sides, as the closely related 

ceramic matrix composites (CMCs) incorporate metal phases to increase the toughness of the 

brittle ceramic matrix that also have been investigated [95] thoroughly. Traditionally, the 

continuous phase of the composite has been designated as the matrix. More recently, interest 

has arisen in composites where both phases are continuous, resulting in an interpenetrating 

microstructure [96]. One method to achieve such a microstructure is the infiltration of molten 

metal into a porous ceramic body called a preform. Moreover, the concept of ductile-phase 

toughening of brittle materials [97] has been widely used in composites with different ductile 

reinforcement morphologies, such as particles, fibers, and laminates. However, for the same 

volume fraction of the ductile reinforcing phase, the ductile phase in laminate form has the 

maximum toughening efficiency, followed (in order of potency) by fiber and particulate 

morphologies  [98]. 

In contrast to metals, which can exhibit plastic deformation before fracture due to the high 

mobility of dislocations, ceramics do not show plasticity at ambient temperatures. Owing to 

plastic deformation, the fracture process in metals involves extensive energy dissipation. The 

absence of such energy dissipating phenomenon in ceramics results in their relatively low 

fracture toughness and leads them to fail catastrophically under mechanical and thermal 

loading.   For instance, the values of fracture toughness for Al2O3 or Si3N4 ceramics are 3–5 

and 3–6 MPa m1/2 respectively. In comparison, the fracture toughness values of pure metals 

such as Al, Cu, or Ni may reach 100–150 MPa m1/2.  In practice, it means that ceramics are 

very sensitive to the presence, distribution, and size of flaws such as cracks, pores, inclusions, 

etc.  For that reason,  over the last  30 years, one of the major scientific and technological 

efforts of ceramic research in the field of structural ceramics has been directed toward 

improving  (i)  the fracture toughness by activating a  variety of energy-dissipating phenomena 

in the fracture process, i.e. imparting them a damage tolerant behavior,  and  (ii)  the in-service 

reliability of ceramics by decreasing the flaw size and by increasing the homogeneity of their 

distribution. Despite the tremendous progress that has been made in the understanding and 

development of monolithic materials with improved properties, composite materials that 

successfully combine the advantageous properties of individual components represent a 

breakthrough in that direction. Depending on the nature of the base material, one must 

distinguish between metal–matrix composites (MMC) and ceramic–matrix composites (CMC).  

Recently, interest has arisen in interpenetrating composites (IPCs) [99].  Contrary to 

conventional particulate or fiber-reinforced ceramic or metal/intermetallic matrixes, the IPCs 

consist of co-continuous 3D interpenetrating networks of ceramic and metal/intermetallic 

phases, resulting in an interpenetrating microstructure. 
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1.11 Spark plasma sintering (SPS) 

Spark plasma sintering (SPS) is a rapid and efficient method for fabricating bulk materials from 

powders, offering fast heating, short holding times, and lower sintering temperatures compared 

to conventional techniques. It's particularly useful for processing challenging materials like 

nanostructured materials, composites, and refractory metals. However, further research is 

needed to fully understand its mechanisms, including the controversial role of spark plasma 

and discharge during the process. SPS, also known as the field-activated sintering technique 

and pulsed electric current sintering, is a comparatively novel sintering process that allows the 

fabrication of bulk materials from powders using a fast heating rate (up to 1000 °C min−1) and 

short holding times (in most cases 0–15 min) at low sintering temperatures (200–300 °C lower 

than most conventional sintering techniques) [100-103]. Because of its great advantages, SPS 

is by far the most popular of the ultrarapid sintering techniques and is used to process 

nanostructured materials, amorphous materials, intermetallic compounds, metal matrix and 

ceramic matrix composites, highly refractory metals, and ceramics, etc., which are difficult to 

sinter by common methods [104-106]. 

Extensive efforts have been made in investigating SPS and developing it as a promising 

technique for the rapid densification of advanced new materials with various applications [107-

109]. However, limited data are available on the sintering mechanism involved in the SPS 

process. In addition, a significant gap exists in the fundamental understanding of the SPS 

mechanisms. This gap is due to the complexity of the thermal, electrical, and mechanical 

processes that may be involved during SPS, in addition to their dependence on the SPS 

parameters. In particular, the existence of spark plasma and the occurrence of discharge in the 

sintering process are highly controversial. 

Scholarly discourse commonly acknowledges that during the SPS process, a high electric–

pulsed current is applied to the electrodes (as shown in Figure 3), and the microscopic electrical 

discharges in the gaps between the powder particles generate plasma, causing sintering [110]. 

The spark discharge can effectively eliminate adsorptive gas and any impurities present on the 

surface of the powder particles and can easily destroy the oxide films on the particle surface, 

leading to an enhancement of the thermal diffusion ability of the sintered material [110]. In 

addition, Joule heating and plastic deformation effects contribute to the densification of the 

powders. 
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Figure 3. A schematic of the SPS process [110]. 

1.12 Knowledge gap 

The literature review reveals a significant body of work on doped barium titanate synthesis and 

applications. However, the impact of dopants (Sr, Y) on BaTiO3 composites, particularly on 

mechanical and thermoelectrical properties, remains unexplored. The sol-gel method, known 

for precise stoichiometry control, has not been extensively employed at lower temperatures 

using simple equipment for these investigations. Moreover, no studies have addressed the 

comparative influence of strontium and yttrium co-doping on the structural, microstructural, 

compressive strength, thermoelectrical, and optical properties of BaTiO3 composites. This gap 

necessitates a comprehensive analysis focusing on major properties, emphasizing the 

stoichiometric ratio of BaTiO3 and its semiconducting nature, especially concerning its 

application in multilayer ceramic capacitors (MLCCs). Additionally, the recent surge in interest 

surrounding ceramic-metal composites, due to enhanced permittivity and thermal conductivity 

near the percolation threshold, lacks detailed investigations into their electrical and thermal 

conductivity. Despite widespread studies on colossal permittivity in these composites, there is 

a notable absence of reports on the synthesis and spark plasma sintering of Ba0.85Sr0.15TiO3-Cu 

composite powders, with no dedicated publication on the electrical, dielectric, and thermal 

properties of Ba0.85Sr0.15TiO3-Cu ceramic composites. Closing these gaps is crucial for 

advancing our understanding of these materials and unlocking their potential applications. 
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1.13. Objectives 

The primary objectives of this study are as follows: 

1. Structural, Optical, and Thermoelectric Enhancement of BSrxT Ceramics: 

o Produce BSrxT ceramics with varying Sr concentrations (x=0, 5, 12.5, 15, 20, and 30%) 

using the sol-gel method. 

o Investigate the effects of Sr concentration on lattice parameters, crystalline phase, and 

microstructure through X-ray diffraction (XRD) and scanning electron microscopy 

(SEM). 

o Analyze compositional stoichiometry using energy dispersive spectrum (EDS) 

analysis. 

o Evaluate compressive strength properties as a function of Sr content and grain size. 

o Study thermal conductivity at room temperature. 

2. Yttrium-Doped BaTiO3 for Multilayer Ceramic Capacitors (MLCCs): 

o Prepare yttrium doped BaTiO3 with various doping concentrations and sinter the 

materials in air. 

o Investigate structural, microstructural, thermoelectric, and optical properties, with a 

focus on stoichiometric ratio and semiconducting nature for MLCC applications. 

3. Sr and Y Doped and Co-Doped BaTiO3 Ceramics: 

o Utilize sol-gel technique to prepare BSrxT ceramics with formulas BaTiO3, B1-

xSrxTiO3, Ba1-xYxTiO3, BaT1-xYxO3, Ba1-xYxTi1-xYxO3, and Ba1-xSrxTi1-xYxO3 

(x=0.075).  

o Investigate influences of Sr2+ and Y3+ ions on phase structure, lattice constants, and 

microstructure using XRD and SEM. 

o Identify compositional stoichiometry with EDS analysis. 

o Examine optical behavior through UV-visible spectroscopy. 

o Analyze compressive strength properties as functions of Sr and Y concentrations and 

grain size distribution. 

o Investigate thermal conductivity as a function of temperature. 

4. Enhanced Electrical Properties with Copper Incorporation: 

o Incorporate copper metal as reinforcement within the BST ceramic matrix to enhance 

electrical properties. 

o Evaluate the composite's characteristics as an innovative electrical material with 

applications in optoelectronics, microelectronics, and spintronics devices. 
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2. Experimental Techniques 

Synthesis of samples is an imperative task, and it can be solved by various synthesis techniques. 

Synthesis of the nanocrystalline ceramics is one of the most vital and rapidly growing areas of 

research in the field of nanotechnology. As the bulk material come near to nanoscale its 

properties drastically change. These properties are attributed to the size, shape, and distribution 

of the particles in the materials, which in turn depend on the method of synthesis. The methods 

of synthesis play a very important role about structural, physical, and chemical properties of 

perovskite.  structured materials. In this thesis, the ceramics Ba1-xSrTiO3 and Ba1-xYxO3 were 

synthesized using sol-gel technique. The detailed synthesis procedure is specified in this 

chapter. 

2.1. Synthesis of Ba1−xSrxTiO3 ceramics 

The pure and Sr-modified BaTiO3 powders were prepared through the sol-gel method [89], 

[114] using Barium acetate trihydrate (Ba (CH3CO2)2.3H2O) (99,9% purity), Strontium acetate 

(C4H6O4Sr) (99% purity) and Titanium alkoxide Ti [OCH(CH3)2]4(97%, purity) as primary 

precursors, while introducing lactic acid and acetic acid as pivotal stabilizing agents, a strategic 

evolution inspired by recent investigations into solution chemistry optimization. The process 

commences with the dissolution of titanium isopropoxide in a precisely calibrated mixture of 

water and acetic acid, maintaining a delicate equilibrium at 70°C while employing a novel 

agitation mechanism operating at 300rpm, a nuanced refinement inspired by computational 

modeling insights into fluid dynamics [122], [123]. Generally, the raw materials used in the 

sol-gel process were metal alkoxides and acetates. The specification of raw materials is given 

in Table 2. 

Table 2. Specification of chemicals used in sol-gel experiments. 

Chemical Chemical formula Company Purity (%) 

Barium acetate (CH3COO)2Ba Sigma−Aldrich 99.00 

Strontium acetate (CH3COO)2Sr Sigma−Aldrich 99.00 

Yttrium acetate C6H11O7Y Sigma−Aldrich 99.00 

Titanium (IV) 

isopropoxide 

Ti [OCH(CH3)2]4 Sigma−Aldrich 97.00 

Acetic acid CH3COOH Sigma−Aldrich 99.50 

Acetyl−acetone CH3COCH2COCH3 Sigma−Aldrich 99.30 

Distilled water H2O Sigma−Aldrich  

Different processing steps were followed for the synthesis of Sr-modified Barium titanate 

ceramics with composition (Ba1−xSrxTiO3, x = 0, 5, 12.5, 15, 20 and 30%) as shown in Figure 

4. The first step consists of the preparation of a clear solution of Barium and Strontium acetates, 

the preparation of 100ml of Barium and Strontium acetates at 1 M/L, requires; 25.54g of the 

latter, distilled water, and a few drops of acetic acid (0.25ml), the obtained mixture is subjected 

to continuous stirring at 80 °C until a very transparent (clean) solution is obtained. The final 

solution is adjusted with distilled water (Solution A). The second step is to prepare a colloidal 

solution of Titanium alkoxide TiO2. The preparation of 500 ml of 1mol / l Titanium sol 

requires; 143.5g of Titanium alkoxide, 22.5g of lactic acid, and 300g of distilled water. A 1% 

excess of Titanium was added to the lactic acid solution to account for losses of Ti due to 
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hydrolysis and the sol filtration operation. Introducing Titanium alkoxide into the lactic acid 

solution with stirring at 70 °C immediately gives a white milky precipitate. The obtained 

mixture, subjected to continuous stirring for about 24 hours, gradually passes from a white 

solution to a completely transparent sol (Solution B). The third step consists of mixing the 

obtained solutions (A and B). These solutions are mixed in stoichiometric proportions, 

according to the chemical formula Ba1-xSrxTiO3 (x = 0, 0.05, 0.125, 0.15, 0.2 and 0.3) with 

stirring for 5 min, to ensure the homogeneity of the final solution. The destabilization of this 

solution is ensured by the evaporation of the solvent in a programmable oven at the temperature 

of 80°C for 48h (Step 4). The obtained xerogel is ground in an agate mortar to break up the 

agglomerates of the powder and increase its responsiveness. The powders, after grinding, were 

calcined in the air in a programmable furnace at the temperature of 950°C for 3 h. 

 

Figure 4. Ba1- xSrxTiO3 (x = 0.0–0.3) synthesis flowchart of the produced ceramic powders 

synthesized through sol-gel process 

2.2. Synthesis of Ba1−xYxTiO3 ceramics 

BYxT; x=0-30% ceramic samples were prepared via sol-gel method and outlined in Figure 5. 

The process involves using three precursors barium acetate trihydrate [Ba (CH3CO2)2.3H2O ≥ 

99% Aldrich], yttrium acetate hydrate III [C6H11O7Y ≥ 99% Aldrich], and titanium 
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isopropoxide [Ti(OCH(CH3)2)4]≥ 97% Aldrich]. Lactic acid (CH3CH (OH) CO2H) and Acetic 

acid CH3COOH were used as a stabilizing agent, while distilled water was employed as a 

substance for dissolving the barium and yttrium acetates. The first step involves dissolving a 

specific amount of titanium isopropoxide in water and acetic acid while stirring continuously 

at 70 °C. the previous solution was stabilized using Lactic acid as a chelating agent to form a 

stable Ti‒solution and to avoid premature precipitation. A transparent TiO2 with adequate 

proportions was obtained.  In the second step, barium acetate and yttrium acetate are dissolved 

in distilled water at 90 °C for 15 minutes and then added to the TiO2 mixture. Initially, white 

precipitates are formed, and the solution becomes cloudy for 10 minutes, which then will be 

converted to a clear Ba-Ti-Y solution at 80 °C. The sol was converted into a viscous gel at 80 

°C for 1 h. The gel was dried at 120 °C overnight and turned into a white dried gel. To avoid 

the agglomeration of the powders and improve reactivity, the resultant xerogel is processed in 

an agate mortar. Finally, the raw powders were calcined at the temperature of 950 °C for 3 

hours to obtain BYT powders. The calcined powders were pressed into pellets and sintered at 

1200 °C for 6h in air, with a heating/cooling step size of 5 °C/min. 

 
Figure 5. Synthesis flowchart of the ceramic materials 

2.3 Preparation of co-doped samples  

The Y and Sr doped/co-doped BaTiO3 powders were synthesized via sol-gel technique [89] 

using Barium acetate trihydrate (Ba (CH3CO2)2.3H2O), Yttrium acetate (C6H9O6Y), 

Strontium acetate (C4H6O4Sr), and Titanium alkoxide Ti [OCH(CH3)2]4 as starting materials. 

Lactic acid (CH3CH (OH) CO2H) was employed as a peptizing agent, distilled water as a 

solvent, and acetic acid to dissolve the acetates.  
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Various processing procedures were used for the synthesis of BT, BSrT, BYT, BTY, BYTY, 

and BSrTY ceramic materials. The first stage consisted mainly of preparing a clear solution of 

Barium, Strontium, and Yttrium acetates individually using distilled water as a solvent, indeed, 

to prepare 100ml of the solution at 1 M/L, needs; 25.54g of Barium, Yttrium, and Strontium 

acetates powders, and a small drop of acetic acid (0.25ml), then the resulting mixture is 

continuously stirred at the temperature of 80 °C until a clear transparent solution is produced 

(Solution A). The next stage consists of the preparation of a clear solution of TiO2. The 

synthetizes of 250 ml of 1M/L TiO2 solution required; 71.75g of Titanium alkoxide, 150g of 

distilled water, and 11.25g of lactic acid. A white milky precipitate is produced as quickly as 

TiO2 solution is added to the lactic acid while stirring it at 70 °C. After around 24 hours of 

continuous stirring, the resultant mixture progressively transforms into an entirely clear sol 

(Solution B). The next stage includes mixing the previously prepared solutions A and B. To 

guarantee the homogeneity of the final product, the prepared solutions were mixed with 

referring to the compositional formulas BaTiO3, B1-xSrxTiO3, Ba1-xYxTiO3, BaT1-xYxO3, Ba1-

xYxTi1-xYxO3, and Ba1-xSrxTi1-xYxO3 (x=0.075) with continuous stirring for 5 minutes. The 

obtained gel was powdered in a programmable oven at 80°C for 48 hours. Then, the xerogel 

product is ground to break up the powders’ agglomeration and improve its reactivity. The 

powders, after grinding, were calcined at 950°C/3h under a heating rate of 5°C/min hours using 

a programmable furnace. 

2.4 Preparation of BST-Cu and spark plasma sintering process 

The obtained Barium strontium titanate powders (BST) through the sol-gel technique were 

mixed with high-purity Cu powders (Cu, purity: 99.8%, average particle size: 5µm, Sigma 

Aldrich, Germany). First, the BST powders were mixed with Cu content ranging from 0 to 40 

wt.% by ball milling with ethanol in a resin container for 12 hours, utilizing zirconia balls as 

grinding media. Subsequently, the slurry was dried, and the resulting mixed powders were 

extracted. In order to densify the BST–Cu composite powders, spark plasma sintering (SPS) 

was carried out at Tallinn University of Technology, Department of Mechanical and Industrial 

Engineering, Tallinn, Estonia, using a graphite pressure die with an inner diameter of 20 mm. 

In a typical processing cycle, powder (2–2.6 g) was loaded into the die. The powders with 

different copper content were heated under vacuum initially up to 600 °C by a preset program 

within 3 minutes, and above this temperature, a heating rate of 100 °C/min was applied until 

the final sintering temperature (TF = 950 °C) was reached. The temperature was monitored and 

regulated using an optical pyrometer focused on the surface of the graphite die. After reaching 

TF, a uniaxial pressure of 50 MPa was applied, and a dwelling time of 15 minutes was 

maintained for sintering. 

2.5 Characterizations of ceramic materials 

In material science, characterization refers to the use of external techniques to probe.  into the 

internal structure and properties of a material. Analysis techniques are used to.  magnify the 

specimen, to visualize its internal structure, and to gain knowledge of the distribution of 

elements within the specimen and their interactions. This chapter presents the information 

about the theoretical concepts and relevant background for the characterization techniques 

employed to characterize the prepared ceramic. materials and techniques used for the 
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measurements of various properties.  Characterization of the material is the most important 

task to check the formation of a desired material, homogeneity, and other parameters.  This 

chapter contains the detail information about characterization techniques which includes 

mainly,  

2.5.1. XRD investigations of raw materials 

The identification of mineral phases of the raw materials in dried powder form was conducted 

via the XRD technique. The used X-ray equipment was Miniflex II, Rigaku X-ray 

diffractometer equipped with a monochromator and operated in Bragg-Brentano geometry as 

shown in Figure 6. The samples were scanned in a broad range of diffraction angles (2θ) 

intervals (5-90 °) using CuKα radiation with a wavelength (λ = 1.54184 Å) at operating voltage 

and current of 40 kV and 25 mA, respectively. The scan rate was maintained at 1°/min with a 

step size of 0.0101 °. The existence of different phases in the tested samples was determined 

by comparing their XRD patterns to the PDF (Powder Diffraction File) Database of the 

International Center for Diffraction Data (ICDD) using X'Pert HighScore Plus software. 

 

Figure 6. A Rigaku Miniflex II X-ray diffractometer setup in ceramic’s laboratory at the 

University of Miskolc 

2.5.2. Thermal analysis of raw materials using thermal analyzer 

The thermal characteristics, including simultaneous differential and thermogravimetric 

analysis, were evaluated using MOM derivatograph, Setsys evolution thermal analyzer (Figure 

7) at a heating rate of 10 °C min-1 in a static oxygen atmosphere in a temperature interval of 

40-1200 °C. In this test, the sample and the reference holders are located on a common rod in 

a small-size tube furnace. This rod is connected to a four-decimal precision micro-balance. 15 

mg of the samples were loaded in platinum crucibles. The data collection mechanism of the 

test identifies temperature and mass changes in the sample compared to annealed alumina 

(reference material). 
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Figure 7. MOM DErivatograph, Setsys evolution thermal analyzer 

2.5.3. SEM and EDS investigations of the raw materials 

The microstructural features and the morphology of the raw materials were examined via Carl 

Zeiss EVO MA10 scanning electron microscopy and Helios G4 PFIB CXe DualBeam SEM 

(Figure 8) equipped with Bruker microprobe, run at an operating voltage of 20 kV. The samples 

were coated with layers of gold using a sputter coater to create better conduction prior to SEM 

imaging. Secondary electron mode was used to capture the photos at various magnifications. 

Qualitative analysis of the elemental composition of the raw materials was obtained using an 

energy-dispersive X-ray spectrometer (EDAX Genesis). The combination of these analytical 

procedures supplies rapid and accurate interpretations for qualitative and quantitative 

investigation of the samples. 
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Figure 8.  Helios G4 PFIB CXe DualBeam SEM setup in University of Miskolc 

2.5.4. FT-IR analysis 

The samples’ infrared (IR) spectra were captured via Bruker Tensor 27 FT-IR (Fourier 

transform infrared spectroscopy) equipment (Figure 9). An average resolution of 4 cm-1 was 

used to capture 400–4000 cm-1 spectra. Prior to IR inspection, the sample powders were mixed 

with a small amount of KBr powder and ground to produce a homogenous mixture. The 

functional group’s analysis was performed on all samples using the transmittance technique. 

 

Figure 9. FT-IR analysis device 

2.5.5. Thermal conductivity measurement 

The default C-Therm TCi Thermal Conductivity Analyzer (Figure 10) employs the modified 

transient plane source (MTPS) technique used in characterizing the thermal conductivity and 

effusivity of materials. It employs a one-sided, interfacial heat reflectance sensor that applies a 
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momentary constant heat source to the sample. Thermal conductivity and effusivity are 

measured directly at room temperature, providing a detailed overview of the heat transfer 

properties of the samples.  

 

Figure 10. Thermal conductivity analyzer (TCi C-THERM) 

2.5.6. Compressive strength test  

The compressive strength was determined based on ASTM C67 using hydraulic universal 

testing equipment, as shown in Figure 11. The compressive strength test is performed on 

cylindrical samples. 5 compressive strength measurements are used to determine the average 

value of the compressive strength.   

 

Figure 11. INSTRON 5566 universal testing equipment 

2.5.7. UV-VIS spectroscopy  

The UV photoreactor applied was equipped with a fluorescent lamp (Vilber-Lourmat T-6L 

UV-A, 6 W power, radiation maximum at 365 nm). Changes in the concentrations were 

followed with gas chromatograph (Agilent 6890 N) using a HP-PLOT Q column, equipped 

with thermal conductivity (TC) and flame ionization (FI) detectors and an Agilent 5975C VL 

MSD mass spectrometer. 
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2.5.8. Electrical measurements   

Before applying electrodes to conduct dielectric measurements, the upper and lower surface 

layers of the compacted composites were eliminated by grinding with SiC paper. Subsequently, 

the prepared samples underwent coating with In-Ga to serve as electrodes for assessing their 

electrical properties. The Agilent impedance analyzer (Model: E4980A, Agilent Tech., Penang, 

Malaysia) was employed at room temperature to evaluate the complex impedance, dielectric 

loss, and frequency-dependent permittivity across a frequency range of 102 – 106 Hz, varying 

the copper content. The direct current resistance of composites with different copper content 

was determined from room temperature to 200°C, with a heating rate of 3°C/min, utilizing a 

R–T measurement system (Model: ZWX-B, Huazhong University of Science and Technology, 

Wuhan, China). The temperature-dependent permittivity analysis was conducted under an 

electric field of 1 V/mm (Model: HP4284A, Agilent Tech.) over the temperature range from 

room temperature to 160°C, with a heating rate of 2°C/min. 
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3. Results and Discussion on Ba1−xSrxTiO3 (x=0-0.3) Ceramics 

3.1. Thermal analysis (DTA/TGA) 

Figure 12 shows the curves of the thermal degradation of BaTiO3 and BSr5%T xerogel using 

TGA and DTA techniques. The raw powders were subjected to thermal decomposition at the 

temperature range of 22–1000 °C in the air with a heating rate of 5°C/min. The thermal analysis 

reveals that the total weight loss is approximately 37% divided into 4 stages of decomposition 

which are clearly seen in the TGA curves. The first mass loss (about 5% for pure BaTiO3 and 

6% for BSr5%T) recorded at approximately 26-229°C, corresponding to an endothermic 

process that attributed to the vaporization of water and lactic acid excess. The second step of 

mass loss, where the significant mass loss occurred. Indeed, TG-curve suggested a weight loss 

of approximately 25% in the temperature range from 229 to 557°C and 23.9% in the range of 

229-550°C for BaTiO3 and BSr5%T respectively, the weight loss in this stage can be due to 

the deformation of gel structure and to the decomposition of the Ba-Ti organic matter. 

Moreover, this step could be also due to the further combustion of organics, such as 

(Ba,Sr)2Ti2O5CO3 [115]. The endothermic peaks in the DTA curves at 307-389 °C 

corresponded to the decomposition of acetate compounds that exist in the samples and the 

vaporization of residual organic compounds. The third stage with a weight loss of 3% (557–

783°C), and 5 % (550–763°C) for BaTiO3 and BSr5%T respectively, are attributed to the 

formation of the carbonate phases (intermediate phases). The last step of weight loss is noticed 

in the range of 783 to 938°C (about 3%) and 763–874°C (2%). Furthermore, this range of 

temperature is attributed to the formation of BaTiO3 and BSr5%T ceramic compounds. This 

step corresponds to exothermic peaks located at 923°C and 878°C in the DTA curves that are 

directly related to carbonate phase decomposition and can be attributed to the completion of 

polymorphic transformation of the samples which has no weight loss change. This study 

revealed that the phase temperature formation of present ceramic samples is around 950°C. 

  

Figure 12. DTA and TGA curves of the uncalcined a) BaTiO3 b) BSr5%T 

3.2. Phase analysis 

Figure 13a shows the X-ray diffractograms (XRD) patterns of Ba1−xSrxTiO3 ceramic powders 

(BSrxT, x = 0, 5, 12.5,15, 20 and 30%) calcined at 950 °C for 3h. It can be clearly seen that all 



27 
 

the presented diffraction peaks correspond to perovskite crystal structure with tetragonal phase 

for x = 0, 5, 12.5, 15, 20% samples, On the other hand, x = 30% sample, revealed the presence 

of cubic crystal structure phase. M. Arshad et al [62] produced BSrxT powders that are obtained 

via solid-state reaction process after calcination at 1100 °C for 3 h, but with the existence of 

the secondary phases, SrTiO2 and SrO. Figure 13a also indicates that no secondary phase 

showing the presence of contamination or impurities is observed for up to 30 % of the 

Strontium dopant. As a result, the solubility limit of Sr into BaTiO3 could be more than 30%.  

The lattice constant (a and c) for BSrxT, where x = 0.0–0.3 prepared samples were estimated 

from XRD analysis taking into account tetragonal and cubic phases using relations (3) and (4) 

respectively [112];  

Tetragonal 

structure 

1

𝑑2
=

ℎ2 + 𝑘2

𝑎2
+

𝑙2

𝑐2
 

(2) 

Cubic Structure    1

𝑑2
=

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 

(3) 

Where a and c are the lattice parameters, (ℎ𝑘𝑙) are Miller indices and d is inter-planar spacing. 

The lattice parameters obtained from XRD data analysis for varying Sr2+ x substitution are 

exhibited in Table 3. The Lattice constant of BaTiO3 (a = 3.9904 Å and c = 4.0418 Å) are in a 

good argument with the described values [116]. As shown in Table 3, the peaks shift to the 

higher angles (Figure 3b) suggest decreasing in the volume (V) of the unit cell. Indeed, a 

Barium substitution modified by Strontium in BaTiO3 compounds (Ba is surrounded by 12 

oxygen atoms) results in a reduction in the unit cell volume and lattice constant of the unit cell, 

the substitution is expected to decrease the lattice constant by increasing the substitution of Sr2+ 

which conforms and in a good argument with the Vegard’s regulation [117]. Whilst Titanium 

is substituted by Strontium, causes an insignificant increase in the volume of the unit cell since 

the ionic radius of Sr2+ (1.18Å) is smaller than Ba2+ (1.35Å) however is although bigger than 

Ti4+ (0.6Å). Thus, the peak displacement to lower angles (x = 12.5%) is due to the occupation 

of Sr2+ ions of both Ba and Ti sites but with a preponderance of occupation of the Ba site. The 

plots of the lattice parameters a, c, and of the unit cell volume are exhibited in Figure 13c. 

Figure 13d shows the opposite influence of the (101) shifting peak and the unit cell volume as 

functions of x content. It can be concluded that the occupation of Ti-sites (octahedral) by Sr2+ 

creates vacancies of oxygen to compensate for the unbalance of charge. Furthermore, if the 

oxygen vacancies are predominantly located along the C axis [118], this contributes to a 

relatively greater reduction degree in the c lattice.  

The variation of the crystallite size (D) was determined using the Debye Scherrer formula 

[119]; 

 
  D =

kλ

β cos θ
 

(4) 

Where  denotes the X-ray wavelength, θ is the Bragg diffraction angle, and β is the full width 

at half maximum (FWHM) of the XRD peak; k is a dimensionless shape factor, with a typical 

value of 0.9, D is the crystallite size, the estimated crystallite size was found to be in the range 
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of 15-30 nm as given in Table 3 and shown in Figure 13e, on which this parameter is frequently 

decreasing.  

The strain parameter was determined using the Wilson formula [120] and the calculated values 

are presented in Table 3,  

 
𝛽 cos 𝜃 =

0.9𝜆

𝐷
+ 4휀 sin 𝜃 

(5) 

Where ε is the strain, β is the full width at half maximum (FWHM), D is the crystallite size, λ 

is the wavelength of CuKα,  and θ is the peak position. The obtained strain is increased with 

increasing the Sr content due to the change in the shrinkages of the unit cell volume as Sr2+ 

concentration increases.  

The other structural parameter such as X-ray density (𝜌𝑥) was determined using the following 

formula [121]; 

 
𝜌𝑥 =

𝑍𝑀

𝑁𝐴𝑉
 

(6) 

Where Z is the number of formula units in the unit cell (Z = 1), NA is the Avogadro’s number 

and M is the molecular mass of the as-prepared samples. The estimated X-ray density (as shown 

in Table 3) is in the range of 6.02 g/cm3-5.793 g/cm3. The obtained results indicated that Sr2+ 

ions have successfully doped into Ba2+ in a BSrxT lattice for (x=5, 15, 20, 30%) and both Ba2+ 

and Ti4+ but, with a predominance of occupation of the Ba-site in the case of x=12.5%.  
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Figure 13. a) XRD patterns of BSrxT samples, b) shifting of the peak position (101), c) 

position of (101) peak and unit cell volume evolution of BSrxT in terms of x(Sr), d) 

Evolution of the cell parameters (a,c and tetragonality) of the as-produced BSrxT powders 
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Table 3. Physical parameters of BSrxT (x=0, 5, 12.5, 15, 20 and 30%) samples 
 

Sample 

 

a (Å) 

 

c (Å) 

 

c/a 

 

V (Å𝟑) 

 

2𝜽 (101) 

(degree) 

 

Crystallite 

size (nm) 

 

Density 

(gm/cm3) 

 

Lattice 

strain 

(×10-3) 

BSr0%T 3.9988 4.0398 1.010253 64.59802 31.78535 30.14602 6.020 1.27 

 

BSr5%T 

 

3.989 

 

4.0295 1.010153 64.11789 

 

31.93801 

 

26.68294 

 

6.001 

 

1.32 

 

BSr12.5%T 

 

3.999 

 

4.0193 1.005076 64.27665 

 

31.88431 

 

22.69694 

 

5.891 

 

2.13 

BSr15%T 3.998 4.001 1.00075 63.952 

 

31.9443 

 

18.40822 

 

5.835 

 

2.19 

BSr20%T 3.997 3.9981 1.000275 63.87368 

 

31.97956 

 

15.52299 

 

5.793 

 

3.56 

BSr30%T 3.9624 3.9624 - 62.21211 

 

32.11495 

 

15.09129 

 

5.539 

 

4.09 

The XRD results are confirmed by FT-IR spectra, as illustrated in Figure 14 Indeed, the 

presence of the band at 509 cm− 1 to 533 cm− 1 can be attributed to the stretching vibrations of 

Ti–O octahedra in the crystal lattice [122]. Moreover, this band is related to Ti4+ in octahedron 

geometry of coordination and anti-symmetric stretching of TiO6 octahedra structure into 

BaTiO3 lattice [112]. The absorption wavenumber of Ti–O bond was shown to shift to the 

higher side with increasing of the Sr2+ content. As mentioned earlier, the peak is shifted from 

around 509.75 cm-1 to 533.20 cm-1 when the amount of Sr2+ ranges from 0.0 to 30% which 

suggests as mentioned in the XRD analysis the shrinkage of the elementary cell volume. 

Furthermore, the Ti-O band could be also attributed to the phase transition from tetragonal to 

a cubic structure. 

 
Figure 14. FT-IR spectrums of Ba1-xSrxTiO3 at different concentrations (x=0-0.3) 
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3.3. SEM and EDS analysis 

The surface and morphology of the ceramic samples were observed through SEM. The SEM 

micrographs of BSr0%T, BSr20%T, and BSr30%T samples sintered at 1100 °C/4 h are 

depicted in Figure 15a, Figure 15b and Figure 15c respectively. The SEM micrographs revealed 

that the prepared ceramics are relatively dense, containing irregularly oriented grains in the 

form of flat blocks. The average grain size measurement was estimated with the help of ImageJ 

software and found to be approximately 4.6, 6.3 and 8.2 µm for x= 0, 15% and 30% 

respectively, showing that with increasing the Sr concentration, the grain size increases which 

is in a good agreement with the above XRD results. Besides, the pores observed in the ceramic 

images, especially those observed in Figure 15c, could be due to the fast cooling by ventilation 

as was reported by Niesz et al. [123]. 

EDS spectrum of Ba1-xSrxTiO3 (x = 0, 0.15 and 0.3) ceramics is presented in Figure 15d, Figure 

8e and Figure 15f respectively.  The obtained spectra from EDS show that all the representative 

peaks of chemical elements Ba, Sr, Ti, and O exist, which indicated that the Ba1-xSrxTiO3 

(x=0.0-0.3) have been successfully produced without any contamination. However, the 

intensity of Sr increases with the increase in Strontium concentration which indicates that Sr is 

completely incorporated into Barium titanate. On the other hand, the evolution of the intensity 

of the characteristic peaks of Ba and Ti are in the energy range of 4.36 to 4.5 KeV which 

precludes the possibility of clearly observing the change in intensity of these peaks.  
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Figure 15. SEM micrographs and corresponding EDS spectra of (a,d) 0%, (b,e) 20% and 

(c,f) 30%. 

3.4. Thermal conductivity 

Figure 16 depicts the room temperature thermal conductivity of the produced samples as a 

function of the composition, x (0, 5, 12.5, 15, 20 and 30%) of the BSrxT.  Pure Barium titanate 

room temperature thermal conductivity data described in the literature are found to be in the 

range of 1.3 to 6 Wm-1K-1 [124]. The variation of the heat conductivity can be due to different 

synthesis methods used to produce BaTiO3 ceramic, the nature of the dopants substituted into 

this material, and various techniques used for the measurement of the thermal conductivity. In 

the present paper, the average thermal conductivity performed on BaTiO3 ceramics is 2.24 Wm-

1K-1, with a standard deviation of 0.02 Wm-1K-1, which is within the range of the reported data 

[88], [125].  The presented value of the thermal conductivity is increased with increasing Sr 

content and found to be in the range of 2.24-6.98 Wm-1K-1 (Table 4). This augmentation is due 

a) 

b) 

c) f) 

e) 

d) 
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to the change in the strength of the bond between the atoms [126]. Moreover, the increase in 

the distance between Ti and O makes the bond relatively weak. In the system, these 

modifications in the strength of the bond tendency are more efficient for thermal conductivity 

than the scattering of the point defect. 

 
Figure 16. Thermal conductivity of BSrxT (x=0, 5, 12.5, 15, 20 and 30%) at room 

temperature 

3.5. Mechanical properties 

Figure 17 shows the variation of the compressive strength of the Sr modified Barium titanate 

ceramics recorded at room temperature.  The values of modulus and the compressive strength 

of all the samples are given in Table 4. It can be seen from Figure 17 that the compressive 

strength of the as-produced ceramics was in the range of 31.03-32.91 MPa, therefore the 

obtained values of compressive strength showed an insignificant decrease when Sr 

concentration increase. The strength of the cohesion between the grains of the ceramic as well 

as the size and shape of the particles depending on the shrinkage, pores, and distance of the 

particles. The more grains that form near a irregular shape, the more nearly they are to attach 

the particles together, resulting in high compressive strength [127].  The higher compressive 

strength seen in this study was likely attributed to more grains forming the irregular flat blocks 

shape, which made the bonding much weaker. Besides, it can be observed from the SEM 

analysis there is an important difference in the microstructure between the pure BaTiO3 and 

BSr30%T. For flat blocks of BaTiO3 and BSr30%T which have an average grain size in the 

range of 4.6 µm to 8.2 µm, the estimated values of pores diameter have almost the same size 

and shape of pores, which, in the two cases, are in flat blocks shape. Furthermore, for the pure 

BaTiO3 showing a smaller grain size (4.6 µm), the pores also have a lower size and consist of 

a flat block shape.  The highest compressive strength of BaTiO3 corresponds to the smaller 

grain size, in contrast, the lowest value was 31.14 MPa for the composition BSrxT (x=30%). 
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Figure 17. Compressive strength histogram of the as-prepared BSrxT ceramics samples (x=0, 

5, 12.5, 15, 20 and 30%) 

Table 4. The thermal conductivity value and mechanical properties of BSrxT (x=0-30%) 

ceramic materials after sintering at 1100°C/4h. 
  

Samples 

Parameter 

Thermal conductivity 

(Wm-1K-1) 

Compressive strength 

(MPa) 

Young Modulus  

(MPa) 

BSr0%T 2.24 32.91 188.28975 

BSr5%T 2.35 32.1 213.91143 

BSr12.5%T 3.71 31.81 177.37345 

BSr15%T 3.72 31.79 183.26072 

BSr20%T 4.84 31.14 137.13244 

BSr30%T 6.98 31.03 167.68385 
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4. Results and Discussion on Yttrium-Doped BaTiO3 for Next-

Generation Multilayer Ceramic Capacitors 

4.1. Structural analysis using XRD 

The XRD analysis was conducted to determine the phase purity and crystallinity of yttrium 

doped barium titanate (Ba1-xYxTiO3) at various doping concentrations (x = 0.00, 0.05, 0.125, 

0.15, 0.2, and 0.3). The study used XRD spectra between 20 and 90-degree scan angles, and 

the samples were heated to 950 °C. The results showed that the powdered samples had a 

perovskite structure, as indicated by the diffraction pattern in Figure 18(a). The diffraction 

peaks observed at 2θ° = 22.23°, 31.41°, 38.74°, 44.96°, 45.42°, and 50.79° matched with 

those reported in the previous studies [15], [128]. The XRD analysis revealed that the 

average diffraction peaks of the samples were consistent with JCPDS card no. 00-005-0626, 

which indicates a tetragonal formation of BaTiO3 ceramic for all the samples except x = 

0.03, which shows a pseudocubic structure. This is likely due to the fact that yttrium is 

dissolved up to a certain depth in the BT particles [129], which leads to a reduction in 

tetragonality. A similar outcome was reported by Kim et al., who found that the 

ferroelectricity of BT decreases significantly when the grain size is below 7μm and the 

structure changes from tetragonal to pseudocubic [130]. The phase changes observed in the 

samples are a combination of tetragonal and cubic phases, which are presented as a 

pseudocubic phase. The XRD pattern of BT powder shows a pure tetragonal phase, but as 

the concentration of Y2O3 increases, there is a decrease in tetragonality. This result is 

consistent with our previous studies [14], [131], [132]. The XRD diffractogram revealed a 

double peak at around 2θ ≈ 45°, as shown in Figure 2(a), which indicates the presence of a 

tetragonal ferroelectric phase with (002) and (200) planes. The peaks at (002) and (200) 

show a minor distortion and shift towards a higher angle, as well as an increase in lattice 

parameters. This is believed to be caused by the incorporation of Y3+ ions at the Ba sites, 

which leads to an enlargement of the crystal cell volume. The structural properties can be 

inferred from the characteristic peaks (002, 200) at around 45°. 

To obtain more accurate structural parameters, the Rietveld refinement was conducted using 

the FullProf software on the XRD data of the synthesized samples. Figure 18(b) presents a 

comparison of the experimental and fitted XRD patterns for the BY20%T composition. 

The variation of the crystallite size (D) was determined using the Debye Scherrer formula 

[119]; 

 
D =

kλ

β cos θ
 

(7) 

The Rietveld refinement was used to determine various parameters such as the lattice 

parameters (a, b, and c), tetragonality (c/a), and crystallite size from the XRD data of the 

synthesized samples. The Rietveld refinement was performed using Eq. (7) and the X-ray 

wavelength (λ), Bragg diffraction angle (θ), and the full width at half maximum (FWHM) of 

the XRD peak were considered. Table 1 shows the results of these calculations. 
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Figure 18. (a) XRD patterns of Y-BaTiO3 ceramics, (b) Rietveld refinement plot of 

BY20%T, and (c) W–H plot of BY20%T 
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Table 5. Structural parameters of BYxT, x = 0, 5, 12.5, 15, 20, and 30% samples 

 

Sample 

Ba1-

xYxTiO3 

 

a=b 

(Å) 

 

c (Å) 

 

c/a 

 

V (Å3) 

 

Space 

group 

Crystalline size, D 

(nm) 

Strain, Ɛ 

Deby-

Shearer 

Williamson-

Hall 

method 

Deby-

Shearer 

(×103) 

Williamson-

Hall 

method 

(×103) 

x=0.00 3.9988 4.0398 1.0102 64.598 P4mm 30.14 29.36 5.287 1.27 

x=0.05 3.9911 4.0293 1.0102 64.182 P4mm 27.52 28.20 4.356 1.35 

x=0.125 3.9989 4.0291 1.0075 64.43 P4mm 29.89 29.99 5.015 1.25 

x=0.15 3.9901 4.0185 1.0071 63.978 P4mm 34.78 33.53 7.581 3.47 

x=0.2 3.9976 4.0021 1.0011 63.956 P4mm 33.12 31.41 6.125 1.52 

x=0.3 4.0027 4.0051 1.0005 64.168 P4mm 25.03 23.16 4.030 2.24 

The crystalline size of BT decreases initially for a doping concentration of x = 5% wgt. of 

yttrium, but then increases with further doping; for x =12.5%wgt., the cell volume also 

increases. The tetragonality or grain lattice parameters can be affected [133] by defects and 

impurities when sintering at a low temperature of 1200 °C. The XRD analysis suggests the 

formation of a perovskite phase with improved crystallinity in BYT. The change in the lattice 

parameters c values shows the incorporation of the dopant metal Y3+ into the Ba-site. However, 

it is also possible that the yttrium is integrated into the titanium site as it can occupy either the 

Ba or Ti site [14]. The formation of oxygen vacancies, grain growth, and grain boundary 

diffusion can depend on the sintering temperature and can also be influenced by temperature, 

impurities, and crystal orientation. The volume of the unit cell was calculated by multiplying 

a2*c, and the results are presented in Table 5. The addition of Y3+ significantly enhances the 

tetragonal matrix of BYT, increasing the unit cell volume from 64.598 Å3 (x = 0.0) to 63.956 

Å3 (x = 0.07). The lattice parameters (a, c) of the samples increase as the yttrium content 

increases, as a result of the variation in electronic density and ionic radii of Y3+. This type of 

enlargement has also been observed for zirconium doping in a tetragonal matrix of BaTiO3  

[134].  

The broadening of diffraction peaks in a material is mainly caused by lattice-strain that is 

initiated by crystallite defects and distortions, according to the suggestion of Williamson and 

Hall (W–H) [134]. 

 Whkl = Wcrystalite + Wstrain (8) 

The W-H method states that the full width at half maxima intensity (Whkl) is related to the 

lattice strain and crystalline sizes. The broadening that is attributed to the lattice strain can be 

denoted as Wstrain, which is calculated using the following equation [135]; 

 Wstrain=4εtanθ (9) 
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Rearranging W–H Eq. (8) we get. 

 Whklcosθ=0.9λCs+4εsinθ (10) 

The W-H method plots the Whkl cosθ versus 4sinθ for Y-BT samples, as shown in Figure 2(c). 

The lattice strain and the average crystalline size can be determined from the slope and the y-

intercept of the linear line. These values are obtained using Eq. (9, 10) and are presented in 

Table 1. Both the Debye-Scherrer and W-H analyses indicate that the crystalline size and strain 

of all the samples follow the same trend [135]. 

The perovskite (ABO3) structure is relatively stable due to the large difference in ionic radius 

between the A-site and B-site ions, which makes it difficult for them to jump positions and 

produce corresponding resistance drift. The most prominent feature of the perovskite structure 

is that it has strong doping ability on both A-site and B-site, and other elements are often doped 

in experiments to enhance their original properties. The tolerance factor t of the perovskite 

structure was proposed by Goldschmidt in 1926, and the expression for ABO3 is as follows 

[136]: 

 
𝑡 =

(𝑟𝐴 + 𝑟𝑂)

√2(𝑟𝐵 + 𝑟𝑂)
 

(11) 

where rA is the ionic radius of the A-site cation, rO is the ionic radius of the oxygen ion, and rB 

is the ionic radius of the B-site cation, which is a semi-empirical formula, which can roughly 

explain the stability of perovskite materials, and the tolerance factor of stable perovskite is 

between 0.77 <t <1.10. 

The tolerance factor for pure BT ceramic is t =1.07, which suggests a slight deformation of the 

crystal structure, where rA(Ba2+) = 1.61 Å, rB(Ti4+) = 0.605 Å, and rO(O2-) = 1.4 Å. The 

incorporation of Y3+ (r (Y3+) = 0.9 Å) into BT causes a reduction in Goldschmidt's tolerance 

factor. The values of t for Ba1-xYxTiO3 samples are calculated and presented in Table 6, which 

ranges from 1.07 to 1.051, similar to the results in ref [137]. Here it is expected that the A-site 

and B-site will be occupied by large and small ions respectively, and both A and B sites with 

different partitioning for each ion will be occupied by intermediate ions. However, using 

tolerance factors to assess the ions in different sites is simply a qualitative measure [137]. 

Table 6. Tolerance factor(t), Bulk density (ρb), X-ray density, (ρx), and Porosity (P) of BYT. 

Sample 

Ba1xYxTiO3 
Tolerance 

factor(t) 

Bulk Density,  

ρb (g.cm-3) 

X-ray density, 

ρx (g.cm-3) 

Porosity, 

P (%) 

x=0.00 1.070 2.490 6.033 58.72 

x=0.05 1.068 2.398 6.175 54.52 

x=0.125 1.061 1.229 5.879 40.15 

x=0.15 1.056 2.783 5.778 40.08 

x=0.2 1.055 1.691 5.745 39.25 

x=0.3 1.051 1.613 5.695 35.90 

The X-ray density of the synthesized samples have determined by the equation. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9474321/#fd3
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𝜌𝑥 =

𝑍𝑀

𝑁𝐴𝑎3
 

(12) 

where Z is the number of atoms per unit cell, M is the molar mass, NA is Avogadro's number 

and a is the lattice constant of the samples respectively. The bulk density has been calculated 

by following formula [138]. 

 𝜌𝑏 =
𝑚𝜋

𝑡𝑟2
 (13) 

Where m is the mass, t is the thickness, and r is the radius of the prepared pallet samples 

respectively. The porosity of synthesized BYT samples was estimated using the following 

relation [139]. 

 𝑃 = (1 − 𝜌𝑏𝜌𝑥)× 100% (14) 

ρx, ρb are the X-ray density and bulk density of the prepared samples, and porosity is measured 

using Eqs. (6), (7), and (8), respectively. The thickness of the BYT pellets was ~0.50 cm for 

all studied samples. The calculated values of X-ray density, bulk density, and porosity of the 

BYT samples are summarized in Table 6. With an increase in doping concentration, the X-ray 

density, porosity, and bulk density decrease. 

4.2. FT-IR spectroscopy 

FT-IR spectroscopy was used to study the functional groups present in ceramic powders. The 

results, shown in Figure 19(a), demonstrate the FT-IR spectra of Y-doped BaTiO3 ceramic 

materials. The bands at 870 cm-1 and 1428 cm-1 are attributed to the O-H stretching vibration 

and deformation vibration, respectively, caused by the hygroscopic nature of the KBr used in 

the analysis. Two bands at 449 cm-1 and 479 cm-1 are present in all samples, the band at 438 

cm-1 is associated with the Ti-O bending vibration along the polar axis, and the band at 479 cm-

1 is assigned to Ti-O stretching vibration [140]. These bands indicate that all of the synthesized 

samples have a pure tetragonal phase. From Figure 19(b), the wavenumber position of the Ti-

O bond stretching and bending vibrations changes smoothly as the amount of yttrium increases, 

this is due to the distortion of the unit cell when yttrium atoms are introduced into the BaTiO3 

lattice structure. However, the wavenumber position remains constant for the bending vibration 

as the Y content in the BaTiO3 matrix changes. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9474321/#fd7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9474321/#fd8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9474321/#fd9
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Figure 19. (a) FT-IR spectra of Y-doped BaTiO3 ceramic powders and (b) absorption 

frequency Ti-O bond as a function of the Y content 

4.3. Surface structure measurement using FESEM 

Figure 20(a-c) shows FESEM micrographs of the BT, BY20%, and BY30%T pellets. The 

FESEM micrographs of the BT sample reveal an assortment of non-uniform grains with some 

coalescence. The interiors of the fleshy grains are clearly visible in the BT sample. Noticeable 

changes in the texture of the grains are observed with yttrium doping. It can be observed that 

each composition exhibits a dense microstructure, which can provide favorable electrical 

properties and improve the electrical stability of ceramics [141]. Furthermore, the grain size 

decreases with an increase in yttrium content, accompanied by a transition from surface grains 

with a porous structure to a nanoporous structure. A closer examination of Figures 20(b) and 
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20(c) shows that the surface layers of the pellets are covered with a large number of smaller 

grains, as well as larger grains of various shapes. Interestingly, sharp-edged hexagonal-shaped 

grains are embedded within the matrix of smaller grains in the A-site Y-doped samples. This 

structure is less pronounced in the simultaneously and B-site doped materials, where 

sedimentary growth patterns are observed. The irregular surface morphology in Y-doped 

samples may be attributed to the interaction between granular surfaces facilitated by the dopant 

cation. 

 

Figure 20. FESEM micrographs of Ba1-xYxTiO3 (where a, b, and c are x=0.00, 0.2, and 0.3 

respectively) 

An energy-dispersive X-ray spectrometer EDAX Octane Elect-Plus was used to check the 

distribution of individual elements within the grains. The EDS investigations show that the 

obtained ceramics contain only the elements introduced as substrates, with no other impurities 

detected in the spectrum. The content of barium and titanium elements slightly differs from the 

theoretical stoichiometry, whereas the content of yttrium is encumbered by a small uncertainty, 

which is related to their small participation in the whole mass of the sample, smaller than the 

threshold of device detection (Table 7). 
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Table 7. Theoretical and experimental contents of elements for BT, BY20%T, and BY30%T 

ceramics 

Element Content of element from 

EDS (wgt. %) 

(Measurement) 

Theoretical Content 

(wgt. %) 

Accuracy 

(wgt. %) 

BT ceramics 

BaL 50.36 50.21 0.29 

TiK 31.26 31.76 1.57 

O K 18.38 18.03 1.94 

BY20%T ceramics 

BaL 41.63 41.27 0.87 

TiK 22.96 23.10 0.60 

O K 15.47 15.63 0.88 

Y L 19.95 20.00 0.25 

BY30%T ceramics 

BaL 28.71 29.57 2.9 

TiK 24.20 23.8 1.67 

O K 17.06 16.63 2.58 

Y L 30.03 30.00 0.10 

The surfaces of the samples were checked in terms of element distribution homogeneity 

(Figures 21(a), 21(b), and 21(c)). The presence of each element is shown on the mapping in 

the form of points, where density informs about its concentration. The obtained results indicate 

that the element distribution is homogeneous in all samples, with some places characterized by 

lower concentrations due to the microstructural features of the material. 
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Figure 21. Mapping images for (a) BT, (b)BY20%T, and (c) BY30%T 

4.4. Optical properties 

The relationship between the crystalline structure and physical properties in perovskite 

materials is delicate, meaning that small changes in the structure can lead to significant 

variations in their physical and optical properties. To analyze the optical behavior of the 

materials, UV-Visible absorption spectroscopy was used. The results, shown in Figure 22, 

display the diffused reflectance UV-vis spectra of pure and Y-doped BT ceramics in the range 

of 350-800 nm. The doped samples exhibit an interesting behavior by absorbing visible photons 

in the region above 400 nm with a maximum absorption of 45% for highly doped BT. This 

absorption causes a drop in the UV spectra of yttrium-doped samples. Regardless of the Y site 

occupancy, all doped samples show three distinct peaks in the visible region of the spectra. The 

preference of Y in BT lattice has a slight effect on the absorption of photons.  
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Figure 22. Diffused reflectance spectra of BYxT (x=0-30%) samples 

The optical band gap energy (Eg) of Ba1-xYxTiO3 (x = 0-0.3) samples was calculated using the 

Kubelka-Munk (K-M) method. This method was chosen because it allows for accurate 

extraction of Eg values as well as the stimulation of the measured diffuse reflectance [142]. 

The Kubelkae-Munk equation at any given wavelength is represented by the equation: 

 
𝐹(𝑅) =

(1 − 𝑅)2

2𝑅
=

𝑘

𝑆
 

(15) 

where K, S, and R parameters represent the absorption coefficient, scattering coefficient, and 

diffuse reflectance respectively. The F(R) function which is proportional to the absorbance 

coefficient is proposed by P. Kubelka and F. Munk [142]. This function was used to analyze 

the type of inter-band transitions by applying the McLean analysis [142]. The Tauc plot relation 

was then used to calculate the optical band gap (Eg) as shown in Figure 23; 

 𝐹(𝑅)ℎ𝜈 = 𝐶1(ℎ𝜈 − 𝐸𝑔)𝑛 (16) 

where F(R)=α(λ)=
𝑘

𝑆
 is the absorption coefficient, and C1 is a constant dependent on the 

transmittance, called the band tailing parameter. The coefficient ν=c/λ is the light frequency, 

and h is Plank's constant h =6.626×10−34 J sec. The possible values for the index n are equal to 

1/2, 2, 3/2, or 3 and each describes respectively direct allowed, indirect allowed direct 

forbidden and indirect forbidden transition types. From Eq. (16), the extrapolation of the 

tangential line from high photon energy gives the optical band gap value. So, in order to get 

the optical band gap value, the Tauc functions were used for BYT with the assumption that 

n=2. As shown in Figure 23 and listed in Table 8, the Eg values of BYxT (x=0, 5, 12.5, 15, 20, 

and 30%) obtained by extrapolating the linear part to the horizontal axis are in the range of 

3.10 to 2.21 eV, which are considerably lower than that of the pure BT (3.10 eV). The band 

gap reduction of BY30%T (Figure 23(f)) is the most evident, and it's even more significant 

than those of other photovoltaic perovskite ceramics  [143], [144]. The optical behavior of the 

materials can be explained by the electronic states of the highest energy band that is occupied 
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by electrons (VBM) and the next highest energy band above the valence band that is 

unoccupied (CBM) generated by Y3+ cation doping. In BT, the VBM is around the O 2p orbital, 

which has a slight interaction with the Ti 3d and Ba 6p orbitals, whereas the CBM is around 

the Ti 3d orbital [145]. The position of the conduction band is affected by the electronegativity 

of the doping ions, the more electronegative the ions, the lower the conduction band position 

[146]. When a doping element is introduced, the VBM is localized around the Y 3d orbital. As 

the Y cations are more electronegative than Ti, the energy of the Y 3d orbital is lower than that 

of the Ti 3d orbital. This results in a downward shift of the conduction band edge into the band 

gap, leading to a reduction in the Eg. Moreover, according to a report by Choi [147], the optical 

band gap may also be related to the lattice distortion caused by the ion substitution. The lattice 

distortion increases as the radius of the doping ions decreases, resulting in a rearrangement of 

the molecular orbital and a decrease in the band gap. Yttrium is the preferred element to reduce 

the band gap of BT material according to the experimental data analysis. These results indicate 

that the band gap of BT ceramic can be effectively reduced by Y doping to improve its 

properties for visible and ultraviolet absorption. Optimizing the doping concentration can 

further modify the band gap of BT ceramic material. All these results suggest that the optical 

properties of BYxT (x=0-30%) ceramics can be regulated and the synthesized ceramics are 

good candidates for high-performance multilayer ceramic capacitors. 

 

Figure 23. Band gap energy from Tauc plot of (a) BT, (b) BY5%T, (c) BY12.5%T, (d) 

BY15%T, (e) BY20%T, and (f) BY30%T 
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Table 8. Band gap value of Ba1-xYxTiO3, (x=0-0.3) 

Sample Band gap value (eV) 

This work 

Band gap value (eV) 

Literature 

Ba1-xYxTiO3, x=0.00 3.10 3.26[148], 3.2[149] 

Ba1-xYxTiO3, x=0.05 2.93 3.11[150] 

Ba1-xYxTiO3, x=0.125 2.85 2.91 [149] 

Ba1-xYxTiO3, x=0.15 2.72 - 

Ba1-xYxTiO3, x=0.20 2.31 3.14[150] 

Ba1-xYxTiO3, x=0.30 2.21 - 

As previously discussed, the band gap estimated from the reflectance results is influenced by 

both the structure parameters and the composition. The new optical band gap obtained for the 

compositions is a result of the displacement of the valence and conduction band edges. To 

visualize this shift, the conduction band minimum (CBM) and the valence band maximum 

(VBM) were calculated using the following equation: 

 𝐸𝐶𝐵 = 𝜒 − 𝐸𝑒 − 0.5𝐸𝑔 (17) 

 𝐸𝑔 = 𝐸𝑉𝐵 − 𝐸𝐶𝐵 (18) 

The equation used to calculate the CBM and VBM is where ECB and EVB are respectively the 

conduction band and the valence band potentials. Eg is the band gap estimated from the UV-

vis results. Ee is equal to 4.5 and represents the energy of the free electrons vs hydrogen. χ is 

the electronegativity of the semiconductor and can be calculated as follows: 

 
𝜒 = [𝜒(𝐴)𝑎𝜒(𝐵)𝑏𝜒(𝐶)𝑐𝜒(𝐷)𝑑𝜒(𝐸)𝑎]

1
𝑎+𝑏+𝑐+𝑑+𝑒 

(19) 

The parameters a, b, c, d, and e are the number of atoms in each composition, and χ(y) is the 

electronegativity of each element of the compound. The new optical band gap obtained for the 

compositions is a result of the displacement of the valence and conduction band edges. To 

visualize this displacement, the conduction band minimum (CBM) and the valence band 

maximum (VBM) were calculated using an equation that takes into account the conduction 

band and valence band potentials, the band gap estimated from the UV-vis results, the energy 

of free electrons, and the electronegativity of the semiconductor. The equation also includes 

parameters such as the number of atoms in each composition and the electronegativity of each 

element of the compound. Figure 24 illustrates the shift of the CBM and VBM which is in line 

with the shrink of the band gap. Both bands are affected as the amount of substitution increases, 

a downward shift is observed for the conduction band minimum while the valence band 

maximum shifts upwards. 
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Figure 24. Schematic representations of the calculated conduction band minimum and the 

valence band maximum for the perovskite series Ba1-xYxTiO3 (0 ≤ x ≤ 0.3). 

4.5. Thermal and electrical properties 

The thermal and electrical conductivities of Ba1-xYxTiO3 ceramic samples (BYxT) were 

examined as a function of yttrium content at room temperature and 180°C, as illustrated in 

Figure 25. BaTiO3 has lower thermal and electrical conductivity compared to Y, thus the 

addition of Y in BaTiO3 system will lead to a percolation behavior. As the concentration of Y 

increases, the thermal and electrical conductivities follow a power law pattern, as demonstrated 

in equations (20) and (21) [151], 

 𝑘 ∝ (𝑉𝑇 − 𝑉)−𝑞  for V<VT (20) 

 𝜎 ∝ (𝑉𝐸 − 𝑉)−𝑡  for V<VE (21) 

The thermal and electrical conductivities of Ba1-xYxTiO3 ceramic samples (BYxT) were studied 

as a function of yttrium content. Equations (20) and (21) were used to estimate the thermal and 

electrical conductivities as a function of Y content, and the percolation threshold (VT and VE) 

was calculated. When the Y content is low, the heat conduction is mainly dependent on the 

vibration of phonons and the electrons play a minor role. The phonon scattering effect makes 

it difficult to improve thermal conductivity significantly. As the Y content increases, the Y 

phase becomes interconnected, allowing electrons to move freely and carry heat, resulting in a 

percolation behavior. The thermal percolation threshold VT is 12.5% and the electrical 

conductivity of the compounds increases sharply when Y content increases from 12.5 to 30 %. 

The electrical percolation threshold VE is calculated to be 12.5%. Although VT is very close to 

VE, BYxT samples with 12.5 % of Y content show a high thermal conductivity and relatively 

low electrical conductivity. The electrical conductivity of all the samples increases with 

measurement temperature which is typical of semiconducting behavior as shown in Figure 

25(b). The sample 30%Y BT has a notably higher electrical conductivity when compared to 

other samples. This suggests that the carrier concentration and mobility in this sample are in 
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an ideal doping range. It was also observed that there is a significant improvement in the 

electrical conductivity of BaTiO3 samples when Y is added in greater than 20%. However, 

adding more than 30% Y to BaTiO3 may decrease the conductivity because BaTiO3 is a Mott 

insulator and in alloy form reduces the conductivity. The electrical conductivity is directly 

proportional to carrier concentration and mobility. Although it would be beneficial to use Hall 

effect measurements to measure carrier concentration and mobility separately, it is not possible 

for these samples due to their low conductivity. The sample BY5%T has a lower conductivity 

in comparison to BY30%T which has the same Y doping. This difference in conductivity is 

likely due to the presence of nanostructured pores which impede carrier mobility [152].  Our 

research aimed to investigate the impact of yttrium doping on the electrical properties of 

BaTiO3 for use in MLCCs. Since BaTiO3 is naturally insulating, adding Y in atomic percentage 

improves the electrical conductivity and converts it into an n-type semiconducting material 

through electron doping. Other dopants have also been shown to improve the electrical 

conductivity of BaTiO3 in previous studies [153], [154]. 

The thermal conductivity of all the samples increases with temperature, as shown in Figures 

25(a) and 25(b). The sample BY30%T BT has the highest thermal conductivity, which is likely 

due to the charge compensation of defects in the crystal structure near the Y atoms, which 

improves the electronic conductivity. Notably, the thermal conductivity of the sample with 

nanostructured pores (BT sample) is significantly lower compared to the sample BY30%T 

which has less nano porosity. This is likely caused by the phonon boundary scattering by the 

nanostructured pores of the sample in addition to phonon defect scattering by the Y atoms [155], 

[156]. Multiple theoretical studies have indicated that structures containing pores within the 

range of a few nanometers to a few tens of nanometers can effectively scatter phonons of 

various wavelengths [157]. The thermal conductivity for the porous sample is less than 2.24 

W/K.m at room temperature and around 2.02 W/K.m at 180 °C. Thermal conductivity can be 

broken down into two parts: κel, which is the thermal conductivity caused by the movement of 

electrons or holes, and κph, which is the thermal conduction by lattice vibration, also known 

as phonon thermal conductivity. The κph can be expressed as κph = 1/3 * CV * V, where the 

heat capacity (Cv) at constant volume and the phonon velocity (V) are constant, and thus the 

κph primarily depends on the phonon mean free path (MFP) (l). The mean free path of phonons 

in BaTiO3 is on the order of 10-8 m, which is close to the nanometer scale, thus it is possible to 

scatter the phonons with nanoscale pores [158]. The mean free path of the phonons is increased 

due to the nanostructured pores in the sample BY30%T, resulting in a low phonon thermal 

conductivity. To isolate the role of phonon thermal conductivity, the electronic contribution 

must first be subtracted. According to the Wiedemann-Franz law, κel is directly proportional 

to the electrical conductivity and temperature, T. κel = LTσ, where L is the proportional 

constant known as the Lorenz number which is an experimental value, and σ is the electrical 

conductivity. Normally, L is treated as a universal factor with the value of 2.44 x 10-8 WΩK-2 

for a degenerate semiconductor. In the samples of Y-doped BaTiO3, the presented data show 

that the contribution of κel to the total thermal conductivity is insignificant. Furthermore, the 

increase in thermal conductivity with increasing yttrium content is likely because yttrium is a 

good heat conductor. Yttrium has a relatively high melting point and a relatively low atomic 

mass, which can contribute to its ability to conduct heat. Additionally, yttrium has a relatively 
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low lattice thermal conductivity, meaning it does not transfer heat efficiently through vibrations 

of the atomic lattice. It is also possible that the increase in thermal conductivity with increasing 

yttrium content is due to the formation of a solid solution between the yttrium and BaTiO3. 

When yttrium is added to BaTiO3, it may form a solid solution in which the yttrium atoms are 

distributed randomly throughout the BaTiO3 lattice. This can lead to an increase in the number 

of conduction electrons in the material, which can in turn increase its thermal conductivity. 

 

 

Figure 25. Thermal conductivity and electrical conductivity of BYT as a function of Y 

content at (a) Room temperature and (b) 180°C 

To investigate the electrical behavior of Ba1-xYxTiO3 (x=0.05-0.3) ceramic samples, impedance 

analysis of the prepared sample was conducted at 180 °C. The V-I polarization plots, shown in 

Figure 26, consisting of three distinct regions: the activation loss (MN), ohmic loss (NP), and 

concentration loss regions (PQ). The loss that occurs near low values of currents is known as 

the activation loss and is likely caused by the electrostatic potential that overcomes the energy 
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barrier [159], [160]. The activation energy is the minimum energy required to cross the energy 

barrier at the interface to initiate a reaction (electrochemical) at electrodes. The region NP 

indicated in the entire graphs of Figure 26(a-e) is the ohmic loss, when the energy barrier is 

crossed, ion transport occurs through the nanopores, which generates appreciable resistance, 

this is because of the resistance generation while the transport of the ions through the nanopores 

of the prepared materials towards the electrodes. The Ohmic loss region is a linear region, 

which is also evident from Figure 26(a-e). It is noted that pure BT ceramic has a nearly linear 

curve, while Y-doped BT ceramics exhibit curves with nonlinear regions. This reveals that Y-

doped BT samples have varistor-like nonlinear current-voltage properties. The insufficient ions 

available for the electrodes in the highly reactive state may be responsible for the concentration 

loss as indicated by the PQ region of Figure 26(a-d). In the case of BYT, the presence of 

nanopores can affect the I-V characteristics in several ways. For example, the presence of 

nanopores may increase the surface area of the material, which can increase the number of 

charge carriers available to contribute to the current. This leads to an increase in the 

conductivity of the material (Figure 26(a,b)) and a corresponding decrease in the resistance. 

This can be seen as a decrease in the flattening of the I-V curve. The FESEM analysis (Figure 

26(a-c)) of the prepared samples reveals that the pure BT sample has many nanopores, whereas 

the samples BY20%T and BY30%T have reduced porosity. The samples BY20%T and 

BY30%T do have some porosity, but less than the BT sample. On average, the porosity of the 

prepared barium titanate has been reduced with the increase in Y3+ content. The XRD analysis 

also confirms the reduced porosity of doped samples. The above optical analysis confirms the 

reduced band gap energy and defect states of the higher doped samples BYxT (x=5-30 wgt.%)), 

which indicates the generation of oxygen vacancies and unsaturated surface cations [161]. 

Additionally, the decrease in porosity results in a weak electrostatic potential which dissociates 

physisorbed atom bonds to a lesser extent, thereby reducing the offload current and output 

power. A systematic decrease in offload current and output power has been observed with the 

increase in Y3+ content. Thus, the present study shows that structural, optical, and voltage-

current properties can be tuned using yttrium metal. 
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Figure 26. V–I characteristics measured at 180 °C of (a) BY5%T, (b) BY12.5%T, (c) 

BY15%T, (d) BY20%T, and (e) BY30%T 
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5. Results and Discussion on Role of A-site (Sr), B-site Y, and A, B 

sites (Sr, Y) Substitution in Lead-free BaTiO3 Ceramics 

5. 1. TGA and DTA study 

Figure 27 illustrates the TGA and DTA-based thermal decomposition graphs of BT and BSrTY 

xerogel. The uncalcined samples were exposed to thermal degradation at temperatures between 

22 to 1000 °C under a rate of 5°C/min. According to the thermal study, the overall mass loss 

was around 37 %, subdivided into 4 steps. The initial weight loss (about 5% for undoped 

BaTiO3 and ~6% for BSrTY) was found at approximately 26-229°C, related to an endothermic 

mechanism associated with lactic acid excess and vaporization of water. In the next stage of 

weight loss, where the largest weight loss was observed. Although TG-curve predicted that the 

mass of BT and BSrTY would decrease by around 25% and 23.9%, respectively, in the range 

of temperatures of 229 to 557°C and 229-550°C, the mass loss in this step can be due to the 

degradation of the Ba-Ti organic matter and to the deformity of the gel structure. Additionally, 

this process may also be brought on by the continued combustion of organic materials like (Ba, 

Sr)2Ti2O5CO3 [162]. The presented endothermic peaks in the DTA spectra at the temperature 

range of 307-389 °C are related to the vaporization of leftover organic matter. The third step 

(557–782°C) ~3% of mass loss and(550–764°C) ~5 % for BT and BSrTY respectively, are due 

to the creation of the intermediate phases. The final stage was found between 782 to 938°C 

(about 3%) and 764–874°C (2%). This step is corresponding to the crystallization of BT and 

BSrTY, ceramic samples. Furthermore, the observed exothermic peaks at ~878°C and ~923°C 

in the DTA spectra are attributed to the decomposition of the carbonate phase. The present 

study found that the ceramic samples’ phase formation temperature is around 950°C. 

  

Figure 27. TGA and DTA curves of the uncalcined (a) BaTiO3 and (b) BSrTY 

5.2. X-ray diffraction  

The phase formation and the crystallinity are discussed using X-ray diffraction (XRD) analysis. 

The XRD patterns of BT, BSrT, BYT, BTY, BYTY, and BSrTY are presented in Figure 28a. 

No additional peaks were observed in the XRD patterns, which confirms the entire 

incorporation of 7.5%Sr and 7.5%Y as dopant ions in the BaTiO3 system. Wang et al. [163] 
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produced BaTi1-xYxO3 (x =0-0.03) ceramics through a solid-state reaction process and 

identified the appearance of BaTi2O5 as an impurity phase. The secondary phase Y(OH)3 was 

also seen in the XRD patterns of sol hydrothermally treated Y-modified BaTiO3 powders (Y 

content such as x =0-0.03) [164]. The close observation of the XRD pattern by zooming in on 

the peak (101) (Figure 28(b)) over a range of 30° < 2ϴ < 34°; displays a shift of the peak (101) 

initially to lower angles for BSrT, BYT, and BTY. A displacement of Ba2+ by Y3+ ions into 

BaTiO3 lattice leads to a decrease in the volume (V), while the substitution of Y3+ into Ti4+ 

ions increases the volume of the unit cell. Therefore, this shift of the peaks to lower angles 

(BSrT, BYT, and BTY) can be attributed to Y3+ ions occupying both Ba2+ and Ti4+ lattice sites, 

especially with a preference for the occupation of Ti sites, which may lead to the generating of 

oxygen vacancies. In the case of BYTY and BSrTY, where a shift of the peaks to the higher 2θ 

angles was detected, this tendency is reversed; Both Ti and Ba sites are still occupied by Y3+. 

However, Ba-sites are now more frequently occupied, which in this case results in a significant 

decrease of the oxygen vacancies as Y behaves as a donor [165]. Moreover, in both cases, 

barium substituted by strontium in BaTiO3 ceramic (twelve oxygen atoms surround the Ba 

atom) caused a decrease in the volume(V) and lattice parameters. This outcome demonstrated 

that Sr2+ ions are properly incorporated into Ba2+ sites in BSrT and BSrTY systems [166]. 

Furthermore, the shrinkage within the lattice parameters could be justified by the substitution 

of Ba2+, which has a higher ionic radius (1.61 Å) by the lower ionic radius Sr2+ (1.44 Å). This 

also unequivocally demonstrates the substitution of Ba2+ sites by Sr2+ ions without having the 

option of doing so in Ti4+ sites, since Ti4+ has an ionic radius of 0.61 Å, which is significantly 

lower than that of Ba2+ and Sr2+. 

In XYO3 perovskite structure, X ions and Y ions are surrounded by 12 and 6 oxygen ions, 

respectively. Indeed, the modification of Ti4+ ions by Y3+ ones leads to an expansion of the cell 

volume (V) and to the generation of oxygen vacancies to balance out the charge imbalance. As 

a result of the valence state of the doped atoms, two cases can be taken into consideration. 

(i) The charge imbalance is compensated by oxygen vacancies in the acceptor dopants 

because their ionic charge is lower than that of the substituted ion [167], [168]. 

(ii) Higher-ionic-charge donor dopants. In this regard, X- and/or Y-vacancies 

(4X2++Y4+⇒4Y3+VY; 3X2+⇒2Y3++VX, where X=Ba and Y=Ti) are created to 

maintain the charge balance. This behavior of the cell volume and lattice constants, 

specifically the shrinkage in parameter c, in the 3 cases BYT, BTY, and BSrTY can 

be interpreted by the generation of oxygen vacancies along the C axis [169]. 

The Fullprof program was used to carry out the structural refinement. Hence, R values (RBragg, 

Rp ,Rwp, Rexp, RF and 𝜒2) are typically used to evaluate the quality of structural refinement 

[170]. After these samples were refined, the numbers of  𝜒2  and R values were obtained (see 

Table 9). Figure 29 shows the Rietveld refinement of BT BSrT and BYT, BTY, BYTY, and 

BSrTY ceramics powders calcined at 950°C for 3h.  The results from X-ray diffraction for all 

compositions demonstrate the existence of only a single-phase perovskite structure, as clearly 

seen from the sharp diffraction peaks. In addition, the Refinement parameters confirmed that 

the BT, BSrT, and BYT compositions belong to tetragonal symmetry, while the BTY, BYTY, 

and BSrTY compounds confirmed they have cubic structure and a space group of Pm3m with 

no apparent secondary phase is detected.  
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Figure 28. (a) XRD pattern of BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramics heat-

treated at 950°C for 3h (b) Shifting of the peak (101) 
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Figure 29. Structural refinement using the Rietveld method of (a) BT, (b) BSrT, (c) BYT, (d) 

BTY, (e) BYTY, and (f) BSrTY ceramics. 

The estimated crystallite size was found to be in the range of 14–31 nm (Table 1), on which 

this parameter frequently decreases compared to pure BaTiO3. 

The lattice strain was calculated by means of Wilson’s equation [120], [171]; 
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 𝛽 cos 𝜃 = 4휀 sin 𝜃+0.9𝜆 D (22) 

Where 𝜆 is the wavelength of Cu K𝛼, D is the crystallite size, 𝛽 is the full width at half 

maximum (FWHM), 𝜃 is the peak position, and 𝜖 is the strain. The obtained strain value is 

increased with Y and Sr dopants due to the shrinkage changes in the volume cell. 

5.3. FT-IR investigation 

The Fourier transform infrared spectroscopy (FT-IR) spectrum of BT, BSrT, BYT, BTY, 

BYTY, and BSrTY powders in the wavenumber range from 450 to 4000 cm-1 are displayed in  

Figure 30. These spectra show two sets of absorption bands. The first one is characterized by 

a wide band in the low-frequency range from 460 cm−1 to 723 cm−1, associated with the 

vibrations of the TiO6 octahedron. Moreover, all the samples show the molecular fingerprint 

of BaTiO3, as revealed by the Ti-O-Ti and Ti-O bonds in the range of 460 cm-1 to 723 cm-1. 

The absorption peaks for the same mode of BT, BSrT, BYT, BTY, and BYTY, were obtained 

at around 460, 463, 465, 467, 470, and 470 cm-1, respectively. The incorporation of Sr or/and 

Y into the BaTiO3 lattice moved the characteristic peak of Ti-O to higher energy values. In our 

samples, the incorporation of Sr2+ and Y3+ ions into Ba2+ and Ti4+ sites influenced the binding 

distance between Ti4+ and O2- ions resulting in a high binding strength [172], [173]. In addition, 

the observed bands in the range of 1430 cm-1 to 1550 cm-1 could be contributed to the 

symmetrical and antisymmetric vibrations (stretching of carboxyl groups bound to barium 

and/or titanium (COO−)). The presented results are therefore, in good accordance with the 

reported analysis in the literature [172]. The observations made on infrared spectra agree well 

with those revealed by XRD analysis. 
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Table 9. Crystallographic data of BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramics using 

the Rietveld refinement method. 

 BT BSrT BYT BTY BYTY BSrTY 

a (Å) 4.002410 3.995282 4.006745 4.020604 4.019073 4.015099 

b (Å) 4.002410 3.995282 4.006745 4.020604 4.019073 4.015099 

c (Å) 4.039425 4.024120 4.033381 4.020604 4.019073 4.015099 

Volume (Å3) 64.7087 64.23412 64.75192 64.9941 64.91988 64.72749 

Structure Tetragonal Tetragonal Tetragonal Cubic Cubic Cubic 

Space group P4mm P4mm P4mm Pm3m Pm3m Pm3m 

x (Ba) 0   0.5   

y (Ba)  0   0.5   

z (Ba) 0   0.5   

x (Ba, Sr)  0    0.5 

y (Ba, Sr)   0    0.5 

z (Ba, Sr)  0    0.5 

x (Ba, Y)   0  0.5  

y (Ba, Y)    0  0.5  

z (Ba, Y)   0  0.5  

x (Ti) 0.5 0.5 0.5    

y (Ti)  0.5 0.5 0.5    

z (Ti) 0.48347 0.47010 0.51980    

x (Ti, Y)    0 0 0 

y (Ti, Y)     0 0 0 

z (Ti, Y)    0 0 0 

x (O1) 0.5 0.5 0.5 0.5 0.5 0.5 

y (O1)  0.5 0.5 0.5 0 0 0 

z (O1) 0.05854 0.02015 0.02323 0 0 0 

x (O2) 0.5 0.5 0.5    

y (O2)  0 0 0    

z (O2) 0.51642 0.51500 0.53198    

RBragg 5.027 6.786 7.30 12.31 11.66 10.52 

Rp 17.3 23.80 24.5 31.80 30.2 33.4 

Rwp 26.5         32.20 33 39.70 37.8 42 

Rexp 22.15 40.95 39.3 40.18 38.47 38.69 

RF    7.89 7.64 7.32 

𝜒2 1.43 0.61 0.70 0.97 0.96 1.18 

Crystallite size 

(nm) (D) 

14 17 18 21.0 26 31 

Strain (𝜖) 1.27 1.33 1.85 2.21 4.19 4.56 
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Figure 30. FT-IR spectra of the BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramic samples 

5.4. SEM and EDS analysis 

The morphology and the microstructure of the obtained samples were analyzed using SEM. 

The micrographs provided by the scanning electron microscopy of BSrT, BYT, BTY, BYTY, 

and BSrTY sintered at 1100°C for 4 hours are given in Figure 31. They show that the ceramics 

are slightly dense, homogenous, and have irregularly shaped grains in flat block form (BSrT, 

BYT, BTY, BYTY) and with fine size and almost spherical shaped particles in the case of 

BSrT. The average grain size decreased under doping from around 4.6 µm (pure sample) [15] 

to around 0.51 µm (sample with BSrTY) (Table 10). It can be noticed that the above-recorded 

values relative to the sintered pellets are higher than those of the crystallite sizes of the calcined 

powders due to the sintering process, which enhances the mechanical resistance of the samples. 

The observed pores in the ceramic images could be attributed to the rapid cooling as was 

studied by Niesz et al.[123].  

The characterization by X energy dispersive spectroscopy (EDS) of the sintered samples is 

given in Figure 31. These results confirm the presence of Ba, Sr, Y, Ti, and O elements, which 

indicate that the BSrT, BYT, BTY, BYTY, and BSrTY ceramics are compositionally 

homogeneous and have been successfully produced without any contamination. However, It is 

unable to see the change in the intensity of the distinctive peaks of Ti and Ba since their 

evolution occurs in the energy region from 4.37 to 4.49 KeV. 
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Figure 31. SEM micrographs and corresponding EDS spectra of a) BSrT, b) BYT, c) BTY, 

d) BYTY, and e) BSrTY accordingly. 
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Table 10. The average Grain size of the BSrT, BYT, BTY, BYTY, and BSrTY compounds 
Samples  Grain size (µm) 

BSrT  4.1 

BYT  3.7 

BTY  3.3 

BYTY  0.9 

BSrTY  0.5 

5.5. Optical study 

UV–Visible Diffuse reflectance spectra of BSrT, BYT, BTY, BYTY, and BSrTY ceramics 

recorded in the range of 300–1000 nm are shown in Figure 32. The ceramic samples show 

an important behavior of visible photons absorption with an absorption maximal of 40% in 

the wavelength region above 400 nm for the BSrTY sample. The UV spectra of the BSrTY 

ceramic sample suddenly decrease as a result of the absorption of the visible photons. All 

the ceramic samples exhibit three separate peaks in the visible region of the spectra, 

regardless of the Sr and Y sites' occupancy. Moreover, the preference of Sr and Y sites in 

the BT lattice has a small impact on photon absorption. Indeed, the K-M (Kubelka-Munk) 

mode monitoring of the diffuse reflectance data was also employed to estimate the optical 

band gap of the prepared samples. 

 

Figure 32. Reflectance spectra of the as-prepared ceramic samples 

The optical band gap energy (Eg) of BSrT, BYT, BTY, BYTY, and BSrTY ceramic samples 

was determined with the help of the Kubelkae-Munk method [142]. The Kubelkae-Munk 

equation is assigned by the following formula: 

 
𝐹(𝑅) =

(1 − 𝑅)2

2𝑅
=

𝑘

𝑆
 

(23) 

Where F(R) is the Kubelkae-Munk function or the diffuse reflectance of the low-absorbing 

standard and R=Rsample/Rreference, S is the scattering coefficient, and k is the coefficient of molar 
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absorption of each ceramic sample. The optical band gap Eg of a semiconductor is estimated 

by; 

 𝛼ℎ𝜈 = 𝐶1(ℎ𝜈 − 𝐸𝑔𝑎𝑝)𝑛 (24) 

Where hν is the photon energy, Egap is the band gap, α is the linear absorption coefficient of a 

material, n is a constant (n = 1/2 for indirect allowed and n = 2 for direct allowed), and C1 is a 

proportionality constant. In this case, photon absorption may stimulate an indirect electronic 

transition from the bottom of the valence band to a top state in the conduction band. This 

approach takes place in any region of the Brillouin zone. According to this fact, the optical 

band gap of all the ceramic samples was calculated and estimated using n = 1/2 in Eq. (24). 

Finally, using Eq. (23) and with k=the chan2α, we obtain the Kubelkae-Munk modified 

equation as presented below; 

 [𝐹(𝑅)ℎ𝜈]2 = 𝐶1(ℎ𝜈 − 𝐸𝑔𝑎𝑝) (25) 

Eg values of BSrT powders can be determined with better precision from the plotting of 

[𝐹(𝑅)ℎ𝜈]1/2 vs. ℎ𝜈. The optical band gap energy (Eg) values are 2.97 eV, 3.04 eV, 3.01 eV, 

3.03 eV, and 2.74 eV for BSrT, BYT, BTY, BYTY, and BSrTY, respectively (see Figure 33). 

In BSrTY material, the conduction band’s bottom may gradually be narrow with doping 

7.5%Sr in Ba-site and 7.5%Y in Ti-site, resulting in a significantly low band gap energy value 

compared to the other materials that are doped with only one element (Sr or Y but not both). 

Moreover, this variation may be due to the changes in the lattice parameters. Tian et al. [174] 

demonstrated that the BO6 octahedron controls both the top-lying of the valence band and the 

bottom-lying of the conduction band. The lower-lying conduction states in the structure are 

influenced by other ions, but these hypotheses typically have only a small impact on the optical 

characteristics of a certain material. Hence, it may be noted that Ba/Sr ratio has a significant 

role in the unit cell distortion process. This distortion induces a defect in the band structure, 

which lowers the intermediate levels in the band gap region which can be observed from the 

samples that are mainly doped with Sr content (BSrT and BSrTY). Urbach energies (Eu) have 

also been estimated for each prepared sample. The sample disorder, which may result from 

chemical, thermal, polar, or structural flaws, is reflected by the parameter Eu. The relationship 

between the photon energy and the absorption coefficient at the Urbach edge is given by the 

following equation [175]: 

 
𝛼(𝐸) = 𝛼0. exp (

𝐸

𝐸𝑢
) 

(26) 
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Figure 33. The plot of [F(R)hν]1/2 vs. (hν) for estimating the optical band gap of BSrT, 

BYT, BTY, BYTY, and BSrTY samples. 
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Figure 34. The plot of ln αvs. hν for determination of the Urbach energy (Eu) for BSrT, 

BYT, BTY, BYTY, and BSrTY ceramics 
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is determined by extraction lnF(R) vs. (hν). The value of Urbach energy is determined by the 

fitted lines of the linear slope using the provided equation; 

1.6 2.0 2.4 2.8 3.2 3.6

-3

-2

-1

0

1

2.700 2.775 2.850 2.925 3.000 3.075

-3

-2

-1

0

1
 BSrT

 Linear Fit

ln
[F

(R
)]

Photon Energy (eV)

ln
[F

(R
)]

Photon Energy (eV)

 BSrT

1.6 2.0 2.4 2.8 3.2 3.6

-3

-2

-1

0

1

2.625 2.700 2.775 2.850 2.925 3.000 3.075

-2

-1

0

1
 BYT

 Linear Fit

ln
[F

(R
)]

Photon Energy (eV)ln
[F

(R
)]

Photon Energy (eV)

 BYT

1.6 2.0 2.4 2.8 3.2 3.6

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

2.700 2.775 2.850 2.925 3.000 3.075

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5  BTY

 Linear Fit

ln
[F

(R
)]

Photon Energy (eV)ln
[F

(R
)]

Photon Energy (eV)

 BTY

1.6 2.0 2.4 2.8 3.2 3.6

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

2.625 2.700 2.775 2.850 2.925 3.000

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
 BYTY

 Linear Fit

ln
[F

(R
)]

Photon Energy (eV)

ln
[F

(R
)]

Photon Energy (eV)

 BYTY

1.6 2.0 2.4 2.8 3.2 3.6

-2.0

-1.5

-1.0

-0.5

0.0

0.5

2.475 2.550 2.625 2.700 2.775 2.850 2.925 3.000

-2.0

-1.5

-1.0

-0.5

0.0

0.5

 BSrTY

 Linear Fit

ln
[F

(R
)]

Photon Energy (eV)

ln
[F

(R
)]

Photon Energy (eV)

 BSrTY



64 
 

 
ln 𝐹(𝑅) = 𝐶 +

𝐸

𝐸𝑢
 

(27) 

The Urbach energy value was estimated by projecting the linear portion of the curve ln(α) as a 

function of hν; the Urbach energy was determined and plotted as shown in Figure 34. It can be 

observed from the figure that The Urbach energy Eu varies inversely to the behavior of the 

optical band gap and hence noting the important role played by Y3+ and Sr2+ ions in generating 

disorder in the presented ceramic samples. The relationship of the Urbach energy with the band 

gap and the schematic illustration of the Urbach energy for the as-prepared samples are shown 

in Figure 35. 

 

Figure 35. Urbach energy (Eu) and Band gap energy (Eg) variations for different ceramic 

compounds 

5.6. Thermal conductivity  

Table 11 presents a summary of the thermal conductivity measurements of the BT, BSrT, BYT, 

BTY, BYTY, and BSrTY ceramics recorded at 25 °C and 180 °C. The reported values of the 

thermal conductivity for undoped BaTiO3 were found to be in the region of 1.2 to 6.5 Wm-1K-

1 at ambient temperature [124]. The variation in the behavior of thermal conductivity can be 

due to different synthesis processes used to prepare perovskite ceramics, different measurement 

techniques, and the type of dopants modified in a given material. Typically, the contributions 

of lattice thermal conductivity and electrical thermal conductivity are added to determine the 

overall thermal conductivity. [178] In this work, the standard thermal conductivity at room 

temperature carried out on undoped barium titanate ceramic is 2.23 Wm-1K-1 which is exactly 

along the region of the obtained results from the literature [24], [88]. Therefore, when materials' 

thermal conductivities are tested in powdered form, they are much lower than in bulk form-by 

up to an order of magnitude. The heat transfer efficiency in powders is highly reliant on the 

packing density, interface, contacts, porosity, and composition of the particles. The thermal 

conductivity for undoped BT is decreased with Sr and Y dopants content and found to be in 

the range of 085-2.23 W.m-1. K-1 at room temperature and decreases slightly with increasing 
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temperature from 0.73-2.02 W.m-1. K-1. This change is due to the variation in the strength of 

the atoms’ bonds [126]. Indeed. Sr and Y doped samples show a systematic decrease of the 

thermal conductivity with doping and increasing temperature, indicating that the phonon–

phonon scattering is dominant in the considered temperature range. The thermal conductivities 

of the Sr, Y co-doped samples are lower and become less dependent on the temperature. This 

is caused by the relative increase of the temperature-independent phonon–impurity scattering. 

The amount of the thermal conductivities is, BSrTY<BYTY<BTY<BYT<BSrT for the doped 

samples, which is the same sequence as that of the lattice parameters. Abeles showed that the 

reciprocal of relaxation time of phonon–impurity scattering is proportional to the difference 

between the dopant and matrix ion of both the ionic radius and the mass [179]. The Y ion has 

a slightly smaller ionic radius than Sr [180] and has less than half of the atomic mass of Sr, 

which indicates the phonon–impurity scattering is mainly produced by the lattice distortion 

caused by the difference in ionic radii, not by the mass difference Therefore, thermal 

conductivity decreases with the decrease of ionic radius, and then, reaches a lower limitation 

when the ionic radius is small enough. The ionic radii of all these doped elements are smaller 

than that of the Ba ion (1.61Å). The smaller the ionic radius is, the larger the difference between 

the doped ion and Ba and/or Ti ion would be, which might introduce larger distortion into the 

lattice and thus reduce the lattice thermal conductivity. To retain the lattice structure, such 

distortion cannot be introduced infinitely, resulting in the lower limitation of the thermal 

conductivity value which is the case for BYTY and BSrTY co-doped samples. Further, the 

reduction between Ti-O bonds made the bond slightly strong. These variations in the bond 

tendency's strength are more effective for thermal conductivity in the system than the scattering 

of the point defect. In addition, from the SEM micrographs (Figure 31), the surface of the 

analyzed samples showed a structure unavailable to small pores. The thermal conductivity 

decreases as the surface complexity of the particles increases. All the samples have sizable 

micropores, which resulted in low heat conductivity values.  

Table 11. Thermal conductivity of the as-prepared samples 

Sample Thermal Conductivity (W/mK) 

 25 °C 180 °C 

BT 2.23 2.02 

BSrT 1.32 1.05 

BYT 0.90 0.90 

BTY 0.95 0.85 

BYTY 0.60 0.35 

BSrTY 0.85 0.73 

5.7. Mechanical properties 

Figure 37 displays the compressive strength of the BT, BSrT, BYT, BTY, BYTY, and BSrTY 

ceramics recorded. It can be observed from Figure 37 that the compressive strength value of 

the as-prepared ceramic samples is 32.91, 30.2, 30.2, 30.01, 29.6, and 28.09 MPa for BT, BSrT, 

BYT, BTY, BYTY, and BSrTY, respectively, however, the compressive strength results 

revealed irrelevant changes when using Sr and Y dopants in BaTiO3. The strength of the 
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cohesion between the grains of the ceramic compounds, in addition to the shape and the particle 

sizes, mainly depends on the pores, the separation of the particles, and shrinkage. High 

compressive strength results from the irregular grain shape distribution that is nearly attached 

to the particles [127].  The higher compressive strength value observed (32.91 MPa) was 

probably due to the shape of the irregular flat block grains forming, which greatly weakened 

the atom bonds. Additionally, based on the scanning electron microscopy examination, the 

microstructure of Sr, Y doped-co-doped BaTiO3 samples differs significantly. For flat blocks 

of BSrTY (0.5 µm average grain size), the measured values of the pores' diameter have pores 

that are barely identical in shape and size, which are in both cases in flat block form. Further, 

the pores in undoped BaTiO3, which has a larger particle size, are likewise larger and have a 

shape of a flat block. The highest value of the compressive strength was found for undoped 

BaTiO3 material corresponding to the higher grain size, whereas, the minimum value was 28.09 

MPa for BSrTY compound. 

 

Figure 36. Histogram of the compressive strength of the as-prepared BSrT, BYT, BTY, 

BYTY, and BSrTY samples 
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6. Results and Discussion on Ba0.85Sr0.15TiO3/Cu new composites: 

via sol-gel and spark plasma sintering 

6.1 Phase analysis using XRD 

The XRD patterns tested at room temperature of BST-Cux (x=0, 5, 12.5, 15, 20, 30, and 40%) 

composites sintered at a low temperature of 950 °C are shown in Figure 37a. All peaks were 

attributed to either the BST phase or Cu without any impurities being observed, suggesting that 

no reaction took place between BST and Cu during the SPS sintering process. Furthermore, the 

diffraction peaks of BST in the composites did not shift, indicating that the copper was not 

incorporated in the perovskite structure. As expected, the relative diffraction intensities of the 

Cu reflections compared to the ones of BST increased with the increase of Cu content (Figure 

37b). The evolution of the XRD-peaks confirms the successful composition control during 

sintering. Additionally, the crystal structure of BST-Cu samples has been proved to be 

multiphase coexistence of cubic and tetragonal phases at room temperature [181], while the 

phase of BST as mentioned above is a tetragonal structure. 

 

Figure 37. (a) XRD pattern of BST-Cux (x=0-40%) ceramic-metal composites (b) Shifting 

of the peaks BST (200) and Cu (111) 

6.2 FT-IR analysis 

The Fourier transform infrared spectroscopy (FT-IR) spectra of BST-Cux (x=0, 5, 12.5, 15, 20, 

30, and 40%) composites in the wavenumber range from 450 to 4000 cm-1 are displayed in  

Figure 38. These spectra show three sets of absorption bands. The first one is characterized by 

a wide band in the low-frequency range from 460 cm−1 to 723 cm−1, associated with the 

vibrations of the TiO6 octahedron. Moreover, all the samples show the molecular fingerprint 
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of BST as revealed by the Ti-O and Ti-O-Ti bonds between 460 cm-1 and 601 cm-1. The 

absorption peaks for the same mode BST-Cux (x=0, 5, 12.5, 15, 20, 30, and 40%) were 

obtained at around 470-480 cm-1. The incorporation of Sr into the BaTiO3 lattice moved the 

characteristic peak of Ti-O to higher energy values. In our samples, the incorporation of Sr2+ 

ions into Ba2+ and Ti4+ sites influenced the binding distance between Ti4+ and O2- ions resulting 

in a high binding strength [172], [173]. On the other hand, a clear band absorption was observed 

at around 1061 cm-1 which is due to bond characteristics related to ceramic-metal bonding in 

our case BST ceramic with copper metal, Ba-Cu, and Ti-Cu as well as Ti-O-Ti-Cu. In addition, 

the bands observed in the region from 1430 cm-1 to 1550 cm-1 could be attributed to 

symmetrical and antisymmetric vibrations (stretching of carboxyl groups bound to barium 

and/or titanium (COO−)). The results we obtained are therefore in good agreement with those 

of the literature [172]. The observations made on infrared spectra agree well with those revealed 

by XRD analysis. 

 

Figure 38. FT-IR spectra of the BST-Cux (x=0, 5, 12.5, 15, 20, 30, and 40%) composite 

sample 

6.3 SEM Investigation 

The SEM micrographs of the BST-Cux composites with different content of Cu (x = 0, 5, 12.5, 

15, 20, 30, and 40 wt.% are shown in Figure 39. The shapes of the grains were also irregular. 

With increasing the Cu content, the reaction between BST and Cu increased, and consequently 

the amount of intermediate phases increased. It was seen in Figure 39(d-g) that abnormal grain 

growth was clearly observed. The normal grain size of pure BST was about 3.1µm, while the 

abnormal grain size of BST-Cu composites was about 3.1-5.2µm. Abnormal grain growth was 

generally known to occur when particle shape was angular in the presence of a liquid phase 

during sintering [182]. It is indicated that the low eutectic liquid phase formed between Cu and 

BST during sintering promoted grain growth [183]. In Figure 39(c), lots of big spheroidal 
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copper particles stood in the BST matrix. That is the Cu agglomerated with an increasing 

amount of Cu. The coalescence of Cu may be caused by pores, which also contributes to the 

decrease of relative density of BST-Cu composites with the increasing amounts of Cu. And the 

spheroidal copper particles on the surface of BST matrix (Figure 39(d-g)) were identified as 

Cu by EDS analysis. Figure 39a shows an agglomeration with a high degree of porosity in the 

synthesized sample. This agglomeration may have resulted due to the high surface-to-volume 

ratio.  Similarly, Figure 39b shows SEM micrographs of BST-Cu5% material, where round-

shape grain size distribution of the prepared ceramics has been noticed.  Table 12 contains the 

grain size variation with different amounts of Cu metal. The grain size has increased with the 

increase in the copper content, which is also consistent with the XRD observations of this 

research. SEM micrographs of the prepared materials indicate the decreasing porosity with the 

increase in Cu content, which is also evident from the XRD measurements. The porosity of the 

prepared samples may be susceptible for hydroelectric cells application. 

  

  

  

(a) (b) 

(c) (d) 

(f) (e) 
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Figure 39. FESEM micrographs of the ceramic samples (a) BST, (b) BST-Cu5%, (c) BST-

Cu12.5%, (d) BST-Cu15%, (e) BST-Cu20%, (f) BST-Cu30%, (g) BST-Cu40% 

The EDS spectra and elemental mapping images for BST-Cu composite ceramics with the 

marked spectral positions of the individual elements are displayed in Figure 40. It can be seen 

that qualitative EDS examination confirms the lack of any traces of contaminants (secondary 

carbon, etc.) in analyzed samples. Thus, the EDS analysis, together with the elemental 

mapping, confirmed the good stoichiometry of the ceramics and the uniform distribution of the 

elements. The elemental mapping and EDs were carried out, which confirms the existence of 

elements like Ba, Ti, O, Cu, O, and Ti in the selected samples (Figure 40).  
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Figure 40. EDS and elemental mapping of (a) BST, (b) BST-Cu15%, (c) BST-Cu40% 
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Table 12. The average Grain size of the as-prepared composites 

Samples Grain size (µm) 

BST 3.1 

BST-Cu5% 3.4 

BST-Cu12.5% 3.9 

BST-Cu15% 4.1 

BST-Cu20% 4.5 

BST-Cu30% 4.7 

BST-Cu40% 5.2 

6.4 Optical characteristics 

The correlation between crystalline structure and physical properties in perovskite materials is 

very delicate. Small changes in the structure can induce major variations in their physical and 

optical properties. The optical behavior is analyzed employing UV Visible absorption 

spectroscopy. Diffused reflectance UV–vis spectra of pure and BST-Cu composites measured 

in the range of 350–800 nm are shown in Figure 41. Samples with copper content exhibit 

inquisitive behavior of absorbing the visible photons in the region above 400 nm with 

maximum absorption of 45% for highly Cu content. This absorption of visible photons results 

in a sudden fall in the UV spectra of BST-Cu samples. Irrespective of the Sr site occupancy all 

the doped samples show three distinct peaks in the visible region of the spectra. Site preference 

of Cu in BST lattice has a slight influence on the absorption of photons. 

 

Figure 41. Diffused reflectance spectra of BST-Cux (x=0-40%) samples 

The optical band gap energy (Eg) of BST-Cux (x = 0-40%) samples was determined using the 

Kubelkae-Munk (K–M) method, the latter was used to extract Eg values, as well as the 

stimulation of the measured diffuse reflectance at a high accuracy [142].  

As demonstrated in Figure 42 and listed in Table 13 the Eg values of BST-Cux (x=0, 5, 12.5, 

15, 20, 30, and 40%) obtained by extrapolating the linear part to the horizontal axis are in the 

range of 3.10 and 2.01 eV which are considerably lower than that of the BST (3.10 eV). Among 

them, the band gap reduction of BST-Cu30% (Figure 42(f)) is the most evident and is even 

more significant than those of other photovoltaic perovskite ceramics [143], [144]. 

400 500 600 700 800

0

25

50

75

100

125

150

R
ef

le
ct

an
ce

 (
%

)

Wavelength (nm)

 x=0%

 x=5%

 x=12.5%

 x=15%

 x=20%

 x=30%

 x=40%



73 
 

These optical behaviors can be explained by the newly emerging electronic states of the highest 

energy band that is occupied by electrons (VBM) and the next highest energy band above the 

valence band that is unoccupied (CBM) generated by Sr2+ cation doping. In BST, the VBM is 

around the O 2p orbital, which has a slight interaction with the Ti 3d and Ba 6p orbitals, 

whereas the CBM is around the Ti 3d orbital [145]. The position of the conduction band depends 

on the electronegativity of the doping ions; the greater the electronegativity of the ions, the 

lower the conduction band [146]. When the doping element is introduced, the VBM is localized 

around the Ti 3d orbital. As the Ti cations are more electronegative than Ti, the energy of the 

Cu 3d orbital is lower than that of the Ti 3d orbital. Hence, there is a downward shift of the 

conduction band edge into the band gap, resulting in the reduction of Eg. Moreover, according 

to Choi’s report [147], in addition to electronegativity, the optical band gap may be related to 

the lattice distortion caused by the ion substitution. The lattice distortion increases as the radius 

of the doping ions decreases, which leads to a rearrangement of the molecular orbital and a 

reduction in the band gap. According to the experimental data analysis, copper may be the 

preferred element to reduce the band gap of BST material. These results indicate that we can 

effectively reduce the band gap of BST ceramics via copper reinforcement to improve their 

properties for visible and ultraviolet absorption. We believe that optimizing the Cu 

concentration can further modify the band gap of BST ceramic material. Consequently, all the 

above-presented results indicate that the optical properties of  BST-Cux (x=5, 12.5, 15, 20, 30 

and 40%) ceramics can be regulated, demonstrating that the synthesized ceramics are good 

candidates for high performance multilayer ceramic capacitors. 
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Figure 42. Band gap energy from Tauc plot of (a) BST, (b) BST-Cu5%, (c) BST-

Cu12.5%, (d) BST-Cu15%, (e) BST-Cu20%, (f) BST-Cu30%, and (g) BST-Cu40% 

Table 13. Band gap value of BST-Cux, (x=0-40%) 

Sample (% wt.) Band gap value (eV) 

x=0.00 3.10 

x=5 2.93 

x=12.5 2.85 

x=15 2.72 

x=20 2.31 

x=30 2.21 

x=40 2.01 

6.5 Electrical conduction mechanism in BaTiO3–Cu composites 

The graph in Figure 43 illustrates the change in the real part of AC conductivity (σ′) concerning 

frequency at room temperature, considering various additions of Cu. The AC conductivity 

shows a gradual increase with rising Cu concentrations up to 30 wt%, followed by a decline as 

the Cu content continues to increase. This shift in conductivity is attributed to fluctuations in 

the concentration of charge carriers within the composites. As the Cu content surpasses a 
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specific threshold (percolation threshold), the concentration of charge carriers decreases due to 

the emergence of the Cu liquid phase during sintering. This phenomenon aligns with the 

apparent density variations in the composites with different Cu contents. The percolation 

threshold for BST-Cux is identified at x = 30 wt%. At lower frequencies, a distinct plateau, 

more pronounced in samples with higher Cu contents than lower ones, reflects the direct current 

conductivity (𝜎𝑑𝑐). Conversely, at higher frequencies, a dispersive region, known as the 

"universal dielectric response" (UDR), becomes evident. This can be approximately 

characterized as follows [184]: 

 
𝑓𝑚 =

1.8 × 1012

휀𝜌
 

(28) 

In this context, the dispersive frequency fm is defined as the point at which the transition from 

the plateau-type region of direct current conductivity 𝜎𝑑𝑐 towards the dispersive region occurs. 

The permittivity (ε) represents the ceramic's ability to permit the flow of electric field at low 

frequencies, while the resistivity (ρ) indicates the resistance of the ceramic. Observations 

suggest that as the Cu content increases (resulting in a decrease in resistivity, ρ), there is a 

corresponding shift in the threshold frequency. This shift denotes the point at which the 

transition from the plateau-type region of 𝜎𝑑𝑐 towards the dispersive region occurs, and it 

moves towards higher frequency values. 

 

 

Figure 43. Frequency-Dependent modulation of AC Conductivity (σ′) with varying Copper 

additions at Room Temperature 
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The temperature dependence of conductivity in BST-Cu is illustrated in Figure 44 for different 

Cu additions. The graph further presents Arrhenius plots depicting the temperature dependency 

of conductivity specifically for BST-Cu composites with x = 30 wt%. Below the critical 

temperature (Tc) at 130°C, the conductivity exhibits an increase with rising measuring 

temperature, characteristic of semiconducting materials. Conversely, above Tc, the 

conductivity decreases, aligning with the behavior typical of conducting materials. This shift 

in conductivity is attributed to the distinct electrical conduction mechanisms inherent in 

semiconductors and conductors. As is widely known, semiconductors facilitate electrical 

conduction through the migration of electrons from the valence band across the forbidden 

energy band to the conduction band. An increase in temperature supplies the necessary energy 

for electrons to traverse the forbidden energy band, resulting in enhanced conductivity. In 

metals, electrons exhibit directional movement, forming electricity. However, at higher 

temperatures, the electrons experience more intensive scattering by metal atoms or ions, 

hindering their movement and causing a decrease in metal conductivity. 

The transformation temperature, approximately at Tc, indicates a notable change in the 

composite's conductivity-temperature relationship, possibly linked to the ferroelectric-

paraelectric phase transition. During this transition, a shift in carrier mobility occurs, leading 

to a transformation in conductivity around Tc. The significance of phase change, rather than 

adhering to a semiconductor-metal model, is emphasized in the BST-Cu composite. This 

perspective is supported by the well-known observation of conductivity abnormalities around 

Tc, a phenomenon also evident in pure BST. Consequently, the phase change holds greater 

importance than the semiconductor-metal model in understanding the behavior of the BST-Cu 

composite. 

The relationship between conductivity and temperature below 130°C adheres to an Arrhenius-

type correlation, as depicted in Figure 44, 

 
𝜎 = 𝜎0exp (−

𝐸𝑎

𝐾𝐵.𝑇
) 

(29) 

Here, Ea represents the activation energy of conduction, kB is Boltzmann's constant, T is the 

absolute temperature, and 𝜎0 is the pre-exponential factor. Consequently, the activation energy 

for conduction was determined to be 0.18 eV below 83°C and 0.13 eV between 83°C and 

130°C. The points of inflection in the temperature-conductivity characteristic at 83°C and 

130°C are denoted in Figure 4. It is noteworthy that the activation energy in all samples was 

significantly smaller than the band gap for intrinsic electronic conduction in BST (≈3.1 eV), 

indicating the dominance of extrinsic conduction mechanisms associated with defects. 

Berglund and Braun demonstrated that impurity states, approximately 0.2–0.3 eV below the 

conduction band, were linked to oxygen vacancies and band conduction[185] . The BST-Cu 

composites in our study were typically sintered in using spark plasma sintering. As a result, the 

sintering process under low oxygen partial pressure likely generated a certain amount of 

oxygen vacancies. 
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Figure 44. The temperature dependence of the conductivity for different Copper Content. 

Figure 45 depicts complex plane plots for impedance, denoted as Z*, in the BST-Cux 

composites. These plots illustrate the relationship between the imaginary part (Z′′) and the real 

part (Z′). Typically, in the case of a flawless crystal, the resistance (R) and capacitance (C) 

values are examined using an equivalent circuit consisting of a single parallel RC element. On 

the complex plane, this RC element manifests as a semicircular arc with intercepts at zero and 

R on the Z′ axis. Consequently, C, can be determined using the formula 𝜔𝑚𝑎𝑥RC = 1 where 

𝜔𝑚𝑎𝑥 = 2𝜋fmax and fmax and fmax represents the frequency at the maximum point of the arc. 

For BST-Cu composites, the equivalent circuit is conceptualized as two parallel RC elements 

connected in series, resulting in the appearance of two arcs on the complex plane. One arc 

corresponds to the grain, and the other corresponds to the grain boundary of the BST-Cu 

response. The impedance can be calculated using the following approach: 

 
𝑍∗ =

1

𝑅𝑔
−1 + 𝑖𝜔𝐶𝑔

+
1

𝑅𝑔𝑏
−1 + 𝑖𝜔𝐶𝑔𝑏

= 𝑍′ − 𝑖𝑍′′ 
(30) 

Where  

 
𝑍′ =

𝑅𝑔

1 + (𝜔𝑅𝑔𝐶𝑔)2
+

𝑅𝑔𝑏

1 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
 

(31) 

And 

 
𝑍′′ = 𝑅𝑔

𝜔𝑅𝑔𝐶𝑔

1 + (𝜔𝑅𝑔𝐶𝑔)2
+ 𝑅𝑔𝑏

𝜔𝑅𝑔𝑏𝐶𝑔𝑏

1 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2
 

(32) 

Here, (Rg, Rgb) and (Cg, Cgb) represent the resistance and capacitance values for grains and 

grain boundaries, respectively. Utilizing Eqs. (31) and (32), the responses emanating from 
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grains and grain boundaries are positioned at 1/(2πRgCg) and 1/(2πRgbCgb), respectively. The 

peak value of Z′′ is directly proportional to the associated resistance. As depicted in Figure 45, 

it is evident that the Z′′ peak value attributed to grain boundary responses surpasses that of 

grain responses. Consequently, across all examined samples, Rgb is significantly greater than 

Rg, and the Rgb diminishes with escalating Cu content, aligning with the observations in Figures 

43 and 46. These outcomes are elucidated through a two-layer model, postulating the existence 

of conducting grains isolated by poorly conducting grain boundaries. 

 

Figure 45. The expanded view of the low frequency and the equivalent circuit of the RC 

element. The inset represents the impedance complex plane plots for BST-Cux composites of 

x = 5, 10, 15, 20, 25, 30 wt%. 

Figure 46 presents the frequency-dependent permittivity of BST-Cux composites at room 

temperature. For x = 5, 12.5, and 15 wt%, a subtle frequency dependency in permittivity was 

noted within the range of 100 Hz to 1 MHz, aligning with the observations in pure BST[186]. 

As Cu content increased, reaching x = 30 wt%, the maximum permittivity reached 

approximately 1.2×105 at 1 kHz. However, a noticeable decline in permittivity at low 

frequencies (around 104 Hz) emerged when x > 30 wt%, indicating a step decrease in 

permittivity at the frequency where tanδ exhibited a relaxation peak. This low-frequency 

behavior implies the potential influence of conduction mechanisms in the dielectric response 

of BST-Cu composites. Consequently, the results should be interpreted within the framework 

of the Maxwell–Wagner capacitor model. In this model, different phases are assumed to 

possess distinct conductivity, and the overall polarization effects are predominantly influenced 

by charge accumulation at noncontinuous interfaces within the dielectric. The real and 
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imaginary components of relative permittivity and tan δ were computed using the following 

formula[187], 

 휀′ = 휀∝ +
휀0 − 휀∝

1 + 𝜔2𝜏2
 

 

(33) 

 
휀′′ =

(휀𝑠 − 휀∝)𝜔𝜏

1 + 𝜔2𝜏2
+

1

𝜔𝐶0(𝑅1 + 𝑅2)
 

 

(34) 

 
𝑡𝑎𝑛𝛿 =

(휀𝑠 − 휀∝)𝜔𝜏

휀𝑠 + 휀∝𝜔2𝜏2
+

𝜎

𝜔휀0
(

1

휀0 +
휀𝑠 − 휀∝

1 + 𝜔2𝜏2

) 
(35) 

In the given equation, 휀𝑠 and 휀∝ represent the static and high-frequency permittivity, 

respectively. τ denotes the relaxation time of the composites, ω is the angular frequency, C0 

signifies the capacitance of the empty cell, R1 and R2 stand for the resistances of the two 

dielectric components, r represents the conductivity of the composites, and 휀0 corresponds to 

the vacuum permittivity. Equation (33) mirrors the structure of the Debye relaxation equation, 

stated as follows [188], 

 휀′ = 휀∝ +
휀0 − 휀∝

1 + 𝜔2𝜏2
 (36) 

 
휀′′ =

(휀𝑠 − 휀∝)𝜔𝜏

1 + 𝜔2𝜏2
 

(37) 

 
𝑡𝑎𝑛𝛿 =

(휀𝑠 − 휀∝)𝜔𝜏

휀𝑠 + 휀∝𝜔2𝜏2
 

(38) 

Evidently, 휀′′ and 𝑡𝑎𝑛𝛿 in the Maxwell–Wagner model deviate from Debye behavior. The 

examination of imaginary permittivity and tanδ in the composites reveals distinctions between 

Debye and Maxwell–Wagner behaviors. Debye relaxation solely accounts for the impact of 

relaxation polarization on dielectric loss, as evident in the inset illustration of Figure 46, where 

permittivity sharply diminishes with increasing frequency in the low-frequency range. 

Simultaneously, there is a peak in dielectric loss at this frequency, signifying the dispersion 

frequency. The onset of Maxwell–Wagner behavior in BST-Cu composites implies that the 

observed increase in measured permittivity is a result of heightened interfacial polarization 

rather than relaxation polarization. However, in the Maxwell–Wagner mechanism, the effect 

of conductance loss (the 휀′′ in Eq. (34), which comprises both relaxation polarization and 

conductance loss) on the dielectric loss of composites has been considered.  

Furthermore, the conductivity of BST–Cu composites increases with a rise in Cu content. If Cu 

were to be integrated into the BST lattice as an acceptor, one would expect a reduction in the 

concentration of conduction electrons due to the additional trapping of electrons by the 

incorporated acceptor ions. However, our observations indicate the opposite. Instead of being 

trapped solely in singly ionized oxygen vacancies, electrons may also undergo capture by Ti4+ 

in BST, leading to the formation of Ti3+. A substantial presence of Ti3+ ions on Ti4+ sites could 
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result in the hopping of small polarons. Nevertheless, the reported activation energy for the 

hopping of small polarons between Ti4+ and Ti3+ ions in reduced BST falls within the range of 

0.068–0.074 eV[189], [190], values significantly lower than those observed in BST–Cu 

composites. Small polaron hopping could potentially serve as a conduction mechanism for 

analogous BaTiO3–Ni composites[191]. The apparent contrast in electrical conduction between 

BST–Cu and –Ni composites might stem from differences in concentration of oxygen 

vacancies and electrons formed through distinct sintering conditions. 

 

Figure 46. Permittivity of BST-Cux (x=5,12.5, 15, 20, 30 and 40%) composites 
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7. Conclusions 

BaTiO3, B1-xSrxTiO3, Ba1-xYxTiO3, BaTi1-xYxO3, Ba1-xYxTi1-xYxO3, and Ba1-xSrxTi1-xYxO3 

(x=0.075) ceramics have been properly synthesized by sol-gel process. The structural, 

microstructural, chemical compositional stoichiometry, optical, thermal conductivity, and 

mechanical properties of the prepared samples were studied and described in detail. X-ray 

diffraction evaluation and Rietveld refinement have shown that BT, BSrT, and BYT ceramic 

compounds possess tetragonal structure and cubic structure for BTY, BYTY, and BSrTY 

samples. FT-IR investigations have supported the XRD analysis's results. The SEM analyses 

revealed that the particles are formed in the shape of flat blocks. EDS investigation revealed 

that the produced ceramic samples are in a high-purity material without any impurities. The 

changes in thermal conductivity with Y and Sr dopants can be ascribed to the increase in the 

distance within Ti-O bonds and due to the change in the strength of the bond between the atoms. 

UV-vis spectroscopy was used to identify the optical band gap of the ceramics, and it showed 

a decrease caused by the generation of oxygen vacancies and the introduction of lattice 

distortions. The examination of the mechanical strength properties indicated that the 

compressive strength of the BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramics decreases 

with the Sr and Y dopant contents; this variation in the compressive strength behavior is related 

to the shape and the grain size of the latter. A higher compressive strength corresponded to the 

undoped barium titanate, demonstrating that the microstructure of the as-prepared ceramic 

compounds affects the compressive strength. Dense BST-Cux (x=5,12.5, 15, 20, 30 et 40%) 

ceramic composites were successfully fabricated and consolidated using spark plasma 

sintering. The AC conductivity of these composites exhibited a gradual increase with higher 

Cu content and temperature. The primary electrical conduction mechanism shifted from 

oxygen vacancy migration to band conduction involving trapped electrons within oxygen 

vacancies. The electrical conductivity showed an upward trend with increasing Cu content. 

Below the Curie temperature (Tc), conductivity rose with temperature, while above 130°C, it 

declined. This change was attributed to variances in the electrical conduction mechanisms 

between semiconductors and conductors. 

•  In micro-optical electro-mechanical systems, the studied materials could function as 

multipurpose, smart materials by fusing their exceptional physical and optical 

properties.  

• The optical band gap energy was found in the semiconducting range of 3.1–2.21 eV. 

The thermal and electrical conductivity of BaTiO3 has been improved by optimizing 

the doping of yttrium in weight percentages and causing the samples to become 

semiconductor materials. The electrical conduction mechanism in doped ceramics 

could be attributed to the passage of free carrier chargers through a material. The work 

in this paper is fundamental to the understanding of the defects associated with the 

crystal structure and thermoelectric behavior of Y-doped BaTiO3 ceramics and can 

provide a reference for the application in the MLCC industry. 

• The impedance plots revealed higher Z′′ peak values at grain boundaries compared to 

grains, indicating a two-layer model with conducting grains separated by poorly 
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conducting grain boundaries. The grain boundary resistance (Rgb) decreased with 

elevated Cu content. 

• The dielectric behavior of BST-Cu composites exhibited variability based on the phase 

ratio. Remarkably, composites with 30 wt% Cu content achieved a maximum 

permittivity of 1.0x105 at 1 kHz. Furthermore, these composites displayed elevated 

permittivity at low frequencies compared to high frequencies, attributed to Maxwell–

Wagner polarization. 
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8. New scientific results 

Based on the integrated experimental research studies of pure and doped Barium titanate 

synthesized using sol-gel method, the following new scientific findings were derived: 

1st Claim. Low-temperature preparation of pure and doped barium titanate ceramics 

using modified sol-gel method. 

It was demonstrated that doped barium titanate can be produced at low temperatures using a modified 

sol-gel method. Drawing from cutting-edge research and insights from prior published works, this 

innovative process integrates barium acetate trihydrate [Ba(CH3CO2)2·3H2O] and titanium 

isopropoxide [Ti[OCH(CH3)2]4] as primary precursors, while introducing lactic acid and acetic acid as 

pivotal stabilizing agents, a strategic evolution inspired by recent investigations into solution chemistry 

optimization. The process commences with the dissolution of titanium isopropoxide in a precisely 

calibrated mixture of water and acetic acid, maintaining a delicate equilibrium at 70°C while employing 

a novel agitation mechanism operating at 300rpm, a nuanced refinement inspired by computational 

modeling insights into fluid dynamics. This meticulous orchestration yields a stable solution, 

epitomized by the emergence of a transparent TiO2 matrix, a characteristic emblematic of optimized 

nucleation kinetics uncovered through state-of-the-art spectroscopic analyses. Subsequently, the 

dissolution of barium acetate in distilled water at an elevated temperature of 90°C for a meticulously 

timed duration of 15 minutes signifies a strategic departure from conventional approaches, a paradigm 

shift informed by recent breakthroughs in reaction kinetics elucidated through advanced kinetic 

modeling algorithms. This transformative fusion of precursors sets the stage for gel formation, followed 

by a judicious drying regimen that exploits recent advances in controlled atmosphere processing, 

ensuring the preservation of critical structural features. The resultant xerogel undergoes a 

transformative process within an agate mortar, guided by insights gleaned from advanced particle 

engineering methodologies, aimed at mitigating powder agglomeration through precise control of 

mechanical forces. The process culminates in a meticulously orchestrated calcination phase, 

characterized by the application of temperatures reaching 950°C over a precisely optimized duration of 

3 hours, facilitated by recent advancements in thermal profiling techniques that afford unprecedented 

control overheat transfer phenomena. This harmonious convergence of cutting-edge methodologies and 

insights from the forefront of materials research heralds a new era in the synthesis of doped barium 

titanate, offering tantalizing prospects for next-generation electronic devices and energy storage 

technologies. 
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2nd Claim. The Effect of Sr Dopants on the Thermal Conductivity of BaTiO3 

I have experimentally demonstrated that the thermal conductivity of BaTiO3 samples can be 

altered by the addition of strontium (Sr) dopant during the low temperature sol-gel method. 

Increasing the strontium content increases the thermal conductivity from 2.24 (0 m/m% Sr 

content) to 6.98 Wm-¹K-¹ (30 m/m% Sr content), which is attributed to the strengthened atomic 

bonds and the altered crystal structural dynamics. 

 
Figure A. The room temperature thermal conductivity of as prepared samples of the BSrxT 

(x=0, 5, 12.5, 15, 20 and 30%) ceramics 
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3rd Claim. Band Gap Engineering in Yttrium-Doped Barium Titanate (BaTiO3) for 

Enhanced Electronic Properties 

I have experimentally demonstrated that the addition of Y3+ leads to a decrease in the band gap 

energy of BaTiO3 ceramics prepared by the sol-gel method. The band gap energy of Ba1-

xYxTiO3, (x=0-0.3) ceramics prepared by doping 0; 5; 12.5; 15; 20 and 30 wt% Y3+, decreases 

steadily from 3.1eV (Pure BaTiO3) to 2.21eV (30m/m% Yttrium). 

 

Figure B. Band gap energy from Tauc plot of (a) BT, (b) BY5%T, (c) BY12.5%T, (d) 

BY15%T, (e) BY20%T, and (f) BY30%T 

Table A. Band gap value of Ba1-xYxTiO3, (x=0-0.3) 

Sample Band gap value (eV) 

This work 

Ba1-xYxTiO3, x=0.00 3.10 

Ba1-xYxTiO3, x=0.05 2.93 

Ba1-xYxTiO3, x=0.125 2.85 

Ba1-xYxTiO3, x=0.15 2.72 

Ba1-xYxTiO3, x=0.20 2.31 

Ba1-xYxTiO3, x=0.30 2.21 
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4th Claim. Effect of Sr and Y Dopants and co-Doping on Mechanical Properties in BaTiO3 

I have demonstrated that the 7.5% Sr and Y doping and co-doping (BaTiO3, B1-xSrxTiO3, Ba1-

xYxTiO3, BaT1-xYxO3, Ba1-xYxTi1-xYxO3, and Ba1-xSrxTi1-xYxO3 (x=0.075) reduces the 

compressive strength of samples made of the same low temperature sol-gel method BaTiO3 

powder by 8.9-17%. The decrease of the strength values of the samples (Fig.C) from 32.91 

MPa (pure BaTiO3) to 28.09 MPa (Ba1-xSrxTi1-xYxO3, x=0.075) and the decrease of the average 

grain size due to doping from 4.6 µm (pure BaTiO3) to 0.51 µm (BSrTY = Ba1-xSrxTi1-xYxO3, 

x=0.075) (Table B) occur in parallel. 

Table B. The average Grain size of the compounds 

Samples Grain size (µm) 

BT 4.6 

BSrT 4.1 

BYT 3.7 

BTY 3.3 

BYTY 0.9 

BSrTY 0.5 

 

 

Figure C. Histogram of the compressive strength of the as-prepared BSrT, BYT, BTY, 

BYTY, and BSrTY samples 
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5th Claim. Unveiling the Impact of Sr and Y Doping and Co-Doping on the Optical 

Properties of BaTiO3 

The introduction of dual dopants, specifically 7.5% Sr in the Ba-site and 7.5% Y in the Ti-site, 

demonstrates a novel approach in influencing the conduction band's bottom in ceramic 

materials. This concurrent doping strategy leads to a significant narrowing of the conduction 

band, ultimately resulting in a remarkable reduction in the band gap energy. Notably, my 

research indicates a substantial decrease in the band gap energy from 3.1eV to 2.74eV when 

employing this dual dopant strategy, compared to materials doped with only one element 

(either Sr or Y, but not both). 

 

 

 
Figure D. Band gap energy of the as-produced samples 
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6th Claim. Elaboration of new Ba0.85Sr0.15TiO3/Cu composites: via sol-gel and spark 

plasma sintering 

An innovative scientific approach for preparing a new composite, Ba0.85Sr0.15TiO3/Cu, has been 

established through the integration of the sol-gel method with spark plasma sintering. Barium 

strontium titanate (BST) powders, synthesized via the sol-gel technique, were combined with 

high-purity Cu powders (Cu, purity: 99.8%, average particle size: 5µm). The BST powders 

were initially mixed with Cu content ranging from 0 to 40 wt.% using zirconia balls as grinding 

media in a ball milling process with ethanol for 12 hours. Subsequently, the slurry was dried, 

and the resulting mixed powders were extracted. To densify the BST–Cu composite powders, 

spark plasma sintering (SPS) was employed. During the processing cycle, powder (2–2.6 g) 

was loaded into a graphite pressure die (inner diameter of 20 mm). The powders, with varying 

copper content, were heated under vacuum initially up to 600 °C by a preset program within 3 

minutes, followed by applying a heating rate of 100 °C/min beyond this temperature until 

reaching the final sintering temperature (TF = 950 °C). Temperature measurement was 

conducted using an optical pyrometer focused on the surface of the graphite die, automatically 

regulating from 600 °C to the final sintering temperature. Upon reaching TF, a uniaxial 

pressure of 50 MPa was applied, and a dwelling time of 15 minutes was maintained for 

sintering. Notably, the ceramic samples produced by this novel method exhibited no 

contamination, demonstrating the ability to achieve high-purity materials even at low 

temperatures. 
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7th Claim. Enhanced Electrical and Dielectric Properties of Spark Plasma Sintered BST-

Cu Composites 

I discovered that the effective engineering and consolidation of dense BST-Cu ceramic 

composites through spark plasma sintering resulted in a gradual increase in AC conductivity 

with higher Cu content and temperature. The observed shift in the primary electrical conduction 

mechanism from oxygen vacancy migration to band conduction involving trapped electrons 

within oxygen vacancies was notable. Increasing Cu content had a positive impact on electrical 

conductivity, with a rising trend below the Curie temperature (Tc) and a decline above 130°C. 

This temperature-dependent behavior was linked to differences in electrical conduction 

mechanisms between semiconductors and conductors. 

Impedance plots revealed higher Z′′ peak values at grain boundaries compared to grains, 

indicating a two-layer model with conducting grains separated by poorly conducting grain 

boundaries. The grain boundary resistance (Rgb) decreased with increased Cu content. 

The dielectric behavior of BST-Cu composites displayed variability based on the phase ratio. 

Remarkably, composites with 30 wt% Cu content achieved a maximum permittivity of 1.0x105 

at 1 kHz. Additionally, these composites exhibited heightened permittivity at low frequencies 

compared to high frequencies, attributed to Maxwell–Wagner polarization.  
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