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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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1. 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].  

A rationally modified synthetic route can be adapted to prepare BaSrTiO3–Cu (BST-Cu) composite 

powders. This involves developing a new synthetic route and an advanced sintering method to achieve 

a microstructure with homogeneously dispersed Cu in an ultrafine BST ceramic matrix. Efforts have 

focused on controlling the size and distribution of metal nanoparticles, but only micro composites have 

been reported so far. Uniformly distributed metal particles in a ceramic matrix are essential for good 

percolative ceramic–metal composites, a novel concept in dielectric materials. In this study, spark 

plasma sintering (SPS) successfully consolidated BST–Cu powders into composites with ultrafine 

microstructures. SPS offers fast heating rates, mechanical pressure, short sintering times, and low 

temperatures, promoting densification and reducing grain coarsening in nano or submicron-composite 

powders. [41-44].  

This PhD work aims to optimize yttrium and strontium-doped barium titanate (BT) materials for 

improved performance in multilayer ceramic capacitors (MLCCs) and other electronics. By 

investigating dopant interactions with the BT lattice, the research seeks to enhance MLCC reliability 

through controlled material properties. The study involves experimental analysis of dopant 

incorporation, solubility, and their effects on structural, optical, and thermoelectric properties using 

advanced characterization techniques. Innovative synthesis methods and composite materials are 

explored to improve mechanical, electrical, and optical properties. Additionally, metallic particle 

composites are synthesized using spark plasma sintering (SPS) to optimize performance. This research 

advances BT-based materials, focusing on MLCC reliability and performance. 
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2. Summary of literature 

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]. 

2.1 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].  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 1. a) Perovskite Structure and b) Crystal Structure of BaTiO3 [42] 

a) b) 
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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]. 

2.2 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. 

2.3 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. 

2.4 Ceramic-Metal composites 

Ceramic metal composites (CMCs) combine ceramic and metal phases to enhance properties and reduce 

costs. They offer improved strength, stiffness, hardness, wear resistance, and lower thermal expansion. 

Despite challenges like high processing costs and reduced ductility, recent advances are promising. By 

incorporating ductile reinforcements like particles and fibers, CMCs address ceramic brittleness, aiming 

to improve fracture toughness and reliability. Research focuses on minimizing flaws to enhance 

toughness and reliability. CMCs represent significant progress in material science, with interpenetrating 

composites offering unique structural advantages. 

2.5 Spark plasma sintering (SPS) 

Spark plasma sintering (SPS) is a rapid method for fabricating bulk materials from powders, offering 

fast heating, short holding times, and lower sintering temperatures compared to conventional methods. 

It's especially useful for nanostructured materials, composites, and refractory metals. Further research 

is needed to understand its mechanisms, including the role of spark plasma and discharge. Also known 

as field-activated sintering and pulsed electric current sintering, SPS allows fast heating rates (up to 
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1000 °C/min) and short holding times (0–15 min) at temperatures 200–300 °C lower than conventional 

techniques.[10-12]. 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 [28-29]. 

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

current is applied to the electrodes (as shown in Figure 2), and the microscopic electrical discharges in 

the gaps between the powder particles generate plasma, causing sintering [27]. 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 [28]. In addition, Joule heating and plastic deformation effects 

contribute to the densification of the powders. 

 
Figure 2. A schematic of the SPS process [110]. 

2.6 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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2.7 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. 

3. Preparation methods 

3.1. Synthesis of Ba1−xYxTiO3 ceramics 

BYxT (x=0-30%) ceramic samples were prepared using a sol-gel method. Barium acetate, yttrium 

acetate, and titanium isopropoxide were used as precursors, with lactic and acetic acids as stabilizing 

agents. The process involved dissolving titanium isopropoxide in water and acetic acid at 70°C, then 

stabilizing it with lactic acid. Barium and yttrium acetates were dissolved in water at 90°C and added 

to the titanium solution, forming a clear mixture at 80°C. This mixture was turned into a gel, dried, and 

processed to avoid agglomeration. The resulting xerogel was calcined at 950°C, pressed into pellets, 

and sintered at 1200°C for 6 hours with controlled heating and cooling. 
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Figure 3. Synthesis flowchart of the ceramic materials 

3.2 Preparation of BST-Cu and spark plasma sintering process 

Barium strontium titanate (BST) powders were mixed with high-purity copper (Cu) powders (0-40 

wt.%) using ball milling with ethanol and zirconia balls for 12 hours. The slurry was dried, and the 

mixed powders were extracted. To densify the BST-Cu composite, spark plasma sintering (SPS) was 

performed using a graphite die at Tallinn University of Technology. Powders (2-2.6 g) were heated 

under vacuum to 600°C, then at 100°C/min to 950°C. An optical pyrometer monitored the temperature. 

At 950°C, a uniaxial pressure of 50 MPa was applied for 15 minutes to complete the sintering process. 

4. Results and Discussion  

4.1 Yttrium-Doped BaTiO3 for Next-Generation Multilayer Ceramic Capacitors 

4.1.1 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  4. 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], 

[12]. 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 [30]. The phase changes observed in the samples are a combination of 
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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], [31], [32].  

 

Figure 4. XRD patterns of Y-BaTiO3 ceramics 

4.1.2 Surface structure measurement using FESEM 

Figure 5(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 [32]. 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 5(b) and 5(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 5. FESEM micrographs of Ba1-xYxTiO3 (where a, b, and c are x=0.00, 0.2, and 0.3 

respectively) 
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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. 

The surfaces of the samples were checked in terms of element distribution homogeneity (Figures 6(a), 

6(b), and 6(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. 

 

 

 

Figure 6. Mapping images for (a) BT, (b)BY20%T, and (c) BY30%T 

4.1.3 Optical properties 

The crystalline structure of perovskite materials affects their physical and optical properties. UV-

Visible absorption spectroscopy (350-800 nm) shows that Y-doped BT ceramics absorb visible photons 

above 400 nm, peaking at 45% absorption for highly doped samples. This absorption reduces the UV 

spectra. All Y-doped samples display three distinct peaks in the visible region, with Y occupancy 

slightly influencing photon absorption. 

The optical band gap value, the Tauc functions were used for BYT with the assumption that n=2. As 

shown in Figure 7, 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 7(f)) is the most evident, 

and it's even more significant than those of other photovoltaic perovskite ceramics  [20], [21]. The 

optical behavior of the materials can be explained by the electronic states of the highest energy band 
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that is occupied 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 

[45]. 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 7. 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 

4.1.4 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 8. 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 (1) and (2) [51], 

 𝑘 ∝ (𝑉𝑇 − 𝑉)−𝑞  for V<VT (1) 

 𝜎 ∝ (𝑉𝐸 − 𝑉)−𝑡  for V<VE (2) 

The thermal and electrical conductivities of Ba1-xYxTiO3 ceramic samples (BYxT) were studied as a 

function of yttrium content. Equations (1) and (2) 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 
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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  8(b). The sample 30%Y BT has a notably higher electrical conductivity when compared to other 

samples. 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 [39], [38]. 

The thermal conductivity of all the samples increases with temperature, as shown in Figures 8(a) and 

8(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.  

  
Figure 8. Thermal conductivity and electrical conductivity of BYT as a function of Y content at (a) 

Room temperature and (b) 180°C 

4.2. Ba0.85Sr0.15TiO3/Cu new composites: via sol-gel and spark plasma 

sintering 

4.2.1 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 9a. 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 9b). The evolution of the XRD-peaks confirms 

the successful composition control during sintering. Additionally, the crystal structure of BST-Cu 
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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 9. (a) XRD pattern of BST-Cux (x=0-40%) ceramic-metal composites (b) Shifting of the 

peaks BST (200) and Cu (111) 

4.2.2 SEM Investigation 

SEM micrographs of BST-Cu composites (0, 5, 12.5, 15, 20, 30, and 40 wt.% Cu) are shown in Figure 

10. Grain shapes were irregular and increasing Cu content led to more reactions and intermediate 

phases. Abnormal grain growth was observed, with pure BST grains at ~3.1µm and BST-Cu grains at 

3.1-5.2µm, due to a low eutectic liquid phase between Cu and BST during sintering. Spheroidal Cu 

particles were seen in the BST matrix, identified by EDS. Increased Cu content caused Cu 

agglomeration and decreased relative density due to pores. SEM showed decreased porosity with more 

Cu, consistent with XRD findings. These properties suggest potential for hydroelectric cell applications. 
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Figure 10. 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% 

4.2.3 Optical characteristics 

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 [42].  

As demonstrated in Figure 11, 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 11(f)) is the most evident and is even more significant than those of other photovoltaic 

perovskite ceramics [43], [44]. 

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 

(c) (d) 

(g) 

(f) (e) 
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orbital [145]. 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. 

 

Figure 11. Band gap energy of (a) BST, (b) BST-Cu5%, (c) BST-Cu12.5%, (d) BST-Cu15%, (e) 

BST-Cu20%, (f) BST-Cu30%, and (g) BST-Cu40% 

4.2.4 Electrical conduction mechanism in BaTiO3–Cu composites 

The graph in Figure 12 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 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 [45]: 
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𝑓𝑚 =

1.8 × 1012

𝜀𝜌
 

(3) 

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 12. Frequency-Dependent modulation of AC Conductivity (σ′) with varying Copper 

additions at Room Temperature 

Figure 13 illustrates the temperature dependence of conductivity in BST-Cu composites with varying 

Cu content, focusing on x = 30 wt%. Below the critical temperature (130°C), conductivity increases 

with temperature, typical of semiconductors, as electrons gain energy to move from the valence band 

to the conduction band. Above 130°C, conductivity decreases, reflecting the behavior of conducting 

materials where electron movement becomes more directional. This shift is due to the different 

conduction mechanisms in semiconductors and conductors. 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 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 13. 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 13. The temperature dependence of the conductivity for different Copper Content. 

Figure 14 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.  

As depicted in Figure 14, 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 12 and 13. These outcomes are elucidated through a two-layer model, postulating the existence 

of conducting grains isolated by poorly conducting grain boundaries. 

 

Figure 14. The expanded view of the low frequency and the equivalent circuit of the RC 

element. The inset represents the impedance complex.  
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Figure 15 shows the frequency-dependent permittivity of BST-Cu composites at room temperature. For 

Cu contents of 5, 12.5, and 15 wt%, permittivity shows a subtle frequency dependency from 100 Hz to 

1 MHz, similar to pure BST. With Cu at 30 wt%, permittivity peaks at approximately 1.2×105 at 1 kHz 

but declines at low frequencies (around 104 Hz) for Cu > 30 wt%, indicating a step decrease where tanδ 

shows a relaxation peak [18]. This behavior aligns with the Maxwell–Wagner capacitor model, where 

different phases have distinct conductivity, and charge accumulation at interfaces influences 

polarization. Conductivity of BST-Cu composites rises with increased Cu content. If Cu acted as an 

acceptor in the BST lattice, a reduction in conduction electrons would be expected, but the observed 

behavior suggests otherwise. The differing electrical conduction between BST-Cu and BST-Ni 

composites likely results from variations in oxygen vacancy concentrations and sintering conditions. 

 

Figure 15. Permittivity of BST-Cux (x=5,12.5, 15, 20, 30 and 40%) composites 

5. Conclusions 

BaTiO3 and various doped ceramics were synthesized via sol-gel. Their structural, optical, thermal, and 

mechanical properties were detailed. X-ray diffraction and FT-IR confirmed tetragonal and cubic 

structures. SEM showed flat block particles, and EDS confirmed high purity. Y and Sr dopants altered 

thermal conductivity by affecting Ti-O bond distances and strengths. UV-vis spectroscopy revealed 

decreased optical band gaps due to oxygen vacancies and lattice distortions. Compressive strength 

decreased with Sr and Y doping, linked to grain size and shape. Dense BST-Cu composites (5-40%) 

were made using spark plasma sintering. AC conductivity increased with Cu content and temperature, 

shifting from oxygen vacancy migration to band conduction. Conductivity rose below the Curie 

temperature and declined above 130°C due to different conduction mechanisms. 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 
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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 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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6. 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. 

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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