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ABSTRACT: The use of electronic devices that incorporate
multilayer ceramic capacitors (MLCCs) is on the rise, requiring
materials with good electrical properties and a narrow band gap.
This study synthesized yttrium-substituted barium titanate
(Ba1−xYxTiO3, BYT) using a sol−gel process at 950 °C with
varying concentrations of yttrium (0 ≤ x ≤ 0.3). X-ray diffraction
analysis showed that the tetragonal phase became less pronounced
as the yttrium content increased. The samples had varying grain
sizes and porosity, with the BY30%T sample having the narrowest
band gap at 2.21 eV. The BYT ceramic with 30% yttrium had a
thermal conductivity of up to 7 W/m K and an electrical
conductivity down to 0.002 (Ω cm)−1 at 180 °C. The current−voltage characteristics of the BYT MLCC were also studied, showing
potential use in next-generation high-capacity MLCCs. This work presents BYT as a promising material for these types of capacitors.

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 ferroelec-
tricity, 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 BT 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 (MLCCs), piezoelectric and ultrasonic actuators,
thermal sensors and controllers, and microwave devices that
utilize piezoelectric transducers and charge storage devices3−5

and so forth. In order to produce MLCCs using BT material,
the formulation of the BT must be carefully designed to
control its electrical properties, particularly at high temper-
atures and under high electric fields.6 To improve the reliability
of MLCCs made with BT, various additives and dopants, such
as yttria (Y2O3), are substituted to the BaTiO3. These dopants
create compensation mechanisms that help to enhance the
reliability of the capacitors.

Yttrium (Y) is added to BT to improve the reliability of
MLCCs. 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
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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 mecha-
nisms, 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.

It is possible to improve the structural, optical, and
thermoelectric properties of a BT 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 R2Ti2O7 (where R is a rare-
earth element such as Dy, Er, Ho, or Y)16−18 has been
observed when BT 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 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 con-
ductivity 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 BT. 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.24,25

In addition, evaluating the mechanical properties, such as
compressive strength of MLCCs is necessary to understand the
internal stresses imposed on the MLCCs26 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
reactions, hydrothermal techniques, and co-precipitation.29−31

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 research, the authors used the sol−gel
method to prepare yttrium-doped BaTiO3 at different doping
concentrations and sintered the materials in air. The resulting
materials were analyzed 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 MLCCs.

2. EXPERIMENTAL PROCEDURE
2.1. Samples Preparation. BYxT; x = 0−30% ceramic

samples were prepared via the sol−gel method and outlined in
Figure 1. The process involves using three precursors: barium

acetate trihydrate [Ba (CH3CO2)2·3H2O ≥ 99% Aldrich],
yttrium acetate hydrate III [C6H11O7Y ≥ 99% Aldrich], and
titanium isopropoxide [Ti[OCH(CH3)2]4 ≥ 97% Aldrich].
Lactic acid [CH3CH(OH)CO2H] and acetic acid CH3COOH
were used as stabilizing agents, 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 min and then added to the TiO2
mixture. Initially, white precipitates are formed and the
solution becomes cloudy for 10 min, 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

Figure 1. Synthesis flowchart of the ceramic materials.
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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 h to obtain BYT powders. The calcined powders were
pressed into pellets and sintered at 1200 °C for 6 h in air with
a heating/cooling step size of 5 °C/min.
2.2. Characterization. The crystallinity and phases of the

powders were examined using an X-ray diffractometer (XRD)
with Cu Kα (λ = 1.5405 Å) radiation. The vibration bands
were identified using FTIR spectroscopy (4500−400 cm−1,
Hitachi 3140 spectrophotometer FT-IR). The ceramic
samples’ morphological characteristics were analyzed using
scanning electron microscopies (SEM, Thermo Helios G4-
PFIB CXe Dual-Beam), fitted with a Bruker microprobe, and
running at a voltage of 20 kV. Before FESEM imaging, the
ceramic samples and the fractured samples were coated with
multi-layers of gold utilizing coating spray devices to enhance

conductivity. The images were captured under different
magnifications using ES-BSD mode. An energy-dispersive X-
ray spectrometer EDAX Octane Elect-Plus was used to provide
quantitative and qualitative analyses of the elemental
composition of the samples. The optical properties were
measured using an Ocean Optics UV−vis spectrophotometer-
QE65Pro. Thermal conductivity’s behavior was determined
through a combination of two methods: modified transient
plane source (MTPS) and adjusted transient plane source
(MTPS). Keithley-2400 source meter was used to study the
V−I polarization of the prepared ceramic pellets.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis Using XRD. The XRD analysis

was conducted to determine the phase purity and crystallinity
of yttrium-doped BT (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° scan angles,

Figure 2. (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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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 2a. 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.15,32 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,6 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 7 μm and the structure changes from tetragonal to
pseudocubic.33 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.14,34,35 The XRD diffractogram revealed a double peak
at around 2θ ≈ 45°, as shown in Figure 2a, 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 toward 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 2b 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 formula36

D
k
cos

=
(1)

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 1 and the X-ray wavelength (λ), Bragg
diffraction angle (θ), and the full width at half-maximum
(fwhm) of the XRD peak were taken into account. Table 1
shows the results of these calculations.

The crystalline size of BT decreases initially for a doping
concentration of x = 5% wt of yttrium, but then increases with

further doping; for x = 0.125 wt, the cell volume also increases.
The tetragonality or grain lattice parameters can be affected37

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 parameter 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 1.
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.

38

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).38

W W Whkl crystalite strain= + (2)

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
equation39

W 4 tanstrain = (3)

Rearranging W−H eq 2 we get

W Ccos 0.9 4 sinhkl s= + (4)

The W−H method plots the Whkl cos θ versus 4 sin θ for Y-
BT samples, as shown in Figure 2c. 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 eqs 3 and 4 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.39

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 the A-site and the B-site, and

Table 1. Structural Parameters of BYxT, x = 0, 5, 12.5, 15, 20, and 30% Samples

crystalline size, D (nm) strain, ε

sample
Ba1−xYxTiO3

a = b
(Å) c (Å) c/a V (Å3)

space
group

Debye−
Shearer

Williamson−Hall
method

Debye−Shearer
(×103)

Williamson−Hall
method (×103)

x = 0.00 3.9988 4.0398 1.0102 64.598 P4mm 30.146 29.36 5.287 1.27
x = 0.05 3.9911 4.0293 1.0102 64.182 P4mm 27.52 28.2 4.356 1.35
x = 0.125 3.9989 4.0291 1.0075 64.43 P4mm 29.89 29.99 5.0154 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 4.03 2.24
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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 follows40

t
r r

r r
( )
2 ( )

A O

B O
= +

+ (5)

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 2,

which range from 1.07 to 1.051, similar to the results in ref 41.
Here, it is expected that the A-site and B-site will be occupied
by large and small ions, respectively, and both the 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.41

The X-ray density of the synthesized samples have
determined by the equation

ZM
N ax

A
3=

(6)

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 the following formula.42

m
trb 2=

(7)

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.43

P (1 ) 100%b x= × (8)

ρx, ρb are the X-ray density and bulk density of the prepared
samples, and porosity is measured using eqs 6−8, 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 2.
With an increase in doping concentration, the X-ray density,
porosity, and bulk density decrease.

3.2. FTIR Spectroscopy. FTIR spectroscopy was used to
study the functional groups present in ceramic powders. The
results, shown in Figure 3a, demonstrate the FTIR spectra of

Y-doped BaTiO3 ceramic materials. The bands at 870 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 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 the Ti−O
stretching vibration.44 These bands indicate that all of the
synthesized samples have a pure tetragonal phase. From Figure
3b, it is clear that 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.
3.3. Surface Structure Measurement Using FESEM.

Figure 4a−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

Table 2. Tolerance Factor (t), Bulk Density (ρb), X-ray
Density (ρx), and Porosity (P) of BYT

sample
Ba1−xYxTiO3

tolerance
factor (t)

bulk density,
ρb (g cm−3)

X-ray density,
ρx (g cm−3)

porosity,
P (%)

x = 0.00 1.07 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 35.9

Figure 3. (a) FTIR spectra of Y-doped BaTiO3 ceramic powders and
(b) absorption frequency of the Ti−O bond as a function of the Y
content.
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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.45 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 Figure 4b,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 morphol-
ogy in Y-doped samples may be attributed to the interaction
between granular surfaces facilitated by the dopant cation.

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 3).

The surfaces of the samples were checked in terms of
element distribution homogeneity (Figure 5a−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.
3.4. 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 6, 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 the BT lattice has a slight effect
on the absorption of photons.

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.46 The Kubelka−Munk equation
at any given wavelength is represented by the equation

F R
R

R
k
S

( )
(1 )

2

2

= =
(9)

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.46 This function was used to analyze the type of inter-
band transitions by applying the McLean analysis.46 The Tauc
plot relation was then used to calculate the optical band gap
(Eg) as shown in Figure 7

F R h C h E( ) ( )n
1 g= (10)

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 s. The possible
values for the index n are equal to 1/2, 2, 3/2, or 3 and each
describes direct allowed, indirect allowed, direct forbidden, and
indirect forbidden transition types, respectively. From eq 10,
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 7 and listed
in Table 4, the for example values of BYxT (x = 0, 5, 12.5, 15,
20, and 30%) obtained by extrapolating the linear part to the

Figure 4. FESEM micrographs of Ba1−xYxTiO3 (where a, b, and c are x = 0.00, 0.2, and 0.3, respectively).

Table 3. Theoretical and Experimental Contents of
Elements for BT, BY20%T, and BY30%T Ceramics

element
content of element from EDS

(wt%) (measurement)
theoretical

content (wt%)
accuracy
(wt%)

BT Ceramics
BaL 50.36 50.21 0.298
TiK 31.26 31.76 1.57
O K 18.38 18.03 1.94

BY20%T Ceramics
BaL 41.63 41.27 0.874
TiK 22.96 23.1 0.6
O K 15.47 15.63 0.88
Y L 19.95 20 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 0.1
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horizontal axis are in the range of 3.10−2.21 eV, which are
considerably lower than that of the pure BT (3.10 eV). The
band gap reduction of BY30%T (Figure 7f) is the most
evident, and it is even more significant than those of other
photovoltaic perovskite ceramics.47,48 The optical behavior of
the materials can be explained by the electronic states of the
highest energy band that is occupied by electrons valence band
maximum (VBM), and the next highest energy band above the
valence band that is unoccupied conduction band minimum
(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.49 The position of the conduction band is affected by
the electronegativity of the doping ions; the more electro-
negative the ions, the lower the conduction band position.50

When a doping element is introduced, the VBM is localized
around the Y 3d orbital. As the Y cations are more
electronegative than the 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

and Lee,51 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 orbitals 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 the 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 MLCCs.

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 CBM and the VBM were calculated using the following
equation

E E E0.5CB e g= (11)

E E Eg VB CB= (12)

The equation used to calculate the CBM and VBM is where
ECB and EVB are the conduction band and the valence band
potentials, respectively. 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 versus hydrogen. χ is the electronegativity of
the semiconductor and can be calculated as follows

A B C D E( ) ( ) ( ) ( ) ( )a b c d a a b c d e1/= [ ] + + + + (13)

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 CBM and the VBM were calculated using
an equation that takes into account the conduction band and

Figure 5. Mapping images for (a) BT, (b)BY20%T, and (c) BY30%T.

Figure 6. Diffused reflectance spectra of BYxT (x = 0−30%) samples.
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valence band potentials, the band gap estimated from the UV−
vis results, the energy of free electrons, and the electro-
negativity 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 8 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 CBM while the VBM shifts upward.

3.5. Thermal and Electrical Properties. The thermal and
electrical conductivities of Ba1−xYxTiO3 ceramic samples

Figure 7. Bandgap 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 4. 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 3.26,52 3.253

Ba1−xYxTiO3, x = 0.05 2.93 3.1154

Ba1−xYxTiO3, x = 0.125 2.85 2.9153

Ba1−xYxTiO3, x = 0.15 2.72
Ba1−xYxTiO3, x = 0.20 2.31 3.1454

Ba1−xYxTiO3, x = 0.30 2.21

Figure 8. Schematic representations of the calculated CBM and the
VBM for the perovskite series Ba1−xYxTiO3 (0 ≤ x ≤ 0.3).
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(BYxT) were examined as a function of yttrium content at
room temperature and 180 °C, as illustrated in Figure 9.

BaTiO3 has lower thermal and electrical conductivity
compared to Y, thus the addition of Y in BaTiO3 system will
lead to percolation behavior. As the concentration of Y
increases, the thermal and electrical conductivities follow a
power law pattern, as demonstrated in eqs 14 and 15.55

k V V V V( ) forq
T T< (14)

V V V V( ) fort
E E< (15)

The thermal and electrical conductivities of Ba1−xYxTiO3
ceramic samples (BYxT) were studied as a function of yttrium
content. Equations 14 and 15 were used to estimate the
thermal and electrical conductivities as a function of Y content,
and the percolation thresholds (VT and VE) were 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 but a

relatively low electrical conductivity. The electrical conductiv-
ity of all the samples increases with measurement temperature,
which is typical of semiconducting behavior as shown in Figure
9b. 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
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 it 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.56 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.57,58

The thermal conductivity of all the samples increases with
temperature, as shown in Figure 9a,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 nanoporosity. This is likely
caused by the phonon boundary scattering by the nano-
structured pores of the sample in addition to the phonon
defect scattering by the Y atoms.59,60 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.61 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 MFP
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.62 The MFP 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

Figure 9. Thermal conductivity and electrical conductivity of BYT as
a function of Y content at (a) room temperature and (b) 180 °C.
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the value of 2.44 × 10−8 W Ω K−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. Addition-

ally, yttrium has a relatively low lattice thermal conductivity,
meaning it does not transfer heat efficiently through the
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

Figure 10. 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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lead to an increase in the number of conduction electrons in
the material, which can in turn increase its thermal
conductivity.

To investigate the electrical behavior of Ba1−xYxTiO3 (x =
0.05−0.3) ceramic samples, an impedance analysis of the
prepared sample was conducted at 180 °C. The V−I
polarization plots, shown in Figure 10, 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 current is known as the activation loss and is
likely caused by the electrostatic potential that overcomes the
energy barrier.63,64 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 10a−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 10a−e. It is noted
that pure BT ceramics have 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 10a−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 9a,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 4a−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 BT
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 wt %), which indicate the generation of oxygen
vacancies and unsaturated surface cations.65 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.

4. CONCLUSIONS
The solid series of perovskite B1−xYxTiO3 (0 ≤ x ≤ 0.3)
ceramics have been successfully prepared by sol−gel method.
Analysis of XRD data confirms the pure perovskite tetragonal
structure of the ceramic samples. However, tetragonality
decreases with an increase in yttrium content. The FESEM
micrographs reveal a decrease in grain size as the transition
occurs from surface grains with a porous structure to
nanoporous structures with an increase in Y3+ content. The

doping of Y3+ ions led to a decrease of the direct band gap
energy and a shift of the band gap edges, namely the CBM and
VBM. 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 their application in
the MLCC industry.
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Selçuk University, Konya 42130, Turkey
Irina Hussainova − Department of Mechanical and Industrial

Engineering, Tallinn University of Technology, 19086
Tallinn, Estonia

István Kocserha − Institute of Ceramic and Polymer
Engineering, University of Miskolc, Miskolc H-3515, Hungary

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c07497

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the Hungarian State in the
framework of the RF-2.3.1-21-2022-00014 National Multi-
disciplinary Laboratory for Climate Change project. This
research work was also supported by the Estonian Research
Council under the personal research grants PUT1063 (I.
Hussainova) and DoRa + program.

■ REFERENCES
(1) Islam, S.; Satter, S. A.; Khatun, N.; Hossain, M. S.; Farhad, S. F.

U.; Bala, P.; Tabassum, S.; Siddika, A. Investigation of Structural,
Dielectric and Electrical Properties of Barium Titanate Ceramics Co-

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07497
ACS Omega 2023, 8, 8448−8460

8458

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Tihtih"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7364-9036
mailto:medtihtih@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamal+Eldin+F.+M.+Ibrahim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+A.+Basyooni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8473-8253
https://orcid.org/0000-0001-8473-8253
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Redouane+En-nadir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walid+Belaid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+Hussainova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Istva%CC%81n+Kocserha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07497?ref=pdf
https://doi.org/10.1142/S2251237319500060
https://doi.org/10.1142/S2251237319500060
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Doped with Bismuth and Yttrium. J. Mol. Eng. Mater. 2019, 07,
1950006.
(2) Slimani, Y.; Selmi, A.; Hannachi, E.; Almessiere, M. A.; AlFalah,

G.; AlOusi, L. F.; Yasin, G.; Iqbal, M. Study on the Addition of SiO2
Nanowires to BaTiO3: Structure, Morphology, Electrical and
Dielectric Properties. J. Phys. Chem. Solids 2021, 156, 110183.
(3) Zhao, C.; Wu, H.; Li, F.; Cai, Y.; Zhang, Y.; Song, D.; Wu, J.;

Lyu, X.; Yin, J.; Xiao, D.; Zhu, J.; Pennycook, S. J. Practical High
Piezoelectricity in Barium Titanate Ceramics Utilizing Multiphase
Convergence with Broad Structural Flexibility. J. Am. Chem. Soc. 2018,
140, 15252−15260.
(4) Rathod, V. T. A Review of Acoustic Impedance Matching

Techniques for Piezoelectric Sensors and Transducers. Sensors 2020,
20, 4051.
(5) Tihtih, M.; Ibrahim, J.; Basyooni, F. M.; Belaid, M. A.; Gömze,

W.; Kocserha, L. A.; Kocserha, I. Structural, Optical, and Electronic
Properties of Barium Titanate: Experiment Characterisation and First-
Principles Study. Mater. Technol. 2022, 37, 2995−3005.
(6) Liu, J.; Jin, G.; Chen, Y.; Xue, W. Properties of Yttrium-Doped

Barium Titanate Ceramics with Positive Temperature Coefficient of
Resistivity and a Novel Method to Evaluate the Depletion Layer
Width. Ceram. Int. 2019, 45, 6119−6124.
(7) Wang, M. J.; Yang, H.; Zhang, Q. L.; Hu, L.; Yu, D.; Lin, Z. S.;

Zhang, Z. S. Doping Behaviors of Yttrium, Zinc and Gallium in
BaTiO3 Ceramics for AC Capacitor Application. J. Mater. Sci.: Mater.
Electron. 2014, 25, 2905−2912.
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