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Ceramics composed of (0.1)BaTiO,~(0.9)BaZr . Ti . O, have been synthesized to fulfill the
specifications required for multilayer ceramic capacitors. This study investigates the influence of
various annealing temperatures on the materials’ microstructure, optical properties, and dielectric
characteristics. Findings indicate that elevated annealing temperatures enhance crystallinity, grain size,
dielectric constant, and capacitance. Notably, samples annealed at 800 °C demonstrate high crystallinity,
increased grain size, a reduced energy band gap (Eg =~ 3.50 eV), an optimal dielectric constant of
approximately 80,000, and a dielectric loss tangent (tan 6) of about 0.14 at room temperature. The
substantial dielectric constant suggests that these capacitors are capable of operating effectively at high
temperatures. Furthermore, at a frequency of 100 Hz, capacitance values rise with increasing annealing
temperature, reaching approximately 70 uF at 800 °C. These results propose that this material holds
significant promise as a candidate for high-temperature multilayer ceramic capacitors.
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1. Introduction

There is now a much greater need for high-performance
electronic components that can function in harsh environments,
like those found in oil drilling, automotive, and aerospace
applications. In these systems, multilayer ceramic capacitors
(MLCCs) are crucial, however because of temperature-
dependent dielectric constants, traditional dielectric
materials like BaTiO, (BT) find it difficult to maintain
thermal reliability over 150 °C'%. BT-based solid solutions
have been extensively studied to get around this restriction
by adding dopants or creating new composite systems like
BaTiO,—~(Bi . .Na,.,)TiO, (BT-BNT), BaTiO,-Ba(Zn,..Ti,..)O,,
and BaTiO,-Bi(Mg,. Zr,.,)O,’. Among these, the BT-BNT
system has demonstrated potential for X9R-class MLCCs,
particularly upon achieving optimal dopant gradients and
a fine-grained core-shell structure®.

The substitution of Zr** for Ti*" in the BT lattice (creating
BaTiO,-BaZr, .. Ti . .0, or BT-BZT) has been emphasized in
recent studies as an efficient way to improve resistance to
electric field degradation, boost microstructural densification,
and improve thermal stability>¢. Additionally, BT-BZT
ceramics have advantageous ferroelectric and dielectric
characteristics, which make them desirable for application
in transducers, sensors, and MLCCs"®.

A semiconductor material with ferroelectric characteristics,
barium titanium-barium zirconium titanate (BT-BZT) is
distinguished by discrete valence and conduction bands that
are separated by an energy band gap (Eg). One important
component of its electrical structure is the Eg value, which
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varies based on the production pathway or processing
technique used. For applications in materials science and
engineering, it is crucial to calculate Eg accurately®. The
potential of BT-BZT as a high-temperature-resistant sensor
is examined in this work.

Holding time—the amount of time a sample stays at a
particular temperature in a furnace—and annealing temperature
are two variables that affect grain size in materials. Grain
interactions during this time cause diffusion processes, which
in turn cause grain expansion. Grain size increases in BT-
BZT ceramics have been linked to improved ferroelectric
characteristics, such as reduced coercive electric field and
greater remanent polarization'”.

By changing and holding the annealing temperature for
an hour, this study investigates the function of the annealing
temperature in the BT-BZT system. It also takes into account
how changes in annealing temperature affect the electrical,
optical, and microstructure characteristics relevant to high-
temperature applications. By developing novel materials
with small grains, controlled doping gradients, and increased
resistance to high temperatures, the invention focuses on
deploying X9R high-temperature multilayer ceramic capacitors
(MLCCs). Appropriate variations in annealing and doping
temperatures can be applied to various types of sensors'’.

2. Experiment Procedure

The BT-BZT sample was prepared using the sol-gel
method. Two solutions, BT and BZT, were used. The BT
solution was formulated by adding and stirring 0.1 M BaCO,
solution into 0.1 M TiO, solution. The BaCO, solution was
created by mixing BaCO, powder with 80% acetic acid
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and 20% deionized water. This mixture was subsequently
stirred using a hotplate with a magnetic stirrer. The TiO,
dispersion was prepared by dispersing TiO, powder in
96% ethanol. A 0.6 ml and 0.4 ml of 10% ethylene glycol
were subsequently added, and the resulting mixture was
stirred thoroughly using a hotplate with a magnetic stirrer
to achieve a fully blended solution.

The BZT solution was a mixture of ZrO, and TiO, powder
with 80% acetic acid and 20% deionized water. Ba powder
was added to 10 ml of this solution, and the mixture was
stirred on a hotplate until a transparent solution was obtained.
The BT/BZT sample was then created by mixing the BT
and BZT solutions. This mixed solution was stabilized by
adding 3 drops of acetyl acetone and stirring until its color
turned yellowish clear.

A thin layer was created using the spin-coating method
by applying 3 drops of BT-BZT solution onto the fluorine
tin oxide (FTO) substrate placed on the spin coater. The thin
layer then underwent an annealing process in a furnace at
temperatures of 700 °C, 750 °C, and 800 °C. This temperature
was maintained for 1 hour. The purpose of this annealing
process was to induce a crystalline structure in the BT-BZT
thin films. The samples were then characterized using XRD,
FESEM, UV-Vis, and impedance spectroscopy.

The optical absorption of the synthesized
(0.1)BaTiO,~(0.9)BaZr Ti  ,O, sample was analyzed
using a UV-Vis spectrophotometer (LAMBDA 35, Perkin
Elmer, USA). The results are presented as a lookup table
of the absorbance spectrum as a function of wavelength
(250-900 nm). Information on the crystal structures of the
BT-BZT700, BT-BZT750, and BT-BZT800 samples was
obtained using X-ray diffraction (XRD) characterization
with Cu Ko radiation (A = 1.54178 A) on a D8 Advance
instrument from Bruker Inc., Germany. The XRD scanning
was performed over a 2-hour range from 10° to 70° (26),
with a scanning speed set at 6°/min.

The surface morphology of the BT-BZT sample was
evaluated using field-emission scanning electron microscopy
(FESEM) (LEO VPSEM 1450 model). This FESEM
characterization method provided insights into the shape
and size of the particles present in the sample.
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Figure 1. The pattern of XRD sample BT-BZT at the temperature
of (a) 700 °C, (b) 750 °C, and (c) 800 °C
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Impedance spectroscopy characterization was performed
using the Solartron-Schlumberger 1255 model. This
characteritazation was done to ascertain the electrical properties
of the BT-BZT thin films, including the dielectric constant
and capacitance. The procedure involved examinations
of the correlation between the capacitance value and the
logarithm of frequency, as well as the correlation between
the dielectric constant and the logarithm of frequency. The
measurements were conducted over a frequency range
from 10 Hz to 1 MHz, with the alternating current voltage
maintained at 0.5 volts.

3. Results and Discussion

Figure 1 shows X-ray diffraction (XRD) patterns
at various annealing temperatures. The resulting X-ray
diffraction pattern indicated that the BT-BZT sample had
a tetragonal crystal structure'?, which is in good agreement
with the Joint Committee on Powder Diffraction Standards
(JCPDS) data (code 98-009-4258). The results of the XRD
analysis revealed the lattice parameters and crystallite size.
The intensity, crystallinity, and crystal size of the BT-BZT
thin films exhibit an upward trend with increasing annealing
temperatures. This is attributed to the higher temperature
leading to greater atomic orderliness due to increased atomic
vibrations'?.

The crystallite size (D) is calculated using the Debye-
Scherrer method Equation 1.

D= kA
Pcos

where £ is the proportionality constant (0.94), f is the full
width at half maximum (FWHM) of the main peak in the
X-ray diffraction, A is the wavelength of the X-ray (1.548 nm
for Cu-Ka), and 0 is the diffraction angle. To determine the
strain values of the thin film, the Williamson-Hall (W-H)
method!* was used, as described in Equation 2,

(M

Pcosd _ 0.89 +de siné
A D A

2

where D represents the crystallite size, and € denotes the
strain. The strain values were then obtained from the slope
of the plot of sin(0)/ A versus cos(0)/ A, in accordance with
Equation 2, as shown in Figure 2.

The density of the thin films was calculated using
Equation 3.

zZ-M

p=—— 3
a?-c-Na )
Where p is the density (g/cm®) of BT-BZT, Z=4, M is
the molar mass of BT-BZT, Na = 6.022 x 10*/mol, and a
and c are lattice constants. The specific surface area (SSA)
of the composition was then estimated using Equation 4.

3
SSA=6 10

“)

The obtained strain, lattice parameter, density, and SSA
values are summarized in Table 1.

Figure 3 shows the FESEM micrograph of the BT-
BZT sample, revealing particles with irregular spherical
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shapes. The annealing process led to an increase in grain
size, with the average values of 209.9 + 14.5 nm, 224.4 +
14.9 nm, and 253.2 + 15.9 nm at annealing temperatures of
700, 750, and 800 °C, respectively. The annealing process
significantly influences grain growth through mechanisms
such as nucleation and recrystallization. Nucleation can occur
in both solution and solid phases during annealing, while
recrystallization generally takes place in the solid state. These
processes enhance atomic mobility by increasing thermal
vibrational energy, which promotes the migration of atoms
across grain boundaries. As a result, smaller grains tend
to merge with larger ones, and some may vanish entirely,
contributing to overall grain coarsening'’.
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Figure 4 shows that the BT-BZT sample contains the
element Sn (tin), O (oxygen), C (carbon), Ba (barium), Ti
(titanium), Zr (zirconium), and Si (silicon). Based on the
Energy Dispersive X-ray (EDX) analysis, the BT-BZT700
sample exhibits weight percentages of 44.4% Sn, 41.2%
0, 12.0% C, 1.0% Ba, 0.9% Ti, 0.3% Zr, and 0.2% Si. For
the BT-BZT750 sample, the respective weight percentages
are 72.3% Sn, 19.4% O, 7.9% C, 0.3% Ba, 0.1% Zr, 0.0%
Ti, and 0.0% Si. Meanwhile, the BT-BZT800 sample
contains 73.4% Sn, 22.1% O, 3.4% C, 0.8% Ba, 0.1% Zr,
0.0% Ti, and 0.0% Si. The EDX spectra indicate that Sn is
the doimant element in all samples. This high Sn content
originates from the FTO substrate, not from the BT-BZT
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Figure 2. Williamson-Hall plot to estimate D and ¢ for BT-BZT (1.5 mol%) at (a) 700 °C, (b) 750 °C, and (c) 800 °C.

Table 1. XRD analysis.

Debye . Volume of
Sample Scher};er WgnHm) b St;allg_-z(s) a(A) c(A) c/a p(g/cm®)  SSA(m¥g) unit cell
D (nm) (Ay
BT- 7.78 7.37 2.1 3.39 498 1.48 3.06 252 57.23
BZT700
BT- 7.81 7.42 2.1 4.25 5.64 1.32 3.30 232.7 106.0
BZT750
BT- 7.87 7.48 2.1 4.78 15.96 3.36 4.81 158.4 364.66

BZT800
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Figure 3. Photos of FESEM scans at annealing temperatures of (a) 700 °C, (b) 750 °C, and (c¢) 800 °C

material itself. Figure 5 further confirms that all the detected
elements in the BT-BZT sample were uniformly distributed
throughout the films'®. The cross-sectionalview of the films
also reveals that the thickness of the thin film above the
FTO substrate is approximately 6.4 x 107 m.

Figure 6 shows the optical absorption peaks of the BT-
BZT700, BT-BZT750, and BT-BZT800 samples, oberved at
wavelengths of 311 nm, 309 nm, and 310 nm, respectively.
These peaks in the UV region indicate the formation of BT-
BZT particles. The optical absorption peak of approximately
310 nm corresponds to the electronic transition from the
ground state to a higher energy state, typically associated
with particle formation in semiconductor or ceramic materials
like BT-BZT. This UV absorption suggests that the material

begins to absorb photon energy in this range, and this likely
due to bond formation between constituent elements. The
slight differences in the wavelength of the absorption peak
suggest variations in particle size or material composition
at different annealing temperatures. This indicates that the
processing temperature affects the size and distribution
of the formed BT-BZT particles. The annealing process
influences crystallization and grain growth, which in turn
affects its optical properties!’.

Figure 6 also shows that higher annealing temperatures
lead to higher absorbance values, with maximum absorbance
observed at 700 °C (~0.0554 a.u.), 750 °C (~0.0952 a.u.), and
800 °C (~0.1121 a.u.). Across all samples, the absorbance
decreased with increasing wavelengths, from the UV to the
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Figure 4. Results of the EDX spectrum at annealing temperatures of (a) 700 °C, (b) 750 °C, and (c) 800 °C.
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Figure 5. Mapping of BT-BZT elements at annealing temperatures of 700 °C, 750 °C, and 800 °C.

visible region. A higher absorbance in BT-BZT thin film
greater photon energy aborption as light passed through the
material. The UV-Vis spectrum further provides insight into
the band gap energy of the sample, which was determined
using the Kubelka-Munk equation or the remission function
F(R)'8. The estimated band gap energies for samples annealed
at 700 °C, 750 °C, and 800 °C were approximately 3.80 eV,
3.70 eV, and 3.50 eV, respectively. As depicted in Figure 7,
the band gap decreases as the annealing temperature
increases. This reduction is attributed to the temperature
increase leading to an expansion in the spacing between

atoms. As the annealing temperature increases, the crystal
structure tends to become closer and more compact, leading
to a reduction in the resulting energy band gap®.

Figure 8 presents the Nyquist plot of the impedance
spectroscopy measurement data. This plot illustrates.
the correlation between imaginary and real impedance,
depicted as a semicircular graph. This semicircle indicates
the presence of polarization within the grains. The plot of
Z” against Z’ also reveals variations in the diameter of the
semicircle, which diminishes as the annealing temperature
rises. This suggests a decrease in material resistivity with
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Figure 6. Absorbance spectrum of BT-BZT samples annealed at
(a) 700 °C, (b) 750 °C, and (c) 800 °C for 1 hour.
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increasing annealing temperature, implying a concurrent
increase in conductivity®.

High annealing temperatures increase the grain size of
the material through a more active atomic diffusion process.
Grain boundaries usually act as obstacles to electrical
conductivity because they have high energy and often
contain many defects. As the number of grain boundaries
decreases due to grain growth, the path of charge movement
becomes smoother, resulting in decreased resistivity*-*. Good
conductivity implies good dielectric properties®. From the
Nyquist plot, an equivalent series circuit representing the
relationship between Z”” and Z” was obtained, as shown in
Figure 8. Table 2 shows the parameters of the equivalent
electric circuit.
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Figure 7. Calculation of the energy band gap (Eg) was carried out using the relationship ((R).hv)* and energy (eV) at three different

temperatures: (a) 700 °C, (b) 750 °C, and (c) 800 °C.

Table 2. Parameters of the equivalent electric circuit.

Sample Parameters Values of the Parameters Errors, %

Cl 4.8188E-09 0.38918
R1 54.535 0.15785

BT-BZT700 R2 4.5184 24218
P1 1.0118E-11 Lidiiid
nl 0.75798 75.545
Cl 4.8036E-10 14.479
C2 7.8535E-09 0.89439

BT-BZT750
R1 29.685 1.0406
R2 4.1841 15.167
Cl 3.6057E-14 ididia
C2 1.012E-08 0.79475

BT-BZT800
R1 22.395 0.89622
R2 4.4232 12.539
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Figure 8. The relationship of Z”” and Z’ and equivalent circuits representing various annealing temperatures of (a) 700 °C (b) 750 °C, and (c) 800 °C.

Figure 9 shows a decrease in capacitance as frequency
increases, which complies with theoretical predictions.
This trend reflects an inversely proportional relationship
between capacitance and frequency, based on AC voltage
principles®*. The annealing temperature also affects the
capacitance of the BT-BZT material. At an annealing
temperature of 700 °C, FESEM analysis reveals fewer
grain formations. These grains decrease the resistivity and
increase the conductivity of the sample®. The resistivity
decreases as the annealing temperature increases due to
the formation of grains.

Figure 10 illustrates that increasing the annealing
temperature leads to a higher lattice density, which in turn
enhances the material’s dipole moment. A high number
of dipoles contributes to high polarization. Polarization is
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Figure 9. Relationship of capacitance (F) to log frequency (Hz) with
variations in annealing temperature: 700 °C, 750 °C, and 800 °C.
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Table 3. Capacitance values, dielectric constant at a frequency of 100Hz and 1MHz at the sample of BT-BZT annealed at the temperature

of 700, 750 and 800 °C.

Sample Capacitance (F) Dielectric constant Frequency
(Max) 2.7 10~ (Max) 30513.02 100 Hz
BT-BZT700
(Min) 5.24 x10°° (Min) 3.6329 1 MHz
(Max) 5.34 x10°° (Max) 60303.90 100 Hz
BT-BZT750 - - -
(Min) 1.11 x10™ (Min) 12.5321 1 MHz
(Max) 7.08 x107° (Max) 79951.95 100 Hz
BT-BZT800 - -
(Min) 1.41 x10°® (Min) 15.9305 1 MHz

80000

60000 -,

40000 +

20000

Dielectric Constant (er)

0- T T T T T —

T
2 3 a s 6
Log F (Hz)

Figure 10. Relationship of dielectric constant ¢ to log Frequency (Hz)
with various annealing temperatures of 700 °C, 750 °C and 800 °C.
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Figure 11. Relationship of tan § to Frequency with various annealing
temperatures of 700 °C, 750 °C and 800 °C.

directly proportional to the dielectric constant of a dielectric
material®. Thus, samples treated at higher temperatures
demonstrated a higher dielectric constant, making them
suitable as building blocks for capacitors. A high dielectric
constant value indicates that the capacitor can withstand
high temperatures'.

Figure 11 shows that the dielectric loss increases with
annealing temperature. At 800 °C, the electric loss reaches
a maximum of approximately 0.14 compared to 0.13 at
750 °C, and 0.12 at 700 °C. An increase in annealing
temperature leads to an increase in dipoles, resulting in
higher resistance and increased dielectric loss*’. The energy
lost by the material is converted into heat, which arises
due to material resistance?. Table 3 shows the capacitance
values and dielectric constant at frequencies of 100 Hz
and 1 MHz.

4. Conclusions

Annealing temperature affects the capacitance of the
BT-BZT material. Higher annealing temperatures result
in fewer grains. An annealing temperature of 800 °C
demonstrated fewer grains, as observed in the FESEM
results. The grains formed decreased the resistivity and
increased the conductivity, with an energy band gap (Eg)
of ~3.50 eV. A material with good conductivity enhances
the capacitance value of the dielectric materials of the
capacitor. For the annealing temperature of 800 °C, the
produced capacitance value was approximately 70 uF ata
frequency of 100 Hz. The corresponding dielectric constant
was around 80,000, with a dielectric loss tangent (tan 8) of
approximately 0.14. The increase in annealing temperature
improved the crystallinity of the BT-BZT material. The
rise in temperature increases lattice density, increasing the
dipole moment in the material. A high number of dipoles
leads to a higher value of polarization. Polarization is
directly proportional to the dielectric constant of a dielectric
material. Thus, samples annealed at 800 °C exhibit a high
dielectric constant, making them suitable as a building block
for high-temperature capacitors.
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