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Ferroelectric thin films of 0.2BaTiO3 – 0.8BaZr0.5Ti0.5O3 (BT-BZT) are dielectric materials 
applied in various sensors, particularly in capacitor manufacturing, due to their excellent electrical 
properties. This ferroelectric material also has a high dielectric constant value, such that it is suitable 
for use in Ferroelectric Random Access Memory (FeRAM) and microwaves. Therefore, this study 
aimed to synthesize thin BT-BZT films with annealing temperature variations of 700 °C, 750 °C, and 
800 °C. To achieve this, the sol-gel method was applied to Fluorine Doped Tin Oxide (FTO) substrate, 
a selected technique for its simplicity and cost-effectiveness. The electrochemical properties were 
characterized using electrochemical impedance spectroscopy (EIS). The research results show that 
at a frequency of 100 Hz, the highest dielectric constant obtained was 58975.43 at a temperature of 
800 °C. This temperature has the highest resistance compared to other samples. The highest capacitance 
value is 2.9 µF at a temperature of 700 oC. Therefore, it was concluded that the annealing temperature 
influenced the dielectric constant and the capacitance values of the capacitor.
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1. Introduction
Thin films have been a subject of study for a century, 

and over time, they have proven valuable in the fields of 
science and technology1. The demand for nanoscale electronic 
components has been driven by technological advancements, 
particularly in the development of semiconductor devices 
such as diodes, capacitors, and transistors2. One notable 
application of thin films is in electrochemical sensors, where 
they serve as gas sensors capable of generating electrical 
signals in response to changes in the chemical environment3. 
The versatility extends across various scientific fields. 
In electronics, thin films are used to create capacitors, 
semiconductors, and sensors4, and are applied to enhance 
the corrosion resistance of metallic material in the field 
of construction5. These films are employed for decorative 
purposes, enhancing the aesthetics of homes, jewelry, and 
other accessories, thereby adding to their appealing nature.

Thin films were generally characterized by their electrical 
and optical properties, which often differed from the state 
of the constituent material6. One of the notable features was 
the relatively low electrical resistance, making them good 
electrical conductors7. Additionally, the optical properties 
commonly studied were transmission and absorbance8. 
In addition to the good electrical properties, thin films 
also possessed a conductive layer with high capability for 
transmitting visible and infrared light. These favorable 
electrical and optical properties led to their wide application 
across various fields9.

BaTiO3 (BT), a ferroelectric material, has been extensively 
studied due to its unique properties, including the ability to 
store electric charge in a specific state and to preserve the 
charge even after the electric field is on or off. Additionally, 
BT has garnered attention as a lead (Pb)-free alternative due 
to the negative environmental impact of lead in electronic 
applications. Zirconium (Zr)--doped BT exhibits superior 
ferroelectric properties compared to pure BT. The properties 
are attributed to the Zr4+ ions replacing Ti4+ ions in the BT 
crystal structure, altering the material’s polarization and 
enhancing its ferroelectric properties. Zr-doped BT possesses 
unique ferroelectric properties, making it suitable for various 
applications, such as memory, capacitors, and sensors10. 
Studies have demonstrated that the introduction of Zr atoms 
to replace Ti atoms in BT enhances the electrical, optical, and 
other properties of BT11. Since the ionic radius of Zr is larger 
than that of Ti, this leads to a more stable crystal structure. 
When Zr atoms replace Ti atoms in the BT crystal structure, 
changes occur in the crystal lattice parameters, leading to 
a more stable crystal structure. Additionally, Zr atoms can 
influence the ferroelectric properties of BT. In this study, the 
combination of dielectric material BT-BZT provides a high 
dielectric constant. The temperature and dielectric constant 
influence the compatibility of the dielectric material12. Various 
techniques to synthesize nanostructured BT-BZT have been 
developed, such as solid-state reactions, traditional mixed 
oxide methods, ball milling, and sol-gel methods11. Because 
of its easy application and cost-effectiveness, the sol-gel 
method was preferred compared to the other methods. *e-mail: drahmi2002@yahoo.com
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Furthermore, the effect of annealing temperature on the 
electrochemical properties of BT-BZT was characterized 
using electrochemical impedance spectroscopy (EIS). 
EIS is a potent analytical technique employed in studying 
the behavior of electrochemical systems13-15. It involved 
applying a low-amplitude alternating current (AC) signal 
to the system and analyzing the resulting voltage response. 
By controlling the AC signal frequency within a certain 
range, this technique enables impedance measurements as 
a function of frequency. EIS provides information about 
the electrical properties of the system, including resistance, 
capacitance, and inductance, as well as other electrochemical 
properties, such as charge transfer resistance, double-layer 
capacitance, and diffusion coefficients16,17. This technique 
can also be used to study the kinetics and mechanisms of 
electrochemical reactions, species adsorption on electrode 
surfaces, and the behavior of complex electrochemical 
systems18. EIS is a valuable tool for characterizing and 
understanding electrochemical systems due to its non-invasive 
and non-destructive nature, providing information about their 
electrical and electrochemical properties19,20.

This research uses a mixture of BT and BZT materials 
with a composition of 0.2BaTiO3 – 0.8BaZr0.5Ti0.5O3. The 
resulting solution was deposited on a Fluorine Doped Tin 
Oxide (FTO) substrate and subjected to a spin coating and 
annealing process at temperatures of 700 °C, 750 °C, and 
800 °C to improve the electrical properties. Results from 
the X-ray diffraction (XRD) and field emission scanning 
electron microscope (FESEM) characterization showed that 
the crystal structure is cubic and the grain size increases 
with increasing annealing temperature11. Furthermore, the 
samples were characterized using impedance spectroscopy 
to determine the dielectric constant and capacitance values 
of the BT-BZT material.

2. Methods
BT-BZT was synthesized through the sol-gel method, and 

the materials used were Merck Barium Carbonate (BaCO3) 
powder, Titanium Dioxide (TiO2), and Zirconium Carbonate 
(ZrCO2) with 99%, 99%, and 98% purity, respectively. The 
materials were weighed and mixed with their respective 
solvents. These included 3 ml of acetic acid and 2 ml of 
deionized water, as well as ethylene glycol and alcohol, 
for ZrCO2 and TiO2 powder, respectively. BaCO3 was 
mixed with the Zr and Ti solutions, before adding 3 drops 
of acetylacetone. The mixture was stirred using a magnetic 
stirrer on a hot plate at 250 rpm and 31.6 °C for 2 hours 
until achieving clarity, resulting in the formation of the BZT 
solvent. Subsequently, BT-BZT material was dissolved in 
a mixture of 20:80 deionized water and acetic acid. Both 
components were stirred, and acetylacetone was added 
as a stabilizing agent. The stirring continued until a clear 
yellowish color was obtained. To remove water and inorganic 
impurities, the sample was heated for 15 minutes at 150 °C 
and 350 °C after spin coating at 3500 rpm for 30 seconds 
on an FTO substrate11. Finally, annealing was conducted 
at 700 °C, 750 °C, and 800 °C, while the electrochemical 
properties were characterized using EIS.

3. Results and Discussion
EIS characterization was the most effective method for 

studying the chemical properties and physical processes 
occurring at the electrode interface. Through this testing 
approach, values of capacitance, impedance, charge transfer 
rate, and resistance were obtained21.

To investigate the charge transfer kinetics, EIS testing 
was conducted, and a Nyquist plot was obtained. The Nyquist 
plot indicated the variation between real Z’ and imaginary 
impedance Z” over a frequency range from 50 Hz to 1 MHz 
for all samples, as shown in Figure 1.

Figure  1 shows the insert representation of the 
corresponding circuit used to adjust data at annealing 
temperatures of 700 °C, 750 °C, and 800 °C. The 
Zsimpwin software is used to fit various optimal models to 
experimental data. Table 1 lists resistance and capacitance 
values at different temperatures are provided in the 
Nyquist plot typically has several half-circle arcs, where 
the first circle observed at higher frequencies represents 
the grain effect. The presence of intermediate frequencies 
indicated the influence of grain boundaries, represented 
by the second circle. The third circle at lower frequency 
regions represented the electrode effect20. According to 
Figure 1, all BT-BZT samples exhibited half-circle patterns 
indicating charge transfer resistance22. BT-BZT800 sample 
had a larger half-circle than the others, indicating higher 
charge transfer resistance.

BT-BZT700 displays a smaller semicircle, indicating the 
lowest charge transfer resistance and implying faster charge 
transfer kinetics23,24. High annealing temperature affects the 
resistance because of the formation or migration of certain 
defects perturbing electrical charge movement25. Complex 
impedance |z| was utilized to determine the resistive or 
capacitive contribution to the material conductivity when 
subjected to an alternating current electric field.

Figure  2 shows the results of complex impedance 
measurements of BT-BZT in the frequency range from 
50 Hz to 1 MHz. In Figure  2a, all Z’ values remained 
stable at lower frequencies and decreased as the frequency 
increases. The decrease in their values indicated an increase 
in BT-BZT conductivity24. The graph of the imaginary 
impedance component (Z”) against frequency is presented 
in Figure 2b. Additionally, the single peak present in this 
plot indicated the occurrence of a single dielectric relaxation 
process in the BT-BZT sample. This process arises due to 
the interface effect26.

The Bode phase plot showed the phase shift with 
frequency for each sample variation, as indicated in Figure 3.

Furthermore, as the frequency log value increased, 
the |z| value decreased for the three sample variations, as 
shown in Figure 4.

Figure 5a showed a consistent pattern for all compositions, 
with a higher dielectric constant in the low-frequency 
region (100 Hz). However, as the frequency increased up 
to 1 MHz, the dielectric constant rapidly decreased to a 
constant level. Different polarization mechanisms, such as 
ionic, dipolar, electronic, and space charges, significantly 
impacted the dielectric constant. At low frequencies, 
electric dipoles within the compound aligned with the 
applied electric field, resulting in total sample polarization. 
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In this region, almost all polarizations became prominent27, 
but as the frequency increased to 1 MHz, their contribution 
gradually decreased except for electronic polarization, leading 
to a low dielectric constant. The rapid changes in the electric 

field at high frequencies make it difficult for electrons to 
follow, causing alterations in their movement and reducing the 
accumulation of charges at the grain boundaries of the dielectric 
material. As a result, the dielectric constant value decreased26. 

Figure 1. Nyquist plot and equivalent circuit model for BZ-BZT sample at annealing temperatures of (a) 700 °C, (b) 750 °C, and (c) 800 °C.

Table 1. The value of the electrical circuit elements R1, R2 , C1 and C2 to the impedance of each sample.

Sample R1 (Ω) R2 (Ω) C1 (nF) C2 (µF)

BT-BZT700 10000 10000 2000 2000

BT-BZT750 29.76 7.45 2.5 5.8

BT-BZT800 58.78 29.73 2.5 1.6

Figure 2. The relationship between (a) real Z’ and (b) imaginary Z’’ impedance with respect to frequency with variations in annealing temperature.



Dewi et al.4 Materials Research

These values are calculated using equations described in the 
study conducted by Saadi et al.28. The higher the annealing 
temperature, the larger the dielectric constant. Samples 
annealed at temperatures of 700 °C, 750 °C, and 800 °C 
obtained dielectric constant values at 100 Hz, namely 22550.17, 
29926.6, and 58975.43, respectively. The high dielectric 
constant is because, at higher temperatures, molecules in the 
dielectric material can experience greater polarization. The 
polarization can enhance the dielectric constant due to the 
emersion of high dipole moments29-31. The dielectric constant 
value of BT-BZT is much increased compared to research 
conducted by Dewi et al.32, which only used BZT material.

Figure  5b shows the dielectric loss of all BT-BZT 
samples in the range of frequencies of 100 Hz to 1 MHz. 

In addition, it is observed that when the annealing temperature 
increases up to BT-BZT800, the dielectric loss also 
increases with the increase in frequency. Several factors 
determine the increased dielectric loss due to the increased 
frequency. Firstly, the time available for molecules in the 
dielectric material to respond to changes in the electric field 
becomes shorter at higher frequencies. The short time causes 
increased frictional forces and heat generation, leading to 
high dielectric losses. Secondly, material defects due to 
imperfections or disturbances in the material structure, the 
replacement of original atoms with another type of atoms 
in the crystal structure30,33. The surface morphology of the 
material with increasing annealing temperature shows an 
increasing grain size. Surface morphology is in the form 
of irregularly shaped spheres. The grain sizes at annealing 
temperatures of 700 °C, 750 °C, and 800 °C are as follows: 
205.83 ± 48.34 nm, 252.53 ± 68.66 nm, and 292.43 ± 50.69 nm, 
respectively. Samples annealed at 800 °C have larger grain 
sizes than other samples. This result is by the XRD pattern 
peak with a cubic structure, where the material crystallinity 
increases with increasing annealing temperature. The Full 
width at half maximum (FWHM) was measured from the 
top (001) at 700 °C, 750 °C, and 800 °C at 2.203, 1.801, 
and 1.184, respectively11. Loss of dielectric increases with 
the increasing annealing temperature. The charge transfer 
kinetics increase with temperature and increase polarization, 
which results in high dielectric losses. Charge accumulation 
at grain boundaries caused high dielectric losses at higher 
temperatures29,30,32.

Figure 6 shows the capacitance of each sample based 
on the annealing temperature variation. Furthermore, it was 
observed that the capacitance showed an inverse relationship 
with both the annealing temperature and the frequency34. 
As discussed in the Nyquist plot, the BT-BZT800 sample 
shows a higher charge transfer resistance than the other 
samples, resulting in a smaller capacitance. Among the 
samples tested, the BT-BZT700 showed the lowest resistance 
with a capacitance value of 2.9 µF, facilitating faster charge 
transfer. This BT-BZT capacitance value is higher than the 
BZT capacitance value in nano Farad units carried out by 
Dewi et al.32.

Figure 3. Bode phase plot for BZ-BZT sample with variations in 
annealing temperature.

Figure 4. Graphic of the relationship between |Z| against log f for 
BZ-BZT sample with variations in annealing temperature.

Figure 5. Graph of the relationship between (a) dielectric constant and log f (b) dielectric loss and log f at different annealing temperatures.
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4. Conclusion
In conclusion, BT-BZT dielectric material was successfully 

produced using various annealing temperatures of 700 °C, 
750 °C, and 800 °C. Based on the EIS analysis, the sample 
annealed at 700 °C exhibited the highest capacitance and the 
lowest resistance. Furthermore, the study revealed a clear 
relationship between temperature variation and electrical 
properties. As the temperature increased, the capacitance 
decreased, and the resistance increased. The highest 
value recorded for the dielectric constant at an annealing 
temperature of 800 °C is 58975.43. The capacitance value at 
an annealing temperature of 700 °C is 2.9 µF. Based on the 
results obtained, the annealing temperature has a significant 
effect on the dielectric constant value and capacitance value 
of the capacitor.
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