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A. Stajcic et al.

BaTiO3 (BTO) is considered the most commonly used ceramic material in multilayer
ceramic capacitors due to its desirable dielectric properties. Considering that the minia-
turization of electronic devices represents an expanding field of research, modification
of BTO has been performed to increase dielectric constant and DC bias characteris-
tic/sensitivity. This research presents the effect of No and air atmospheres on morpho-
logical and dielectric properties of BTO nanoparticles modified with organometallic salt
at sintering temperatures of 1200°C, 1250°C, 1300°C, and 1350°C. Measured dielectric
constants were up to 35,000, with achieved very high values in both atmospheres. Field
emission scanning electron microscopy (FESEM) was used for morphological character-
ization, revealing a porous structure in all the samples. The software image analysis
of FESEM images showed a connection between particle and pore size distribution, as
well as porosity. Based on the data from the image analysis, the prediction of dielectric
properties in relation to morphology indicated that yttrium-based organometallic salt
reduced oxygen vacancy generation in N2 atmosphere. DC bias sensitivity measurements
showed that samples with higher dielectric constant had more pronounced sensitivity to
voltage change, but most of the samples were stable up to 100 V, making our modified
BTO a promising candidate for capacitors.

Keywords: Dielectric properties; sintering; image analysis; nanoceramics modification;
capacitors.

1. Introduction

In recent years, research and development around the world have become oriented
towards renewable energy sources due to a possible deficit of petroleum and coal
in the future, and the greenhouse effect produced by the excessive use of their
derivatives.'™# These problems pose an important environmental challenge, thus,
making any possible solution attractive for a thorough investigation to speed up
the route to potential industrial applications. The efficiency and quality of energy
storage devices are evaluated by their energy and power density.? Ceramic materials
are used for the production of high-temperature resistant capacitors, known for their
good power density.® Among them, perovskite-type ceramics emerged as dielectric
materials with the highest potential for use in capacitors due to their high dielectric
constant and chemical resistance.”® Barium titanate-BTO (BaTiO3) is a perovskite
with excellent dielectric, ferroelectric, and piezoelectric properties. Therefore, it
has been employed in capacitors for a long time.? '* The synthesis of BTO is well
researched, resulting in various approaches, from sintering at high temperatures
towards hydrothermal synthesis at lower temperatures.'® '8 All of these pathways
gave BTO with different particle sizes, from micrometers to nanometers, which
enabled BTO to satisfy the need for miniaturization of electronic devices. Efficient
miniaturization led to the production of small-sized multilayer ceramic capacitors
(MLCCs) with high capacitance value and stability due to the possibility of stacking
thin layers of dielectrics and controlling their interface.'®-2° However, during MLCC
processing, performed under the reducing atmosphere conditions, BTO powder is
liable to generate oxygen vacancies, which can easily increase the conductivity of
the overall ceramic, thereby reducing the pressure resistance and reliability of the
product.?'"2* Furthermore, better insulation resistance caused by vacancies leads to
a lower dielectric constant, which greatly reduces the capacitance of MLCCs. As an

2250060-2



Sintering parameters influence on dielectric properties

answer to this challenge, the doping of BTO with rare earth elements and their
oxides is usually performed and extensively studied so far.25-3! When rare earth
oxides are added, permanent electron—hole pairs are generated in the structure. This
effect can greatly increase the dielectric strength of the material under the action
of the electric field, resulting in better reliability of the MLCCs. Theoretically, as
a result of doping, the ceramic internal structure forms a core-shell structure. The
shell layer is a BTO layer doped with a rare earth oxide or modified additive,
which has good insulation resistance and high voltage resistance characteristics
while the core layer maintains a relatively pure crystal structure of BTO. Keeping
the material with high dielectric properties as a core could also maintain good
DC Bias characteristics. However, considering that dielectric constant and DC bias
stability depend on the grain size, the desirable dopant would increase the former
while reducing the latter.3?

The focus of this research was on BTO surface modification using organometal-
lic salt, with the aim of producing high dielectric constant material for ceramic
capacitors. The influence of different particle sizes and sintering temperatures on
dielectric properties was investigated to determine the most beneficial modification
processing parameters. A core-shell structure was expected with yttrium-organic
salt as an outer layer and BTO as an inner layer. In addition, morphological prop-
erties of samples were used to predict dielectric constant, depending on the porosity
and pore size distribution. The findings gave an interesting insight into dielectric
properties changes, important for the development of MLCCs and the future minia-
turization of electronic devices.

2. Experimental

The manufacturer of BaTiO3 (BTO) nanoparticles was Sakai Chemical Industry
Co., Ltd., Sakai, Osaka, Japan. A yttrium-carboxylate salt was used for the coating
of the core material BTO. Particles with three different diameter size distributions
were used for the coating process.

To compare dielectric and morphological properties obtained under different
processing conditions, sintering was performed in the air and Ny atmosphere sep-
arately. Figure 1 presents a detailed coating and sintering process, which was per-
formed at 1200°C, 1250°C, 1300°C, and 1350°C in air and at 1200°C, 1250°C, and
1300°C in N,. Modified samples were labeled according to their size and sinter-
ing atmosphere. BTOIMA, BTO2MA, and BTO3MA stand for samples modified
in air, while BTO1MN, BTO2MN, and BTO3MN represent those modified in the
nitrogen atmosphere.

The morphology of the coated BTO sintered in different atmospheres was inves-
tigated using scanning electron microscopy (EmCraft cube 2). Energy-dispersive X-
ray analysis (EDX) using the Cliff-Lorimer method with all the elements analyzed
(normalized) was used to establish the homogeneity and composition of samples.
Purchased BTO particle size distribution presented in Fig. 2 and in Table 1 was
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Relative frequency

Relative frequency

obtained using Nicomp 380 DLS/ZLS Dynamic Light Scattering and Zeta Potential.
Dielectric constant values were measured using Microtest LCR Meter 6377@1 KHz,
e KEITHLEY 2400 SourceMeter was used for capacitance change with the
applied voltage (DC bias). All the measurements were performed at room temper-
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Fig. 1. (Color online) Schematic diagram of BTO coating and sintering process.
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Fig. 2. (Color online) Size distribution for particles: (a) BTO1; (b) BTOZ2; (c¢) BTO3.
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Table 1. Diameter size distribution for unmodified
BTO particles.

BTO1 BTO2 BTO3

Mean diameter, nm 28.6 111.2 316.3
50% of distribution < nm 25.3 99.5 246.5
90% of distribution < nm 55.0 181.9 612.7

3. Results and Discussion
3.1. Morphological and compositional analysis

Samples sintered at 1300°C were chosen for after-sintering morphology comparison,
depending on the starting particle size (BTO1M, BTO2M, and BTO3M) and the
sintering atmosphere (air or nitrogen). The occurrence common for all the samples
is the disappearance of visible grain boundary (Figs. 3 and 4), caused by the liquid
phase formation during high-temperature sintering.?® The liquid phase leads to the
densification of a structure giving compact ceramics with expected good dielectric
properties.

wo
4.57Tmm

ITRI1200 um x1000 ITRI1200

ITRIN200

Fig. 3. FESEM of BTO1IMA, BTO2MA, and BTO3MA sintered at 1300°C.
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Fig. 4. FESEM of BTO1MN, BTO2MN, and BTO3MN sintered at 1300°C.

However, pore formation in all of the samples indicated that undesired volatiliza-
tion occurred during sintering.?* Pore size distribution and porosity can influence
greatly dielectric constant, causing a substantial decrease. For more thorough mor-
phology investigation, software image analysis was used, giving perception on par-
ticle size-porosity-pore size connections.

Pore size distribution has been presented through relative frequency and pore
count, revealing that the particle size of unmodified BTO dictates the pore size
of modified samples (Fig. 5 and Table 2). The main reason for this dependence
is a larger-surfaced area in smaller particles that allows efficient modification with
organometallic salts and the formation of more compact morphology. Furthermore,
larger particles were more prone to the formation of pore clusters during sintering
(Table 2). The relative frequency has provided an insight into a fraction of different
pore size ranges (Fig. 5(a)) but pore count revealed that there was a great difference
in the number of formed pores between samples (Fig. 5(b)) which strongly influ-
enced overall porosity. The highest number of pores was identified in the BTO2MA
sample, which amounted to a porosity nearly three times higher than that of the
BTO1MA sample that presumably causes a decrease in the dielectric constant.
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Fig. 5. (Color online) Pore size distribution for samples sintered in air presented via: (a) relative
frequency; (b) number of pores.

Table 2. Image analysis results for a BTO-modified series in air atmosphere.

Pore diameters < 5 Mean pore Single pores/clusters,
Sample pm, % diameter, um %/ % Porosity, %
BTO1MA 75 5.35 86/14 12.77
BTO2MA 66 5.93 81/19 33.60
BTO3MA 59 6.12 71/29 9.39
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Fig. 6. (Color online) Pore size distribution for samples sintered in N2 presented through: (a)
relative frequency; (b) number of pores.

As opposed to this, even with the largest pore diameters, the BTO3MA sample
showed the lowest porosity because of a low pore count on the sample surface.

A similar trend was observed in Ny with the difference in higher pore count and
porosity in all of the samples, which indicates more pronounced volatilization and
atom migration in reducing atmosphere (Fig. 6 and Table 3). With the porosity
higher than 40%, BTO3MN is expected to have poor dielectric properties compared
to the rest of the samples.??
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Table 3. Image analysis results for a BTO-modified series in N2 atmosphere.

Pore diameters < 5 Mean pore Single pores/clusters,
Sample pm, % diameter, pum %/ % Porosity, %
BTO1IMN 84 5.58 80/20 26.20
BTO2MN 72 6.00 80/20 23.70
BTO3MN 59 6.46 70/30 43.87

609 —=— BTO3MN K®)
50- @ BTO2MN
BTOIMN
5.5
5.0 e s ]
?f A /,/ ; & ]
£ 45 ’ £
£ z o
a - 40
4.0 -| L
—a—BTO3MA
P o BTO2MA
3547 BTOIMA ik
T T T T T
1200 1250 1300 1350 1200 1250 1300
Sintering temperature, °C Sintering temperature, °C

Fig. 7. (Color online) Density values of BTO samples modified in: (a) air; (b) Na.

3.2. Density

During sintering in nitrogen, residual carbon is to be expected at grain boundaries,
inhibiting grain growth, which should further lead to higher densification, i.e. lower
porosity.3637 Nitrogen reducing atmosphere is known to promote oxygen vacancy
generation, thus, causing poor dielectric properties. In addition, a high concentra-
tion of vacancies leads to a dense microstructure with lower porosity. In our case,
samples sintered in air showed lower porosity compared to those modified in Ny,
but similar density values (Fig. 7), indicating that BTO modification with Yttrium
organic salt diminished oxygen vacancy formation in reducing atmosphere, presum-
ably increasing the dielectric constant (Dy) of the material, while higher porosity
could induce its decrease. Dielectric measurements were used to investigate which
phenomenon had a stronger impact on Dy and DC bias sensitivity.

3.3. Dzielectric properties
3.3.1. Dielectric constant

Samples sintered in both nitrogen and air at 1200°C and 1250°C show similar
dielectric constant values, except for BTOIM in nitrogen at 1250°C (3767), which
is around two times higher compared to all of the other samples in both atmo-
spheres (Fig. 8). It has been shown in earlier researches that porosity can increase
in certain ceramics during sintering above 1200°C, as well as the grain growth, as a
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Fig. 8. (Color online) Dielectric constant values for BTO samples sintered in: (a) air; (b) Na.

consequence of the grain boundary atoms migration.?” At 1300°C, the influence of
the sintering atmosphere and the modifying agent is by far more pronounced. As
assumed in density analysis, higher porosity in nitrogen indicates that successful
modification diminished oxygen vacancy generation. Although the porosity of the
samples modified in nitrogen at 1300°C can be considered high, the resulting effect
is a sharp rise in dielectric constant for all the samples. According to image analy-
sis results, samples BTOIMN and BTO2MN sintered at 1300°C were expected to
show higher dielectric constant values compared to BTO3MN, which was confirmed
with dielectric measurements (Fig. 8(b)). In the last sample, influence of nearly 50%
porosity prevailed, leading to a dielectric constant of around 1540, which is by the
order of magnitude lower compared to the former two samples. The value of 30572
for BTOIMN is considered exceptionally high, making it an excellent candidate
for future investigations of grain boundary dielectric properties. For comparison,
samples sintered in air at 1300°C had Dy, below 2000 (Fig. 8(b)), which is typical
for BaTiO3 measured at room temperature (25°C).3® As expected after the soft-
ware image analysis, BTO2MA had the lowest Dy, value (1178) due to the highest
porosity (Table 2). When observing overall dielectric constant values, it must be
emphasized that dielectric measurements were performed at the room temperature
of 25°C, far below the Curie point of BTO, where the dielectric constant reaches
the maximum value. A sharp rise in Dy appeared with the samples sintered in air
at 1350°C, where BTO3MA reached the value of 11975. Considering that the pre-
dictions made after the morphological image analysis proved to be correct, it can
be assumed that low porosity of the BTO3MA sintered at 1350°C played a key role
in the Dj, increase, which will be the subject of our future research.

3.3.2. DC bias sensitivity

The reverse of the spontaneous polarization in perovskite ceramics is a well-known
phenomenon.?® Without the influence of externally applied voltage, barium titanate
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Fig. 9.
in air.

can show an increase in the capacitance value with the polarization reversal. The
problem occurs if a DC bias is applied, completely, or partly preventing spontaneous
reversal of polarization due to dipole alignment, which causes a decrease in the

capacitance.??

The change in the capacitance can be expressed using the following equation:

capacitance change (%)
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Fig. 10. (Color online) Capacitance change with the applied voltage for BTO samples modified
in No.

where Cr and Cy stand for capacitance values under and without a DC bias,
respectively.

The comparison of DC bias characteristics for the samples sintered in air is
presented in Fig. 9. All three samples sintered at 1200°C, 1250°C and 1300°C
showed an increase or no change by the influence of the applied voltage, while
BTOIMA and BTO2MA sintered at 1350°C had moderate decrease of around 12%.
BTO3MA sintered at 1350°C stands out for the use in capacitors, with high Dy
and an acceptable capacitance drop of 18% at 100 V.

The samples with extremely high Dy, (BTO1IMN and BTO2MN) showed great
DC bias sensitivity (Fig. 10), which requires further analysis to improve their work-
ing stability. Finding optimal sintering parameters to obtain modified BTO with
high D; and low sensitivity to the applied voltage was achieved through sample
BTO3MA sintered at 1350°C. Obviously, organometallic salt offered an efficient
shield, resisting dipole orientation under the influence of electric field.

4. Conclusion

The high-temperature chemical modification of BaTiOs nanoparticles with a
yttrium-based salt was performed in order to achieve high dielectric constant
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values and DC bias stability. Different sintering temperatures, atmospheres, and
nanoparticle sizes were used to investigate the influence of processing parameters
on morphological and dielectric properties. The software image analysis of FESEM
micrographs was used to emphasize the relation between nanoparticle diameter size,
pore size, and porosity. Starting BTO nanoparticle size influenced the pore-size dis-
tribution and the ratio of single pores/clusters, which could enable control of the
final product by choosing particles of a certain size for the modification. However,
the number of pores contributed to the overall porosity of the samples causing the
lowest porosity in the BTO3MA sample. The predictions based on image analysis
regarding dielectric constant showed that low porosity was the contributing factor
to higher Dj values that were considered high for all the samples. Higher poros-
ity of samples sintered in No suggested that the successful modification of BTO
diminished oxygen vacancy generation, thus, leading to an improvement of dielec-
tric properties. The influence of the atmosphere and the modifying agent becomes
obvious at the sintering temperature of 1300°C due to the heat-accelerated atom
migration. DC bias sensitivity was also strongly dependent on the sintering temper-
ature but the overall behavior of the modified BTO ceramics expresses acceptable
capacitance drop where the BTO3MA sample, sintered at 1350°C, was chosen as
one of the most optimal candidates considering the high Dj value of 12,000 and the
capacitance drop of 18% at 100 V. The findings presented in this study show that
the dielectric properties of chemically modified BTO could be controlled using ade-
quate input parameters. Successful modification of ceramic materials meant to serve
as capacitors should lead to a higher dielectric constant and a reduced capacitance
drop with the applied voltage, i.e. a higher resistance to a dipole alignment. By
varying input synthesis parameters, a trend in the change of dielectric properties
can be determined along with the cause. Furthermore, image analysis proved to be
a useful tool for predicting dielectric properties, based on morphological character-
istics, which opens the way for a thorough characterization of ceramics intended for
the application in MLCCs.
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