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Abstract

In this work, the effect of additives (Al2O3, ZrO,,
and NbyO;) on the dielectric and ferroelectric
properties of Sry7Bip2TiO3 (SBT) relaxor
ferroelectric was investigated. Relative density of
SBT was estimated to be above 95%. XRD analysis
confirmed the formation of cubic perovskite
structure for all the samples. Pnax of SBT decreased
by adding ZrO;, Nb,O5 and Al;O3, while remnant
polarization (P,) and coercive field (E.) increased.
For pure SBT, the breakdown strength was 75
kV which increased to 90 kV for ZrO,- and
Al;Os3-added SBT but decreased to 60 kV when
the additive was Nb,Os. As Nb acts as a donor in
the NBT, increasing the leakage current and reduced
the breakdown strength. Overall, the recoverable
energy storage density (W) of SBT decreased
with the addition of additives. It was interesting to
note that the dielectric loss significantly decreased
with additives. The optical band gap of SBT
slightly decreased from 2.98 eV to 2.97 and 2.96
eV (for Al;O3 and ZrO, added to SBT) while it
surprisingly increased to 2.99 eV when the additive
was Nb2Os. This may be attributed to the reason
optical band gap does not show the localized
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defect states or electrical conduction paths, thus
underestimating the band gap from DRS.
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relaxor.

1 Introduction

Currently, pulsed power systems are widely used
in different fields such as medical equipment,
electromagnetic pulse weapons, power electronics,
hybrid electric vehicles etc. Essential element for
pulsed power system is pulsed storage dielectric
capacitors having outstanding reliability, high power
density, long life duration and rapid charge-discharge
rate. Compared to batteries, electrochemical capacitors
and other energy storage devices, the relatively low
energy storage density of electrostatic capacitors
limits their application. Consequently, enhancing the
energy storage density of pulsed storage capacitors has
become a key research focus. For dielectric capacitors,
a dielectric material should have high F,,.., high
Wiee and efficiency, low Pr, and high breakdown
strength (BDS) [1-3]. Although currently ceramics
and polymers are regarded as superior dielectric
energy storage materials. However, due to their
excellent thermal stability and mechanical properties
as compared to polymers, dielectric ceramics are
considered as potential candidates for dielectric
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capacitors.

A well-known type of dielectric materials called
ferroelectrics are utilized in various fields such
as: information storage, dielectric capacitors,
and ferroelectric photovoltaics [4]. The relative
polarization of SrTiO3 (ST) is comparatively low
(i.e. at 1 kHz the dielectric constant is less than
400 at room temperature) [5]. In ST, Bi*" doping
results in the formations of an A-site deficient
perovskite Srg7Big2TiO3 (SBT) [6]. Bi*" takes the
off-center position at the A-site which enhances the
polarization and hence the dielectric constant [7].
The Sr vacancies appear for valance balancing
which deforms the oxygen octahedron, causing the
relaxational movement of Ti*". Subsequently, the
polar nano-regions (PNRs) form and SBT behave
like a relaxor ferroelectric material. =~ Compared
to other ferroelectric materials (e.g., BaTiOs3), or
antiferroelectric materials (e.g., AgNbO3), SBT has
better characteristics like increased energy density and
efficiency, and decreased remanent polarization [8].
For energy storage, SBT experiences many advantages
like; in a broad range of temperatures, it shows
excellent ferroelectric relaxor behavior and diffused
dielectric maximum, resulting from the Bi*T ion
off centering [9-12]. In contrast, low saturation
polarization is one of the drawbacks of SBT-based
ceramics. Polarization and BDS are the two main
considerable parameters for ferroelectric energy
storage ceramics. As the energy storage density of
SBT-based ceramics is limited by the relatively low
BDS, so for maximum energy storage performance,
the importance of high BDS must be emphasized.
To enhance the performance of SBT, many studies
have been conducted and reported in the literature.
Introducing Ca®* in SBT lattice (SBT-XC, where x
= 0 to 0.15) decreased the conductivity and leakage
current while increasing the oxygen vacancies and
enhancing BDS, dielectric constant and relaxor
properties of the SBT. For x = 0.1, the sample exhibited
a high BDS of 480.2 kV/cm, Wre of 2.1 J/cm? with an
efficiency of 97.6%, and maximum Pp (power density)
of 50.1 MW /cm3, making this composition a potential
candidate for dielectric capacitors [13]. Substituting
Ta205 at the B-site of SBT (Sr0_7Bio.2Ti(1,1'25I)Ta$03
or SBT-T) introduces B-site ion disorder which in
turn boosts activation energy, impedance and relaxor
behavior of SBT-T ceramics, hence improving their
BDS. By increasing Ta content in the composition, the
critical electric fields were increased by 54% (from
240 to 370 kV/cm), and recorded Wi of 2.33 J/cm?
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and efficiency of 91.76% at 290 kV/cm. Moreover, at
x = 0.04, SBT-T ceramics exhibited maximum Pp =
153.39 MW /cm? and enhanced charge-discharge rate
of 81.69 ns [5]. Apart from doping strategy, some
are based on synthesis of binary and ternary solid
solutions [12, 14-19]. However, there are very few
studies on the additives based SBT; therefore, in the
present study, isovalent (ZrQO3), acceptor (Al2O3) and
donor (NbyO5) were added to the SBT to enhance the
ferroelectric properties of SBT.

2 Experimental procedures

Srg7Bip2TiO3 (SBT) ceramics and SBT with 1
mol% additives (ZrO;, NbyO5, and Al,O3) were
synthesized via the conventional solid-state sintering
route. BipO3 (99.9%, Sigma Aldrich), Nb,O5 (99.9%,
Sigma Aldrich), Al,O3 (99.9%, Sigma Aldrich), TiO,
(99%, Sigma Aldrich) powders, and ZrOy (99%,
UNI-CHEM) were used as starting precursors. The
precursors were weighed according to the specific
stoichiometric ratios and mixed thoroughly using an
agate mortar and pestle in an anhydrous acetone
medium for 3 hours to ensure homogeneity. The
homogenized mixture was calcined at 950 °C for 3h in
a muffle furnace. Post-calcination, the powders were
ground again for 1h in an agate mortar and pestle
to break up agglomerates and reduce particle size,
thereby increasing the surface area. Cylindrical pellets
were formed using a hydraulic press under a pressure
of 25 bar. These green pellets were sintered at 1250 °C
for 3h in a muffle furnace to achieve densification.
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Figure 1. XRD patterns of SBT-based samples.

Density of the samples was measured using
Archimedes principle. X-ray diffraction (XRD) data
were collected using a Proto X-ray Diffractometer
with Cu-Ka radiation (A = 1.5406 A) over a 20 range
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Table 1. Overall densities calculation of SBT, SBT-Zr, SBT-Nb and SBT-Al.

Sample Observable Density Theoretical Density Relative density
(gem™?) (gem™) (%)

SBT - - 93.3 [10]

SBT 5.17 5.44 95

SBT-Zr 5.4 5.50 98

SBT-Nb 5.35 5.49 97.4

SBT-Al 5.33 5.48 97.2

of 20° to 80°, with a step size of 0.02° to study the
crystal structure and phase formation. For dielectric
measurement, pellets were coated with silver on both
sides. The relative permittivity and dielectric loss
were measured in the frequency range of 10Hz to
1 MHz using a Microtest-6630 LCR meter. Ferroelectric
properties were investigated by recording P-E
hysteresis loops at room temperature at a frequency
of 10 Hz using a PolyK ferroelectric analyzer coupled
with a Trek high-voltage amplifier. The optical
properties of the samples were investigated by using
PerkinElmer DRS (365).

3 Results and Discussion

Figure 1 shows the XRD patterns of SBT, SBT-Zr,
SBT-Nb, and SBT-Al ceramics. The patterns match
JCPDS card no. 35-734, confirming a cubic perovskite
structure for all samples. The appearance of a single
phase and the absence of any secondary phases in all
compositions suggest that the additives are either fully
soluble in the SBT matrix or present in amounts below
the detection limit of the in-house XRD facility.

The observed density of the samples was determined
using Archimedes’ method. After sintering at 1250 °C
for 3h, pure SBT exhibited a relative density of
approximately 95%, as shown in Table 1. Furthermore,
the addition of a small amount (1 mol%) of ZrOs,,
NbyOs, and AlOs3 at the same sintering temperature
led to an improvement in the densification process,
resulting in increased relative densities.  This
enhancement in density is beneficial for reducing
defects and porosity, which can significantly influence
the dielectric and ferroelectric properties of the
ceramics.

Atroom temperature, the relative permittivity (e, ) and
dielectric loss (tand) as a function of frequency for
pure SBT ceramics, in the range of 1 kHz to 1 MHz, are
shown in Figure 2(a). Atlow frequency, the maximum
dielectric constant is approximately 770, which
decreases with increasing frequency. This reduction in

er is attributed to the diminishing contribution of space
charge polarization mechanisms at higher frequencies.
Similarly, the dielectric loss (tand) is initially high
(~0.062) but gradually decreases with frequency,
reaching a lower value of ~0.036 at 1 MHz. The
frequency-dependent dielectric behavior of SBT-based
composites is presented in Figure 2(b, c and d). The
results demonstrate that both ¢, and tan ¢ decrease
as the frequency increases from 1kHz to 1MHz,
consistent with typical dielectric relaxation behavior
due to the reduced contribution of slower polarization
mechanisms at higher frequencies. At low frequencies,
the maximum values of ¢, are approximately 579 for
SBT-Zr, 587 for SBT-Al, and 445 for SBT-Nb. At high
frequencies, the ¢, values stabilize around 537 for
SBT-Zr, 533 for SBT-Al, and 426 for SBT-Nb. Regarding
dielectric loss, the maximum values observed at low
frequencies are ~0.037 for SBT-Zr, ~0.033 for SBT-Al,
and ~0.066 for SBT-Nb. These values decrease at
higher frequencies, reaching minimum stable values of
approximately 0.020 for both SBT-Zr and SBT-Al, and
0.015 for SBT-Nb. The observed reduction in dielectric
loss across all SBT-based composites indicates that the
addition of small amounts of ZrO,, NbsOs, and Al,Os3
effectively enhances the dielectric resistivity of pure
SBT by reducing charge carrier mobility and associated
leakage currents.

Different ferroelectric parameters, including
maximum polarization (Pmax) Or saturation
polarization (Fsat), remnant polarization (F,),
coercive field (E.), and energy storage properties
of the materials, were calculated from the P-E
hysteresis loops, as presented in Table 2. The slim P-E
loop of pure SBT (Figure 3(a)) indicates its relaxor
ferroelectric behavior, with a maximum breakdown
strength (BDS) of 75kV em™!. At low electric fields,
the energy storage capability and polarization are
relatively small, resulting in a narrow loop. As
the electric field gradually increases, the P-E loop
expands, indicating enhanced polarization. The total
energy storage density (W;) of pure SBT was found to
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Figure 2. Variation of ¢, and tan ¢ as a function of frequency for (a) SBT, (b) SBT-Zr, (c¢) SBT-Al and (d) SBT-Nb.

Table 2. Total energy storage density (W;) and Wie. of SBT, SBT-Zr, SBT-Al and SBT-Nb.

Maximum Breakdown Energy Storage Density ~Recoverable Energy Storage

Composition Voltage (kVcm™1) W (Jem™3) Density Wiee (Jem™3)
SBT 75 0.307 0.239
SBT-Zr 90 0.407 0.152
SBT-Al 90 0.291 0.167
SBT-Nb 60 0.135 0.079

increase up to 0.307J cm 3,

To further improve the BDS of SBT, 1 mol% ZrO,,
Al,O3, and NbyOs were incorporated, which also
contributed to reducing grain size. A higher BDS
is beneficial for achieving greater energy storage
density. The results show that the breakdown strength
effectively increased for SBT-Zr and SBT-Al, reaching
90kV cm~!, but decreased for SBT-Nb to 60kV cm ™!
(see Figure 3(d)). The reduction in BDS for SBT-Nb is
attributed to the Nb donor, which introduces electronic
charge carriers, suppressing oxygen-vacancy related
AC loss but may enhance DC assisted conduction
through grain boundary. Hence, BDS decreased
due to increased conduction path at high field stress.
The addition of ZrOs, AlsO3, and NbyOs resulted
in a reduction in Ppnay, while P. and E. increased
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relative to pure SBT. In terms of energy storage
performance, SBT-Zr exhibited the highest total energy
storage density of 0.407 J cm ™3, whereas SBT-Al and
SBT-Nb showed decreased values of 0.291Jcm ™3
and 0.135Jcm™3, respectively. Additionally, the
recoverable energy density (Wrec) also decreased for
the composites, as summarized in Table 2.

At the electronic level, the band gap (E,) is one of the
intrinsic characteristics that influences the breakdown
strength (BDS) of a material [20]. In this work,
the band gap of SBT ceramics and their composites
was calculated using Diffuse Reflectance Spectroscopy
(DRS). For the pure SBT sample, the £, calculated
from the (ahr)? versus hv plot was found to be 2.98 eV
(as shown in Figure 4), which is higher than the value
reported in the literature (see Table 3). A larger E,
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Table 3. Prax, Pr, and E, values at 60kV, and optical band gap values of SBT-based samples.

Maximum Polarization Remnant Polarization Coercive field Band gap

Component Prax (1Ccm™2) P, (uCem—2) E. (kVcem™1) (eV)
SBT 6.34 0.51 4.05 2.98
SBT-Zr 4.77 1.13 9.99 2.96
SBT-Nb 3.82 0.72 9.62 2.99
SBT-Al 3.71 0.58 597 297
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Figure 3. P-E loop of a) SBT, b) SBT-Zr, c) SBT-Al, and d) SBT-Nb ceramics.

typically leads to higher BDS, reduced leakage current,
and increased resistance, as it makes it more difficult
for electrons to transition from the valence band (VB)
to the conduction band (CB) [21]. However, the E,
values decreased in the case of SBT-based composites
(SBT-Zr, SBT-Al) compared to pure SBT. The observed
E, values for SBT-Zr, SBT-Al, and SBT-Nb composites
were 2.96eV, 2.97¢eV, and 2.99 eV, respectively. The
increase in the band gap of SBT-Nb based system may
be due to the reason optical band gap does not show the
localized defect states or electrical conduction paths,
thus underestimating the band gap from DRS.

4 Conclusion

Lead-free relaxor ferroelectric SBT ceramics and their
composites (SBT-Zr, SBT-Al, and SBT-Nb) with a
cubic perovskite structure were successfully fabricated
via the conventional solid-state reaction route. XRD
analysis confirmed the absence of secondary phases
in the SBT-based composites, indicating that the
additives sintered at 1250 °C for 3 h were successfully
incorporated into the SBT crystal structure. The
relative density of pure SBT improved from 95%
upon additive incorporation, reaching a maximum of
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Figure 4. Tauc plots for SBT, SBT-Zr, SBT-Al, and SBT-Nb

samples.

98% in SBT-Zr and 97% in both SBT-Nb and SBT-AL
A noticeable enhancement in breakdown strength
(BDS) was observed upon the addition of small
amounts of ZrO; and Al O3, increasing the breakdown
voltage from 75kV to 90kV. However, the addition
of Nb2Os reduced the breakdown voltage to 60kV.
This reduction may be attributed to the donor Nb°,
which generate defects and free electrons, thereby
degrading the insulating properties and increasing
leakage current. The pure SBT sample exhibited a
wide band gap of 2.98 eV, contributing to its superior
insulating behavior, thermal stability, low leakage
current, and high energy storage efficiency. Upon
the addition of the dopants (Al;O3 and ZrOs), the
band gap decreased to approximately 2.97eV and
2.96 eV while in the case of Nb,Os, it again increased
to 2.99eV. The incorporation of ZrO,, NbyOs, and
Al>O3 in pure SBT reduced the maximum polarization
from 6.34uCem=2 to 4.77uCcm 2, 3.83uCem—2,
and 3.71uCcem™2, respectively, while increasing
the remnant polarization from 0.51uCecm™? to
1.13uCem™2, 0.72uCem=2, and 0.58 uCem 2. As
a result, the recoverable energy density (Wie.) of
SBT decreased from 0.239Jcm™ to 0.167Jcm™3,
0.152J cm 2, and 0.079 J cm 3 for SBT-Zr, SBT-Al, and
SBT-NDb, respectively. Furthermore, although the
additives slightly decreased the dielectric constant of
SBT, they also significantly reduced the dielectric loss
from 0.036 to ~0.02 in the cases of SBT-Zr and SBT-Al,
and to ~0.015 in the case of SBT-Nb at high frequencies.
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