EPJ Appl. Metamat. 11, 13 (2024)
© Q. Tang et al., Published by EDP Sciences, 2024
https://doi.org/10.1051 /epjam /2024012

Applied
Metamaterials

Available online at:
epjam.edp-open.org

RESEARCH ARTICLE OPEN g ACCESS

Enhanced dielectric properties of Sr’>™ and Zr*" doped BaTiO;
colossal permittivity metamaterials

Qingyang Tang', Zhicheng Shi®", Shuimiao Xia !, Xiaohan Bie!, Yujie Yang', Dedong Bian® ", Daofeng Xu?,

and Runhua Fan®

! School of Materials Science and Engineering, Ocean University of China, Qingdao 266100, PR China
% Shandong Tongfang Luying Electronic Co., Ltd, Linyi 276300, PR China
3 Institute of Marine Materials Science and Engineering, Shanghai Maritime University, Shanghai 201306, PR China

Received: 16 October 2023 / Accepted: 30 April 2024

Abstract. BaTiOg, as one of the most important functional materials of perovskite structure, is widely used in
the electronic industry. However, the dielectric permittivity of BaTiO3 remains relatively low, which greatly
limits its practical application in metamaterials with colossal dielectric permittivity. In this work, (Bajgo_Sry)
(Tiy00—yZry)O3 composite ceramics are fabricated via the solid sintering method. Surprisingly, the dielectric
properties of (Bajgg_xSry) (Tiig0—yZry) O3 composite ceramic materials are strongly dependent on the occupancy
of Sr*" and Zr*" at the A-sites and B-sites, respectively. Consequently, via adjusting the doping amount of
SrTiO3 and BaZrOs, a greatly enhanced dielectric permittivity of 28287 (65°C, 1kHz), along with a high
breakdown strength of 84.47kV /cm is achieved in (BagySryg)(TiggZr1o) O3 composite ceramics, which are 2144%
and 13 % higher than those of (BaggSr;)(TiggZr;)O3 composite ceramics, respectively. Moreover, the reasons for
the significant increase in dielectric permittivity are identified through finite element simulations, and the
breakdown mechanism of composite ceramic materials is explored. This work provides a facile approach to
constructing high dielectric permittivity composite ceramics, the (Bajgo_xSry)(Tiigo_y2Zry)Os composite

ceramics have broad application prospects in electronics and electrostatic energy storage capacitors.
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1 Introduction

Metamaterials are artificially designed unique composite
materials with extraordinary physical properties that
distinguish them from traditional materials [1-4]. Meta-
materials can be classified into left-handed materials, zero-
refractive-index materials, colossal permittivity materials,
and graded refractive-index materials based on the distinct
electromagnetic characteristics of their equivalent media
and the magnitude of their permittivity and permeability
values [5-7]. Colossal permittivity materials, which have
attracted considerable attention in recent years, are a new
type of functional materials with extremely high permit-
tivity (usually greater than 10000), significantly surpassing
the permittivity of conventional dielectric materials.
Recent works have demonstrated that colossal permittivity
materials exhibit analogous properties to metamaterials in
certain aspects, including negative temperature coefficient
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of capacitance and negative dielectric constant dispersion
[8-10]. Therefore, colossal permittivity materials can be
regarded as a special type of metamaterials. Ferroelectric
ceramic materials, with their inherently high permittivity,
are considered potential candidates for the preparation of
colossal permittivity metamaterials.

As the core component of capacitors, ferroelectric
materials have captured considerable interest because of
their better thermal reliability and mechanical properties in
miniaturized electronic components [11,12]. Among various
ferroelectrics materials, BaTiOs, suffers from high polariza-
tion hysteresis and low electric field tolerance, restricting its
development in the electronic industry [13,14]. Therefore,
numerous efforts have been made to enhance the dielectric
properties of BaTiOj3 in recent decades.

With the deepening of research on BaTiOj3 ceramics,
researchers have also found that preparing BaTiO;
ceramics with high dielectric permittivity and low dielec-
tric loss is possible [15]. For example, the physical
properties of the BaTiO3 surface can be changed by heat
treatment, plasma treatment or microwave treatment to
increase its dielectric permittivity [16]. Moreover, the
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dielectric properties of BaTiOz can be enhanced by
combining with carbon nanotubes or metal oxides [17].
However, the above two methods may bring some negative
effects while increasing the dielectric permittivity of
BaTiOs;. For example, they may introduce new interface
effects and affect the ceramic manufacturing process [18].
Therefore, it is necessary to explore new methods to
improve the dielectric permittivity of BaTiO5 ceramics and
consider how to overcome these negative effects to achieve
a comprehensive improvement of the dielectric properties
of BaTiO3 ceramics.

In recent years, studies have shown that the electrical
properties of BaTiO3 ceramics can be effectively improved
by changing the chemical composition of BaTiO3 by doping
method [13]. SrTiO3 has been widely studied because of its
low Curie temperature (T = —250°C) and good tempera-
ture stability [19]. However, the low dielectric permittivity
(~300) of SrTiO3 at room temperature makes it unable to
meet the development of miniaturization in electronic
components [20]. Generally, SrTiO; is used as a filler in
BaTiO; to enhance the dielectric permittivity of BaTiO3
[21]. In addition, Zr*" has better chemical stability than
Ti*", which is usually used to enhance the lattice stability
of BaT103 [22] Such as (1—:1:)BaTiO,95Zr0,0503,leT103
(z = 0-1) ceramics, the partial substitution of Ti*" by Zr*"
in the B-site is a crucial factor for the formation of stable
solid solutions even though the electronegativity of the
Ba®" and Pb?' ions in the A-site are quite different [23].

In this work, we demonstrate that significantly
improved dielectric permittivity and enhanced breakdown
strength can be concomitantly achieved in (Bajgg_Sry)
(Ti1p0—yZry)O3 composite ceramics through a facile doping
method. By introducing SrTiO3; and BaZrOs, which have
the same perovskite structure as BaTiOs, into BaTiOs3 to
fabricate a series of (Bajoo—xSr«)(Ti100—yZry) O3 composite
ceramics and solve the problem of incompatibility between
different crystal phases in composite ceramics. We have
conducted a detailed analysis of the microstructure,
dielectric properties, and electrical insulation properties
of the (Bajgo_xSry)(Tiig0—yZry)O3 composite ceramics. In
addition, the mechanism of the excellent improvement of
dielectric permittivity and breakdown strength is studied
by finite element simulation.

2 Experimental details

2.1 Materials

The poly(vinyl alcohol) (PVA) particles with an average
molecular weight M, of 80000 were purchased from
Sinopharm Chemical Reagent Co., Ltd (China). The
BaTiO3 (BT), SrTiO; (ST) and ZrTiO3 (ZT) powders were
provided by Shandong Tongfang Luying Electronic Co.,
Ltd (China). All the raw materials were used without any
treatment.

2.2 Preparation of materials

(Bago—xSry) (Tiigo—yZry)O3 (BSTZ) ceramics were fabri-
cated by using the solid sintering method. Firstly, 10 g of
PVA particles were added to 90 g of deionized water in a

beaker and stirred at 80°C for 4 h. Secondly, BT, ST and
Z'T powders were weighed according to the composition of
(Baygo—xSrs) (Tiigo—yZry) O3 (abbreviated as x-y, where x-y
is 1-1, 5-5, 10-10 and 20-20), and ball milled for 24 h in
deionized water with zirconia balls. Thirdly, the composite
ceramic powders were mixed with 10 wt% solutions of PVA
and then pressed into white discs under a pressure of
30 MPa. Finally, the temperature was increased from 25 °C
to 200°C at a heating rate of 1°C/min, and the heat was
maintained for 30min to remove moisture, Then, the
temperature was raised to 400 °C at a heating rate of 2°C/
min, and the heat was maintained for 30 min to remove the
PVA solution. In addition, the temperature was raised to
1150°C at a heating rate of 1°C/min and held for 2h for
sintering. The (Bajgo—_xSry)(Tii0—yZry)O3 composite
ceramics were successfully prepared after the samples
were cooled to room temperature.

2.3 Characterization of materials

The crystal structures were studied by using X-ray
diffraction (D8 Advance, Bruker Corporation, Germany).
Observation of micromorphology of sintered samples by
scanning electron microscope (Gemini SEM 300, ZEISS,
Germany). The frequency dependence of the dielectric
properties was tested in the range of 100 Hz to 1 MHz via
LCR analyzer (E4980A, Agilent Technologies, USA). The
temperature dependence of the dielectric properties was
measured in the range of —25°C to 125 °C via capacitance
Meter (4278A, Hewlett-Packard, USA) with a Tempera-
ture (& Humidity) Chamber (PL-2SPH, ESPEC, China) at
1kHz. The breakdown strength measurements were mea-
sured by using a breakdown strength tester (Treck 610C
PolyK Technologies, USA) amplifier at room temperature.

2.4 The finite element simulation models

The simulation was performed d by Comsol to analyze the
polarization distribution of 5-5 composite ceramics and
10-10 composite ceramics with a thickness of 5 pm and the
external potential was 25 V. To observe the breakdown
paths, the phase field was introduced to characterize the
evolution of the damage phase in dielectric, where s (x, t)
corresponds to the damage level. When s=0, f(s)=0,
indicating that the material is broken down, and when
s=1, f(s)=1, indicating that the material is intact.
Therefore, the dielectric permittivity (¢) can be expressed
by the following equation:

els) = n+f(s)

where f(s) = 4s® — 35", = 0.001. The following formula can
be obtained by combining the linear dynamic equation:

(1)

%g_: _ ‘gés) VoNO+ We f’(s)+gv28 (2)

where m represents the speed of breakdown propagation,
and W represents the critical electrostatic energy density.
Then, the time and electric field are normalized, and the
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Fig. 1. SEM images and grain size distribution of (a) (BaggSr)(TigeZr;)Os, (b) (BagsSrs)(TigsZrs)Os, (¢) (BageSrig)(TigeZri)Os,

(d) (BaggSrap)(TigoZra0)Os3.

governing equation in dimensionless form is finally
obtained, as shown in the following equation:

0 1 dp]

aT Lﬂrf( )0961} =0 (3)
ds f'(s) dp dp , 1 9
o = antfeEamon YT 2amam,

where ¢, I"and ¢, represent the time, breakdown energy and
electric potential, respectively [24-27].

3 Results and discussion
3.1 Material characterizations

The SEM images of BSTZ composite ceramics are shown in
Figure 1. A dense and homogeneous microstructure and
clear grain boundaries can be seen in Figure 1. Only a few
cracks and pores can be observed in the 20-20 composite
ceramics. The average grain sizes of 1-1, 5-5, 10-10 and
20-20 are 530, 550, 570 and 590 nm, respectively. This
result indicates that the grain size of the BSTZ composite
ceramics increased as the addition of ST and BZ increased.

The XRD patterns of BSTZ composite ceramics
sintered at 1150°C are shown in Figure 2a. All the
diffraction peaks are well indexed as PDF # 75-0460,
indicating that the BSTZ ceramics have a pure perovskite
structure without any secondary phases [28]. In addition, all

the prepared composite ceramics have a diffraction peak of
BT, indicating that the addition of ST and BZ does not cause
changes in the perovskite structure of BT. This is because
SrTiO3 has the same crystal structure as BaTiO3 and may
form a continued solid solution. Similarly, BaZrOs also has a
typical perovskite structure and does not destroy the
perovskite structure of BaTiO3. However, there are slight
shifts in the peak positions of the BSTZ composite ceramics
prepared by the traditional solid-state sintering method, as
shown in Figure 2b. According to Bragg’s equation,

2dsinf = na (5)

where dis the lattice spacing, 0 is the diffraction angle, and A
is the X-ray wavelength. We know that the partial
substitution of Ba®" (1.61 A) by Sr*" (1.44 A) causes lattice
contraction, resulting in a shift of the diffraction peak
towards higher angles [29]. On the other hand, the diffraction
peaks always shift to lower angles because of the partial
substitution of Ti*" (0.605 A) by Zr*" (0.87 A) [30].

3.2 Dielectric properties of materials

The dielectric properties of BSTZ ceramics as a function of
frequency and temperature are shown in Figure 3. It is
indicated in Figure 3a that the dielectric permittivity tends
to decrease at high frequencies. The decrease in dielectric
permittivity is because at high frequencies, the alternating
current electric field changes too quickly to affect the
orientation of dipoles, resulting in Debye relaxation [31,32]
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Fig. 2. XRD patterns of (Bajgo_xSrx)(Tijg0_yZry)O5 ceramics in the range of (a) 10-90° and (b) 30-33°.

As shown in Figure 3c, the dielectric permittivity of 10-10
composite ceramics reaches an astonishing value of 28287
at 65°C and 1 kHz. The reasons for this ultrahigh dielectric
permittivity are twofold. On the one hand, the T¢ of BT
will decrease along with the content of ST increases [19]. In
addition, the tetragonality will be reduced by the
replacement of Zr'" at the B site, hence decreasing the
Tc with increasing dielectric permittivity [33]. However,
we can find in Figure 3a that the dielectric permittivity of
20-20 composite ceramics is lower than 10-10 composite
ceramics. This is owing to the fact that the T of 20-20
composite ceramics being lower than 10-10 composite
ceramics with the increased added amount, as shown in
Figure 3c. Meanwhile, the test temperature of Figure 3a is
room temperature, which is close to the T¢ of 10-10
composite ceramics. When the testing temperature
approaches the T, the dielectric permittivity of the
composite ceramics will increase significantly. Hence, we
can observe that the dielectric permittivity of 10-10
composite ceramics is higher than 20-20 composite ceramics.

The dielectric loss represents the heat dissipation
during the process of dipole orientation under an alternat-
ing current electric field [34]. Usually, the dielectric loss
includes frequency-independent Ohmic conduction loss
and frequency-dependent dipole relaxation loss [35]. At low
frequencies, the dielectric loss is mainly due to ohmic
conduction loss, while at high frequencies, it is mainly due
to dipole relaxation. We can see from Figure 3b that the
dielectricloss of BSTZ composite ceramics is lower than 0.05,
indicating that the BSTZ composite ceramics have an
extremely low ohmic conduction loss. The ultralow ohmic

conduction loss means that the resistance and conductivity
of the material are lower when the current flows through it,
and the efficiency of converting electrical energy into heat
energy is also lower [36-40]. Therefore, the BSTZ composite
ceramics have excellent electric insulation properties.

3.3 Electric insulation properties of materials

The breakdown strength (F,) and leakage current
densities are shown in Figure 4. The dielectric
breakdown strength of the BSTZ composite ceramics
is characterized by the two-parameter Weibull distribu-
tion. The Weibull distribution is expressed by the
following formula:

-1 (2]

where P (E) represents the cumulative probability of electrical
failure, F stands for the experimentally tested dielectric
breakdown strength, « is the characteristic dielectric
breakdown strength at the P(E) of 63.2%, B is the shape
parameter which evaluates the dispersion of the data, and a
higher value of B indicates a higher data reliability [41-45].
The E;, increases significantly from 75.03kV/cm for
ceramics with a composition of 1-1 to 88.39kV /cm for the
composite ceramics with a composition of 20-20 illustrated
in Figure 4a. The remarkable enhancement of Fj, can be
attributed to the following two aspects. On the one hand,
the grain size will decrease due to the replacement of Sr?"
at the A-site, resulting in enhanced E}, [20]. On the other

(6)
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hand, Zr dopants are more chemically stable than Ti, and
therefore, can limit electronic migration between Ti*" and
Ti*" ions under stronger electric fields, improving the Ej,
[22]. In addition, the leakage current densities of BSTZ
composite ceramics are shown in Figure 4b. We fit the data
via the hopping conduction equations

4%
J(E,T) = 2nek x eXp(— KB;—’)

where J stands for the dielectric leakage current, E
represents the external electric field, T is the thermody-
namic temperature, e is the charge on the carriers, A is the
hopping distance and Kp is the Boltzmann constant.
Therefore, the above equation can be simplified to the
following equation:

J(E) = A x sinh(B x E) (8)

where 4 and Bare two lumped parameters [46,47]. It is easy
to see from Figures 4a and 4b that the dielectric leakage
current of BSTZ composite ceramics reduces with the
decrease of dielectric breakdown strength. Meanwhile, the
hopping distance is decreased with the increased doping
amount. Shorter hopping distance means that the trap
density in the composite ceramics is higher, and more
carriers can be trapped, preventing the formation of
breakdown paths, and thus improving the breakdown
strength of the composite ceramics.

3.4 Analysis of finite element simulation

The finite element simulation of polarization distribution
and dielectric breakdown path of BSTZ composite ceramics
are illustrated in Figure 5. The distribution of SrTiO3 and
BaZrO3; in BaTiO3 of 5-5 and 10-10 composite ceramics
are exhibited in Figures 5a and 5c¢, respectively. Figures 5b
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Fig. 6. (a) The simulation of breakdown path, (b) the breakdown path at 0.011s of (Bag;Sr;)(TigsZr;)O3 ceramics. (¢) The simulation
of breakdown path, (d) the breakdown path at 0.011s of (BagoSrig)(TigeZr1p)O3 ceramics.

and 5d show the finite element simulations of polarization
distribution for the two kinds of composite ceramics at the
same external potential. It is clearly shown in Figures 5b
and 5d that the region with a larger dielectric permittivity
generates stronger polarization [48]. Because the dielectric
permittivity of SrTiOjz (¢=240), BaZrO3 (¢=45) and
BaTiO3 (¢ = 3376) are significantly different, it will lead to
strong Maxwell-Wagner interfacial polarization at the
interface where they contact each other under an external
electric potential [13,49-51]. Therefore, the Maxwell-
Wagner interfacial polarization at the interface of the
composite ceramics is enhanced with increasing doping of
SrTiO5; and BaZrOs, resulting in a significant increase in
the dielectric permittivity. Figures 6a and 6¢ reveal the
dielectric breakdown path of BSTZ composite ceramics,
and Figures 6b and 6d illustrate the dielectric breakdown
path at 0.011s. The introduction of SrTiOz; and BaZrOs;
into BaTiOjz changes the direction of the dielectric
breakdown path in composite ceramics to a more circuitous
one, playing a role in hindering the propagation of the

breakdown path [52-54]. Therefore, the breakdown path
becomes more tortuous as the amount of SrTiO; and
BaZrO3 added to the composite ceramics increases. This
conclusion is completely consistent with the simulation
results in Figures 6b and 6d.

4 Conclusions

In summary, (Bajgo—xSrx)(Tiigo—yZry)O3 ceramics have
been successfully fabricated via the solid sintering method.
The effects of Sr*" and Zr*" on the dielectric properties of
BaTiOj3 ceramics are thoroughly investigated. Experimen-
tal results and the finite element simulation suggest that
the enhanced dielectric permittivity and breakdown
strength are attributable to the replacement of Sr*" and
Zr*" at the A-sites and B-sites. Ultimately, ultrahigh
dielectric permittivity of 28287 and breakdown strength of
84.47kV/cm are concurrently attained in (BaggSrig)
(TiggZr19)O3 composite ceramics, which are increased by
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2144% and 13% compared to that of (BaggSr;)(TiggZr;)O3
composite ceramics, respectively. Therefore, (Bajgy_,Sry)
(Tijpp—yZry)O3 ceramics are considered as promising
materials for colossal permittivity metamaterial.
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