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Abstract: As consumer electronics and industrial control systems continue to evolve, the operating
temperature range of capacitors is gradually increasing. Barium titanate-based ceramic capacitors are
widely used in the field of high dielectrics, so temperature-stable barium titanate-based dielectric
materials have been a hot research topic in the field of dielectric ceramics. The construction of a core—
shell structure by unequal doping is an effective way to obtain temperature-stable dielectric materials.
At the same time, this structure retains part of the highly dielectric tetragonal phase, and materials
with overall high dielectric constants can be obtained. In this work, we prepared BaTiO3-xNaNbOs-
0.002Gd, 03 (x = 1.0-6.0 mol%) as well as BaTiO3-0.05NaNbO3-yGd; O3 (y = 0-0.30 mol%) dielectric
ceramics. On the basis of high-electronic-bandgap NaNbO3;-modified BaTiO3 dielectric ceramics,
a core-shell structure with a larger proportion of core phase was obtained by further doping the
amphiphilic rare-earth oxide Gd,Oj3. By designing this core—shell structure, the temperature stability
range of capacitors can be expanded. At a doping level of 5.0 mol% NaNbOs3 and 0.20 mol% Gd,O3,
the room temperature dielectric constant ¢, = 4266 and dielectric loss tan & = 0.95% conforms to
the X8R standard (from —55 °C to 150 °C, TCC < £15%); volume resistivity p, = 10,200 GO-cm
and breakdown strength E}, = 13.5 kV/mm is attained in BaTiO3-based ceramics. The system has
excellent dielectric and insulating properties; it provides a new solution for temperature-stable
dielectric ceramics.

Keywords: BaTiOj; core—shell structure; dielectric ceramics; wide temperature stability

1. Introduction

Ceramic capacitors are indispensable components in communications, pulse devices
and consumer electronics due to their high dielectric constant, low dielectric loss and
wide operating temperature range [1-3]. The integration and miniaturization of electronic
components leads to higher operating temperature ranges and higher operating field
strengths, which makes the capacitance-temperature stability and insulation properties of
ceramics increasingly important [4]. BaTiO3 (BT) is one of the most widely used lead-free
high-dielectric materials [5,6]. The microstructure of BI-based ceramics can be modulated
by means of doping modification, adjusting the powder preparation process and sintering
process, which gives them different dielectric properties [4,7-10].

Although pure barium titanate has a high dielectric constant and a suitable Curie
temperature, its temperature stability is poor and it needs to be doped and modified to
improve its temperature stability. Constructing a core-shell structure is an effective means
of increasing the temperature stability of BT while maintaining a high dielectric level, which
can be achieved by doping the A or B sites with ions of lower solid solubility [11,12]. The
enriched and rare regions of dopant ions are the shell phase and core phase, respectively,
which form a double dielectric peak. The inhomogeneity of elemental distribution leads to
the disruption of long-range ordering, generating polar nanoregions (PNRs) with different
phase transition temperatures, which in turn leads to phase transition relaxation that
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enhances the capacitance-temperature stability of BT-based ceramic capacitors [13,14]. At
the same time, the doping of low-solid-solubility ions leads to an increase in lattice strain
energy and a decrease in the rate of grain boundary movement, which easily obtains a
fine grain structure with a high degree of densification. Fine grain structures designed
through grain engineering provide better insulation due to larger grain boundary ratios [10].
The NaNbO3;-modified BaTiO3 system (BT-NN) is a core—shell structure with potential
applications. It has been reported that NN with a high electronic band gap (3.58 eV) can
increased interatomic bonding linked to the BOg octahedron and lattice network, which
has the effect of improving insulating properties [15-17]. Moreover, the internal stresses
induced by the inhomogeneous solid solution of NN in the BT lattice can significantly
reduce the Curie temperature of the shell phase, which leads to a broadening of the
temperature range over which the dielectric constant is stabilized [18]. For the BI-NN
system, the large radius Nb®* (0.072 nm) replaces Ti** (0.061 nm) at the B-site and the small
radius Na* (0.102 nm) replaces Ba?* (0.161 nm) at the A-site [16]. Due to the mismatch of
the charge and ionic radius, Na* has difficulty forming the 12-coordination of the standard
perovskite A-site ion. Oxygen octahedra are deflected to reduce repulsion between oxygen
ions to optimize the coordination environment of the A-site ion [19]. It also reduces the
displacement space of the B-site ions and suppresses ion displacement polarization, leading
to a sudden drop in the Curie temperature and a decrease in the dielectric constant at
high temperatures, reducing its temperature stability range [18]. Numerous studies have
reported the improvement of the high-temperature performance of BT-NN by introducing
high Curie temperature components to form a ternary system. These methods widen the
operating temperature range of BT-based capacitors, but greatly suppress their dielectric
constant, limiting the application of the materials [20-22]. To obtain BT-NN ceramics
with good capacitance-temperature stability and a high dielectric constant, increasing
the content of the core phase (ferroelectric phase) in the core—shell structure is necessary.
Co-doping is a method to optimize the core—shell structure by doping with multiple or
amphoteric elements to suppress the diffusion of shell elements. This method designs
a thinner shell layer and retains more of the high dielectric constant phase, resulting in
optimized capacitance-temperature stability [23,24].

Based on the above background, this study aims to prepare BT-based dielectric materi-
als with a high temperature stability and high dielectric constant by designing core-shell
structures. The research objective of this work is to prepare dielectric materials that comply
with the EIA X8R standard (from —55 °C to 150 °C, TCC < £15%) and have a dielectric
constant above 4000. In this context the material has stable insulating properties. In this
work, BaTiO3-xNaNbO3-0.002Gd, O3 (x = 1.0-6.0 mol%) and BaTiO3-0.05 NaNbO3-yGd,O3
(y = 0.00-0.30 mol%) ceramic samples were prepared by using pre-synthesized NN and
amphoteric rare-earth oxide Gd;O3-modified BT. Compared with the synthesis methods
of powders from oxides as well and carbonates, the pre-synthesis method has a lower
sintering temperature and an easier way to build core—shell structures. The amphiphilic
rare earth element Gd can enter the A-site and B-site at the same time as the donor and
acceptor, respectively, due to its small ionic radius. This self-compensating mechanism
can also promote the formation of core-shell structures. As a result, the prepared ceramics
exhibit a well-defined core-shell structure and a fine crystal structure, which optimize
the dielectric-temperature stability as well as the breakdown strength of the samples, re-
spectively. Samples formulated with BaTiO3-0.05NaNbO3-0.002Gd,O3 achieved the X8R
standard with e, = 4266 and tan = 0.95%; meanwhile, excellent insulation properties were
obtained with p, = 10,200 GQ-cm and Ep, = 13.5 kV/mm.

2. Experiments
2.1. Sample Preparation
BT-based ceramic capacitor samples with different NN and Gd;O3 contents were

synthesized using the conventional solid-phase method. The samples were named BaTiOs-
xNaNbO3-0.002Gd, 03 (simplified as BT-xNN-0.002Gd, x = 1.0-6.0 mol%) and BaTiO3-
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0.05NaNbO;3-yGd, O3 (simplified as BT-0.05NN-yGd, y = 0-0.30 mol%) depending on the
composition. The ceramic samples were prepared from barium titanate (Shandong Guocera
Materials, prepared by hydrothermal method) as the main ingredient; NN (pre-synthesized
from Na,COj3 (98.0%, Hynes & Co., Tianjin, China) and Nb,Os (99.0%, Hynes & Co., Tianjin,
China) at 800 °C/240 min) based on 1.0-6.0 mol% of the main ingredient; Gd,O3 (99.99%,
Hynes & Co., Tianjin, China) based on 0-0.30 mol% of the main ingredient; ZnO (97.0%,
Hynes & Co., Tianjin, China) based on 1.2 wt.% of the main ingredient; and CaZrO; (pre-
synthesized from CaCOj3 (99.0%, Hynes & Co., Tianjin, China) and ZrO, (99.99%, Hynes &
Co., Tianjin, China) at 1000 °C/120 min) based on 0.5 wt.% of the main ingredient.

All samples were ball milled using agate grinding balls with anhydrous ethanol as the
grinding medium for 240 min at a motor speed of n = 400 r/min. The mixed slurry was
dried and then granulated by adding 7 wt.% PVA through 30 mesh sieve. The granulated
powder was pressed into a circular flat plate with a diameter of 13 mm and a thickness of
1.1 mm. The raw ceramic blanks were discharged from the binder at 600 °C and sintered at
1160 °C/120 min to obtain ceramic samples. After cooling in the furnace, the thickness of
the sample is about 1.0 mm and the diameter is about 11.16-11.20 mm. Conductive silver
paste was printed on both sides of the sample and fired at 750 °C.

2.2. Sample Characterization and Testing

X-ray diffractometer (XRD, D8 Advanced, Brooklyn, Germany) was used for the
physical characterization, which was performed by Cu K« radiation with a scanning range
of 10°-90° and a scanning rate of 0.1°/s with a step size of 0.02°. Cold field emission
scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) was used for micro-
morphological analysis of the samples. Transmission electron microscopy (TEM, JEM-F200,
Hitachi, Tokyo, Japan) and accompanying EDS equipment were used for grain structure
analysis of the samples. LCR meter (TH2827C, Tonghui, Changzhou, China) was used
to measure the capacitance and dielectric loss of the samples. High insulation resistance
measuring instrument (ZC-90, Taio Company, Changzhou, China) was used to measure the
resistance of the samples. Voltage withstand tester (LK2674A, Languang, China, Tianjin,
China) was used to measure the room temperature breakdown field strength of the samples.

2.3. Research Methods

The samples were fixed on a fixture and connected to an LCR meter, and the capac-
itance C and dielectric loss tan 6 of the samples were read at 1 kHz over a temperature
range of —55 °C to 150 °C. The dielectric constant of the circular flat capacitor is calculated

from Equation (1).

Cd

where ¢, is relative dielectric constant of the sample, C is capacitance of the sample (nF), d is
thickness of the sample (mm) and D is diameter of the sample (mm). The dielectric constant
and dielectric loss from —55 °C to 150 °C were plotted as dielectric constant/dielectric
loss temperature curves. Temperature coefficient of capacitor (TCC) curves were plotted
according to Equation (2) using 25 °C as a reference.

£ — &gz
TCC = S —25°C )
€25°C
where &, is dielectric constant of the sample at a certain temperature and &30 ¢ is dielectric
constant of the sample at 25 °C. The volume resistivity was tested at a voltage of 500 V. The
volume resistivity p, of the sample was calculated according to Equation (3).
nD?

Pv = Rﬂ 3)

In the breakdown field strength test, in order to prevent the high-voltage arc from
breaking through the air, the sample should be encapsulated with epoxy resin in advance,
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and the test should be carried out after it has been left to cure completely. The breakdown
field strength is determined according to Equation (4).

where Ej, is breakdown field strength of the sample (kV/mm), E is voltage at breakdown
(kV) and d is thickness of the sample (mm).

(4)

3. Results and Discussion
3.1. Phase Analysis

The XRD diffraction patterns and cell parameters of the BT-xXNN-0.002Gd samples are
shown in Figure 1A,B. Table 1 lists the ionic radii of various in situ and substituted ions. All
samples in the formulation composition range show a single perovskite phase and present
the (200) peak of the pseudocubic phase. As the NN content rises, Nb* (0.072 nm) enters
the lattice replacing Ti** (0.061 nm), resulting in a decrease in the space for B-site ions to be
displaced in the [B-O] octahedron; Na* (0.102 nm) replaces Ba?* (0.161 nm), leading to a
decrease in the volume of the oxygen octahedron. The positive and negative charge centers
tend to coincide, tetragonality decreases and cubicity increases. The crystal structure of the
material gradually transforms to the pseudocubic phase and the reaction occurs as follows:

NaNbO; + BaTiO; — Nag, + Nb7; + 600 5)
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Figure 1. (A,B) XRD diffraction patterns and cell parameters of BT-xXNN-0.002Gd samples; (C) XRD
diffraction patterns of BT-0.05NN-yGd samples.



Crystals 2024, 14, 488

50f12

It is relatively difficult for Na* to form 12-coordination due to its smaller radius and
charge mismatch. Therefore, the solid solubility of Na* in the BT lattice is lower than that
of Nb>* and the main reason for the change in lattice spacing is the solid solubility of Nb>*.
This phenomenon is reflected in the XRD pattern as a gradual shift of the diffraction peaks
to lower angles. Meanwhile, the core—shell structure is elementally gradient distributed
and the diffraction peaks are diffuse single peaks.

When x exceeds 4.0 mol%, we can observe the (200) peak of the pseudocubic phase
and another split peak at 45-46°, which is caused by a large enrichment of NN in the
BT shell layer. The above results indicate that there is a clear boundary between the
core—shell structure.

As shown in Figure 1B, when x = 1.0 mol%, the axial ratio c¢/a = 1.0051, which is
decreased compared with the ideal tetragonal barium titanate axial ratio c¢/a 1.010 [25].
As the NN content increases, the axial rate c/a decreases gradually. When x is more than
4.0 mol%, the axial rate ¢c/a = 1, which indicates that the sample has completely changed to
the pseudocubic phase.

Table 1. Ionic radii of various in situ and substituted ions [23,26].

Ions Coordination Number (CN) Ionic Radius (nm)
Ba2+ 12 0.1610
Na* 12 0.1020
Gd3+ 12 0.1253
Gd3* 6 0.0938
Nb5* 6 0.0720
Tit+ 6 0.0610
o* 6 0.1400

The XRD diffraction pattern of the BT-0.05NN-yGd sample is shown in Figure 1C. The
(200) peak of the BT-0.05NN sample (y = 0) does not split, which indicates that there is
still no clear boundary between the core phase and the shell phase. With the co-doping of
Gd and NN, the diffusion rate of NN and Gd in the lattice is reduced and tends to form
a well-defined core-shell structure. As a result, a splitting peak appears at 45-46°. As a
rare earth ion with a small radius, Gd3* can enter the A-site and B-site in the BT lattice
simultaneously, and the reaction occurred as follows:

Gd,O; + BaTiO3 — Gdg, + Gd}; + 600 ©6)

The lattice spacing becomes smaller when Gd* (0.1253 nm) enters the A-site in
place of Ba?* (0.1610 nm). In addition, the lattice spacing becomes larger when Gd3*
(0.0938 nm) enters the B-site in place of Ti** (0.061 nm). As the enlarged figure in Figure 1C
shows, the position of the diffraction peak is shifted to a lower angle in BT-0.05NN-yGd
samples (y < 0.15 mol%), which indicates that Gd** mainly enters the B-site. In addition, the
diffraction peak starts to shift to a large angle in BT-0.05NN-yGd samples (y > 0.20 mol%),
which shows that Gd** replaces more A-sites.

3.2. Morphological Analysis

Figure 2A,B shows the TEM bright-field and Fourier transform images of the grain
in the BT-0.05NN-0.002Gd sample, respectively. It is clear from the image lining that a
well-defined core-shell structure is formed in this region. Figure 2C illustrates the EDS
pattern between region A to region B, where an inhomogeneous distribution of dopant
elements can be observed. The shell phase has significant Nb and Na enrichment, while
the core phase has low Nb and Na content. Figure 2D,E shows the enlarged images of
the A region (shell) as well as the B region (core) of the grain in the BT-0.05NN-0.002Gd
sample after the clarity treatment, respectively. Due to the large solid solution of Gd and
NN in the shell layer, the lattice spacing becomes smaller. As shown in Figure 2D,E, the
lattice spacing of the grain (110) shell layer (region A, 0.2797 nm) is smaller than that of
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the core layer (region B, 0.2841 nm) of the grain, which corresponds to the splitting peaks
in the XRD patterns. The shrinkage of the lattice spacing in the outer layers of the grains
leads to internal stresses within the grains, which transform into a pseudocubic phase at
room temperature.

P
—

2
I

Intensity(a.u.)
g

Distance(nm)

Figure 2. (A,B) TEM bright-field image and Fourier transform of BT-0.05NN-0.002Gd; (C) EDS
mapping from region A (shell) to region B (core); (D,E) Local enlarged schematics of region A (shell)
and region B (core) and the corresponding (110) crystal face spacing, respectively.

The typical microscopic morphology images of (BT-xNN-0.002Gd (x = 1.0 mol%,
3.0 mol%, 5.0 mol%, 6.0 mol%) are shown in Figure 3A-D and the insets demonstrate
the corresponding grain size distribution. All samples show a relatively dense fine grain
structure. With the increase in the NN content, the grain size of this system gradually
decreases and the average grain size decreases from 0.59 pm at x = 1.0 mol% to 0.42 pm
at x = 6.0 mol%. In addition, the distribution of the grain size also become more concen-
trated in the small size. This phenomenon can be explained by the substitution of several
different valence ions, which increases the lattice strain energy and retards the grain bound-
ary movement, resulting in a fine crystalline structure [27]. Typical SEM images of the
BT-0.056NN-yGd samples (y = 0.00 mol%, 0.10 mol%, 0.20 mol%, 0.30 mol%) are shown in
Figure 3E-H. The system already formed fine grains at y = 0 and the average grain size
decreased from 0.48 um at y = 0 mol% to 0.41 um at y = 0.30 mol% with increasing Gd
doping. The fine crystal structure is conducive to improving the capacitance-temperature
stability and obtaining a smoother capacitance-temperature curve, as well as to improving
the insulating properties of the ceramics [28].
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Figure 3. (A-D) SEM images of BT-xNN-0.002Gd (x = 1.0 mol%, 3.0 mol%, 5.0 mol%, 6.0 mol%);
(E-H) SEM images of BT-0.05NN-yGd (y = 0.00 mol%, 0.10 mol%, 0.20 mol%, 0.30 mol%).

3.3. Dielectric and Insulation Properties

Figure 4A,B shows the temperature dependence of the dielectric constant and dielectric
loss in BT-xNN-0.002Gd ceramics (x = 1.0-6.0 mol%). For the BI-xNN-0.002Gd ceramic system,
the substitution of ions with different radii and the internal stresses of the core—shell structure
inhibit the ion displacement polarization as the NN content increases, the Curie temperature is
significantly shifted towards the low temperature range and the room temperature dielectric
constant decreases from 5460 (x = 1.0 mol%) to 3950 (x = 6.0 mol%). This inhomogeneous
distribution of dopant ions in the shell layer disrupts the long-range ordering of the ferroelec-
tric arrangement, forming polar nanoregions (PNRs) with different phase-transitions, which
improves the temperature-stability properties of the dielectric constant [29].

The core—shell structure is typically characterized by two dielectric peaks on the
dielectric-temperature curve. One is the Curie peak of the shell phase in the low tempera-
ture range and the other is the dielectric peak of the core phase at the tetragonal—-cubic phase
transition temperature of barium titanate. These dielectric peaks are labeled in Figure 4A,C.
In Figure 4A,B, the dielectric constant and dielectric peak of the high temperature range
decrease with the increase in NN in BT-xXNN-0.002Gd ceramics (x < 3.0 mol%). Due to
the decrease in the Curie temperature, BT-xNN-0.002Gd ceramics (x = 1.0 mol%, 2.0 mol%)
reach the standard of X7R. In the BT-xNN-0.002Gd ceramics (x > 4.0 mol%), the high-
temperature dielectric peak of the dielectric curve is much sharper, which exhibits a typical
stable dielectric temperature profile. The variation of the Curie temperatures of samples
x =1.0, 2.0 and 3.0 is due to the peak-shifting and peak-pressing effects of the NaNbO3-
doped shell phases. However, the Curie temperatures for samples x = 4.0, 5.0 and 6.0 return
to the high-temperature region (135 °C) due to the enrichment of NaNbO3; which leads to
charge mismatching and the generation of defective dipoles in the BaTiOj lattice. At high
temperatures, B-site ion displacement is enhanced and the sample macroscopically shows
a larger polarity and this spontaneous polarization in turn promotes the reorientation of
the defective dipoles. Thus, the higher dielectric constants of samples x = 4.0, 5.0 and 6.0 at
high temperatures are the result of the synergistic effect of ion displacement polarization
and defect dipole polarization, leading to sharper dielectric peaks at this Curie temperature.
The core—shell structure optimizes the dielectric constant-temperature stability in the high
temperature range, which reaches the standard of X8R in the BT-xNN-0.002Gd ceramics
(x = 5.0 mol%, 6.0 mol%).
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Figure 4. (A,B) Dielectric constant/dielectric loss temperature curves and temperature coefficient of
capacitor (TCC) curves in BT —xNN—0.002Gd ceramics (x = 1.0—6.0 mol%), (Test frequency: 1 kHz);
(C,D) Dielectric constant/dielectric loss temperature curves and TTC curves in BT—0.05NN—-yGd
ceramics (y = 0.00—0.30 mol%), (Test frequency: 1 kHz); (E) Schematic diagram of Gd ion—modified
grain core-shell structure.

Figure 4C,D shows the temperature dependence of the dielectric constant and dielec-
tric loss in the BT—0.05NN—yGd system (y = 0.00—0.30 mol%). The dielectric constant of
BT—0.05NN ceramics is lower in the high temperature range, which is caused by the thicker
shell layer in the core—shell structure. In the BT—0.05NN—yGd ceramics (y > 0.10 mol%),
the dielectric constants are enhanced in all temperature ranges, especially in the high
temperature range, in which the dielectric constant shows a large recovery and a sharper
Curie peak. The capacitance temperature characteristics of the BT-0.05NN-yGd ceram-
ics are also optimized from X7R (y = 0) to X8R (y = 0.15—0.30 mol%). As mentioned
above, Gd;O3 and NaNbOj3 have the low solid solubility in the BT lattice. Moreover, co-
doping will further reduce diffusion rates of dopant ions, as shown in Figure 4E, forming a
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core—shell structure with significant compositional differences and clear boundaries. As
a result, a thinner shell layer is formed in the core—shell structure of the BT-0.05NN-yGd
ceramics (y = 0.15—0.30 mol%), leading to a larger volume share of the nuclear phase at
high Curie temperatures. Additionally, the sites of Gd substitution affect the dielectric
properties of BT —0.05NN—yGd ceramics (y = 0.00-0.30 mol%). According to the XRD
results, in the BT —0.05NN-yGd system (y < 0.15 mol%), the acceptor produces oxygen
vacancies Gdr;/ V¢, and lattice distortions, which introduce a defective dipole polarization
mechanism in the shell layer, leading to an increase in permittivity at room temperature,
whereas at high temperatures, the defective dipole undergoes orienting and the shell defec-
tive dipole polarization combined with ionic shift polarization in the nuclear layer further
enhances permittivity at high temperatures. In the BT-0.05NN-yGd system (y > 0.15 mol%),
Gd3* starts to enter the A-site due to the small radius of the Gd3* ions (0.1253 nm), thus
suppressing the ionic displacement polarization, and the self-compensation mechanism in
turn reduces the defect concentration, leading to a decrease in the dielectric constant.
Figure 5A,B shows the Weibull distribution of the BT-xNN-0.002Gd ceramics and
the relationship between the x content and the resistivity /breakdown field strength.
When the doping amount of NN is low, the high electronic bandgap NN enters into
the BT lattice to form a high electronic bandgap microstructure. Starting from x = 0
(Bp = 14.4 kV/mm; py = 2.02 x 10° GQO-cm), the breakdown field strength and resistivity
of the BT-xNN-0.002Gd ceramics increase continuously with the increasing doping amount
of x and reach a peak (E}, = 19.13 kV/mm; py = 1.53 x 10* GQ-cm) at x = 3.0 mol%. When
x > 4.0 mol%, a large number of heterovalent ions accumulate in the shell layer to generate
more carriers, while some low-solubility sodium ions remain at the grain boundaries, which
decreases the resistivity and insulating field strength in BT-xINN-0.002Gd ceramics.
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Figure 5. (A,B) Weibull distribution of BT —xNN—0.002Gd and the relationship between x content
and resistivity /breakdown field strength; (C,D) Weibull distribution of BT—0.05NN—yGd and the
relationship between y content and resistivity /breakdown strength. (Resistivity test condition: about
500 v/mm voltage holding for 3 min).
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Figure 5C,D shows the Weibull distribution of the BT-0.05NN-yGd ceramics and the
relationship between the y content and the resistivity /breakdown field strength. The
resistivity of the BT-0.05NN-yGd ceramics reaches the peak (py = 1.02 x 10* GQ-cm) at
y = 0.20 mol%; however, the breakdown field strength of the BT-0.05NN-yGd ceramics
decreases as y doping increases. In Figure 5D, we find that the results for the breakdown
field strength and resistivity exhibit different trends with respect to the amount of doping y.
On the one hand, Gd replaces Ti to produce Gd’;/V{,.

On the other hand, the resistivity of the ceramics was tested in low fields (about
0.5 kV/mm), while the breakdown field strength was tested in high fields (higher than
8.0 kV/mm). Therefore, the pinning effect of the defective dipole inhibits carrier migra-
tion, leading to an increase in resistivity within a certain range, resulting in the above
trend. The high electric field in the breakdown field strength test excites the long-range
migration of carriers, resulting in a decreasing breakdown field strength with increasing
y-doped carriers.

In summary, the BI-NN-Gd material system prepared in this work has excellent
comprehensive electrical properties. Firstly, the ability to maintain a high dielectric constant
(over 4200) while satisfying the X8R criterion for temperature stability suggests that the
material has the potential to be applied to high-temperature ceramic capacitors. In addition,
the dielectric ceramic samples prepared in this study have excellent volume resistivity and
breakdown field strength, which improves the reliability of the material and enables it to
be used in a wider range of scenarios. In order to better illustrate the value of this work,
we have compared the present work with published results related to barium titanate-
based temperature-stabilized ceramic capacitors in terms of the dielectric constant and
temperature stability range. As shown in Figure 6, it can be seen that the dielectric constant
and temperature stability range of the present work have obtained excellent performance
in similar work.

45004 BT-(Ni,Mn,Nb,Ca,Zr)-Gd,0,
= —_—
4000 4
=
E 3500 - BT-NaNbO,-Gd,0,
E’ (This work)
S 3000 -
8
= 2500 -
i BT-Bi,Ti,0,, R BT_@La203
< 2000{ = n
= BT-Y,0,-Ho,0,
1500 -
BTC-BNT-Nb
10004 * a
-50 0 50 100 150 200

Temperature stability range

Figure 6. Room—temperature dielectric constant (25 °C) and temperature stability range (TCC less
than +15%) of different barium titanate—based temperature—stable dielectric materials [30-36].

4. Conclusions

In this work, BT —based ceramic capacitors with a fine—crystalline structure and
core—shell structure were prepared by synergistically modifying BT with NN and GdyO3
to take advantage of their low solubility in the BT lattice. At room temperature, the BT
lattice shrinks to a pseudo—cubic phase, which is caused by the enrichment of dopant ions
in the grain shell layer. Split peaks of the core-shell structure were observed in the XRD
patterns. A clear morphology of the core-shell structure was observed in TEM and the EDS
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exhibited a non—uniform distribution of the dopant elements. The double dielectric peaks
of the core-shell structure optimize the stability interval of the temperature coefficient of
the dielectric constant. The doping of NN improves the temperature coefficient of the
dielectric constant in the low temperature range. The A/B—site substitution of Gd,O3 can
further inhibit the diffusion of NN in the BT lattice to increase the proportion of the nuclear
phase, which improves the temperature coefficient of the dielectric constant in the high
temperature range. Meanwhile, the B—site substitution of Gd results in the formation of
oxygen vacancies and defective dipoles and ion displacement polarization and defective
dipole polarization synergistically enhance the dielectric constant at high temperatures.
BT—0.05NN —0.002Gd ceramics a have room—temperature dielectric constant of e, = 4266,
dielectric loss tan of & = 0.95% and a capacitance-temperature relationship in accordance
with the X8R standard, as well as high volume resistivity (pv = 10,200 G()-cm) and break-
down strength (13.5 kV/mm). It is a temperature—stabilized ceramic capacitor material
with greater application value.
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