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Abstract: With the recent increase in demand for electronic devices, multi-layer ceramic capacitors (MLCCs) have become the

most important core component. In particular, the next-generation MLCC with extremely high reliability is required for the 4™

industrial revolution and electric vehicle applications. Therefore, it is necessary to develop dielectric ceramic materials with high

dielectric properties and reliability. During the decades, electrical properties of BaTiO3 based dielectric ceramics, which have

been widely used in MLCC industrial field, have been improved by microstructure and defect chemistry control. However,

electrical properties of BaTiO3 have reached their limits, and new types of dielectric materials have been widely studied. Based

on these backgrounds, this report presents the recent development trends of BaTiOs-based dielectric materials for the next-

generation MLCCs, and suggests promising candidates to replace BaTiOs3 ceramics.
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Fig. 1. (a) Typical Dielectric Behavior for a relaxor ferroelectric (0.93PMN:0.07PT) at 1 kHz, 10 kHz, and 100 kHz and a normal ferroelectric
(BaTiOs) at 1 kHz. (b) Dielectric hysteresis in PMN as a function of temperature. (¢) Dielectric and polarization behavior for PMN as a function

of temperature [10].
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Fig. 2. (a) Transmission electron micrograph of a typical core-shell grain in “2Y4Mg’ specimen, (b) EDS line profile on the grain in (a)
indicating that Y is a dominant element in forming a shell [11].
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Fig. 3. (a) SEM, (b) TEM micrographs showing typical core-shell structures in a sample sintered at 1,350°C in wet H2 for 2 h, (¢) a HRTEM
image at the interface between a core and a shell, and (d) STEM/EDS line profile showing the distribution of Y and Mg [14].
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Fig. 4. TCC of CZO-BTO ceramics at different temperatures and frequencies (a) 0 wt% CZO-BTO, (b) 3 wt% CZO-BTO, (c) 5 wt% CZO-
BTO, (d) 8 wt% CZO-BTO, (e) 10 wt% CZO-BTO, and (f) The range of TCC values at 1 kHz in —55 to 150°C [17].
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Fig. 5. The complete microstructure of the system incorporating a two-phase core shell granular structure with associated grain boundary.
Here, we show equal volumes of core and shell. (a) Representation of an individual meshed grain highlighting the core and shell regions and
diameters required to generate equal volume fractions whereas (b) and (c) show a slice plot through the full microstructure highlighting the
341 individual grains each with a core and shell defined by a user defined volume fraction [18].
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Fig. 6. (i) Schematic illustrations showing the core/shell structures (a) in the first set with different core sizes and a similar grain size and (b)
in the second set with a similar core size but different shell thicknesses. (ii) SEM micrographs of (a) 0.6BT, (b) 0.3BT and (c) 0.1BT in the
first set. The numbers in the micrographs are the measured average grain sizes. (iii) SEM micrographs of (a) BT-0.5, (b) BT-1 and (c) BT-4 in
the second set. (d) Measured core volumetric percentage and core size with respect to sintering time. The numbers in micrographs are the
measured average grain sizes. (iv) (a) Measured dielectric properties and (b) TCC curves of the first set for a temperature range of -55~150°C.
(v) (a) Measured dielectric properties and (b) TCC curves of the second set for a temperature range of -55~150°C [19].
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Fig. 7. (i) Schematic representation of de-convoluted temperature coefficient of capacitance (TCC) curves for high POz, low PO», and a
proposed theory for a perfectly homogeneous microstructure. (ii) (a) Dielectric permittivity and tan d (DF) versus temperature for the solid-
state-BaTiOs-based formulation sintered at 1,200°C: 1x10, 1x107°, and 1x10°'" atm. (b) Temperature coefficient of capacitance (referenced
to value at 25°C) for the solid-state-BaTiOs-based formulation sintered at 1,200°C: 1x10°°, 1x10'°, and 1x10"'! atm [20].
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Fig. 9. A series of complex impedance plane plots, including a low frequency Warburg impedance that were measured at 480°C for (a) the 0.03 mol %,
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curve). Both are air-quenched from 1,000°C [25].
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Fig. 11. (a) Electrical resistivities versus time at 150°C under dc field step for the 0.3 and 0.9RE MLCC samples, respectively. These were
measured by applying a dc field step of field 5.0 up to 80 V/um with the time period for each step being 5 min. (b) Dielectric aging behavior,
that is, capacitance change by lapse of time of 0.3 and 0.9RE MLCC specimens, respectively, that were measured under the condition of AC
field 0.5 V/um at 1 kHz [28].
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Fig. 12. (a) Measured fraction of faceted grain boundaries in 0.1 mol%TiO2-excess BaTiOs as a function of oxygen partial pressure and the
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grain growth behavior at different oxygen partial pressures. (b) Schematic showing the variation of Ag. with respect to the oxygen partial
pressure for a constant Agmax together with the migration rates of the boundary with respect to the driving force. The critical driving force Agc
in the presence of {111} twins in air is also shown in the figure [30].
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Fig. 16. The different kinds of polarization response to an electric field, ranging from being ordered to disordered, and their relationship with
energy storage and efficiency, which is defined as Ue/(Ue + Uloss). The insets are schematics of the vector field showing the electric dipole
moments. The superparaelectric state maximizes the energy storage while minimizing energy loss compared with other known states [33].
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