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Abstract: The Mg2+ /Tad* codoped rutile TiO, ceramic with a nominal composition (Mg; /3Tay /3)0.01 Tip.9902
was synthesized using a conventional solid-state reaction method and sintered at 1400 °C for 2 h.
The pure phase of the rutile TiO; structure with a highly dense microstructure was obtained. A high
dielectric permittivity (2.9 x 10* at 10> Hz) with a low loss tangent (<0.025) was achieved in the
as-sintered ceramic. After removing the outer surface, the dielectric permittivity of the polished
ceramic increased from 2.9 x 10% to 6.0 x 10%, while the loss tangent also increased (~0.11). The
dielectric permittivity and loss tangent could be recovered to the initial value of the as-sintered
ceramic by annealing the polished ceramic in air. Notably, in the temperature range of —60-200 °C,
the dielectric permittivity (10> Hz) of the annealed ceramic was slightly dependent (<4-4.4%), while
the loss tangent was very low (0.015-0.036). The giant dielectric properties were likely contributed by
the insulating grain boundaries and insulative surface layer effects.

Keywords: TiO,; giant/colossal permittivity; XPS; dielectric relaxation; X9R capacitor

1. Introduction

Multilayer ceramic capacitors (MLCCs) are essential components in microelectronics
applications throughout the development of technology. With the rapid growth of the
electronic industry, the efficiency potential of MLCCs is demanded. The crucial way to
significantly improve the properties of MLCCS is to use a giant dielectric material with a
high dielectric permittivity of ¢’ > 10*. Numerous types of giant dielectric material have
been developed in past decades, such as CaCu3Ti4O1; (CCTO) and related ACu3TizO15
compounds [1-6], CuO [7], AFe;,»B1,,03 (A = Ba, Sr, Ca; B = Nb, Ta, Sb) [8], (Li, Ti) doped
NiO [9], and codoped SrTiO3-based ceramics [10]. However, the dielectric loss tangent
(tand) of most giant dielectric oxides is still huge (>>0.1), which is not required for use in
MLCCs. Thus, the importance of developing MLCCs with good temperature stability and
electroceramics for high energy density capacitors has been widely reported [11-13].

In 2013, the first experiment on TiO, codoped with acceptors/donors was reported [14].
The (In1,/,Nbq /2)0.1Tig99O2 exhibited outstanding dielectric performance properties, in-
cluding a high ¢’ (>10%), low tan (<0.02), and slight temperature dependence of ¢’ over a
wide range. A new approach to this research is the electron-pinned defect dipole (EPDDs)
mechanism, which was proposed as the source of the excellent dielectric behavior. Free
electrons in the rutile TiO, structure, which can be produced by doping with Nb°*, are
localized in the 2In%t + V2® + 2Ti%+ 4+ 2Nb** + Ti*t defect clusters under an applied
electric field. Codoping an electron donor into the rutile TiO, structure can produce a high
¢/ with a low tand. The substitution of TiO, with electron acceptor dopants was necessary
to reduce tand by restricting the long range movement within defect clusters.
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The enhancement of the giant dielectric properties of TiO, by codoping it with
acceptor—donor dopants has been intensively studied, including Ga®>* /Nb>* [15], Ga>* /Ta>* [16],
AT /N> [17], AI3*/Ta% [18], Zn?* /Nb°* [19,20], and Ag*/Nb®* (or Ta%* /W6*) [21-23].
Wei et al. [24] reported significantly enhanced dielectric properties with ¢’ ~ 3.0 x 10*
and low tand =~ 0.05. Dong et al. [24] reported a significant improvement of the dielectric
properties of Mg?*/Ta>* codoped TiO, ceramics, which were described by the forma-
tion of the EPDDs. According to the previous works, the internal barrier layer capacitor
(IBLC) [25-27], surface barrier layer capacitor (SBLC) [15,28,29], and small polaron hopping
models [30,31] were also proposed to be the primary origins of the giant dielectric prop-
erties of the Ga®* /Ta®", AI>* /Ta®", and In®* /Nb®* codoped TiO, ceramics. Furthermore,
broad-band dielectric spectroscopy up to the THz IR range showed that the giant dielec-
tric response in codoped TiO, ceramics was clearly attributed to the IBLC effect [32,33].
Therefore, it is important to systematically study the possible origins of the giant dielectric
responses in TiO; ceramics codoped with +2/+5 dopants, which had never before been
reported. Thus, the objective of this work was to systematically study the effects of EPDD,
IBLC, and SBLC on the giant dielectric properties of Mg?* /Ta>* codoped TiO; ceramic to
seek the primary origin of the giant dielectric response in that ceramic.

In this work, the Mg?* /Ta>* codoped TiO, ceramic was prepared using a solid-state
reaction (SSR) method. The phase structure and microstructure of the Mg?* /Ta>* codoped
TiO, ceramic were characterized. The dielectric properties of as-sintered and polished
Mg?* /Ta>* codoped TiO; ceramics were investigated. A high ¢’ with a low tan$ was
achieved in the as-sintered Mg?* /Ta>* codoped TiO; ceramic. After removing the outer
surface layers, the dielectric properties changed significantly. The dielectric properties of
the polished ceramic could be recovered to the initial value by the annealing process. It was
found that the temperature stability of the ¢’ could be tuned by suppressing the SBLC effect.
Furthermore, a broadband dielectric spectroscopy was performed to explain all possible
origins of the giant dielectric phenomena in the Mg?*/Ta>* codoped TiO, ceramics.

2. Results and Discussion

The XRD patterns of the as-MTTO, polished MTTO, and annealed MTTO ceramics
are shown in Figure 1a. A single phase of rutile TiO, was obtained in all ceramic samples
(JCPDS #21-1276). No impurity was detected, indicating the substitution of TiO, by Mg?*
and Ta®* due to the small mismatch of the ionic radii between Ta>* (r5 = 64 pm), Mg?*
(r6 = 72 pm), and Ti** (rs = 60.5 pm). This result was similar to other acceptors/donors
codoped TiO, systems reported in the literature [18,21,24]. There was no segregation of
any additional phase on the outer surface and in the inner core of the ceramic samples.
Furthermore, the annealing process (800 °C for 30 min) did not result in the segregation of a
new phase. Thus, it was expected that only defects on the outer surface would change. The
lattice parameters (2 and c values) of all the ceramics are shown in Table 1. The a or c value
for all the ceramic samples was nearly the same owing to the same codoping concentration.
Nevertheless, the a and ¢ values of all the ceramic samples were still larger than those pf
the undoped rutile TiO,, confirming that the Mg?" and Ta>* can completely replace Ti**
ions in the crystal lattice [34].

Table 1. Lattice parameters and Raman shift of pure TiO, and as-, polished and annealed
MTTO ceramics.

Lattice Parameters (A) Raman Shift (cm~1)
Sample
a c Eg Axg
Pure TiO, - - 447 610.0
As-MTTO 4.597 2.963 447 611.5
Polished MTTO 4.597 2.963 446.5 610.5

Annealed MTTO 4.597 2.963 446.5 610.5
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Figure 1. (a) XRD patterns of the as-MTTO, polished MTTO, and annealed MTTO ceramics sintered
at 1400 °C for 2 h. (b) Raman spectra of the pure TiO,, as-MTTO, polished MTTO, and annealed
MTTO ceramics.

Due to the crystallite size, modification of the cell parameters can also affect the
Raman intensity and peak position. Thus, the Raman spectra spectroscopy of the pure
TiO,, as-MTTO, polished MTTO, and annealed MTTO were needed, displayed in Figure 1b.
The pure TiO, showed the highest intensity of Raman peak, indicating its highest crys-
tallinity [35]. The Raman peak intensity of TiO, decreased with codoping with Mg?*/Ta>".
The codoping enhanced the distortion of the host lattice, reducing its crystallinity. For this
reason, the annealing process was modifying the defect equilibrium that may reduce the
crystallinity on the surface. The Raman active modes (i.e., Byg, Eg, and Alg) were observed.
The Ajg peak corresponded to the symmetric stretching of the O-Ti~O bonds in [110]
plane, while the Eg peak was due to oxygen atom liberation along with the c-axis being
out of phase [17,36-38]. The peak positions of the Eg and Ay modes are summarized in
Table 1. It is worth noting that the peak positions of the Eg and A5 modes for the as-MTTO,
polished MTTO, and annealed MTTO ceramics did not change due to the same codoping
concentration. Generally, the existence of oxygen vacancies in MTTO ceramics has been
attributed to the Mg?* doping ions according to the following Equation [17]:

MgO " Mgit. +V2* + 0, )
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The concentrations of defects, especially for oxygen vacancies, on the surfaces of the
as-MTTO, polished MTTO, and annealed MTTO ceramic samples were slightly different.
However, the slight differences in defects may have had a pronounced effect on the
dielectric properties of the MTTO ceramics samples.

Figure 2a shows the dense microstructure of the as-MTTO ceramic sample, with an
average grain size of around 3.9 &+ 1.3 um. Furthermore, the SEM mapping image of all
elements in the as-MTTO ceramic sample is shown in Figure 2b. The element mapping
images of the Ti, O, Mg, and Ta are shown in Figure 2c—f, respectively. There was no
segregation of any elements in a specific region.

Figure 2. SEM image of an as-MTTO ceramic sample (a) and FE-SEM mapping images of all elements
(b), Ti (c), O (d), Mg (e), and Ta (f).

The dielectric properties as a function of the frequencies of the as-MTTO, polished
MTTO, and annealed MTTO ceramics were studied. Usually, the ¢’ value of the un-
doped TiO, ceramic is about 250 due to a lattice vibration or ionic polarization [39].
The ¢’ value of the Ta>* (or Nb°*) single doped TiO, ceramic be extremely increased



Molecules 2021, 26, 6952

50f12

to 10*-10° in the radio frequency range, while the tans value can also be significantly

increased [14,16,40]. The simultaneously increased ¢’ and tané values can be explained by

electron hopping [14-16,24,41]. The substitution of rutile TiO, with Ta’ can produce free

electrons, according to the following Equations:

4TiO,
—

2TiO, + TayOs 2Ta$, + 2Tih; + 80g + 0.50, )

Titt +e — T3 (3)

Nevertheless, the substitution of Ta>* (or Nb>*) doped TiO, with acceptor dopants
(e.g., Ag", Zn?*, or In?*) can cause a significant decrease in the tand value [14,16,20,23,40].
The reduced tand value has been explained by many factors such as defect clusters [14],
insulating grain boundaries [20,42], and insulative outer surface layers [16,28,29,43]. It was
reported that a high ¢’ and low tans can be obtained in as-sintered In** /Nb>* codoped
TiO, ceramics or annealed In3*/Nb>* codoped TiO; ceramics [28,29,42]. The tand value
can be significantly increased after removing the outer surface layer [28,42]. As illustrated
in Figure 3a,b, a high ¢’ (>10%) over the measured frequency range can be obtained in the
as-MTTO ceramic, while a low tand (<0.05) was achieved in the frequency range below
2 kHz. After removing the outer surface layer, the ¢’ of the polished MTTO ceramic was
increased by a factor of two compared to that of the as-MTTO ceramic. However, the tand
value of the polished MTTO ceramic was also increased by more than two times over the
measured frequency range. Surprisingly, the ¢’ value of the annealed MTTO ceramic could
be returned to the initial value of the as-MTTO ceramic by annealing in air. Furthermore,
a low tan$ (<0.05) could be extended to a higher frequency range of 10° Hz compared
to that of the as-MTTO ceramic. This observation indicates that the outer surface layer
had a remarkable influence on the overall dielectric properties of the MTTO ceramics,
which was similar to that observed in other codoped TiO; systems such as Ga®* /Tad* [16],
In3* /Nb°* [28], and AI**/Nb°* [17]. The ¢’ values at 1 kHz of the as-MTTO, polished
MTTO, and annealed MTTO ceramics were 28,970, 60,221, and 30,249, respectively, while
the tand values at 1 kHz were 0.026, 0.110, and 0.024, respectively. The dielectric properties
of the polished MTTO ceramic are comparable those +2/+5 codoped TiO, systems, as
summarized in Table 2.

After removing the outer surface layer, the tand and associated low frequency conduc-
tivity of the polished MTTO ceramic (inset of Figure 3b) increased significantly, indicating
the insulating nature of the outer surface layer. After removing the insulating surface layer,
the outer surface of the polished MTTO ceramic became a semiconductor. Generally, the
Schottky barrier height (SBH) can be created at the interface between the electrode and
semiconducting core in accordance with the Schottky—Mott theory [44]. The SBH is depen-
dent on the different work functions between the electron affinity of the semiconductor and
that of the metal electrode. Therefore, the highest ¢’ value of the polished MTTO ceramic
has been attributed to the artificial interfacial polarization at the sample—electrode interface,
which is associated with DC conduction. However, this is usually accompanied by an
increase in tand. Note that the SBH could not be created on the surface of the as-MTTO
ceramic due to its insulating outer surface skin. The dielectric properties of the annealed
MTTO ceramic were almost entirely returned to the initial properties of the as-MTTO
ceramic. These results indicate that the formation of the SBH was inhibited in the annealed
MTTO ceramic due to its insulating outer surface layer, just like the as-MTTO ceramic.
Typically, the annealing process can fill oxygen vacancies on the surfaces and/or along
the grain boundaries, converting the semiconducting surface to an insulating surface,
according to Equation (4) [45].

1
502+ V3" +2¢ = O @)

Notably, it was also observed that the dielectric properties of the annealed MTTO
ceramic were better than those of the as-MTTO ceramic. The ¢’ of the annealed MTTO
ceramic was more stable in frequency than that of the as-MTTO ceramic, while a low
tand (<0.05) value was extended to a higher frequency range. The temperature dependence
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of the dielectric properties of the as-MTTO and annealed MTTO ceramics was studied.
As illustrated in Figure 4a, the ¢’ values of as-MTTO and annealed MTTO ceramics were
nearly the same in the temperature range of 20-210 °C. However, a significant difference
in ¢/ values was observed below 20 °C. A step-like decrease in the ¢’ was observed in the
as-MTTO ceramic, which was accompanied by the appearance of tand peak, as shown
in the inset of Figure 4a. This result may indicate the different electrical properties of
the surface layers and/or grain boundaries between the as-MTTO and annealed MTTO
ceramics [46]. After the annealing process, the ¢’ of the annealed MTTO ceramic shows
a plateau over the temperature range of —60-200 °C, while the step-like decrease in the
¢/ disappeared. Hence, the annealing process could improve the temperature stability of
the ¢’ in a low temperature range. As displayed in Figure 4b, the temperature coefficients’
(A€/(T)/ € rr) values at different temperatures indicate the fabulous performance of the
dielectric properties of the as-MTTO and annealed MTTO ceramics. Interestingly, the
temperature coefficient of the annealed MTTO ceramic was in the range of £15% between
—60 and 200 °C, while the temperature coefficient of the as-MTTO ceramic was very large
in a low temperature range. Furthermore, at 1 kHz and 200 °C, the A¢’(200 °C)/¢'gr of the
annealed MTTO ceramic was as low as 4.38%. The properties were much better than those
of CCTO [1], CuO [44], NiO-based oxides [9], as well as other acceptor/donor codoped
TiO; [16,21,24].

(a)
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Figure 3. Frequency dependence of (a) ¢’ and (b) tand at RT in as-MTTO, polished MTTO, and
annealed MTTO ceramics. The inset of (b) shows the conductivity at RT in the frequency range of
40-10° Hz.
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Figure 4. (a) Temperature dependence of ¢’ for as-MTTO and annealed MTTO ceramics at 1 kHz; the inset shows the
temperature dependence of the tand of the as-MTTO and annealed MTTO ceramics at 1 kHz. (b) Temperature coefficient
of ¢’ at 1 kHz for as-MTTO and annealed MTTO ceramics. (c) Frequency dependence of ¢’ at RT under different DC
voltage biases for the annealed MTTO ceramic. (d) DC bias voltage dependence of ¢ at 10® and 10* Hz for the annealed
MTTO ceramic.

Table 2. ¢’ and tan$ at 1 kHz and room temperature of +2/+5 ions codoped TiO, ceramics.

Codoped TiO, e tand Reference
(Zny /3Nby /3)0.05Tip 9502 ~30,000 ~0.05 [19]
(Cay /3Nby/3)0.01Tio.9902 130,500 0.19 [47]
(Mgl/3Tab2/3)0_005Tio.99502 >7000 0.002 [24]
(Cuy /3Taz/3)02TipgO2 65,314 >0.1 [48]
(Sr1/3Taz/3)0.05Tio.9502 186,000 0.15 [41]
(Mg /3Taz/3)0.01Tip.9902 30,249 0.024 This work

To further explore the dielectric performance of the annealed MTTO ceramic, the
effects of DC bias on the ¢’ and tan values were measured in the range of 0-35 V, shown
in Figure 4c. The ¢’ was independent of the DC bias voltage. At the same time, tand was
significantly increased in a low-frequency range. Figure 4d shows the ¢’ and tand values
at the selected frequencies of 1 kHz and 10 kHz. The ¢’ value was nearly independent of
the DC voltage bias. The tand at 10 kHz was also only slightly dependent on the DC bias
voltage, whereas the tand at 1 kHz tended to change with DC bias at > 25 V. This may
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have been caused by the release of trapped electrons from internal interfaces caused by an
applied DC bias—i.e., the interface between semiconducting grains and insulating grain
boundary and the interface between the semiconducting core and insulative outer surface
layer. Generally, the SBH can be created at the interface between n-type grains and interfaces
between a resistive outer surface layer and a semiconducting inner core [44]. Under an
applied DC bias, the Schottky barrier is asymmetric, meaning that the depletion width
in the forward direction decreases [49]. This results in a decreased SBH in this direction,
leading to an increased conductivity and associated tand value [16,49]. The ¢’ and tan$ in
a high range (>10* Hz) was not affected by the DC bias below 35 V. This indicated that
DC bias did not affect the primary source(s) of the polarization that give(s) rise to the high
dielectric performance of annealed MTTO ceramic. The giant dielectric properties were
enhanced by various factors (i.e., electron-pin defect dipoles, grain boundary effect, and
insulative surface skin).

Figure 5 demonstrates the impedance complex plane plots, i.e., Z* = Z/ —jZ” (where,
j = +/—1. Z/ and Z” are the real and imaginary parts of Z*, respectively), for as-MTTO,
polished MTTO, and annealed MTTO ceramics at RT. The inset shows Z* plots of the high
frequency data near the origin. Usually, the large semicircular arc of Z* plots is due to
the electrical response of the insulating grain boundaries and/or surface layers, while
the nonzero intercept is usually described by the semiconducting grains [25,28,40,43,49].
The total resistance of the insulating parts and grain resistance can be calculated by the
diameter of the large arc and nonzero intercept on the Z' axis, respectively. As clearly seen
in Figure 5, although an entire arc of each ceramic cannot be observed, it can be estimated
that the total resistance of the insulating part of the polished MTTO ceramic was reduced
and lower than those of the as-MTTO and annealed MTTO ceramics. This result clearly
indicates that the outer surface layer of the MTTO ceramics was an insulator. Nevertheless,
the diameter of the large arc of the polished MTTO ceramic was still too large, indicating the
primary electrical response of grain boundary. After removing the insulative outer surface
layer, the conductivity and associated tand value increased. It was also observed that the
grain resistances of all the MTTO ceramics were nearly the same. Removing the insulative
outer surface layer or annealing the MTTO ceramic did not change the electrical properties
of the semiconducting grains. According to impedance spectroscopy, the giant dielectric
properties of the MTTO ceramics can likely be attributed to interfacial polarization at the
internal interfaces. However, the effect of the EPDDs cannot be ignored.

1.5X106
7/* A O  As-MTTO
= . O  Polished-MTTO
O A Annealed-MTTO
A
— 6| O 35 .
E 1.0X10° L A Z* AO
o O A - 30} A
i AN
S s R
- A 3 L
N s gﬁ o 9’ 15¢
5X10° Lo © N 10/
ORx O 1
-A O 5
AN OO
| A 0 L
,§ 0 4 8 12 16 20 24
N Z' (Q.cm)
0.0 W . . . . .
0 1X10° 1X10° 1X105
Z' (Q.cm)

Figure 5. Impedance complex plane plots (Z*) for the as-MTTO, polished MTTO, and annealed
MTTO ceramics at RT. The inset shows Z* plots of the high frequency data near the origin.
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Although the origins of the giant dielectric properties of the MTTO ceramic systems
may be caused by many factors, the giant dielectric properties of the MTTO ceramics are
fascinating due to a high ¢’ and low tan over a wide temperature range. Furthermore, the
¢/ value was slightly dependent on the temperature ranging from —60 to 200 °C, meeting
the X9R standard capacitor. This work provides comprehensive guidelines for extending
the temperature stability within a low temperature range.

3. Experimental Details
3.1. Sample Preparation

When the codoping concentration increases, a self-charge compensation between
2Ta%*-Mg?* may exist. In this case, both the EPDD or interracial polarization (IBLC
and/or SBLC) cannot occur. To avoid this possible self-charge compensation, the codoping
concentration was fixed at 1.0%. Thus, the (Mg1,3Taz/3)0.01 Ti0.0902 (MTTO) was prepared
using the SSR method. First, TiO; (Sigma-Aldrich, St Louis, MO, USA, 99.9% purity), MgO
(Sigma-Aldrich, >99.99% purity), and TapOs (Sigma-Aldrich, 99.99% purity) were mixed
by wet ball milling in ethanol for 24 h using ZrO, balls (~2.0 mm in diameter). Second,
the mixed slurry was heated at ~80-100 °C to evaporate the ethanol until a mixed dried
powder was achieved. Third, the dried powder was carefully ground and pressed into
pellets by uniaxial compression at ~2180 MPa. Finally, the pellets were sintered at 1400 °C
for 2 h in air using a 3 °C/min heating rate followed by natural furnace cooling to room
temperature (RT).

3.2. Dielectric and Electrical Measurements

In this work, the effects of insulative outer surface layers on the dielectric and electrical
properties of the MTTO ceramic were studied. First, both sides of the surfaces of the as-
sintered sample (as-MTTO) were pasted with silver paint and fired at 600 °C for 30 min in
the air in order to make electrodes. The dielectric properties of the as-MTTO ceramic were
measured under an AC oscillation voltage of 0.5 V using a KEYSIGHT E4990A Impedance
Analyzer (Santa Rosa, CA, USA) over the frequency and temperature ranges of 40-107 Hz
and —60-210 °C, respectively. Each measured temperature was kept constant with a
precision of +0.1 °C.

Second, the initial electrodes and both sides of the outer surfaces of the as-MTTO
ceramic were removed by polishing with SiC paper. The thickness surface layer of each
side that was removed was 0.13 mm. The polished MTTO sample was cleaned by an
ultrasonic sonicator for 30 min in deionized water and dried at 80-100 °C in a furnace. The
silver paint was pasted on both sides of the polished surface and then fired at 600 °C for
30 min (polished MTTO). The dielectric and electrical properties of the polished MTTO
sample were studied.

Third, the electrodes on the polished MTTO sample were removed by polishing.
The skin surfaces of the polished MTTO sample were gently polished and cleaned by an
ultrasonic sonicator for 30 min in deionized water. The sample was annealed in the air at
800 °C for 30 min and subsequently pasted with silver paint and fired at 600 °C for 30 min
(annealed MTTO). The dielectric and electrical properties of the annealed MTTO sample
were measured. In addition, the dielectric and electrical measurements were performed
under different DC bias levels (0-35 V).

3.3. Characterizations

To explain the effect of the outer surface layer on the dielectric and electrical properties
of MTTO ceramics, the as-MTTO, polished MTTO, and annealed MTTO samples were
systematically characterized as follows. The phase crystalline structure and microstructure
of a sintered ceramic were characterized by an X-ray diffraction (PANalytical, EMPYREAN)
(Shanghai, China) and scanning electron microscopy (SEM) (SEC, SNE4500M) (Suwon, Ko-
rea), respectively. The SEM mapping technique was performed using a focus ion beam field
emission scanning electron microscopy (FIB-SEM, FEI Helios NanoLab G3 CX) (Dreieich,
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Germany) with energy dispersive X-ray analysis (EDS) to reveal elemental distribution in
the MTTO ceramic. Raman spectra were collected using a UV—vis Raman System (Bruker,
SENTERRA II) (Ettlingen, Germany) with an excitation wavelength of 532 nm.

4. Conclusions

The MTTO ceramics were prepared by the SSR method. The as-MTTO ceramic could
exhibit a giant ¢’ value and low$. By removing the outer surface layer, the ¢’ and tand
increased significantly. Also, those values could be returned to the initial value of the
as-sintered ceramic after annealing in air. Excellent dielectric performance properties were
achieved in the annealed sample, showing ¢’ &~ 30,249 with tand ~ 0.024. Interestingly,
the ¢’ value at 1 kHz slightly changed from —2.7% to 4.38% in the temperature range
of —60 to 200 °C, while the loss tangent was very low (~0.015-0.036 at 103 Hz) in this
temperature range. The excellent dielectric properties might be enhanced by the insulating
grain boundaries and insulative outer surface layer. However, the EPDD effect cannot
be ignored.
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