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Origin of colossal permittivity in BaTiO3 via broadband dielectric

spectroscopy
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Christophe Tenailleau,? Christopher Turner," and Juan C. Nino'
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Barium titanate (BT) ceramics with Ba/Ti ratios of 0.95 and 1.00 were synthesized using spark
plasma sintering (SPS) technique. Dielectric spectroscopy (frequency range from 40 Hz to 1 MHz
and temperature range from 300K to 30 K) was performed on those ceramics (SPS BT). SPS BT
showed extremely high permittivity up to ~10°, which can be referred to as colossal permittivity,
with relatively low dielectric loss of ~0.05. Data analyses following Debye relaxation and
universal dielectric response models indicate that the origin of colossal permittivity in BT ceramics
is the result of a hopping polaron within semiconducting grains in combination with interfacial
polarization at the insulating grain boundary. Furthermore, the contributions of each polarization
mechanism to the colossal permittivity in SPS BT, such as a hopping polarization, internal barrier
layer capacitance effect, and electrode effect, were estimated.

I. INTRODUCTION

Barium titanate (BaTiOs, BT) is a material well-known
for its excellent dielectric (¢ ~ 3500) and piezoelectric prop-
erties (190 pC/N), which allows for its utilization in a variety
of electronic applications such as capacitors.'> The high
relative permittivity and low dielectric loss of the material
are favored in the microelectronics industry since it enables
device miniaturization. The relative permittivity of BT can
be varied in the range of 4000-6000 depending on the grain
size of the sintered ceramic, and the maximum relative
permittivity can be typically achieved at the grain size of
about 1 um when sintered through conventional sintering
methods.?

However, it was recently reported that abnormally high
relative permittivity (¢ ~ 10°-10°) can be induced in the
synthesized nano-crystalline (250nm) BT ceramic using
starting nano-crystalline BT powder and spark plasma sinter-
ing (SPS) technique.* This extremely high relative permittiv-
ity has been referred to as colossal permittivity.* SPS is a
fast sintering technique that allows for the densification of
ceramics while maintaining small grain size due to the short
sintering time and relatively low sintering temperatures
employed. A number of research groups have investigated
and reported dielectric properties of SPS BT (spark plasma
sintered barium titanate) ceramics.*”’ High relative permit-
tivity has also been found in a number of ceramics and
composites such as CaCu3TizO;, (CCTO), Ba(Zrg,Tigg)O05-
carbon nanotube, and BT-Ni particle composites.g_l

At first, it was originally thought that colossal permittiv-
ity might be related with a new intrinsic polarization mecha-
nism due to crystal structure and/or electrical charge
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ordering. However, although there is an ongoing debate
regarding the exact mechanisms and explanations for the ori-
gin of colossal permittivity in BT ceramics, a number of
investigations have revealed that, in some cases, colossal
permittivity can be attributed to a well-known extrinsic
Maxwell-Wagner (MW) polarization associated with inho-
mogeneous electrical properties between grains and grain
boundaries.*'' "3

In this work, colossal permittivity was induced by using
SPS technique and nano-crystalline BT starting powder.
Dielectric spectroscopy analysis was performed on SPS BT
ceramics in order to better understand and investigate the
polarization mechanisms associated with colossal permittiv-
ity of BT ceramic. Here, we show that in addition to interfa-
cial polarization mechanism, which has been widely
accepted for the origin of colossal permittivity in BT
ceramics, a hopping polaron mechanism co-exists as an addi-
tional polarization mechanism contributing to the colossal
permittivity of BT ceramics.

Il. EXPERIMENTAL
A. Sintering and annealing

The starting BT powder was synthesized by an oxalate
route previously described in detail elsewhere.'* Briefly,
BaCl,.2H,0 and TiCl; were used to synthesize the starting
powders. SPS was performed on the synthesized powder by
means of a Dr. Sinter 2080 from Sumimoto Coal Mining
(SPS Syntx Inc., Dr. Sinter 2080). Approximately 0.9 g of
powder without binder was placed in a 8 mm diameter graph-
ite die and then sintered at 1150°C with a dwell time of
3 min under 50 MPa of mechanical stress and electric current
up to 350 A. A heating rate of 25 °C/min was used to reach
the sintering temperature of 1150°C from 600°C. After
3 min dwelling, the sample was cooled down from 1150°C



to 600°C in ~1 min. A thin carbon layer was present at the
surface of the as-sintered ceramic due to graphite contamina-
tion from the die. However, it was easily removed by polish-
ing the surface of the ceramic. Due to the reducing
atmosphere (vacuum) during SPS process, a post annealing
treatment was performed in order to partially re-oxidize and
recover the insulating characteristics of the ceramic samples.
To anneal, a furnace was preheated to 850°C and then the
sample was placed into the furnace for 15 min dwell in air
followed by air quenching.

B. Chemical composition, density, and microstructure

The chemical stoichiometry of the starting powder and
the sintered ceramic was analyzed by inductively coupled
plasma—atomic emission spectroscopy (ICP—AES, Horiba
Scientific., Thermo - Optec ARL 3580). The density of the
sintered ceramics was initially measured using the geometri-
cal method and then the Archimedes method for samples
showing at least 92% of the theoretical density (6.02 g/cm?).
The ceramic powder morphology and the microstructure of
the sintered ceramics were investigated with a field electron
gun scanning electron microscope (JEOL Ltd., 6335F FEG-
SEM).

C. X-ray diffraction (XRD) and dielectric property
measurements

A laboratory X-ray diffractometer equipped with a
curved position sensitive detector (Inel Inc., CPS120) and a
Cu X-ray tube source (CuK,=0.154056nm and CuKjy
=0.154044 nm) was used to determine the phases and crystal
structure of the starting ceramic powders and the sintered
ceramics. The XRD data for all the samples were measured
over a period of 10 min. Prior to electrical measurements, the
sintered ceramic disks were coated with thin gold electrodes
(thickness ~30nm) by sputtering (Cressington Scientific Inc.,
Cressington 108 Auto). The coated samples were placed in a
closed cycle cryonic workstation (CTI — Cryogenics, Model
22), and dielectric properties as a function of temperature
(20K-300K) were measured at the different frequencies
(40 Hz-100 kHz) through an Agilent 4284 LCR meter. Preci-
sion impedance analyzer (Agilent Ltd., Agilent 4294A) com-
bined with cryonic workstation was used in order to perform
broadband dielectric spectroscopy analysis (40 Hz—1 MHz) in
the temperature range from 20K to 300 K.

lll. RESULTS AND DISCUSSION
A. Microstructure, density, and XRD

ICP-AES results show that starting BT powders synthe-
sized by BaCl,.2H,0O and TiCl; or BaCl,.2H,O and TiOCl,
have Ba/Ti ratios of 0.95 (BT 0.95) and 1.00 (BT 1.00),
respectively. The sintered ceramics, SPS BT 0.95 and SPS
BT 1.00 using BT 0.95 and 1.00 powders, were dark blue in
color due to the reducing sintering atmosphere (vacuum)
during SPS process.* The SEM images in Figure 1 shows the
microstructures of freshly fractured surfaces of SPS BT 0.95
and SPS BT 1.00 ceramics with a respective average grain
size of 56 = 6nm and 72 = 8§ nm. Grain sizes were measured

FIG. 1. SEM images for (a) SPS 0.95 and (b) SPS 1.00 sintered ceramics.

by using the mean linear intercept method of ASTM E112
standard."” Although the ASTM E112 method was developed
for planar cross sections, it is here applied to fracture surfaces
due to extremely brittle nature of SPS sintered ceramics in
order to provide an estimate of the grain size of the ceramics.
As expected due to the fast-firing nature of SPS technique, no
significant grain growth is observed after sintering and the
grain sizes of the sintered ceramics are almost in the same
size as the starting powders. Density measurement by Archi-
medes method reveals that the both sintered ceramics have
theoretical densities up to 98% (Table I).

The XRD patterns of the starting powders (BT 1.00 and
BT 0.95) and the sintered ceramics (SPS BT 1.00 and SPS
BT 0.95) are shown in Figure 2. No secondary phases are
formed in BT 1.00 and SPS BT 1.00. However, secondary
phases of BaTi,Os (~5 vol. % relative amount) and
Ba,Ti;,0,7 (~7 vol. % relative amount) are observed for the
Ti-rich BT 0.95 powder and SPS 0.95 ceramic, respectively.
It is well known that Ba,Ti;,0O,; phase is formed when
Ti-rich BT powder is obtained under reduced (low Pg;) con-
ditions; here the reduction of a part of Ti*" to Ti*" gives rise
to the formation of Ba4Ti23+Ti 104+027.16 Besides, both sin-
tered ceramics of SPS BT 0.95 and 1.00 crystallized in a
mixture of a cubic and a tetragonal perovskite phases which
can be demonstrated by the broadening of the (200) peak.
On the contrary, all of the starting powders consisted of a
single cubic phase (Figure 2). This result is also well in good
agreement with previous studies for SPS sintered ceramics.'’
Chemical composition, grain sizes, theoretical density, crys-
tal lattice, and phase purity for the sintered ceramics are
summarized in Table L.

B. Dielectric properties and polarization mechanisms
Relative permittivity and dielectric loss of SPS BT 0.95
and SPS BT 1.00 were measured as a function of

TABLE I. Summary of chemical composition, grain size and relative den-
sity of the sintered ceramics.

Ba/Ti Grain Density
Samples ratio size (nm) (%) Structure 2nd phase
SPSBT0.95  0.95 56+ 6 98 C*+T°  BayTi;n047
(~7 vol. %)
SPS BT 1.00 1.00 72+8 98 C+T None

“C: cubic perovskite.
°T: tetragonal perovskite.
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FIG. 2. The X-ray diffraction patterns for the starting powders (BT 1.00 and
0.95) and the sintered ceramics (SPS BT 1.00 and 0.95).

temperature (25 K-300K) at different frequencies (40 Hz—
100 kHz), and the results are shown in Figure 3. Extremely
high permittivity of up to 10° with low loss (tan d ~ 0.05) is
observed at room temperature in both samples. Table II

80X105 T v T . : v T v T . T v ; § 10
40 Hz - 100 kHz
6.0x10° s
Decreasing Frequency
4.0x10°
' -—_— ;I
€ 20x10° tans
44
0.0
Decreasing Frequency
42
-2.0x10° - .
-4.0x10° T
T i3 T 4 T 3 T ks T - T 4 3
0 50 100 150 200 250 300
Temperature (K)
(a)
1.5x1 05 T T T T T T T 10
40 Hz - 100 kHz
1.2x10° ls
. Decreasing Frequency
9.0x10" 4
46
6.0x10*
§ 2% - tans
I 3.0x10* i
0.0 - 42
Decreasing Frequency
-3.0x10°
10
-6.0x10" +—

0 510 160 1é0 260 ZéO 360
Temperature (K)

FIG. 3. Dielectric property of (a) SPS 0.95 and (b) SPS 1.00 as a function of
temperature (20-300 K).

TABLE II. Dielectric property of SPS BT 0.95 and 1.00 at room tempera-
ture and 1, 10, and 100 kHz.

1kHz 10kHz 100 kHz
g tan & g tan & g tan §
SPS BT 0.95 667 941 0.04 638 737 0.05 587 040 0.17
SPS BT 1.00 114 505 0.06 103 387 0.09 88 869 0.20

shows dielectric properties of SPS BT 0.95 and SPS BT 1.00
at certain frequencies (1, 10, 100 kHz). The colossal permit-
tivity of the sintered ceramics decreases in a step-like shape
as the temperature decreases, and the relative permittivity
becomes independent of temperature below S50K. This
behavior is also found in a well-known high permittivity
material CCTO.® The decrease of relative permittivity is
accompanied by the dielectric loss peak at the given temper-
ature, which indicates a temperature activated dielectric
relaxation has occurred: the dielectric loss peaks appear at
lower temperatures as frequencies decrease (Figure 3).
Generally, the Debye model can be used to describe the
dielectric relaxation, and the relaxation frequency can be

represented by
E
\% :v()exp<—kB—f}>, (D)

where v,, kg, and E5 represent the pre-exponential factor,
the Boltzmann constant, and the activation energy for relaxa-
tion, respectively.'® The imaginary part of the dielectric
response (¢) is proportional to v/1 + (vr)?, and the maxima
of ¢ occurs when vt = 1, where 7 is the dielectric relaxation
time. Thus, the relaxation temperatures at different frequen-
cies can be extracted from the maximums of ¢” and E, can
be calculated from the Arrhenius plot for Eq. (1).

As such, the ¢’ maxima for SPS BT 0.95 and 1.00 are
determined from Figure 3 and the Arrhenius plots for the
both samples are shown in Figure 4. The change in slope of
the fitted curves for SPS BT 0.95 clearly indicates that two
different thermally activated polarization mechanisms exist
(Figure 4(a)). By contrast, it is hard to distinguish a slope
change for SPS BT 1.00 sample (Figure 4(b)). The activation
energies of 0.054¢eV, 0.078 eV and the jump frequencies of
4.5 x 10°Hz, 1.89 x 10°Hz are obtained for SPS BT 0.95
and 1.00, respectively, in the low temperature region (30 K—
100K), while 0.093eV, 0.108 eV and 3.57 x 10" Hz, 4.25 x
10" Hz are calculated in the high temperature region (100 K—
300K) (Figure 4). Higher activation energy of the high tem-
perature region is consistent with the co-existence of two
polarization mechanisms.

It has been widely investigated that reducing sintering
atmosphere (vacuum) of SPS technique can cause high con-
centration of oxygen vacancies and electrons in the sintered
ceramics by*

1
) — 502+ V5 +2¢. )

o]

Induced oxygen vacancies and electrons can be the
localized charge carriers in the grain or at the grain boundary
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FIG. 4. Activation energy of thermally activated relaxations for (a) SPS BT
0.95 and (b) SPS BT 1.00.

under the applied ac electric field. The origin of colossal per-
mittivity of barium titanate has been widely explained by the
interfacial polarization effect by oxygen vacancies in the vi-
cinity of gain boundaries and mobile electrons in the
grains.“’19 However, it is also well known that the localized
charge carriers can induce hopping dipoles in the material by
polaron hopping such that these can affect dielectric response
of the material.>° Thus, the second polarization mechanism of
the colossal permittivity in barium titanate could be attributed
to a polaron hopping process in the grains. If that is the case,
then the large change of activation energies in SPS BT 0.95
compared to SPS BT 1.00 (Figure 4(a)) could be attributed to
the higher concentration of polarons due to non-stoichiometric
Ba/Ti ratio of SPS BT 0.95 sample.

To further investigate this hypothesis, the universal
dielectric response (UDR) model can be applied in order to
link conductivity and dielectric response due to localized
charge carriers.”! According to Jonscher’s power law, the
relative permittivity can be represented as a power law of
*! resulting from the Kramers-Kronig transformation for a
power law of the ac conductivity, * 2! Therefore, conduc-
tivity (¢') and relative permittivity (&) can be written as

G/(f) = Gdc'f’gofsy 3)
¢ = tan(sn/2) 6o /e, (€]

where g, is dc conductivity, g, and s represent the tempera-
ture dependent constants, and ¢, and f denote the permittivity
of free space and experimental frequency (f = w/2n),
respectively. Equation (4) also can be written as

fe = A(T)f, ®

where A(T) = tan(sn/2)o,¢, and s is the constant value
between 0 and 1. Thus, a straight line should appear in
log;o(ef) vs. log,o(f) plot at the given temperature, and the
slope of the line indicates the value of s.

Figure 5 represents the log,y(&f) vs. log,y(f) plot for
SPS BT 0.95 at different temperatures (30K-300K). A
straight line does appear at high temperatures and low fre-
quencies. However, the straight line is deviated from the
slope as frequency increases due to relaxation, and conse-
quently it decreases in a step-like shape and forms another
straight line at the high frequency region. As temperature
decreases, deviations from the slope are gradually occurred
at lower frequencies as relaxation frequencies shift to lower
frequencies at lower temperature (Figure 5). The values of s
are found to be 0.98 and 0.95 when obtained from the slopes
at high and low temperature regions, respectively. It should
be noted that the value of s as closer to “1” indicates polar-
ization charges that are more strictly localized.*

In the standard polaron model, the value of s tends to
increase and becomes closer to “1” as temperature decreases
since the hopping dipoles freeze at low temperatures.** Inter-
estingly, however, it is shown here that for the colossal per-
mittivity of BT, the value of s decreases as temperature
decreases, which means charge carriers for polarization are
less localized at low temperatures when compared to high
temperatures. This indicates that, while hopping polarization
is becoming inactive at low temperatures due to insufficient
energy to overcome energy barrier for polarization, interfa-
cial polarization associated with mobile electrons in the
grains and oxygen vacancies at the vicinity of the grain
boundaries are still active as a polarization mechanism.
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FIG. 5. Logjo(&f) vs. logof plot for the SPS (1150°C) BT at different tem-
peratures (30 K-300 K).
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FIG. 6. Dielectric properties of SPS BT 0.95 sample as a function of fre-
quency (40 Hz—1 MHz) at different temperatures (40 K-300 K).

Thus, the lower value of s may be due to the fact that the
electrons for interfacial polarization are free to move in the
grains compared to hopped electrons with oxygen vacancies
for hopping polarization.

Figure 6 shows the permittivity and dielectric loss
change of the SPS BT 0.95 sample as a function of frequency
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(40 Hz—-1 MHz) at different temperatures (40 K-300K). At
high temperatures, both polarization mechanisms (space
charge and polarons) are able to contribute to the colossal
permittivity of BT and form the upper plateau (Figure 6). As
frequency increases, the permittivity decreases significantly
with a correlated dielectric loss peak (Figure 6). This is con-
sistent with dielectric relaxation as described by Debye
theory,'® where relaxation frequencies are also shifted to
lower frequencies as temperature decreases.

To further depict this behavior, the relative permittivity
and dielectric loss of SPS BT 0.95 between 40Hz and
1 MHz are separately shown in Figure 7 for representative
temperatures across the range investigated (i.e., 300K,
160K, 100K, and 30K). It is observed that an extremely
high permittivity of up to 2.4 x 10° and dielectric loss below
0.1 are achieved at 300K between 40Hz and 10kHz. This
behavior has been previously referred to as colossal permit-
tivity, even though in prior cases the dielectric loss was sig-
nificantly larger (above 1.0), thus implying conduction
processes.* Here, the colossal permittivity is maintained
(¢ >10°) up to 100kHz, however, it drops significantly as
frequency increases from 100 kHz to 1 MHz, and corre-
spondingly dielectric loss shows sharp increases to tan o ~
2.8 (Figure 7(a)); this physically meaningless value is rather
a clear indication of the onset of conductivity at those higher
frequencies.
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FIG. 7. Dielectric properties of SPS BT 0.95 at 300K, 160K, 100K, and 30K in the frequency range of 40 Hz—1 MHz.



By contrast, at low temperature, no colossal permittivity
is observed and, for example, at 30 K, the highest permittiv-
ity is ~1000. Moreover, the decrease in relative permittivity
as the measuring frequency increases is markedly different
when low and high temperature responses are compared. At
high temperature (Figure 7(a)), permittivity, it is clear that
the drop in permittivity undergoes two relaxation mecha-
nisms with different characteristic frequencies, while at low
temperature, only one relaxation mechanism with very low
characteristic frequency is active (Figure 7(d)). This further
confirms that interfacial and polaron hopping polarizations
contribute to the colossal permittivity at high temperatures
(300K); however, only interfacial (space charge) polariza-
tion is active at low temperatures (30 K), which is consistent
with the UDR analysis.

Furthermore, to gain insight into the physical characteris-
tics of the processes driving these relaxations, it is important
to recall that in the thermally activated polaron hopping
model, the maximum of the imaginary part of the relative per-
mittivity, &”, is related to the number of hopping polarons by

&hax = Nu? /3kpT, (©6)

where N and u represent the number of hopping polarons
and the hopping dipole moment, respectively. N is exponen-
tially dependent on the temperature, which can be written as

N = N, exp(—Ea /ksT), (7)

where N, is the pre-exponential factor and E4 is the activa-
tion energy associated with dielectric relaxation of hopping
dipoles.?*** Thus, substituting Eq. (7) into Eq. (6) results in

Nou?

Tg/r’nax = 3kB

exp(—EA/kBT). (8)

The imaginary part of the relative permittivity for SPS
BT 0.95 is plotted in Figure 8§ as a function of frequency (40
Hz-1 MHz) between 300K and 100K. The ¢/ obtained for
each temperature was then plotted in the Arrhenius form
(In(el , T) vs. 1/T) to calculate the activation energy for
hopping polarization (Figure 9). It is clear that two linear
slopes appear with a transition temperature around 180 K.
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FIG. 8. The imaginary part of the relative permittivity changes for SPS BT
0.95 as a function of frequencies (40 Hz—1 MHz) at 300 K-100 K.
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Accordingly, activation energies of 0.035e¢V and 0.018eV
are calculated from the fitted line for high (300 K-180K)
and low temperature (160 K-100K) regions, respectively.
Not surprisingly & increases as temperature increases,
which further confirms that thermally activated polarization,
associated with polaronic dipoles, is a contributing polariza-
tion mechanism to the colossal permittivity of BT.

More importantly, comparison between the activation
energy for the high temperature (E,y) and low temperature
(Eap) regions can reveal the activation energy for the differ-
ent polarization mechanisms (similar to the analysis of the
data in Figure 4) as follows:

Ean =Eap +Eap, 9

EaL =Ea, (10)

where E p and E4; are the activation energies for hopping
polarization and interfacial polarization in the colossal per-
mittivity of BT, respectively. From Figure 4(a), Eoy and
Ear were calculated as 0.094eV and 0.054 eV; using these
values in Egs. (9) and (10), Exp of 0.039eV and E,; of
0.054 eV are obtained. These results are in good agreement
with the calculated activation energy (Exp=0.035¢V) for
high temperature region by using the thermally activated
polaronic model (Figure 9).

Recognizing that various polarization mechanisms are
contributing to the observed colossal permittivity, it is im-
portant to estimate their relative contribution. To achieve
this, the contribution of interfacial polarization to the colos-
sal permittivity at 300 K can be calculated by using the inter-
nal barrier layer capacitance (IBLC) model, which can be
presented by

&ty

Soff = —— 11
Eeff t (1)

where écfr, &, ty, and ty, are the effective relative permittivity,
relative permittivity of the material, grain size, and thickness
of grain boundary, respectively. Relative permittivity of bar-
ium titanate (g~ 2400),25 grain size (56 = 6 nm, from Figure
1(c)), and thickness of grain boundary (=1 nm)26 are used to
calculate the effective permittivity of SPS BT 0.95. An



effective permittivity of 1.34 x 10° (equivalent to ~20.12%
of the experimentally observed colossal permittivity) is cal-
culated for the SPS BT 0.95 ceramics.

Furthermore, it is well known that noble metal electrodes
tend to form Schottky junction with the surfaces of semicon-
ducting BT, and that this can affect dielectric properties of BT
at low frequencies.27 Therefore, here, a variety of electrode
materials (i.e., Au, Ag, Ni, and Al) were tested, in order to cal-
culated electrode effect on the colossal permittivity of BT
ceramics. It was confirmed that while Au, Ag, and Ni formed
a Schottky junction, Al formed ohmic contacts with SPS BT
ceramics. Thus, in this way, the electrode effect on the colos-
sal permittivity was estimated by subtracting permittivity
measured with Al electrode (not shown here) from measured
permittivity with Au. The calculation showed that about 15%
of the colossal permittivity of SPS BT ceramics at low fre-
quencies can be attributed to the extrinsic electrode effect.
Moreover, the contribution of hopping polarization can also
be obtained simply by subtracting the interfacial contribution
from the total intrinsic permittivity resulting in 4.34 x 10°
(~64.88%). This result is quite comparable with the values
which can be extracted from Figure 7(a): s;mrfacia, ~ 29 x
10% (12.13%) and &,,,,,,,, = 1.74 x 10° (73.00%).

It is interesting to note that the low loss (tan 6 &~ 0.05) of
SPS BT samples can be attributed to a thin re-oxidation layer
on the surfaces associated with the short annealing treatment
(850°C for 15min). This is further confirmed as the meas-
ured dielectric loss of the samples is extensively increased
(tan 0 > 1.00) after polishing the surfaces. The surface of the
samples becomes insulating after the short annealing pro-
cess, while the interior is still reduced (semi-conductive).
This configuration is comparable with a barrier layer capaci-
tance (BLC) effect and is able to effectively lower the dielec-
tric loss while maintaining the high permittivity of sintered
ceramics.”®

In conclusion, it can be stated that the origin of colossal
permittivity in BT ceramics is due to the combination effects
of BLC (thanks to an insulating surface), interfacial polariza-
tion at the interior insulating grain boundaries, and hopping
polarizations in semiconducting grains by a large number of
induced charge carriers. These different contributions to the
observed colossal permittivity are schematically depicted in
Figure 10.

Insulating Grain

Al led Insulati Smiconductin
nnealed Insulating 2o g Bauraiay

Surface rai Electrode

|

Interfacial Electrode
Polarization Effect

Hopping

Polarization

FIG. 10. Interfacial and hopping polarization model for the colossal permit-
tivity of BT ceramics.

IV. CONCLUSION

In the current work, barium titanate ceramics with dif-
ferent Ba/Ti ratios (0.95 and 1.00) were synthesized by spark
plasma sintering technique. Scanning electron microscopy
revealed that sintered ceramics have nanoscale grains. X-ray
diffraction measurements showed additional phases of
BaTi,05 and Ba,Ti 1,047 for the starting powder and sintered
ceramic with Ba/Ti ratio of 0.95, respectively. However, no
secondary phase was observed for the starting powder and
sintered ceramic with Ba/Ti ratio of 1.00. Dielectric meas-
urements demonstrated that sintered ceramics have colossal
permittivity up to ~10° at room temperature and 1 kHz. This
colossal permittivity can be maintained up to 100kHz at
room temperature. Onset of dielectric relaxation following
Debye theory occurred as temperature decreased. Activation
energy changes for relaxation indicate that at least two dif-
ferent relaxational polarization mechanisms may be contrib-
uting the colossal permittivity in barium titanate. According
to UDR model, in addition to interfacial polarization at insu-
lating grain boundary, polarization due to polaron hopping
was proposed as a co-existing polarization mechanism in the
colossal permittivity of barium titanate ceramics. To this
end, relative contributions of each polarization to the colos-
sal permittivity were calculated: ~65% hopping polarization,
~20% interfacial polarization, and ~15% electrode effect.
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