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Abstract

ZnO additions to Bag 3Sry7TiO5 ceramics have been studied in order to determine the role of this dopant on dielectric property and energy
storage density development. The temperature and frequency dependences of dielectric constant, the breakdown strength, and the dielectric
dissipation were measured. The dependence of dielectric constant to applied DC field was used to evaluate the energy storage densities. The
crystalline structure and morphology were also investigated by XRD and SEM, respectively. Experimental results show that the stored energy
density for the sample with 1.6 wt% ZnO addition is the highest among all the compositions. At 40 kV mm ™' electric fieled, its stored energy
density can reach 3.9 J cm ™. Moreover, the ceramic with this composition has higher dielectric constant and breakdown strength, lower loss and
dependency characteristic of dielectric constant to applied electric field.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multi-layer capacitors with a dielectric consisting essen-
tially of barium titanate ceramic are a common component in
many electronic systems. Because of the extremely high
dielectric constant of this material at room temperature, the
capacitance per unit volume that can be achieved is very large
and the units are also robust and cheap. Under these conditions,
the electric field strength applied to the dielectric layers of such
capacitors is usually a small fraction of the breakdown electric
field strength. It is found however, a capacitor of this type may
not be well suited to applications requiring the maximum
possible energy storage density [1]. In order to achieve high
stored dielectric energy per unit volume, it is necessary for
breakdown the electric field strength to be as high as possible.
But when the applied voltage increases to a certain extent, the
dielectric constant decreases markedly and the density of the
stored energy that can be achieved is smaller than might be
expected [1].
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Empirical studies [2,3] have shown that the stored energy
density in a ferroelectric ceramic at a given electric field strength
is strongly dependent on composition. In 1996 [4,5], it has
become possible to optimize composition and procedure based
on the Devonshire model [6,7] of the behavior of ferroelectric
materials. The optimization procedure leads to the selection of a
composition that has a high value of crystal spontaneous
polarization (P's) and a Curie temperature (7¢c) well below the
working temperature. At any given working field there is an
optimal composition for Ba;_,Sr, TiOs, the mole fraction of
strontium increasing with increasing field strength. The
development of these curves, giving the maximum attainable
energy density for this family of materials, is approximately
linear over the electric field range shown and has the form

Umax ~ 0.08 E ey

when SI units are used [4].

According to Eq. (1), an energy density of about 4 J cm™
should be attainable with this ceramic system at the breakdown
field of about 50 kV mm™'. If the breakdown field can be
increased to 100 kV mm ™', then an energy density of about
8 J cm > becomes attainable. However, the block ceramic is
rarely totally densified, but defects (e.g. pores) are ineluctable.
This situation may result in severe breakdown strength
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degradation and ultimately failure of the devices, which affects
the capability for storing high density of energy. Generally, the
breakdown strength of Ba, ,Sr,TiO; ceramics with 0.2—
0.5mm in thickness is about 20-50 kV mm'. Under this
condition, the optimal Sr content lies in the range x = 0.5-0.8
[4] for the maximum energy density.

This paper presents measurements of the dielectric
parameters and the energy density of ZnO-doped Bag 35St 7.
TiO5 ceramics. In view of the strong dependence of storage
energy on electrical breakdown strengths, a comparison is made
between the ZnO-doped and undoped Bag 3Sr, ;TiO3 ceramics.

2. Experimental procedure

Conventional ceramic fabrication processes were used to
prepare the present ZnO-doped and undoped Bag3Srj;TiO;
samples from analytical purity (above 99%) powders of BaCOs,
SrCO;, TiO,, and ZnO. The BaCOj3, SrCO3, and TiO, powders
were mixed on a planetary ball-mill for 24 h with ethyl alcohol
and agate balls in an agate pot. The volume ratio of agate balls
to ethyl alcohol to powder is 6:2:1. The mixture was dried and
calcined at 1100 °C for 4 h in air, then crushed into powder. The
appropriate amount of ZnO was mixed with the Bag 3517 TiO3
powders by the same procedure outlined earlier. The powders
then were pressed into disks of 20 mm in diameter and 4 mm
thick under a cold isostatic pressure of 200 MPa after a uniaxial
pressure of 4 MPa. No binder was used. The sintering of the
green pellets was performed in air at 1200-1400 °C for 4 h,
with heating and cooling rates of 100 °C/h.

The bulk density, porosity and shrinkage of the sintered
samples were measured using ASTM (American Society for
Testing and Materials) standards. Microstructures of the sintered
samples were examined by scanning electron microscope (SEM,
JSM-5610LV). X-ray diffraction (XRD, RIGAKU D/MAX-
IITA) with Cu—K radiation was used for phase identification. To
determine the dielectric properties, the sintered samples were
polished to a thickness of 0.2-0.5 mm and provided with
electrodes of silver paste applied to both surfaces and fired at
650 °C for 0.2 h. The dielectric constant and loss were measured
using a HP4294A at 40 Hz to 30 MHz from —40 °C to 40 °C.
And the breakdown strength of samples with a thickness of
0.5 mm was measured on Trek Model 30/20 High-Voltage Power
Amplifier. Stored energy of samples with a thickness of 0.2 mm
was determined by measuring sample’s capacitance with a small
500 Hz AC signal while superimposing an increasing DC bias on
a TF Analyzer 2000 and then integrating the results. The
measurements were made at room temperature. In all cases,
measurements were continued until either the breakdown voltage
of the specimen or the voltage capability of the measuring
equipment was reached.

3. Results and discussion
3.1. Sintering and microstructure

The effect of ZnO content on the sintered Bag 3Sry;TiOj3 is
correlated with their densification, grain growth behavior, and
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Fig. 1. Sintering temperature dependence of the density for Bag3Srg ;.
TiOs3 + x% ZnO ceramics.

microstructure development. Fig. 1 shows the relationships
among the compositions, sintering temperatures and densities
of all samples.

ZnO-doped materials show a relative density (corresponding
density) values as high as 99%, for sintering temperatures about
80 °C lower than that for the undoped Bag3Srg;TiO;. High
densities and homogeneous fine-grained microstructures were
obtained in a wide range of sintering temperatures between
1320 °C and 1420 °C and when ZnO compositions between
0.5 wt% and 5.0 wt% (shown as Fig. 2). The Zn>* cation has
been considered as both an isovalent [8] and an acceptor [9]
dopant in the BaTiO; lattice. Jaffe et al. [9] reported a solubility
limit of 0.7 wt% ZnO at 1200 °C in BaTiO;. Swilam and
Gadalla [10] found that ZnO addition above this limit leads to
more densified BaTiO5; ceramics, while the microstructure
revealed the presence of a secondary liquid phase. Caballero
et al. [11,12] observed coexistence of two phases in the
microstructure of the 0.5 wt%-ZnO-doped sample and the
second phase is ZnO. Roth et al. [13] also reported that BaTiO;
and ZnO were the only crystalline phases detected in the system
BaTiO3;—ZnO below 1350 °C.

Fig. 3(a) shows the diffraction patterns of the undoped and
ZnO-doped samples sintered at 1350 °C. ZnO peaks are clearly
detected for the samples with the two highest ZnO contents
(2 wt% and 5 wt%). However, the presence of ZnO grains in the
samples with lower ZnO contents (<2.0 wt%) cannot be
discerned in view of these results. Fig. 3(b) shows XRD patterns
of 1.6 wt% ZnO powder blend into Bag;Sry,;TiO; powder
(mixed on a planetary ball-mill for 24 h with ethyl alcohol and
agate balls in an agate pot), and ZnO can obviously be detected
(curve 1 in Fig. 3(b)). But after sintering, the ZnO peaks
vanished (curve 2 in Fig. 3(b)). It is possible that a certain
number of Zn>* as an isovalent or (and) an acceptor dopant
diffused into Bag3Srg,TiO; lattice and the residual homo-
geneously distributes at grain boundaries during sintering. So it
is very difficult to detect. Unlike reported by Caballero et al.
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Fig. 2. SEM micrographs of samples sintered at 1350 °C. (a) Bag3Srq;TiO3; (b) Bag3Sry;TiOs + 0.5 wt% ZnO; (¢) Bag3Sro;TiO; + 1.0 wt% ZnO; (d)
Bay 3510 7TiO; + 1.6 wt% ZnO; (e) Bay 3Srp7TiO5 + 2 wt% ZnO; (f) Bag 3519, TiO3 + 5 wt% ZnO. Scale bars are all 5 wm in length.

[11,12], obvious fine-grained microstructures are observed
(Fig. 2) when ZnO content is above 0.5 wt%.

3.2. Dielectric properties and energy storage densities

Temperature dependence of the relative dielectric constant
(&) for Bag 351 ;TiO5 specimens doped with ZnO is denoted in
Fig. 4(a) and (b). In the temperature range between —40 °C and
—10 °C, the dielectric constant slightly decreases with the
increase in amount of ZnO. But at room temperature, it first
increases with lower ZnO content because of higher density
and smaller grains, and then decreases with more ZnO
additives. Higher addition of ZnO leads to two-phase

microstructure, and hence the dielectric constant of the sample
with the highest ZnO content (5 wt%) falls below the values
measured for the rest samples. The dielectric losses for the
samples doped with 0.5 wt%, 1.0 wt%, 1.6 wt% and 2 wt%
ZnO, respectively, are lower than that of the undoped one.
Nevertheless, this cannot be due to the density, since all the
samples sintered at 1350 °C showed high density (relative
density greater than 98%). It is considered that ZnO additions
may cause a lower conductivity in the material [11,12].
Fig. 4(c) shows the frequency dependence of the dielectric
constants of the ZnO-doped samples. The relationships
between dielectric constant and composition also can be
clearly observed from Fig. 4(c).
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Fig. 3. XRD patterns: (a) Bay3Sro7TiOz + x wt% ZnO samples sintered at 1350 °C; (b) Bag 3Sr(;TiO; powder mechanically blended with 1.6 wt% ZnO powder
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Fig. 4. Dielectric properties of Bag3Sry;TiO; + x% ZnO ceramics sintered at 1350 °C. (a) The temperature dependence of dielectric constant; (b) temperature
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Fig. 5. Breakdown strength (a) and breakdown statistics plotted as a Weibull distribution (b) of Bag 3Sr7 TiO3 + x wt% ZnO samples sintered at 1350 °C.

The relationships between ZnO content in samples and
breakdown strength are illustrated in Fig. 5(a). The number of
samples in the breakdown strength test for each ZnO content is
8. It can be seen from Fig. 5(a) that the measured value was
scattered. This is because that the electrical strength of
ceramics is likely dependent on the statistical distribution of
defects in the material. For this reason, the Weibull distribution
was used to describe the results of Fig. 5(a) as Fig. 5(b).
Clearly, the breakdown strength for 1.6 wt% ZnO content is
much higher than others. Reasonably, electric strength depends
markedly on material homogeneity. A ceramic is rarely
homogeneous, a common inhomogeneity being porosity.
There is robust evidence to show that breakdown can be
initiated at pores and that the occurrence of gas discharges
within pores is an important factor [14], although how
discharges within pores lead to total breakdown of the
dielectric has been a matter of debate. It may result from the
propagation of a discharge ‘streamer’ through the ceramic,
possibly progressing from pore to pore and encouraged by the
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increased electric stress to which the material between
discharging pores is subjected and perhaps also by enhanced
stress in the material close to a discharging pore [14]. Clearly
the larger in size and in number the pores are, the more easily
the ceramic breaks down. Finer grain and higher density
microstructure obtained by adding ZnO into Bagy3Srq;TiO3
ceramic (see Fig. 2) eliminates the pore number and size and
lengthens the grain boundary thereby reducing the probability
of occurrence of a critical defect, making the progressing of
discharge ‘streamer’ more curved and long at the given electric
stress, and results in an increase in breakdown strength. When
the addition of ZnO increases to some extent (e.g. above
2 wt%), the breakdown strength of the ceramic will decrease.
This is because the phase boundaries between ZnO with a
hexahedral closely packed structure and ferroelectric phase
with a perovskite-type structure increase. Moreover, ZnO
phase has a voltage-dependent resistance, i.e. it offers a high
resistance at low voltages and a low resistance at high voltages,
and therefore it is likely unfavorable for Bag3Srg-;TiO3
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Fig. 6. Electric field dependence of dielectric constant (a) and energy density (b) for Bag 3Sro;TiO5; + x wt% ZnO samples sintered at 1350 °C.
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ceramic doped with high ZnO contents (above 2 wt%) to obtain
high breakdown strength.

The DC field dependence of ¢, for the studied samples is
shown in Fig. 6(a). Applying DC field reduces the dielectric
constant. The dielectric constant for the undoped sample has the
highest electric field dependence, with a dielectric constant
tunability of 16.1% under an electric field of 31 kV mm ™' (i.e.
(&0 — &m31)/e0 = 16.1%; €9 and €537 are the dielectric constants
of ceramic under electric fields of OkVmm~' and
31 kV mm™ ', respectively). It could be explained that the
grain size and the internal stress among grains influence the
dielectric properties. The larger grains have smaller stress. So
the dielectric constant is liable to change by applied electric
field. Fig. 6(b) shows the dependence of stored energy density
on electric field strength for samples with three compositions
(0 wt%, 1.6 wt% and 5 wt% ZnO). The Bag 3Sr, 7 TiO5 ceramic
doped with 1.6 wt% ZnO has a higher dielectric constant,
higher breakdown strength and lower dependency of dielectric
constant to electric field (the dielectric constant tunability is
13.6% under applied electric field 31 kV mm ™), and the stored
energy density for the ceramic with this composition represents
the best result obtained from ZnO-doped and undoped
Bay 381, TiO5 ceramics. At 40 kV mm™" electric field (the
voltage capability of the measuring equipment was reached), its
stored energy density can reach 3.9 Jcm . This value is
greater than the calculated result from Eq. (1) that was
predicted by the Devonshire model based on pure or undoped
Ba;_,Sr, TiO3 ceramics. For the undoped Bag3Srq,TiO;
ceramic, the maximum value of the storage energy density,
obtained at an electric field of 31 kV mm™! (the breakdown
strength of this ceramic), is 2.25J cm >, which shows quite
good agreement with that calculated from Eq. (1). The
Bagy 3Sr;TiO3 ceramic containing the highest ZnO (5 wt%;
Fig. 6(b)) has a maximum stored energy density of 2.53 J cm >,
gotten at the breakdown strength (34 kV mm ™). This value is
also less than that calculated from Eq. (1), indicating that much
more ZnO additions to the ceramic are unfavorable for
improving the storage energy density. This is likely because
when ZnO addition is more than a certain extent (e.g. 1.6 wt%
Zn0), it leads to a decrease of the dielectric constant and
breakdown strength of the ceramic, thereby resulting in lower
stored energy density. The above results can be explained from
following expression for the energy storage density of a
material:

1
U= 3 e o 2)

here U is the energy storage density, &y is the dielectric constant
in vacuum, and &g is the relative dielectric constant at an
electric field strength (E).

From Eq. (2), it can be deduced that the higher the electric
field (E) and the primary dielectric constant (when E = 0) and
the weaker the dependency of the dielectric constant on the
electric field strength, the higher the energy storage density
(U). As aforementioned, the ceramic Bag;Sry,TiO5; doped
with 1.6% ZnO has a higher primary dielectric constant
and a higher breakdown strength (it is not breakdown yet when

the voltage reaches 40 kV mm~") with a weaker dielectric
dependency on electric field strength, and thus this material
can obtain higher energy storage density (higher than
391 cm73). In contrast, the ZnO-undoped sample, with a
lower primary dielectric constant, a lower breakdown strength
(~31kVmm™") and a stronger dependency of dielectric
constant on electric field strength, has a lower energy storage
density (the maximum energy storage density is only
2.25Jmm™"). For the samples with relatively high ZnO
contents (e.g. 5 wt% Zn0), although they have relatively weak
field strength dependency of the dielectric constants (the
dielectric constant tunability for 5 wt% ZnO sample is
~13.4%), both their primary dielectric constant and break-
down strengths (~34kV mm™'") are relatively low, and
therefore it is unsuitable for these ceramics to obtain
high energy storage density (the maximum value is only
2.26Jcm ™).

From present study results, the highest energy storage
density (above 3.9] cm73) were obtained from the ceramic
Bag 3517 TiO3 doped with 1.6% ZnO; the maximum storage
density for the ZnO-undoped sample is only 2.25 J mm . As a
consequence, addition of a certain amount of ZnO to
Bagy 3Sr;TiO3 ceramic has a significant effect on increasing
its energy storage density.

4. Conclusions

Addition of ZnO can make Bag3Srg;TiO5 ceramic blocks
densified easily and have fine-grained microstructures. The
decrease of the loss tangent value and the increase of the
dielectric constant and breakdown strength reveal that ZnO
doping could be very interesting for Ba;_,Sr,TiO3 based
dielectric ceramics for high quality capacitors. The dielectric
energy storage densities of ZnO-doped and undoped Bag 3Srq 7.
TiO; ceramics have been investigated and it has been found that
the stored energy density for the ceramic with 1.6 wt% ZnO
addition is the highest among all the compositions. Corre-
spondingly, this composition has higher dielectric constant and
breakdown strength, and lower dependency characteristic of
dielectric constant to applied electric field. It seems that these
characteristics originate from the fine grains, high block
density, and an increase of the resistivity of the ZnO-doped
material.
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