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Abstract

Effects of nonstoichiometric SrTiO3 ceramics have been investigated in the range of Sr/Ti¼0.994–1.004. A cubic perovskite structure is
maintained at all compositions without any secondary phase. Grain size increases at the beginning and then decreases with increasing Sr/Ti ratio.
The highest breakdown strength and energy density are obtained at Sr/Ti¼0.996, 283 kV/cm and 1.21 J/cm3, respectively, which are higher than
that of stoichiometric SrTiO3 ceramic (210 kV/cm of breakdown strength, 0.7 J/cm3 of energy density). Sr/Ti41 ST ceramics are prone to semi-
conductivity process. Among them, the ST ceramic at Sr/Ti¼1.004 has the highest permittivity, 2455.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Nonstoichiometry; C. Energy storage property; D. SrTiO3 ceramic; Microstructure
1. Introduction

As quantum paraelectrics, SrTiO3 (ST) ceramic has been
developed for a wide range of applications in energy density
capacitors because of its high permittivity, high breakdown
strength and favorable bias stability. In general, energy storage
density of ceramics is given by the following equation [1]:

W ¼
Z Eb

0
EdP ð1Þ

where P and E are the polarization and the electric field, Eb is
the breakdown strength. Thus, the energy storage density can
be evaluated by integrating the area between the polarization
axis and the discharge curve in the P–E hysteresis loops. For
linear dielectrics, Eq. (1) can be converted into the following
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equation [2]:

W ¼ 1
2
εrε0E

2
b ð2Þ

where εr is the relative permittivity and ε0 is the permittivity of
free space (8.85� 10−12 F/m). As can be seen in Eqs. (1) and
(2), energy density is influenced by permittivity and break-
down strength, particularly breakdown strength. Hence,
increasing breakdown strength will be more helpful for
improving energy density.
Burn [2] indicated that at the maximum fields, energy storage

in the strontium titanate material was about 30% higher than that
in the barium titanate ceramic. To improve its permittivity at
room temperature, rare earth Nd3+ was selected to dope in this
system and high permittivity ceramics were obtained [3,4]. Also
it was proved that doping by other cations with small ionic
radius could improve the permittivity, such as Ba2+, Mn2+, Bi3+

and trivalent rare earth (RE3+) [5–14], however the breakdown
strength decreased [3]. Thus, these were not beneficial to energy
density. Although energy density is related to permittivity and
breakdown strength, it is well-known that the maximum energy
storage is not obtained in high dielectric constant materials but
ghts reserved.
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Fig. 1. XRD patterns of sintered nonstoichiometric ST ceramics.
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in those materials which display intermediate dielectric constant
and the highest ultimate breakdown voltages [15]. For the
linear-dielectric ST ceramic, energy density can be calculated by
Eq. (2), which is square relation with breakdown strength.
Hence, increasing breakdown strength will be more helpful for
energy density. It is well known that the breakdown strength is
mainly affected by density and grain size of dielectric ceramics
[16]. Though the A- or B-site substitution by some cations can
obtain small grain-size ceramic, they will change the crystal
lattice, even lead to low breakdown strength. Several low-
melting point glasses as additives can significantly reduce the
grain size and improve the breakdown strength, but also reduce
the permittivity [17,18]. Therefore, reducing grain size and/or
increasing permittivity will efficiently improve the energy
density of ST ceramic.

Tkach [19] considered that the change of Sr/Ti ratio can
result in the changes of grain size and dielectric properties of
ST ceramics. And in the certain range of Sr/Ti ratio, there was
no impurity phase in the ceramics which exhibited the same
structure as stoichiometric ST ceramic. Guo [20] demonstrated
the existence of ferroelectric polarization and superparamag-
netism in the nonstoichiometry SrTiO3, which increased with
the degree of nonstoichiometry. However, the grain size had
no obvious difference from stoichiometry ST ceramic, indicat-
ing that grain size in nonstoichiometry ST ceramics was not
only influenced by Sr/Ti, but also by preparation method. In
any case, nonstoichiometry has certain influences on the
microstructure of ceramics, which also observed on other
materials [21–23]. In this paper, the microstructure, electrical
properties and energy storage performance of the ST ceramics
with the slight change of Sr/Ti ratio were intensively studied.

2. Experimental

The ceramics studied were prepared by conventional solid-
state reactions. The starting materials, high purity
SrCO3(499.0%) and TiO2(499.0%) were mixed according
to the composition, Sr17 xTiO3 (x=0, 0.002, 0.004, −0.002,
−0.004, and −0.006). After ball-milled in alcohol for 24 h, the
slurry was dried, then calcined in a closed environment at
1150 1C for 2 h. The calcined powder was ball milled and
dried again to obtain homogeneous powder. Pellets of 12 mm
in diameter and about 0.5 mm thickness were uniaxially
pressed at 200 MPa using 5% PVA binder. Slow heating at
600 1C for 2 h burned out the binder. The samples were
sintered at 1440 1C for 2 h in air. The relative densities of all
the sintered samples are more than 97%.

The crystalline structure of sintered samples was analyzed
by an X-ray diffractometer (XRD, PANalytical X'Pert PRO).
The microstructure of ceramics was observed using a scanning
electron microscope (SEM, Hitachi S3400).

For the electrical measurements, the sintered ceramics were
polished to 0.3 mm in thickness and coated with silver
electrodes on both faces. The dielectric properties and complex
impedance spectra were measured by a precision impedance
analyzer (Agilent 4980A). The breakdown strength and P–E
hysteresis loop were determined by a DC bias source on a
ferroelectric test system (Radiant RT66A), and the energy
storage density was calculated from the P–E hysteresis loop
obtained by Eq. (1). For each composition, at least 8 samples
were measured to obtain average breakdown strength.
3. Results and discussion

Fig. 1 shows the XRD patterns of the sintered ST samples.
A cubic symmetry was detected by XRD analysis for all
compositions without any secondary phase. All of the XRD
patterns were identical to the stoichiometric ST ceramic. No
systematic variation of the lattice parameter was observed.
The SEM micrographs of the ceramics sintered at 1440 1C

for 2 h, shown in Fig. 2 reveal rather dense microstructures for
all the samples, and obvious difference in grain size for
nonstoichiometric ST ceramics with different Sr/Ti ratios.
Fig. 3 shows the change of grain size for the samples with
different Sr/Ti ratios. Large grain size of sintered samples was
obtained at Sr/Ti¼1. the grain size at Sr/Ti41 decreased with
increasing Sr/Ti ratio, however the grain size dramatically
decreased at Sr/Tio1, which was different from those in the
previously reported cases [19]. This can be ascribed to
different vacancies probably by the preparation method and/
or different Sr/Ti ratios. The resistivity of all the sintered
samples was shown in Fig. 4. The low resistivity was obtained
at nonstoichiometric ST ceramics, among them the resistivity
of Sr/Ti41 samples was lower than that of Sr/Tio1 samples.
More remarkable, Sr/Ti¼1.004 sample with blue color had the
lowest value of 3.2� 109 Ω cm, meaning the semi-conductive
process and the emergence of Ti3+.
The room-temperature dielectric properties of nonstoichio-

metric ST ceramics at 1 kHz are shown in Table 1. All the
samples exhibit the approximate permittivity and dielectric loss
except Sr/Ti¼1.004 because of its low resistivity shown in
Fig. 3. However the energy densities of different Sr/Ti ratio
samples are evidently different from each other, which should
be attributed to the variant breakdown strength (BDS), shown



Fig. 2. SEM micrographs of nonstoichiometric ST ceramics sintered at 1440 1C for 2 h. (a) ST1.004, (b) ST1.002, (c) ST1.000, (d) ST0.998, (e) ST0.996, and
(f) ST0.994.

Fig. 4. Resistivity of nonstoichiometric ST ceramics sintered at 1440 1C for 2 h.Fig. 3. Grain sizes of nonstoichiometric ST ceramics sintered at 1440 1C for 2 h.
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Fig. 6. The complex impedance spectra measured at 420 1C for the specimens
with different Sr/Ti ratios.

Table 2
The equivalent parameters at 420 1C of different electrical regions for ST
ceramics at Sr/Tio1.

Sample Rg(Ω) Cg(pF) τg(ns) Rgb(Ω) Cgb(pF) τgb(ns)

ST0.998 29,271 167 4888 214,450 34,197 7,333,547
ST0.996 14,566 145 2112 230,150 23,086 5,313,243
ST0.994 16,451 152 2501 160,010 22,870 3,659,429
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in Fig. 5. The high breakdown strengths (BDS) and energy
densities have been obtained in the range of Sr/Tio1 because
of their smaller grain sizes, which greatly affect the BDS [16].
Although the grain sizes of the sample at Sr/Ti¼1.002 are
smaller than that at Sr/Ti¼1.000, the BDS at Sr/Ti¼1.002 is
lower, which may be due to the lower resistivity.

Fig. 6 shows the complex impedance spectra measured at
420 1C for the specimens with different Sr/Ti ratios. It can be
seen that the complex impedance plots of Sr/Ti≥1 ceramics
display only one suppressed semicircle which can be asso-
ciated with a strong overlap of two semicircles due to similar
relaxation time constant τ of the two relaxation processes. And
the ceramics at Sr/Tio1 display two semicircles, meaning that
grain boundary has played an important part in the complex
impedance spectra. The inset in Fig. 6 shows an equivalent
circuit for the Sr/Tio1 ceramics system, where the circuit
elements Rg−Cg and Rgb−Cgb represent the contributions from
the grain and grain boundary, respectively. The fitting values
of the Rg, Cg, Rgb and Cgb are shown in Table 2. The relaxation
time τ is defined as:

τ¼ RC ð3Þ
The relaxation time of grain (τg) and grain boundary (τgb)

are given in Table 2. The ratio between the grain boundary
(ρgb) and grain (ρg) is given by the following equation:

ρgb=ρg ¼ τgb=τg ð4Þ

The ρgb=ρg and Rgb=ðRgb þ RgÞ were given in Fig. 7.
As seen from the figure, the ceramic at Sr/Ti¼0.996 exhibited
the higher ρgb=ρg and Rgb=ðRgb þ RgÞ ratios than the other
compositions, indicating that grain boundary showed great
Table 1
The room-temperature dielectric properties of nonstoichiometric ST ceramics
at 1 kHz.

Sr/Ti ratio 1.004 1.002 1.000 0.998 0.996 0.994

εr 2455 317 295 349 299 268
tan δ 0.13 0.007 0.002 0.006 0.001 0.003

Fig. 5. Breakdown strengths and energy densities of nonstoichiometric ST
ceramics.

Fig. 7. The ρgb=ρg and Rgb=ðRgb þ RgÞ ratios at 420 1C for ST ceramics at
Sr/Tio1.
contribution to the insulating properties. Furthermore, the large
electrical difference between grain and grain boundary in
Sr/Ti¼0.996 ceramic may be the main cause of higher BDS.

4. Conclusions

The microstructure, dielectric, and energy storage properties
of nonstoichiometric ST ceramics were intensively investi-
gated. With the change of Sr/Ti ratio, its effects were
significant. With the increase of Sr/Ti ratio, the grain size
increased at the beginning and then decreased. The highest
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breakdown strength and energy density were obtained at the
sample of Sr/Ti¼0.996 with smaller grain size, 283 kV/cm
and 1.21 J/cm3, respectively. ST ceramics at Sr/Ti41 were
prone to semi-conductivity process.
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