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aState Key Lab of High Performance Ceramics and Superfine Microstructures, Shanghai Institute of Sciences, Shanghai 200050, China
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Abstract

A novel interfacial microstructure was found in Bi2O3-doped SrTiO3 ceramics. Bi-rich precipitates of sizes between 10 and 100
nm were observed at most grain boundaries. Using spatially-resolved EDS analysis, it was shown that these nano-precipitates had
similar composition to Sr2Bi4Ti5O18 secondary phase formed at triple grain pockets. This was revealed by the same trends in both
Bi/Ti and Sr/Ti ratios as a function of particle size. In addition to forming precipitates, Bi segregation was also detected at these

boundaries. However, the segregation level was substantially lower compared with that at boundaries without precipitates. The
latter type of boundaries was always covered with thin amorphous films. Such novel interfacial structure containing nano-particles
at grain boundaries does not hinder the dielectric properties of the material and it cannot be simply incorporated into the grain–

boundary–barrier–layer–capacitor (GBBLC) model, which requires continuous insulating layers.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the most important applications of SrTiO3
polycrystalline ceramics is to use it as high-permittivity
capacitors. Oxide dopants can promote the dielectric
properties by forming insulating layers at grain
boundaries,1�3 which completely separate the semi-con-
ductive SrTiO3 grains, as explained using the grain–
boundary–barrier–layer–capacitor (GBBLC) model
proposed by R. Wernicke.4 These insulating layers
usually consist of a second phase, which is formed by
reaction of the dopants with the matrix material.
The GBBLC model has been widely accepted and also

applied to other dielectric systems such as Bi2O3-doped
ZnO varistor materials.5�9 In early 1980s, Franken et
al.10 observed 10–100 nm thick barrier layer together
with adjacent 50–500 nm thick diffusion layers contain-
ing bismuth in Bi2O3-doped SrTiO3 capacitor material.
In contrast, Olsson et al.11,12 found only 1–10 nm thick
barrier layers in ZnO with no diffusion layer. Recently
Wang13 and co-workers reported on approximately 1
nm thick amorphous film at grain boundaries in Bi2O3-
doped ZnO. It is also believed that the barrier layer in
SrTiO3 capacitor materials is formed by a nanometer
thick amorphous film as observed in a Fe-doped sample.14

In this paper we present a study of microstructure in
Bi2O3-doped SrTiO3 ceramics, which was fired at rela-
tively low temperature. A novel grain boundary structure
was observed, which may help in better understanding
of GBBLC model.
2. Experimental

A mixture of analytical-grade TiO2 and SrCO3 pow-
ders (Qingpu Corporation of Chemical Reagent, Shang-
hai) was calcined at 1100 �C for 1 h. The resulting SrTiO3
powder was mixed with 1 mol% of Bi2O3–3TiO2 and 0.3
mol% of Nb2O3 and 10 mol% of LiF as a sintering aid.
After wet milling and drying, the powders were pressed
into 2-mm thick pellets of 10 mm in diameter. The pellets
were sintered at 1190 �C for 2 h in flowing N2 gas with
10% H2. The material was air cooled to room tempera-
ture in air at an average rate of 6 �C per minute. The
dielectric properties of the material were measured with
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an impedance analyzer (Model HP4192, Hewlett-Packard,
USA).
TEM specimens were prepared by mechanical grind-

ing and polishing, followed by argon ion milling to
reach electron transparency. TEM characterization was
performed in a transmission electron microscope
(Model JEM 2010, Jeol Co., Tokyo, Japan) operating at
200kV, which was equipped with an EDS system
(Model Link-ISIS, Oxford Instrument, England) for
chemical analysis. An effective electron probe of 35 nm
in diameter was used for EDS investigation. Quantifi-
cation of elemental ratios was based on the Cliff–
Lorimer equation of EDS analysis. The k-factors there
were calculated using the thin specimen routine and the
ZAF corrections were also made.
3. Results and discussions

Thirty-five randomly selected grain boundaries (GB)
were analyzed in the specimens. Nano-sized precipitates
were found at two thirds of them. Typical boundaries
containing precipitates are shown in Fig. 1a and b. The
size of precipitates ranged from 10 to 100 nm. Other
grain boundaries without such precipitates were always
covered with inter-granular amorphous films of thick-
ness about 1 nm, as revealed by HRTEM and/or Frensel
contrast (Fig. 1c). Additionally, large particles were
observed at triple pockets (TP), as shown in Fig. 1d.
The size of these particles was in the range 100–700 nm.
The composition of nano-precipitates at grain

boundaries could not be probed directly by EDS analy-
sis. This is because most precipitates were smaller than
or comparable with the broadened probe size; therefore,
the spectra measured from precipitates contained con-
tributions from the surrounding SrTiO3 matrix. To
evaluate this contribution, we plotted the Bi/Ti and Sr/
Ti ratios measured on precipitates and particles against
their size as showed in Fig. 2. Correlations between
these parameters were revealed. Both Bi/Ti and Sr/Ti
ratios follow linearly the precipitate size, indicating a
rather uniform composition of precipitates. When the
size of precipitate exceeded the effective probe size and
the specimen thickness (at approx. 100 nm), both ratios
reached their respective plateaus since there was no
longer any contribution from SrTiO3 grains. The mea-
sured Bi/Ti and Sr/Ti ratios of the precipitates at grain
boundaries approached those of particles at triple
pockets, indicating that the nano-precipitates possess
the same composition. This unified plot suggests a
common phase for the precipitates at grain boundaries
and the particles in triple pockets.
An additional result on the overall composition of the

sample was obtained by X-ray diffraction analysis
(XRD) of the investigated material, which revealed a
small amount of the secondary phase Sr2Bi4Ti5O18
besides the SrTiO3 matrix. Quantification of the EDS
spectra of the particles at the triple points gave Sr:Bi:Ti
ratio to be 2.1:4.3:5.2, which agrees well with the corre-
sponding atomic ratio for the Sr2Bi4Ti5O18 compound,
i.e. the secondary phase. According to Fig. 2, the nano-
precipitates and the large particles are the same phase.
Therefore, the novel interfacial structure thus consists of
Sr2Bi4Ti5O18 nano-precipitates at the grain boundaries
in SrTiO3.
In order to understand the mechanism of second

phase precipitation at the grain boundaries and why
some other boundaries do not exhibit such precipita-
tion, we compared the segregation behavior for two
different types of grain boundaries. EDS profile ana-
lyses were performed for boundaries with and without
precipitates, as shown from Bi/Ti profiles in Fig. 3. For
the boundary with precipitates, the probe was scanned
across a boundary segment between the precipitates.
The Bi/Ti profile revealed that Bi concentration at the
grain boundaries without precipitates was significantly
larger as compared to those containing the nano-pre-
cipitates. The precipitation-free boundaries were usually
Fig. 1. Typical interfacial microstructures in a Bi2O3-doped SrTiO3
material: grain boundaries with nano-precipitates (a, b), grain bound-

aries with thin amorphous film of thickness about 1 nm (c) and

second-phase particles formed at triple-pockets (d).
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covered with continuous amorphous layers (Fig. 1c),
which should be composed of segregated Bi as has been
reported elsewhere.13 The boundaries with precipitates
were depleted of such films and exhibited much less Bi
segregation.
The de-segregation or de-wetting effect of Bi and the

formation of nano-precipitates at some grain bound-
aries indicates that the precipitates were formed as a
consequence of attaining the equilibrium grain bound-
ary configuration. The additive LiF as sintering aid,
whose melting point is 845 �C, can effectively promote
the liquid phase sintering. It should be noted that LiF
has relatively high volatility at the sintering temperature
and can easily evaporate during sintering. Indeed, no
fluorine signal was detected in this sample with EDS.
Therefore, almost no LiF left in grain boundary films
after sintering. During sintering all grain boundaries
were permeated liquid phase, as schematically shown in
Fig. 4a, since the melting point of Bi2O3 is only 825

�C
and the Bi2O3–TiO2 eutectic temperature is about
750 �C. Upon cooling, wetting film remained at some
boundaries, while the de-wetting and precipitation was
Fig. 2. Bi/Ti and Sr/Ti ratios versus the sizes of nano-precipitates at grain boundaries and particles at triple pockets.
Fig. 3. Bi/Ti ratios across two types of grain boundaries to reveal different segregation behaviors.
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triggered on some other boundaries in order to lower
grain boundary energy. It can be suggested that the
process of precipitation occurred in two steps according
to their specific shape. At first, nano-pockets of amor-
phous segregates were created at the grain boundary
due to the combined effect of grain boundary de-wetting
and a low diffusion rate, the latter limited the migration
of segregants towards triple pockets (Fig. 4b). Second,
the amorphous nano-pockets crystallized into Sr2Bi4-
Ti5O18 nano-particles (Fig. 4c). Similar facetted amor-
phous nano-pockets in a non-wetting grain boundary
have been reported in other model systems, such as SiO2
pockets in �33 boundary in Si-bicrystal15 and faceted
pockets in �5 boundary in SrTiO3-bicrystal.

16 Further
work is needed to establish the correlation between
nano-precipitates and de-wetted boundaries.
The absence of a continuous barrier layer to separate

the individual semi-conductive SrTiO3 grains, as
observed in our material, may not provide sufficient
dielectric contribution in terms of GBBLC model.
However, the examined material exhibited high permit-
tivity. Its effective dielectric constant (�) and loss factor
(tan �) were 3.2�105 and 4�10�2 at 1 kHz, respec-
tively.17 Although the e is an order lower than the latest
reported results with significant Ba solution, it is still
substantially higher than the other reported SrTiO3-
based ceramics.10,18�20 It is unlikely that the amorphous
films in only one third of the grain boundaries could
alone contribute to the measured dielectric properties,
without other boundaries being more or less insulating
as well. It was therefore concluded that the majority of
de-wetted boundaries containing precipitates undoubt-
edly able to play an important role in adding to the
insulating nature of the boundary system, which is likely
to be associated with the presence of regularly spaced
precipitates.
Similarly, Olsson and Dunlop12 have found that dif-

ferent types of interfaces, as well as inter-granular junc-
tions, could act as barriers to electrical conduction and
had influence on the current-voltage characteristics in
Bi2O3-doped ZnO varistor materials. Franken et al.10

believed that the contributions to the effective dielectric
constant of Bi2O3-doped SrTiO3 material came from
both the amorphous boundary layer and the Sr2Bi4-
Ti5O18 second phase. The presently observed interfacial
microstructure containing Sr2Bi4Ti5O18 nano-precipitates
dispersed along grain boundaries could contribute to
insulating barriers for dielectric performance, especially
at high frequency. On the other hand, such boundaries
would be less efficient as barriers compared to con-
tinuous amorphous films for low frequency. It is there-
fore reasonable to assume the synergetic effect of
precipitates and amorphous film at the grain boundary
will contribute to the relatively high dielectric property
observed in this material.
4. Conclusions

A novel interfacial structure with nano-precipitates
along grain boundaries was found in SrTiO3 ceramics
doped with 1.0 mol% Bi2O3. Quantification of EDS
spectra revealed that nano-precipitates had similar
composition as Sr2Bi4Ti5O18 secondary phase found at
triple pockets. Other grain boundaries free of any pre-
cipitates were covered with amorphous films, which had
significantly stronger Bi segregation compared with the
grain boundaries containing the nano-precipitates. The
concurrent de-segregation and de-wetting effects at
grain boundaries with nano-precipitates indicates that
they were formed as a part of equilibrium configuration
for some grain boundaries. The high dielectric property
of this sample results most probably from synergetic
effect of the nano-precipitates and the amorphous film
at the grain boundaries.
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