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Abstract

Structural heterogeneities in SnO,-CoO-based varistors were analyzed by transmission electron microscopy. In SnO,-CoO-based
system doped with La,O3 and Pr,O3 two kinds of precipitate phases at grain boundary region were found. Using energy dispersive
spectrometry they were found to be Co,SnO,4 and Pr,Sn,O-, presenting a defined crystalline structure. It was also identified that
such precipitate phases are mainly located in triple-junctions of the microstructure. HRTEM analysis revealed the existence of other
two types of junctions, one as being homo-junctions of SnO, grains and other due to twin grain boundaries inside the SnO,-CoO

grain. The role of these types of junction in the overall nonlinear electrical features is also discussed.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Metal-oxide varistors are a class of devices pre-
dominantly based on polycrystalline semiconductor
ceramics, presenting highly nonlinear current-voltage
characteristics due to the nature of their grain-boundary
junctions. The ZnO-based varistors is the most exhaus-
tively studied class of these ceramic materials and are
commercially applicable in a wide range of electrical
engineering and electronic devices.!> The ZnO-based
varistors with small addition of Bi,Os3, Sb,O3, CoO,
MnO, Al,O3 and other constituents such as Cr,Oz show
highly nonlinear current-voltage characteristics with a
sharp breakdown voltage above which large currents
can be carried with only minor damage to the material.!-?

In spite of commercial application and exhaustive
research on ZnO-based varistor systems, the mechanism
of potential barrier formation and its relationship to the
chemical of grain-boundary is not totally clarified. Even
so, it was possible to develop other matrix ceramics
either promising to commercial applications such as the
class based on SnO,.?

* Corresponding author. Fax: + 55-16-2615215.
E-mail address: paulo@iris.ufscar.br (P.R. Bueno).

The main feature of SnO,-based varistor system is its
relatively simple microstructure when doped with CoO,
presenting only one single phase under X-ray resolution,
in which CoO forms a solid solution by substitution of
Sn** ions by Co?>* or Co’* ions, as reported and dis-
cussed in previous papers.>—> However, a precipitated
phase (Co,SnQ,) at the grain boundary is found when
the EDS (energy dispersive spectroscopy) stage attached
to the HRTEM (high-resolution transmission electron
microscopy) and electron diffraction are used.®* In
contrast, ZnO-based varistor system, in the most com-
mon situation, has a complex microstructure containing
several phases such as a bismuth-rich phase, a spinel
(nominally Zn,Sb,0;,) and a pyrochlore (nominally
Zn,Bi3Sb3;04) which are determined by the X-ray
diffraction method.'-?

Despite these chemical differences, we have demon-
strated that the nonohmic electrical response of SnO»-
based varistor is controlled by a potential barrier of
Schottky-type nature, the same one frequently reported
on for the traditional ZnO-based varistor system.®
These findings are important inasmuch as they begin to
provide evidence that the nature of nonlinear electrical
properties in the SnO,-CoO-based varistor system may be
of the same nature of that observed in ZnO-Bi,Os-based
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varistor system and is related to a Schottky-type barrier
at the grain boundary.%’

It is clearly established that diffusion and mass trans-
port are more rapid along grain boundaries and that
grain boundaries generally act as diffusion “‘short cir-
cuit”. The diffusivity of grain boundaries is greater than
that of the lattice. Such feature makes possible the
enrichment of grain boundaries with oxygen species as
was demonstrated mainly in SnO,-based varistor system.®
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Such enrichment of grain boundaries controls the non-
ohmic properties and it is believed to be dependent of
grain boundary segregation and/or phase precipitation.’

Therefore, the purpose of this study is to obtain
information on microstructure heterogeneities using
TEM analysis to try to understand how these hetero-
geneities presented in SnO,-based varistor microstructure,
mainly at grain boundary region, could improve or
control nonohmic properties.
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Fig. 1. Micrograph obtained by TEM obtained for the systems: (a) SCN-0.30% La,O3 and (b) SCN—-0.30%Pr,05 with their respective X-ray patterns.
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Fig. 1 (continued).

2. Experimental procedure

The powders were prepared using ball milling in an
alcoholic medium. The oxides used were SnO, (CES-
BRA), CoO (Riedel), Nb,Os (CBMM), La,O3 (Aldrich)
and Pr,O; (Aldrich). The composition of the molar
system was 98.665% SnO, + 1.00% CoO + 0.035%
Nb,Os + 0.30% X, with X being La,O3 or Pr,O3
(SCNLa or SCNPr). Our chemical analysis of SnO,
indicated that the main impurities were Pb (<0.01%),
Fe (<0.01%), Ge (<0.005%) and Cu (<0.005%) all
expressed in moles.

The powders were pressed into pellets (11.0x1.3 mm)
by uniaxial pressing, followed by isostatic pressing at

145 MPa. The pellets were sintered at 1250 °C for 2 h,
then submitted to a cooling rate of 2 °C min~! down to
room temperature.

The microstructure of sintered pellets was characterized
by scanning electron microscopy (SEM) and by trans-
mission electron microscopy (TEM). For thin-foil pre-
paration, cylindrical specimens of 3 mm diameter
were cut by an ultrasonic disc cutter. These cylinders were
then ground gently with diamond paste to about 200
mm and then dimpled by mechanical polishing. These
discs were then ion milling thinned to a thickness of
less than 100 nm to allow electron beam transmission.
The foils thus prepared, were examined with 120 kV
TEM (Philips CM120) equipped with EDS facilities to
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determine clemental composition of the specimens.
Lattice resolution was carried out using a Philips
CM200, operating at a voltage of 200 kV. The addition
of 0.30 mol% of La,O3; and Pr,O3 was chosen because
it promotes an increase in the nonlinear electrical
response of the device. The samples reached high
values of «, nonlinear coefficient, of 19 and 46 respec-
tively, when added to the SnO,-CoO-Nb,Os, system
which presented o =8.

3. Results and discussion

Fig. 1 shows a darkfield TEM image of the SCN-
0.30%La,03 and SCN-0.30% Pr,O3 systems with their
respective energy dispersive spectra. It can be observed
by means of Fig. la that the precipitate phase founded
at grain boundary region is rich in Sn and Co, whereas the
grains are predominantly composed of SnO,. Such results
corroborate the results obtained in the literature.*=¢
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Fig. 2. High resolution micrograph obtained for the system SCN-0.30%1La,O3 with its respective micrograph obtained by SEM.
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Another important observation could be taken from
Fig. 1b, which shows that the precipitate is rich in Pr,
the dopant element added in order to improve the non-
ohmic features. The influence of trivalent oxides on the
properties of varistors was already studied in detail by
several authors.®!? These oxides, are not only incorpo-
rated into the chemical composition of the varistors to
lower the electrical resistivity of grains, improving, in
this way, the electrical nonlinearity in high current den-
sities delaying the onset of voltage up, but also to
increase the barrier voltage energy due to the segrega-
tion of metal at grain—grain junctions.

Turning our attention back to Fig. 1b, we found that
the most possible precipitated phase present in the mul-
tigrain junctions of the latter sample, in agreement with
JCPDS records, is Pr,Sn»0O4. It should be point out that
the secondary phase founded is, for the most part, pre-
sent in a multigrain junction of microstructure, particu-
larly in the triple-grain junction.

The grain—grain junction can also be observed by
means of a high resolution micrograph for the SCN—
0.30%La,03 system, as showed in Fig. 2. The grain—
grain boundary region is well revealed in such a kind of
micrographic analysis. Another kind of junction was
also founded, that well known as twin boundaries. Such
a kind of junction is found inside SnO, grains.

From the comparison of Figs. 1 and 2 it is important
to point out the difference between segregation and
precipitation. As demonstrated, precipitate phases are
presented and for us they are regions in which there is a

(a)

higher amount of segregated transition metals, thus
acquiring a particular crystalline feature that is richer in
oxygen compared to the grain. Such distinct region is
primarily adjacent to the SnO,-SnO, junctions, or
localized to at great extent on triple-grain junctions. As
a result, we have noted that the oxygen enrichment of
SnO,-Sn0O, junctions is accompanied by the oxygen
enrichment of the precipitated and, therefore, its oxida-
tion can be easier monitored by the oxygen enrichment
of the precipitate, such as foreseen by the mechanism of
the model described elsewhere.” In fact, even the grain—
grain junction has a breakdown distribution presenting
a complicated pattern for by itself.!! For that reason, we
are considering that the SnO,—SnO, type-junction with
transition metal segregated in it is the main kind of
junction controlling the overall nonohmic properties
and, therefore, the electrically active barriers are, for the
most part, present in such kind of junction.

On the other hand, one could imagine that the pre-
cipitate phase of transition metals at the grain boundary
could contribute, as junctions that also display the
active barriers. However, in reality, the direct influence
of these secondary phases on the degree of nonlinearity
is probably negligible, mainly when they are present in
the triple-junctions. Even SnO,-layer-SnO, junctions
may not exert a direct influence on nonlinear electrical
properties. However, if one believes that such kind of
junction is important to the overall nonohmic behavior,
then complications should be considered and the band
structure of grain-boundary region should be different,

i

.

(b)

Fig. 3. Micrograph obtained for the system SCN-0.30%La,0O;, and its respective X-ray pattern: (a) grain of SnO,-CoO-based system and

(b) precipitate of Co,SnOy.
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more adequately described by Mukae et al.'> In addi-
tion, it should be considered a more detailed discussion
based on such band structure model in which the con-
ductivity of the layer (precipitate) will be of summary
importance. Indeed, the layer of precipitate phase is, for
the most part, observed as being a region extended
between grain-grain junction and precipitate in the tri-
ple-junction.

The grain—grain boundaries are also evidenced by
HRTEM, indicating SnO,—SnO, homo-junctions. Leite
et al.!3 observed in SnO,~MnO, systems using analy-
tical electron microscopy of high resolution two phases:
grains rich in SnO, and Mn,SnQO, precipitated at the
grain boundary, besides two kinds of grain boundary: a
thin Mn-rich and other thick Mn-poor.

Fig. 3 shows the seclect areca electron diffraction in
both SnO, grain and in the precipitates. The electron
diffraction in the SnO, grain region revealed a well
crystallized rutile type structure. Otherwise, the lattice
parameters measured in the electron diffraction of the
precipitates revealed a well crystallized Co,SnO, cubic
type phase. This was corroborated by the high concen-
tration of Co and Sn observed in the EDS measure-
ments in these precipitates.

Despite of microstructure heterogeneities observed in
the present work, the most probable determinant factor
for the existence of a Shottky-type barrier that controls
the nonlinear electrical properties, continues to be the
presence of an oxidation layer (oxidation of the segre-
gated transition metals) at the grain-grain junction
type.®’

4. Conclusion

The TEM analyses of La and Pr doped SnO,-based
varistor were used to study the heterogeneities of
Sn0O,-CoO-based varistor microstructure. Precipitation
of secondary phases occurs at grain boundaries that
were identified by EDS and electron diffraction as being

Co,Sn04 and Pr,Sn,O,, which are present mainly at
triple-junctions of the SnO,-CoO microstructure.
HRTEM was applied to identify other kinds of junc-
tions, one corresponding to homo-junctions of two
Sn0O,-CoO grains with segregated transition metals and
other due to existing twins-grains.

Among all identified junction types, the one that most
probably controls the overall nonohmic behavior is the
grain-grain junction with segregated transition metal.

Acknowledgements

The financial support of this research project by the
Brazilian research funding agencies FAPESP and CNPq
is gratefully acknowledged.

References

1. Clarke, D. R., J. Am. Ceram. Soc., 1999, 82, 485-502.

2. Gupta, T. K., J. Am. Ceram. Soc., 1990, 73, 1817-1840.

3. Pianaro, S. A., Bueno, P. R., Longo, E. and Varela, J. A., J.
Mater. Sci. Lett., 1995, 14, 692-694.

4. Varela, J. A., Cerri, J. A., Leite, E. R., Longo, E., Shamsuzzoha,
M. and Bradt, R. C., Ceram. Int., 1999, 25, 256.

5. Cerri, J. A., Leite, E. R., Gouvea, D. and Longo, E., J. Am.
Ceram. Soc., 1996, 79, 804.

6. Bueno, P. R., Cassia-Santos, M. R., Leite, E. R., Longo, E.,
Bisquert, J., Garcia-Belmonte, G. and Fabregat-Santiago, F., J.
Appl. Phys., 2000, 88, 6545-6548.

7. Bueno, P. R., Leite, E. R., Oliveira, M. M. and Orlandi, M. O.,
Appl. Phys. Lett., 2001, 79, 48-50.

8. Cassia-Santos, M. R., Bueno, P. R., Longo, E. and Varela, J. A.,
J. Eur. Ceram. Soc., 2001, 21, 161-167.

9. Gupta, T. K. and Miler, A. C., J. Mater. Res., 1988, 3, 745-754.

10. T. Miyosh, K. Maede, K. Takahashi, T. Yamazaki, Advances in
Ceramics. American Ceramic Society, Columbus, OH, 1981, p.
309.

11. Einzinger, R., Appl. Surf. Sci., 1979, 3, 390-408.

12. Mukae, K., Tsuda, K. and Nagasawa, 1., Jpn J. Appl. Phys.,
1977, 16, 1361-1368.

13. E. R. Leite, J. A. Cerri, P. R. Bueno, E. Longo, J. A. Varela and
C. A. Paskocimas (in press).



	Grain-boundary segregation and precipitates in La2O3 and Pr2O3 doped SnO2.CoO-based varistors
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	Acknowledgements
	References


