J Mater Sci: Mater Electron (2011) 22:679-683
DOI 10.1007/s10854-010-0195-7

Influence of the concentration of Sb,O; on the electrical properties

of SnO, varistors

J. R. Ciédrcero - S. A. Pianaro * G. Bacci *
A. J.

Zara - S. M. Tebcherani - E. Longo

Received: 5 May 2010/ Accepted: 11 August 2010/ Published online: 28 August 2010

© Springer Science+Business Media, LLC 2010

Abstract Varistors are electronic materials with non-
ohmic behavior. In traditional SnO, varistors, CoO acts
as a densifying agent, Nb,Os increases the electrical
conductivity of SnO, grains, and Cr,O5; produces a more
uniform microstructure and acts as an oxygen retaining
agent at the grain boundaries. The present work involved a
systematic study of the substitution of Nb,Os for Sb,05 in
the composition of a ternary varistor system. The compo-
sitions were prepared by conventional wet ceramic pro-
cessing using deionized water, and the resulting slips were
dried by spray-drying. Pellets were produced under a
pressure of 330 MPa and sintered at 1,350 °C for 2 h.
Similar to the behavior of Nb,Os, increasing the concen-
tration of Sb,O3 reduced the nonlinear behavior of the
ceramic and its breakdown electric field while increasing
its leakage current. The samples’ microstructure showed
greater porosity, suggesting that higher concentrations of
Sb,O3 reduce the sintering rate, probably in response to the
higher concentration of tin vacancies in the structure.
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1 Introduction

Varistors are generally polycrystalline ceramic materials
with a microstructure composed of conductive grains sur-
rounded by insulating grain boundaries. Schottky-type
potential barriers are formed at these interfaces and are
responsible for the nonohmic behavior of varistors. The
nonlinearity between the current and the electrical potential
of varistors is given by: I = K.V* where I is the current,
V is the electrical potential, K is a constant related to the
microstructure of the material, and « is the coefficient of
nonlinearity [1]. A SnO,-based ceramic system with a high
nonlinear I x V characteristic presents properties that are
very similar to those of traditional ZnO varistors [2], but
with a few advantages, such as a simpler microstructure
composed of a monophase system, low concentrations of
dopants required to obtain good nonlinear properties, and
greater resistance to electrical degradation [3-6].

The SnO; is an n-type semiconductor with high electron
mobility and a tetragonal crystalline structure [7]. It pre-
sents low densification, but, in the presence of dopants with
an electrical charge of lower valence, it may reach densities
approaching the theoretical density of SnO, [8-10]. In
addition to densifying oxides, the formation of the varis-
tor’s microstructure and electrical properties are highly
dependent on the chemical composition, processing tech-
nique, sintering conditions and thermal treatments in oxi-
dizing and reducing atmospheres [11-28]. The importance
of thermal treatment in oxygen atmosphere to recover the
non-ohmic properties of ZnO based varistor after degra-
dation is also related in the literature, thermal treatment at
900 °C for 2 h with oxygen flow allowed to obtain better
nonlinear properties compared to the standard sample [29].
In addition to the aforementioned variables, a recent study
by Ramirez et al. [30] identified another important variable
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that is crucial when SnO, varistors are employed in high
currents, e.g., as surge arresters. They found that ceramic
samples with a small A/V ratio (2.8 cm™') presented
minimal variations in microstructure and, hence, in elec-
trical properties inside blocks. On the other hand, ceramic
blocks have a critical A/V value with respect to the pre-
dominance of nonohmic properties. A critical value of
A/V x 5.0 cm™" was found. This is the minimum value at
which the composition (in mol%) 98.9 SnO, + 1.0
CoO + 0.05 Nb,Os5 4+ 0.05 Cr,03, SCNCr varistor cera-
mic has a format that is usable as varistor block. After
sintering, blocks with lower A/V ratios present a highly
resistive behavior which is associated with the larger
number of effective SnO, barriers (about 85%) [30, 31].
The high number of electrical barriers in SCNCr system is
associated with the basically single phase and homoge-
neous microstructure when compared with a polyphasic
ZnO varistor whereas only 35% were active [32]. The
increase in resistivity may be attributed to the relatively
low electric conductivity of SnO, grains, which causes the
upturn region of the varistor to begin early. It was found
that increasing the concentration of Nb,Os did not increase
the conductivity of SnO, grains. Conversely, it increased
the varistor’s breakdown voltage due to the increase in
porosity, since its density was reduced drastically from
6.44 g/cm3 (with the addition of 0.4 mol% of Nb,Os) to
4.53 g/cm3 (with the addition of 1.5 mol% of Nb,Os [13].
Earlier works, which examined the effect of Sb,O5 on the
electrical properties of SnO, varistors, concluded that it
degrades the electrical properties by increasing the leakage
current excessively [15, 16]. However, to date no system-
atic study has been conducted to ascertain the effect of the
addition of different concentrations of this oxide on the
SnO,—CoO system in place of Nb,Os. Therefore, the pur-
pose of this work was to verify the effect of the addition of
different concentrations of Sb,0O5 (0.05-0.5% in mol) to
the SnO,—CoO system, as well as to characterize the
electrical and microstructural properties of the various
resulting ceramic systems.

2 Experimental

The following raw materials were used: SnO, (CESBRA),
CO;304 (RIEDEL), and Sb,O5; (VETEC). The four formu-
lations from the system (99.00—x)% SnO, + 1.00%
Co304 + x% Sb,O5 (x = 0.05; 0.10; 0.30; 0.50% in mol)
called respectively for SCSb0.05, SCSb0.10, SCSb0.30 and
SCSb0.50, were homogenized in a wet ball mill for 6 h,
using zirconium balls and high-density polyethylene jars. A
polyvinyl alcohol and ethylene glycol solution in a propor-
tion of 3% in mass was used as a plasticizer. The dispersant
used was 0.3% of ammonium polyacrylate (PAA-NH,") in
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relation to the dry mass. The resulting suspensions were
dried by spray dryer atomization (B-290 mini spray dryer) to
obtain the granules, whose morphology was then charac-
terized by scanning electron microscopy (SEM) (SHIMA-
DZU). The granulated compositions were compacted
uniaxially under a pressure of 330 MPa in an automatic
hydraulic press (Nannetti Faenza-Italia), forming compacts
of cylindrical geometry with 1.0 cm of diameter and
0.19 cm of thickness. The resulting compacts were oven-
dried at 110 °C for 2 h and then sintered at 1,350 °C for 2 h,
and subsequently cooled at a rate of 180 °C/h. To eliminate
surface irregularities, the samples were sandpapered using
silicon carbide grit 400 sandpaper. The geometrical density
of these samples after sintering was also calculated. In
preparation for the electrical characterization, the samples’
surfaces were gold sputter-coated and current—voltage
characteristic curves were obtained using a voltage-source
meter unit Keithley 237). For the SEM characterization, due
to the high resistance of SnO, to chemical attack, the sam-
ples were sandpapered, polished and heat-treated 50 °C
below the sintering temperature to reveal the microstructure.
To aid in the identification of possible ceramic phases,
samples heat-treated in the same sintering conditions were
analyzed by X-ray diffraction (SHIMADZU XRD 6000)
using the powder method.

3 Results and discussion

The micrographs in Fig. 1 show the granules of atomized
powder. In Fig. la and b, note the very heterogeneous
distribution of these granules. Figure lc highlights the
primary particles that make up these granules, whose sizes
are nanometric.

All the systems under study presented a nonlinear J] x E
behavior (Fig. 2). The graph in Fig. 3 indicates the char-
acteristic physical parameters of the varistors obtained
from the curves shown in Fig. 2, i.e., nonlinearity coeffi-
cient o, breakdown electric field E, (obtained from the
electric field equivalent to 1 mA/cm?” of current density)
and leakage current Iy (obtained for a value of current
equivalent to 85% of E,).

As can be seen in Fig. 3, increasing the concentration of
antimony oxide (Sb,O3) led to an increase of leakage
current and decrease of the coefficient of nonlinearity and
of the breakdown electric field.

Varistors with high leakage current usually present low
values of a. This behavior is directly associated with the
low electrical resistivity at the grain boundaries of the
ceramic. In other words, the height of the potential barrier
associated to the electronic defects at the grain boundaries
is relatively low, so the electrons need low activation
energy to overcome this barrier. Obviously, the nature and
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Fig. 1 SEM micrographs with
different magnifications,
showing the characteristics of
the granules of spray-dryer
atomized powder. a 600x
magnification; b 2,400x
magnification; and

¢ 24,000x magnification
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Fig. 2 Electrical characterization J x E of the varistors with differ-
ent concentrations of Sb,Ojz in the system (99.00—x)% SnO, +
1.00% Co304 + x% Sb,O3 in mol for x = 0.05 (SCSb0.05);
x = 0.10(SCSb0.10); x = 0.30(SCSb0.30); x = 0.50(SCSb0.50)

concentration of dopants act to modulate these electrical
barriers. The addition of just 0.05% of Sb,0O5 sufficed to
give the ceramic varistor properties, since the
99.00%Sn0, + 1.00%Co30,4 system proved to be highly
resistive [3]. This behavior was very similar to that found
in the SnO,—Co0-0.05%Nb,05 system studied previously
[3], although the respective values of o and E, also pre-
sented differences, i.e., 8.0 and 1,800 V/cm for the SnO,—
Co0-0.05%NDb,05 system and 6.1 and 2,600 V/cm for the
Sn0,—Co0-0.05%Sb,05 system of this work.

Figure 4 shows the X-ray diffractograms and Fig. 5 the
SEM micrographs (backscattered electrons) of the systems
under study. The results obtained here indicated that:
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Fig. 3 Physical parameters of the varistors obtained from the
characteristic J x E curve for different concentrations of Sb,O5 in
the system (99.0—x)% SnO, + 1.0% Co304 + x% Sb,O3 in mol
(x = 0.05; 0.1; 0.3; 0.5%)

e Based on the cards of the JCPDS (Joint Committee on
Powder Diffraction Standards), all the systems were
monophasic, and the phase relating to SnO, (cassiterite,
card no. 72-1147) was identified.

e With the increase in the Sb,O5 concentration, there was
a decrease in grain size and an increase in porosity, and
this increase was more evident at concentrations
exceeding 0.1% in mol.

Based on these observations, it is reasonable to suppose
that Sb,O; in concentrations exceeding 0.1% in mol
reduces the material’s densification rate. Although the
grain size was reduced, no increase was found in the
varistor’s breakdown electric field, since E; is inversely
proportional to grain size. In fact, what occurred was a
decrease of the values of E,, which may be explained by the
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Fig. 4 X-ray diffractogram of the samples sintered at 1,350 °C/2 h:
a SCSb0.05, b SCSb0.10, ¢ SCSb0.30, d SCSb0.50

association of two factors: (a) reduction of the number of
effective electrical barriers due to porosity, and (b) higher
concentration of Sb>™ close to the interface (barrier width),
which, upon substituting Sn*" in this region, increases the
conductivity of the grain boundary, causing a decrease in
the value of v, (barrier voltage). According to Li et al. [33]
who investigated Sb-doped SnO, using first-principle cal-
culations based on the density functional theory, when one
of the 16 Sn atoms in the SnO, supercell is replaced by one
Sb atom, the Fermi level moves into the conduction band

AccV  Probe
150K 40 2000

Mag WD Det
21 SHSE

and the compound displays metallic characteristics in the
electronic band structure.

A correlation can be identified between the micro-
structure and the electrical properties as a function of the
chemical composition, considering the solid state reactions
between SnO, and dopants during sintering. It is known
from previous studies that SnO, in the pure state presents
little or no densification when it is sintered; however,
dopants with a 42 load promote its densification. When
1.0 mol% of CoO is added to SnO, [12], the following
solid state reaction (Kroger-Vink notation) occurs during
sintering:

Sn02

CoO—Coyg, + V¢ + OF (1)
Sn02 / - X
C0203 —>2COSn + VO + 300 (2)

Thus, the formation of oxygen vacancies produced in
the 1 and 2 reactions facilitate diffusion through the SnO,
network, promoting its densification, and relative densities
of close to 98% of the theoretical density of SnO, may be
reached [3]. When Sb,O5; was added to the binary system
Sn0,-Co50,4 in concentrations of more than 0.1% in mol,
a marked reduction was observed in the density of
the samples, forming more porous microstructures as its
concentration in the composition increased. Since the
theoretical density of SnO, is 6.95 g/cm?, the systems
under study, SCSb0.05, SCSb0.1, SCSb0.3, and SCSbHO.5,

Fig. 5 SEM micrograph of the systems: a SCSb0.05, b SCSb0.10, ¢ SCSb0.30, dSCSb0.50
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reached 90.4, 90.8, 84.8, and 83.7% of the theoretical
density, respectively.

The following reactions are proposed, considering sin-
tering in an ambient atmosphere:

Sb,03 4+ O, < Sb,05 (3)
Sby052%28by, + VI, + 505, 4)

Unlike reactions 1 and 2, reaction 4 leads to the formation
of tin vacancies, i.e., loss of metal in the network, reducing
the densification rate and leading to the formation of more
porous microstructures, as can be observed in Fig. 5. The
higher the concentration of Sb>" in substitution of SnO,
the higher the concentration of tin vacancies, and hence,
the lower the density of the varistor.

4 Conclusions

The conclusions drawn from this work are that Sb,O5 can
be used as a substitute of Nb,Os in the proportion of
0.05 mol% in the composition. At higher concentrations,
its effect was deleterious because it led to an excessive
increase in the current, diminishing the varistor’s nonlin-
earity coefficient. Another characteristic observed at con-
centrations above 0.1% was the decrease of the breakdown
electric field due to the destruction of the grain-grain
contacts in the more porous microstructures. This decrease
in density as a function of the Sb,O3 concentration may be
associated with increase in the concentration of tin
vacancies due to the formation of Sb>* solid solution in the
SnO, network.
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