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Abstract

Some aspects of the effects of additives on the sin-
tering process and their influence on the micro-
structure and electrical properties of SnQO; varistors
are still not well understood. Aiming at a better
interpretation of the involved phenomena, the effects
on microstructures and electrical properties of add-
ing Co304, CuO, MnO,, Bi>O3 and Sb>03 to SnO,
have been studied. We found that Co304 and MnO,
enhance the densification of these ceramics by
increasing the number of oxygen vacancies and, as a
consequence, the sintering rate increases. Sh,03, on
the other hand, reduces the oxygen vacancy con-
centration and then the sintering rate is decreased.
CuO and Bi,Oj3 form a liquid phase during the sin-
tering process enhancing the sintering rate. We
found that electrical properties are improved by the
addition of all the studied dopants, due to the mod-
ifications in the microstructure and in the defect
concentration. © 1998 Elsevier Science Limited. All
rights reserved

1 Introduction

Varistors are semiconductor devices possessing
highly nonlinear current—voltage characteristics.
Their electrical behavior is similar to that of two
back-to-back Zener diodes, but with much greater
current and energy capabilities. It is well known
that conduction in the prebreakdown region
directly reflects the existence of Schottky barriers
resulting from the presence of intergranular states
at the grain boundaries.! ZnO-based ceramics are
successfully utilized in manufacturing varistors
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which are employed as surge arrestors in electrical
transmission systems.?? Recently, other varistor
systems have been described in the literature.
Among them, TiO, doped with BaO and Nb,Os
has been used for low-voltage varistors and SnO,-
based varistors in high voltage applications and as
gas sensors and resistors.*®

Tin oxide is an n-type semiconductor similar to
ZnO and TiO, but it does not densify when sin-
tered without additives.””!® Due to this particular
property, SnO- has been used as gas sensors.!! On
the other hand, dense SnO,-based ceramic materi-
als are now candidates for many industrial appli-
cations. For this reason, several dopants (such as
MnO,, CuO, ZnO) have been proposed as sinter-
ing aids. Conversely, Duvigneaud et al.'?> have stu-
died the effects of adding Sb,O3 to the SnO,—CuO
system and reported a decrease in the sinterability.

It is clear, then, that the sintering behavior of the
SnO,-based varistor can be strongly modified by
the addition of several oxides. In this context, we
present in this work a systematic study of the
effects on the microstructure and electrical proper-
ties of adding Co3;04, CuO, MnO,, Bi,O; and
Sb,03 to the SnO,-based ceramics. Experiments
show desirable trends regarding density, shrinkage,
and electrical properties after the addition of
Co0304, MnO, and CuO.

2 Experimental Procedure

Varistors were prepared from samples containing
selected metal oxides (see Table 1). Oxides were
ground and pressed into disks of 1cm in diameter
and 0-1cm thick. They were sintered at 1100°C
during 3h and then cooled down at 10°Cmin~!
up to 700°C and then in steps of 50°C every
20min from 700 to 200°C. Electrodes were silver
painted.



Table 1. Sample composition

Sample S}’l02 C0304 MI/ZO_Q CuO Sb203 BigO_g
(%wlw) (Yow|w) (Y%owlw) (Yew|w) (Yow|w) (%ow/w)

S1 100 — — — — —
S2 99-5 0-5 — — — —
S3 99-5 — 0-5 — — —
S4 99-5 — — 0-5 — -
S5 99-4 0-5 — — 0-1 —
S6 99-3 0-5 — — 0-2 —
S7 99-1 0-5 — — 0-4 —
S8 93.5 0-5 — — — 6
S9 93.5 — 0-5 — — 6
S10 93.5 — — 0-5 — 6
S11 94-0 — — — — 6
S12 99-9 — — — 0-1 —

Currents were measured with a Keithley 614
electrometer. The power supply was a Phitronics
(0-60V, 0-2A). Currents were very stable after a
few seconds, and thus a 15s setting time before
each data acquisition was adopted. Dielectric
constant and dissipation factor were measured
with a Hewlett Packard 4284A LCR meter in the
range 100 Hz—1 MHz. Samples were characterized
by means of X-ray diffraction (XRD) (Philips,
CuK, radiation), Fourier transformed infrared
spectroscopy (FTIR) (Bruker IFS 25), UV-visible
diffuse reflectance spectroscopy (UV-Vis DRS)
(Shimadzu 210A), electron paramagnetic reso-
nance spectroscopy (EPR) (Bruker ER-200D,
Band X), and fractured samples with scanning
electron microscopy (SEM) (Philips 505). Density
measurements were carried out using the Arqui-
medes method.

3 Results and Discussion

It has been established that tin oxide does not
densify during sintering due to the high vapor
pressure of this oxide at high temperatures.” This is
described by

Sn0,(s) < SnO(g) +0-5 0, (1)

For this reason, the evaporation-condensation
mechanism controls the sintering process. How-
ever, when SnO, is doped with other additives (as
Co0304, CuO, MnO», ZnO) the densification can be
improved at 1100°C. Since the XRD analyses did
not show other phases in the samples, the increase
in the densification can be explained as follows for
the cobalt oxide:

CO304 — CoO + C0203 (2)

SnO
CoO —= Col + Vi+0, (3)

C0,03 —— 2Cog, + V5’ + 30, (4)

The manganese oxide have two reduction processes
between room temperature and sintering tempera-
ture:

2 MnO; — Mn,05; 4+ 0-5 O, (5)
3 Mn,O3 — 2 Mn304 + 0-5 O, (6)

in the lattice,

Sl’lOz ’ .o
Mn,0; —— 21\/11’15n +Vy+30, (7)

Sn02 7 .o
MnO —— Mng, + V34 0O, (8)

UV-Vis DRS analyses show that cobalt and man-
ganese stabilize as Co ™2 and Mn "2 as the result of
incorporating Co3;04 and MnO, in SnO,. These
ions are compensated by oxygen vacancies in the
lattice according to eqns (3)—(8).

N. Dolet and co-workers have studied the sin-
tering mechanism of SnO,—CuO mixtures and have
determined that, when the sintering temperatures
are equal to or higher than 940°C, the increase in
the densification of SnO, by the addition of CuO is
due to the existence of a liquid phase in the Sn—
Cu-0, system.? Other researchers have determined
by XRD that copper ions do not enter into the
crystal structure of SnO,.!!

An increase in the density with the addition of
Co0304, MnO, or CuO to the SnO, is observed.
However, the addition of Sb,O; to the SnO,—
Co30,4 system produces a decrease of the density
(see Table 2). To explain this behavior it is
necessary to point out that Sb,Os is the stable
form up to 970°C, but Sb,O3 is more stable at
higher temperatures. The Sb*3/Sb*3 ratio will
depend both on the temperature and on the con-
centration at ambient oxygen. In addition, the
relatively high ionic radius of Sb™3 practically

Table 2. Density of SnO,-based samples after sintering dur-
ing 3h at 1100°C

Sample Density (gcm™3)
S1 1-97
S2 573
S3 4.98
S4 3.95
S5 4.58
S7 4.23
S8 5-62
S9 5-22
S10 543
S11 3.42




excludes the participation of these ions in a solid
solution. However, in the surface layers exposed to
the atmosphere, due to the incomplete coordina-
tion, fluctuations in the Sb*3/Sb*3 ratio are pos-
sible and the conductivity may vary in an unusual
manner due to the process.!3

Sb*> +2e” « Sb*3 9)

The solid solution formation produces free elec-
trons as follows:

SnO
Sb,Os + VX 25 2 Sb', +2¢/ +50,  (10)

where the oxygen vacancy is not ionized to justify
the generation of free electrons. According to this
equation, the addition of antimony oxide reduces
the oxygen vacancy concentration and then the
grain growth is retarded.

Figure 1 shows the microstructure for samples
having different additives. Sample S1 (SnO,) shows
little densification with a fine grains microstructure
(<1um). The incorporation of additives which
produce an increase in oxygen vacancy concentra-
tion, samples S2 and S3, enhances the mass transport
resulting in an appreciable increase in densification
and grain size. On the other hand, when 0-4%
Sb,03 (S7) is added to SnO,—Co0304, the densifica-
tion and the grain size decrease. This effect is due
to the decrease in the oxygen vacancy concentra-
tion produced by the Sb,Os [see eqn (10)]. Inter-
estingly, samples with a lower amount of Sb,O;
(<0-2%) do not present a noticeable decrease in
the grain size. The addition of Bi,O3 to SnO, (S11)
produces an increase in the grain growth because
Bi,O3 forms a liquid phase which enhances the
grain rearrangement and the mass transfer. How-
ever, the incorporation of the other additives
(Co304, MnO,, or CuO) to the SnO,—Bi,Oj3 system,

Fig. 1. Microstructure of the samples S1, S2, S5, S7, S8, S11 and S12. Samples S1 and S12: bar 1 um; samples S2, S5, S7, S8 and
S11: bar 10 um.



Fig. 1. cont.

produces an increase in the oxygen vacancy con-
centration, enhance the mass transport, and results
in an appreciable increase in the densification and
grain size. These samples present small grains
(about 1-5 um) and large grains with sizes greater
than 10-20 um (Fig. 1, sample S8). It is interesting
to note that in sample S2 this abnormal grain
growth does not appear. The behavior of the
SnO,-Bi,03—Co030,4 is the consequence of two
mechanisms: the presence of a liquid phase and the
solid solution in the lattice of SnO, during the sin-
tering process.

Table 3. Relative area of the EPR peaks corresponding to
oxygen vacancy

Sample W21
S1 0-17
S2 0-77
S5 4.2

S7 198
S12 0-12

In order to analyze the presence of oxygen
vacancies we carried out EPR spectroscopy in the
region of the ¥, peak'4 to check for the process

Vi Vit (1

To roughly evaluate the species concentration, we
calculated the relative area of the spectra according
to the expression W21, where W is the peak-to-peak
width and 7 is the height of the recorded first deri-
vative of the adsorption EPR signal. Results show
that the addition of cobalt or manganese oxides
increases the 1, peak (see Table 3) consistent with
the solid state mechanism proposed. On the other
hand, the addition of 0-1% of Sb,O5; to samples
with 0-5% of Co3;04 (S5) produces an increase in
the V, peak, but the addition of 0-4% of Sb,O;
(S7) reduces this peak. From the resulting micro-
structure (Fig. 1) we can see that the addition of
0-1% of Sb,O5 does not produce an increase in the



grain growth as expected due to the oxygen con-
centration. This behavior indicates that another
mechanism could be present. A possible explana-
tion for this effect follows. For an addition of
antimony oxide of 0-1% the ratio Sb*3/Sb*3 is
small, and then some Sb,0; particles could restrict
the normal grain growth and Sb*3 in the surface of
the grains could remove a positive charge from the
oxygen vacancies. This behavior could explain the
increase of the oxygen vacancies peak (Table 3)
without an increase of the density (Table 2). Sam-
ples with more than 0-2% of Sb,O; and Cos0y4
show a decrease in the oxygen vacancy concentra-
tion. On the other hand, in samples with SnO, and
0-1% of Sb,O3 but without Co304 (S12) we can see
an oxygen vacancy decrease which produces a
decrease in the grain growth, according to the solid
reaction mechanism proposed. The difference
between S5 and S12 behaviors is due to the pre-
sence of Co304 that, for low concentration of
Sb,05, modifies the ratio Sb*3/Sb*3 producing an
increase in the oxygen vacancy concentration.

Studies with FTIR of samples with cobalt, man-
ganese, or copper oxides (Fig. 2) showed a shift in
the bands at 505cm~! which is related to the
vibration of O~2? involving Sn-O stretching.!”
However, the addition of Sb,O; showed a shift in
the bands at 705cm~! which is related to the dis-
placement of Sn™* relative to O~2 along the c-axis.
These results indicate that these additives interact
with the lattice modifying the vibrational frequency
of tin—oxygen bonds.
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Fig. 2. FTIR spectra of the samples S1, S2, S5, S6 and S11.
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Fig. 3. Current density versus voltage curves of SnO,-based
varistors (S1, S2, S3, S4, S5, S7 and S11)

SnO»-based ceramics present a varistor behavior
with three zones in the current-voltage curves: the
pre-breakdown, breakdown, and up-turn.? In this
work, we analyze the pre-breakdown region
because its sensitivity to changes in the sample
composition. It is important to note that at the
prebreakdown region it is desirable that varistors
present low conductivity. In Fig. 3, measured cur-
rents densities for a number of specimens are plot-

Dissipation Factor

0

100 1000 104 10° 108
Frequency (Hz)

Fig. 4. Dissipation factor versus frequency curves of samples
S1, S2, S3, S4, S5, S7 and S11.
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Fig. 5. Dielectric constant versus frequency curves of samples
S1, S2, S3, S4, S5, S7 and S11.

ted as a function of the applied voltage in the range
5-60V. From this figure we can see that the effec-
tive conductivity of samples with additives is much
lower than the conductivity of sample S1. From
this point of view, the electrical properties of the
SnO, varistors are improved by adding Co3Oy,
MnQO,, or CuO. On the other hand, the addition of
Sb,O5; over a 0-2% produces an increase in the
electrical conductivity. This behavior is related to
the process detailed in eqns (9) and (10) in which
free electrons are produced. On the other hand,
when the addition of Sb,O;3 is lower than 0-2%,
this oxide produces a decrease in the conductivity
which is related to an increase in the hole
concentration that reduces the number of free
electrons.

Figure 4 shows the dissipation factor versus fre-
quency curves for samples S1, S2, S3, S4, S5, S7,
and S11. From these curves, it is possible to see
that sample S1 presents a higher dissipation factor
than the other samples in all the range of fre-
quencies. The dissipation factors present the
same order as the conductivity measurements
(S1>S7>S11>S4>S3>82>8S5). The dissipation
factor at low frequencies is due to the dc-con-
ductivity and the space charge relaxation, while at
high frequencies the ion jump and dipole relaxation
losses effects are important. Sample S1 presents the
highest loss factor at any frequency indicating that
dc-conductivity and relaxation are important.
From the dielectric constant versus frequency
curves (Fig. 5), it is possible to conclude that sam-
ples present a Debye-type behavior modified by the
presence of more than one polarization process
accounting for the differences observed in our
samples.!?> Due to the small grain size, samples Sl

and S7 present a high dielectric constant at low
frequencies reflecting the effect of many grain
boundaries.!®!” At higher frequencies, the dielec-
tric constant of sample S1 decreases with respect to
the other samples, this behavior could be a con-
sequence of its high porosity. On the other hand,
sample S7 has a higher dielectric constant than the
samples S11, S2, S3, S4, S5, which can be related to
the presence of Sb™> in the lattice implying an
increase in the dopant concentration.

4 Conclusions

From the experimental results we can conclude the
following.

1. Co304 and MnO, enhance the sintering rate
of these ceramics by increasing the number of
oxygen vacancies and, as a consequence, the
densification is larger. The addition of a
higher concentration than 0-2% of Sb,O3, on
the other hand, reduces the oxygen vacancy
concentration and then the sintering rate
decreases. The addition of 0-1% Sb,O5 does
not affect the sintering due to the low anti-
mony concentration which is not enough to
establish an adequate Sb*3/Sb*3 ratio. CuO
and Bi,O3 form a liquid phase during the sin-
tering process which increases the mass trans-
port and then the sintering rate increases.

2. Electrical properties are improved by the
addition of the several dopants. The addition
OfMl’lOz, CO304, CuO or C03O4 +0-1% Sb203,
produces varistors with a low dissipation in
the pre-breakdown region. This behavior is
related to the increase of electrons in the sam-
ple with 0-5%Co03;04+0-4%Sb,03 and with
the number of grain boundaries which control
electrical conduction. The dissipation factor is
reduced by the addition of the several addi-
tives. Changes in the dielectric constant with
the frequency are related with the space charge
relaxation, dipole polarization, and porosity.
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