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Tin dioxide (SnO,) is an n type semiconductor with
crystalline structure of rutile type and has low
densification rate due to its high surface diffusion at
low temperatures and high SnO, partial pressure at
high temperatures [1]. Dense SnO, based ceramics
can be achieved by introducing dopants [2—5] or by
hot isostatic pressure processing [6, 7]. Dopants with
valence +2 can promote densification of SnO,
ceramics due to the formation of solid solution with
the creation of oxygen vacancies.

In our previous work [8,9] we have shown that
the CoO and Nb;Os doped SnO, ceramic is single
phase and presents varistor behaviour with £= 8.0.
By adding 0.05 mol% Cr,Os3 the system is still a
single phase with the non-linear coefficient increas-
ing to £=41.

The electrical behaviour of varistors is governed
by the presence of voltage barriers at the grain
boundaries [10, 11]. For a given varistor system each
voltage barrier is characterized by a specific value
vp. The reference voltage barrier for a varistor is
determined by the average number of barriers 7 in
series multiplied by vy, that is:

Ve =y (€))
Considering that 7 oc 1/d, where d is the mean grain

size for a given sample with width D, the reference
voltage is given by:

Thus, varistors for applications in low, medium
and high voltage can be designed through the
control of grain size and/or the sample width.
Different grain size can be obtained in ZnO
varistors through the use of dopants that inhibit
or promote grain growth [12,13]. However, the
nature and the concentration of dopants should be
controlled to avoid the degradation of the varistors’
electrical properties [14, 15]. In the case of SnO,,
the CoO, Nb,Os and Cr,O; modulate the height
and width of the voltage barriers at grain
boundaries, as well as leading to different micro-
structures [8, 9]. The objective of this work was to
verify the microstructural and electric modifications
of the Sn0O,CoO-Nb,Os varistor system by addi-
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tion of bismuth oxide in different chemical con-
centrations.

The oxides used in this study were analytical
grade SnO, (Merck), CoO (Riedel), Bi,O; (Merck)
and Nb,Os (Aldrich). The powder compositions
(98.95 — x) mol% SnO; + 1.00 mol% CoO + 0.05
mol % Nb,Os + x mol% Bi,O; were obtained by
conventional mixing using a ball mill. The pow-
ders were isostatically pressed in pellet shape
(10.5mm 3 1.0 mm) using a pressure of 210 MPa.
The samples were then sintered in ambient air
atmosphere at 1300 8C for 1 h and slowly cooled to
ambient temperature. Densities were determined by
geometrical measurement of the volume and by
weighing the pellets in an analytical balance.

Microstructure characterizations of the sintered
samples were made by scanning electron microscopy
(SEM; Jeol JSM-T330A). The surface samples were
polished and thermally etched at 1290 8C for 10 min
to reveal the surface. Ceramic phases were deter-
mined by X-ray diffraction (XRD; Siemens D-5000).

To measure the electric properties as function of
temperature a special sample holder was built and
attached to the electrical oven (EDG EDGCON 3P).
13 V electrical measurements were performed using
a stabilized electrical source (Tectrol TCH 3000-2)
and two digital multimeters (Fluke 8050 A). The
non-linear coefficient 4 was obtained by linear
regression of the experimental points in logarithmic
scale around 1 mAcm~2 current and the reference
electrical field was obtained in this current density.
From measurements of /3 V at several tempera-
tures, the height of potential barrier ( g) and the
parameters (related to the width of the potential
barrier) were determined.

The electrical properties of varistors are strongly
dependent on the ceramic microstructure. The
microstructural variations are characterized by
alterations of the average grain size and/or the
presence of other ceramic phases besides the major
phase. This leads to alterations of the reference
voltage of the material, as predicted by Equation 2.
The presence of secondary phases can be responsible
for alterations of the electric properties of the
material. Examples of this are the precipitation of
spinel phase (Zn;Sb,0yp;), pyrochlore (Zn;BizSbs
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O14) and different bismuth-rich phases (#, -, -
and “-Bi,03), besides others phases normally found
in the ZnO wvaristor microstructure [16, 17]. The
spinel phase consists of precipitates homogeneously
distributed in the ZnO grain boundaries, and
contributes to the formation of homogeneous and
smaller grain size, which improves the electrical
properties [18, 19]. Otherwise, the presence of “-
Bi;O3 in the microstructure damages the electrical
properties of the ceramics [19].

In earlier work [9] we showed that doping SnO,
with 1 mol % CoO and 0.05 mol % Nb,Os causes no
formation of secondary phases in the microstructure,
these oxides remaining in solid solution of SnO;. The
effect of the addition of different concentrations of
Bi,03 on the microstructure and electrical properties
of the SnO,-Co0O-Nb,0Os system are discussed here.

Fig. 1 shows the XRD pattern of the system
(98.95 —x) mol% SnO, + 1.00 mol% CoO + 0.05
mol % Nb,O5 + x mol % Bi,O3. It was observed that
there was no formation of other phases besides
SnO,. However, the ceramic presented a large
variation in relative density with the addition of
different amounts of Bi,Os, as shown in Table I.
This decrease in sample density may be due to
partial volatilization of added Bi,O;. The variation
in weight loss for the system sintered at 1300 8C for
1 h as function of Bi concentration is shown in
Fig. 2. Analyzing Table I, it may be observed that
the sample density decreased with the addition of
0.05mol% of Bi,Os; but increased with further
addition of high concentrations. This indicates that
the remaining concentration of Bi,O;3 after sintering
at 1300 & is forming a solid solution with SnO,
according to the following equation:

. SnO .
Bi,03 —2Big, + V; + 205 +102(8)  (3)

As indicated in Equation 3, the formation of solid

TABLE I Influence of Bi;O3 concentration on the density of the
system samples (98.95 — x) mol% SnO; + 1.00 mol% CoO +
0.05 mol % Nb205 + x mol % BizO}

Bi,05 d; Theoretical density®
(mol %) (gem™) (%)

0.00 6.69 96.26

0.05 6.40 92.10

0.10 6.46 92.95

0.30 6.49 93.38

0.50 6.57 94.53

aTheoretical density of SnO,, dr = 6.95 gcm™>
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T

o N ) » oo o N
1 LI 1 1

o
oo
™

0.1 0.2 0.3 0.4 0.5
BizO3 (mOIOAD)

I
e

o
o

Figure 2 Weight loss as a function of Bi,O; concentration in the
system (98.95 — x) mol% SnO; + 1.00 mol% CoO + 0.05 mol %
Nb,Os5 + x mol % Bi, O3 sintered at 1300 & for 1 h.

solution in the SnQ; lattice should increase the oxygen
vacancy concentration. According to former studies,
these defects facilitate the diffusion of tin through the
lattice, increasing the densification of the ceramic [4].

The effect of different concentrations of Bi,O3 on
the microstructure of SnO, ceramics can be seen in
Fig. 3. Grain size increases with the concentration of
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Figure I XRD patterns for the (98.95 — x) mol % SnO, + 1.00 mol % CoO + 0.05 mol % Nb,Os + x mol % Bi, 05 system. x = (a) 0.5, (b) 0.3,

(c) 0.1 and (d) 0.05 mol %.
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Figure 3 SEM microstructure characteristics of the (98.95 — x) mol % SnO, + 1.00 mol % CoO + 0.05 mol % Nb,Os + x mol % Bi,Os system:
(a) 0.05 mol % Bi, 03, (b) 0.1 mol % Bi,0s3, (¢) 0.3 mol % Bi,O; and (d) 0.5 mol % Bi,0;.

Bi,03;. Moreover, the amount of trapped pores also
increases with the concentration of Bi;O3. In these
micrographs there is no evidence of the formation of
second phase, confirming the XRD results.

The electrical characterization of these ceramics
normalized in electric field £(V cm™!) as a function
of current density (4 cm~?) for different concentra-
tions of Bi;O3 is shown in Fig. 4. The values of the
non-linear coefficient & and the reference electric
field E, are presented in Table II. Comparing with
the SnO, based varistor without Bi,O3, the non-
linear characteristic of the ceramic increased with
the amount of Bi;O3 up to 0.3 mol %. Increasing the
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Figure 4 Influence of Bi, O3 concentration on the electrical behaviour
of the system (98.95—x)mol% SnO, + 1.00 mol% CoO +
0.05 mol % Nb,Os + x mol % Bi,05. x = (H), 0.05; (), 0.10; (@),
0.30; (O), 0.50 mol %.
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TABLE II Effect of BiO3 concentration on #& and E; of the
system (98.95 — x) mol % SnO; + 1.00 mol % CoO + 0.05 mol %
Nb205 + x mol % Bi203

Bi, 03 £ E, Reference
(mol %) (Vem™)

0.00 8.00 1870 9]

0.05 8.75 1178 This work
0.10 9.50 1061 This work
0.30 10.0 930 This work
0.50 8.00 880 This work

concentration of Bi,O; to 0.5 mol% caused £ to
decrease to its original value. However, the reference
electric field decreased continuously with increasing
concentration of Bi,O3. Considering that the refer-
ence electric field is inversely proportional to
average grain size, and that grain size increase with
Bi, O3 concentration, there is an agreement between
the microstructure and the electrical measurements.
The decrease in the non-linear coefficient 4 for
0.5 mol% Bi,O3 may be associated with the de-
crease in the average number of effective electric
voltage barrier as a result of the increase in the
ceramic grain size. This could also explain the
increase in current leakage for this concentration of
Bi,03, as shown in Fig. 4.

The addition of Bi,O3 to the SnO,-CoO-Nb,Os
system led to ceramics with higher values of £
Thus, this oxide should directly influence the grain
boundary voltage barrier of this ceramic.

The effect of temperature on the £3 J character-
istic curves in the system 98.65 mol% SnO, +
1.00 mol% CoO + 0.05mol% Nb,Os5 + 0.3 mol %



Bi,O5; is shown in Fig. 5. The leakage current
increased by two orders of magnitude when the
sample temperature was raised from 28 to 166 8C.
This behaviour is similar to that of the CoO and
Nb,Os doped SnO, ceramic, where the electric
conduction in the ohmic region was associated with
the thermion emission of Schottky type [9]. For this
type of mechanism the current density is related to
the electric field and temperature by the equation:

—( p— /
Js = A".T? exp [(BT(E”)] 4)

where A4* is Richardson’s constant, g is the
interface voltage barrier height, £ is the electric

field and is a constant related to the potential
barrier width by the relationship:
1
X o) ®

where 7 is the number of grains per unit length and
¢ is the voltage barrier width.

Considering the Schottky type conduction model,
plots of InJ against E'/?> can be built up to
determine values for g and . Fig. 6 shows this
type of plot for the SnO, based varistor doped with
0.3 mol% of Bi,O; for different temperatures. The
variation of the pre-exponential term of Equation 4
with temperature is very small compared with the
exponential term. Thus, in the calculation of g and

this term was neglected.

The current density is strongly dependent on
temperature for low electric field. However, for
higher values of FE this dependence decreases,
approaching complete temperature independence.
The curves of Fig. 6a, for different temperatures,
were extrapolated to £ =0, as shown in Fig. 6b,
then values of InJ for £ =0 were plotted against
1/7, as shown in Fig. 7. Values of and p were
determined from the plots of Figs 6 and 7, and are
shown in Table III.

The results of Table III show that Bi,O; helps the
formation of higher and narrower grain boundary
voltage barrier as compacted with the SnO, system
without this dopant. This leads to a higher non-linear
characteristic of this ceramic. Contrary to the ZnO
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Figure 5 Influence of temperature on the electrical conduction
characteristic of the system 98.65mol% SnO, + 1.00 mol%
CoO + 0.05 mol % NbyOs + 0.3 mol% Bi,Os. (M), 28; (0O), 55;
(@), 82; (O), 109; (A), 137; (L), 166 &C.
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Figure 6 (a) Characteristic plots of InJ3 E'/? for the 98.65 mol %
SnO; + 1.00 mol % CoO + 0.05 mol % Nb;Os + 0.3 mol % BiyO3
system. (b) Extrapolation of the straight lines of plot (a) to £=0.
(M), 28; (O), 55; (@), 82; (O), 109; (A), 137; (A), 166 &.
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Figure 7 Characteristic plot of InJ3 1/T for E=0 of the
98.95mol% SnO, + 1.00mol% CoO + 0.05mol% Nb,Os + 0.3
mol % Bi, O3 system.
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TABLE III Calculated values for voltage barrier height ( ) and
width (¢)

System B 3 10° References
(V—1/2 le/Z)

Sn0O,-CoO-Nb,Os 0.49 7.10 [9]

SnO, CoO-Nb,05°Bi, O3  0.63 12.3 This work

based varistor, secondary phase was apparently not
observed in this Bi;O3; doped SnO; system. In this
system it is believed that the voltage barrier is
formed due to the creation of atomic defects at
ceramic grain boundaries. According to Equation 3,
the Bi,O3 should contribute to the increase of
negative charges due to the creation of the atomic
defect Bi§, at the interface, inducing the formation
of positive oxygen vacancies. These positive defects
are located at the depletion layer of width ¢ . Then,
according to the former proposed model [9], the
bismuth oxide should be responsible for the increase
in defect concentration at the ceramic grain bound-
aries improving the electric properties of the SnO,
based varistor.

Several studies about the importance of Bi,O3; on
the conduction mechanism of ZnO have been
conducted in the literature. Firstly, it was believed
that the presence of voltage barrier at the grain
boundaries would result in the formation of a
continuous bismuth-rich phase of high resistivity
between the grains [14]. However, further studies
demonstrated that the majority of grains are not
separated by this continuous bismuth-rich phase, but
are located at the multiple grain junctions [20, 21].
However, some studies showed the existence of a
Bi,0O3 thin film tens of nanometres wide separating
the ZnO grains [22, 23].

In the case of the Bi;O3; doped SnO, ceramics
studied in this work, there was no formation of a
continuous bismuth-rich phase between the grains or
precipitation of Bi,O; phase at the multiple grain
junctions. Up to now no bismuth-rich thin film has
been observed between the SnO, grains. If this film
exists it has no large influence on the electrical
properties of the material. Although the non-linearity
of the SnO, based ceramic increased with the
addition of Bi,Os, this increase was very small
compared with the SnO,-CoO-Nb,Os system. This
increase in non-linearity should be credited to the
atomic defects created by Bi;Oz; due to its substi-
tution in the SnO, lattice, according to Equation 3.

In conclusion, the addition of up to 0.3 mol%
bismuth oxide in the SnO,CoO-Nb,Os; system
increased the non-linear coefficient of the ceramic.
Larger grains are formed with addition of this oxide
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and ceramics with lower reference electric fields are
obtained. The increase of the non-linear coefficient
with addition of BiyOz; is probably due to the
increase of atomic defect concentration at the SnO,
grain boundaries, which contributes to the formation
of Schottky type voltage barrier. Thus, higher and
narrower voltage barriers are formed with the
addition of Bi,O; to the basic SnO,CoO-Nb,Os
system.
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