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Abstract The electrical conductivity of Mn doped
SnO, systems prepared by an organic route (Pechini’s
method) has been investigated as a function of antimony
and niobium concentration. The conductivity increases
with the increase of both concentration ions, however,
in a different manner. While the conductivity of nio-
bium doped ceramics increases with the power of 1.6
for the entire range of concentrations studied
(0.01-0.7 mol%), the conductivity of antimony doped
ceramics increases with the power of 1.9 in the range
0.01-0.05 mol% of Sb; 3.7 in the range 0.05-0.30 mol%
and 1.8 in the range 0.30-0.70 mol%. This behavior is
attributed to the existence of two stable oxidation states
for antimony: Sb** and Sb>*, while for niobium there is
only one: Nb>*. The power of 3.7 for Sb would be related
to the segregation of this ion on the grain boundary
accompanied by an additional contribution coming from
the substitution of Sn** by Sb>* on the grain surface.

Introduction

Tin dioxide (SnO,) is a n-type semiconductor which
presents a tetragonal structure similar to rutile [1], and
has been utilized in a large number of technological
applications such as furnace electrodes in the glass
industry, conductive films for transparent electrodes
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and gas sensors [2-4]. Sensor properties are related to
the large superficial area resultant from the low
densification of this oxide in a pure state (without
intensional dopants), due to the predominance of non-
densifying mass transport mechanisms such as evapo-
ration—condensation [5].

Another characteristic of great interest presented by
SnO, is its varistor behavior. One of the prerequisites
for developing a varistor system is a high level of
ceramics densification [6-8], since the phenomena
involved to obtain the non-linear properties occur in
the grain boundary region of the material. Thus, the
addition of dopants with valence +2, such as MnO, to
SnO, can promote densification of this oxide [5] due to
a solid solution formation with the creation of oxygen
vacancies, which lead to an increase in the diffusion
process through the SnO, lattice.

It is known that the addition of antimony oxide to
SnO,-based ceramics is responsible for a large increase
in its electrical conductivity [9]. The addition of niobium
oxide also increases conductivity, but in a lesser extent
[10, 11]. This increase in conductivity is attributed
to the fact that a pentavalent ion is an electron donor in
the SnO, lattice, according to the equation [12]:

M05 090N+ 2¢/ + 40% + 1205 (g) (1)

in which M is Nb or Sb. Equation 1 is obtained by
considering that tin vacancies are created when a
pentavalent ion substitutes Sn**, as represented by the
following equation [11]:

2M,05 2 M;, + 1008 + V2 2)
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and by considering the equilibria represented in the
equations:

205 < Oy +4e'+2V] (3)
and
Vi +2V, e 0 (4)

Equation 1 is obtained by substituting Egs. 3 and 4
in Eq. 2. Therefore, if pentavalent ions substitute Sn**
in Eq. 1, tin vacancies are created as in Eq. 2 and the
concentration of oxygen vacancies decreases, as shown
in Eq. 4; if the number of oxygen vacancies decreases,
the number of electrons increases, as shown in Eq. 3,
resulting in the increased conductivity.

Few authors show resistivity or conductivity data as
a function of Sb or Nb concentration. Szczuko et al.
[10], for example, present resistivity data as a function
of Nb and Sb concentration, showing that up to
1 mol% the resistivity decreases with increasing ion
concentration. There are, however, only few data in the
0.01-0.5 mol% range.

In this work, we were interested mainly in the con-
ductivity behavior as a function of Sb and Nb con-
centrations. Apparently, the conductivity curves should
be similar in behavior, for both ions, since Eq. 1 holds
for both cases, if we consider only pentavalent ions.
After results for Sb-doped ceramics were obtained, Nb
was chosen to confirm a hypothesis about oxidation
states of these ions. Concentrations smaller than 1%
mol were utilized since values larger than this cause a
saturation effect in the conductivity behavior.

Experimental procedure

Chemical powder synthesis was carried out by
employing Pechini’s method, applied to the case of
SnO,, as described with more detail by Gouvéa et al.
[13]. It consists in the preparation of metallic citrates,
which were added to a solution of citric acid and eth-
yleneglycol in order to form a polymeric resin. This
polymer was pre-calcined at 400 °C for 4 h to eliminate
part of the organic matter, milled in a mortar for par-
ticle desaggregation and calcined at 500 °C for 15 h.
This chemical synthesis allows doping with small
quantities as opposed to the mixture oxide method.
The powders were ball-milled in an alkoholic medium.
The molar composition of the systems was:
(0.99 — x)%Sn + 1.0%Mn + x% Sb or Nb, with x
varying from 0.01 to 0.7.

The resulting powders were uniaxially pressed to
20 MPa in disc shape with 8 mm diameter and 1.5 mm
thickness, followed by an isostatic pressing of 210 MPa.
The compacts were sintered at 1300 °C for 4 h in air, in
a tubular furnace, with heating and cooling rates of
10 °C/min. The electrical conductivity was obtained as
a function of temperature by measuring the four point
resistance in a HP 3457 A multimeter. The ceramics
were polished and had their parallel surfaces painted
with platinum paste before being introduced in a
kanthal resistance furnace, which was heated to 900 °C
for 15 h in a static ambient atmosphere. Measurements
were taken during furnace cooling.

Results and discussion

The conductivity behavior as a function of temperature
for the systems prepared with various Sb and Nb
concentrations is illustrated in Figs. 1 and 2. It is
observed that the conductivity increases with the
increase of both concentration ions.

Figure 3 shows the conductivity as a function of Sb
and Nb concentrations in a log-log scale, for data taken
from Figs. 1 and 2 at 162 °C. It is noted that log(o)
increases with log[Nb] in a linear manner, while in the
case of Sb, the curve can be divided in three segments.
Also, the conductivity of the ceramics with Sb is always
larger than that of the ceramics with Nb. Considering a
function of the type ¢ = o, [M]“, fitting the data of
Fig. 3 resulted in values for a presented in Table 1.

It is cited in the literature that Sb segregates on the
Sb-doped SnO, powder particles [14] and also on the
grain surface of dense ceramics [11]. Considering that
Sb is in the form Sb,O,4, which consists in a mixture of
Sb** and Sb>*, the segregation is mainly attributed to
the Sb>" ions [10, 14, 15], because they have ionic
radius (0.76 A) larger than Sn** (0.69 A), while Sb>*
(0.60 A) would be in solid solution with SnO,.

According to Cox et al. [14] and also to Cox et al.
[16], the electrostatic neutrality of the non-stechio-
metric SnO, would be maintained by the presence of
Sn** adjacent to oxygen vacancies at the surface. In
principle, reduced species such as Sn** should appear
only in vacuum treated samples, as the monocrystals
used by Cox et al. [16]. However, Cox et al. [14] used
ceramics apparently sintered in air. We also sintered
our ceramics in air, but the presence of the reduced
Sn** is expected because of the highly reducing atmo-
sphere developed during powder preparation, which
involves the decomposition of a large quantity of
organic matter, during burning of the resin. After sin-
tering, some Sn** would remain on the grain surface,
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just on the regions where there is porosity, therefore in
contact with the outer atmosphere. In the regions
where grains touch each other, there would be the
presence of Sn*". Our ceramics have around 95% of
theoretical density.

@ Springer

log (x)

The same reasoning applies to the reduced Sb**.
Besides, we must remember that Vincent [17] said that
although Sb,Os5 is more stable than Sb,Os; below
1340 K, this result holds for pure antimony oxides,
which is not our case. He said that it is not possible to
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Table 1 Parameter a in ¢ = g, [M]* (M = Nb or Sb)

Concentration interval mol% Sn-Mn-Nb Sn-Mn-Sb
0.01-0.05 1.6 1.9
0.05-0.30 1.6 3.7
0.30-0.70 1.6 1.8

conclude that Sb>* is never stable in oxygen below this
temperature.

Considering the presence of SnO on the surface,
Sb** would substitute Sn>", contributing to the increase
of the conductivity on the segregation layer as repre-
sented in the following equation:

Sb,0,° 0% 28b;, +30% + 2¢’ 5)

However, since Nb>* is not stable, it is not expected
that this ion segregates on the grain boundary and,
therefore, it is not expected that the behavior of log(o)
vs. log[x] for ceramics containing Nb is the same as for
those containing Sb.

It is observed in Table 1 that, for low Nb or Sb
concentrations, between 0.01% mol and 0.05% mol,
the conductivity increases with the power of 1.6 for Nb
and almost 2 for Sb. This may be due to the contri-
bution of the solid solution of Nb>* or Sb>" in SnO,,
according to Eq. 1. Between 0.05% mol and 0.3% mol,
the conductivity increases with the power of almost 4,
only for Sb; the segregation of this ion would occur on
the grain boundary and there would be an additional
contribution, which would come from the substitution
of Sn** by Sb*>", according to Eq. 5. However, the curve
for the ceramics with Nb has the same inclination for
concentrations up to 0.5% mol, what can be attributed
to the fact that there is no stable Nb**. Between 0.3%
mol and 0.7% mol, the conductivity for ceramics with
Sb increases again with the power of almost 2, situation
in which practically all the Sn** would be substituted
by Sb**, and the behavior would be a function only of
the Sb>* in solid solution. The changes in the Sb oxi-
dation state as a function of Sb concentration just
described were also suggested by Terrier et al. [18].

We believe that oxidation state changes appear at Sb
concentrations lower than 1 mol% in our work because
of the method preparation, which produces a very fine
precursor powder, with particle sizes of 0.042 um [19]
for SnO, and 0.023 um for SnO, doped with 1 mol%
Mn and 0.5 mol % Sb, derived from BET measure-
ments. Therefore, in finer powders, Sb>* ions would
travel smaller distances from bulk to surface and

segregation would occur at lower dopant concentra-
tions, as compared to other works [10, 14].

The higher conductivity of the ceramics with Sb as
compared to those with Nb must be the result of Sb
segregation on the grain boundary, which decreases the
potential barrier. It is also the result of the fact that Sb
introduces electrons directly in the conduction band
[14], what seems not to occur with Nb.

Conclusion

It is concluded that the model of surface Sn** substi-
tuted by Sb**, as proposed by Cox et al. [14], in addi-
tion to the assumption of Sb** and Sb>* oxidation
states for antimony and only Nb’* for niobium, is
consistent with our conductivity results.
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