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Sn0,-Co0O-Nb,Os ceramics doped with TiO, have been
prepared by a conventional oxide method which focuses its
application on low voltage varistors. The dopant was added in
0.5 and 1.0% molar concentrations, and the samples were
investigated by X-ray diffraction, scanning electron micro-
scopy, current vs. voltage, and impedance measurements. The
electron microscopy results showed an increase in the mean
grain size of ceramics with the addition of TiO,, which is related
to the effect of the dopant on the matrix. The electrical

1 Introduction The study of advanced ceramics has
increased significantly in recent years, mainly due to the
necessity to understand fully the solid state phenomena
(synthesis, sintering, interface properties, and the effect of
additives in the intrinsic properties of material) which are
mainly responsible for technological applications. SnO, is a
wide-band gap semiconductor, and the specific and unique
properties presented by this material makes it very useful in
many applications such as gas sensors, electrochromic
devices, crystal displays, photo-detectors, solar cells, and
protective coatings [1-3]. However, the predominance of
non-densifying mechanisms for mass transport such as
evaporation—condensation and/or surface diffusion [4]
results in low densification during sintering and limits the
use of SnO, ceramics. Conversely, SnO, dense ceramics can
be obtained by the introduction of densifying agents such as
MnO; [5, 6] and CoO [7] which promote the densification of
SnO, almost to the theoretical value, focusing on its
application in devices that require good electrical and
mechanical properties (e.g., varistors). This behavior has
been attributed to the effect of cobalt and manganese in the
SnO, lattice, leading to the formation of oxygen vacancies
which promotes an increase in the diffusion coefficient of the
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characterization showed that the addition of TiO, in 1 mol%
provides a system with a good nonlinear coefficient (8.7) and a
breakdown electrical field of 617 V/cm. These results indicate
that this composition can be applied as a low voltage varistor.
The impedance data showed that the voltage barrier at the grain
boundary is a back-to-back Schottky-type, and it was
demonstrated that the addition of TiO, does not significantly
modify the barrier.
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ions and consequently results in the densification of the
SnO; [4].

The decrease in SnO, lattice resistivity is assigned to the
presence of dopants such as Nb,Os [7, 8], Sb,O3 [9], and
Ta,05 [10]. According to Pianaro et al. [7, 8], the dopant
Nb>* has an ionic radius similar to Sn*" acting as a donor
when doping the SnO, lattice, leading to an increase in the
electron concentration.

Unlike SnO,, TiO, does not need any additive for
densification. Besides, it displays similar properties to those
properties found in SnO,, including its applications as a
varistor [11], humidity and gas sensors [12], optic devices
[13], solar cells, and as catalysts [14]. Studies have shown
that dopants such as Nb,Os [15] and Cr,O5 [16] act similarly
in TiO; and in SnO,, increasing the electrical conductivity
within the grains and the electrical resistivity at the grain
boundary region, respectively.

The good stability of the SnO, sensor for reducing gases
combined with the good chemical stability of TiO, at low
temperatures is a strong motivation for investigating SnO,—
TiO, solid solutions for ceramic sensor applications [17].
However, earlier studies have shown evidences that a binary
system such as SnO,-TiO, can also display a varistor-like
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behavior. Electrical and gas sensor properties (as well as the
sinterability of some semiconducting oxides) are controlled
by the use of dopants. A (Sn,Ti)O,-based varistor has already
been achieved [18] and present low voltage varistor
characteristics (¢ =9 and E, =420 V/cm) when the binary
system is doped with 0.05 mol% of Nb,Os; the properties of
varistor are highly dependent upon potential barriers in the
grain boundary region.

The presence of a back-to-back Schottky-type barrier at
the grain boundary region is inferred from the voltage
dependence of the capacitance using the approach of Mukae
etal. [19], as
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where ¢ is the elementary charge, k is the dielectric constant
of the material, ¢, is the permittivity of free space, Ny is the
donor concentration, ¢ is the barrier height in the grain
boundary region, and C, and C are the capacitance per unit
area of a grain boundary biased, respectively, with zero and
V volts.

The density of states Nig at the interface between the
grain and the intergranular layer was estimated using
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Thus, the interpretation of Alim et al. [20] to characterize
the C vs. V characteristics of the dense ZnO-based varistor
ceramics and the approach of Mukae et al. [19], were used to
elucidate the presence of a Schottky-like barrier and to
characterize the nature of the barrier formed in highly dense
(Sn,Ti)O,-based non-ohmic ceramics.

The main goal of this work is to verify the effect of the
TiO, concentration in microstructural and electrical proper-
ties of (Sn;_,Ti,)O, ceramics (x =0.0, 0.5, and 1.0) doped
with 1.0 mol% CoO and 0.05 mol% Nb,Os in order to obtain
low voltage varistors. The samples were fully electrically
characterized, and the results are discussed in detail.

2 Experimental The compositions were prepared by
mechanical mixing, and milled in isopropyl alcohol media.
The reagents used (all analytical grade) were SnO, (Cesbra),
TiO, (Riedel), CoO (Aldrich), and Nb,Os (Puratronic). The
amount of each oxide was calculated in molar percentages,
and the composition and nomenclature of the systems used
hereinafter are shown in Table 1. The addition of 1.0 mol% of
CoO in SnO, increases the oxygen vacancies formation

Table 1 Composition and nomenclature used for the studied
systems.

system composition nomenclature
98.95%Sn +1.0%Co + 0.05%Nb SCN
98.45%8Sn + 0.5%Ti+ 1.0%Co + 0.05%Nb STCN1
97.95%Sn + 1.0%Ti + 1.0%Co + 0.05%Nb STCN2
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favoring the diffusion process and promotes the densification
of the sample. The addition of 0.05 mol% of Nb,Os increases
the electric conductivity of the SnO, matrix. The concen-
trations of TiO, were set as 0.5 and 1.0 mol% in order to
avoid the miscibility gap according to the phase diagram of
the SnO,-TiO, system [21].

After drying, the powder was calcined at 900 °C for 2h
and then pressed into 12.0 mm x 1.5 mm discs by uniaxial
pressing (20 MPa) followed by isostatic pressing at 210 MPa.
The discs were sintered in a tubular furnace at 1350 °C for4 h
with a water vapor flux of 50 sccm connected to the tube
entrance using heating rate of 5 °C/min and slowly cooled
down to room temperature. For each system, five identical
samples were prepared, and the values presented here are the
average values for samples.

The powders were structurally characterized using the
X-ray diffraction (XRD) technique. The XRD for the
calcinated powders were collected using a Rigaku
RINT2000 diffractometer (42kV and 120 mA) with Cu Ka
radiation and a 26 range between 20 and 80°.

The microstructural characterization of the samples was
performed by scanning electron microscopy (SEM) in a
Topcom SM-300 microscope. The average grain size was
determined using the linear intercept method. The relative
densities of the samples were determined by the Archimedes
method.

For electrical measurements, the discs were polished,
and silver plate was applied on the parallel surfaces to ensure
a good electrical contact. A high voltage source measuring
unit (Keithley, model 237) was used to acquire room
temperature J vs. E plots. The nonlinear coefficient (o) was
obtained from room temperature J vs. E curves in the range
from J = 1.0 to 10.0 mA/cm?. The breakdown electric field
(Ep) was taken as the electric field when the current density
through the sample was 1.0mA/cm”. The sample leakage
current (I}) was taken as the current value at 70% of the
breakdown electric field (E,). The samples were also
submitted to dc electrical measurements at different
temperatures; i.e., the pellets were placed in a sample holder
inside a furnace and measurements were made at tempera-
tures ranging from 25 to 200 °C.

Impedance measurements were obtained by using a
frequency response analyzer (HP 4192 A) at frequencies
ranging from 5 Hz to 13 MHz using voltage amplitude of 1 V
and with a dc bias voltage from 0 to 35 V.

3 Results and discussion The crystalline structure
of the STCN1 and STCN2 powder systems was analyzed by
XRD and the results are illustrated in Fig. 1. All peaks in the
diffractogram can be indexed as the cassiterite SnO, phase,
and the relative intensities do not present any preferential
orientation. Figure 1 does not show any secondary phases
inside the limit of detection of the XRD technique which is
below 1 mol%.

Figure 2 illustrates SEM micrographs of the samples
sintered at 1350°C for 4h. The images reveal that the
systems are very dense and are composed of homogeneous
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Figure 1 XRD pattern of the powder heat treated at 900 °C for 2 h:
(a) STCNI and (b) STCN2.
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grains. Density and mean grain size values are illustrated in
Table 2, and the high value of relative density is in agreement
with SEM observations. Both the density and the mean grain
size of systems with TiO, are significantly larger than the
ones for the system without this dopant. The addition of
TiO,, which generates oxygen vacancies during sintering in
the SCN system, caused an increase in the relative density
and in the grain size. This effect should be enhanced by the
water vapor atmosphere during sintering. The interaction of
the water molecules with the surface of the particles
increases both the diffusion process and the densification
rate and, consequently the grain size growth [22]. In addition,
SEM results demonstrate that there are no observed
precipitates at triple points of the grain boundary (which is
common for Mn-doped tin dioxide [6, 23]), and only Co-rich
segregates should exist at grain boundaries. These segregates
cannot be observed by SEM [22], but they are mainly
responsible for effective potential barrier formation.

Figure 3 shows the J vs. E plot for STCN1 and STCN2
systems. Both systems present a high nonlinear behavior, but
the STCNI1 system has a greater conductivity in the region
below the breakdown electric field (E},) which can jeopardize
the nonlinear coefficient. In fact, as shown in Table 2, the
nonlinear coefficient for the STCN2 system is almost twice
the value for the STCN1 system and is also slightly larger
than the value found for the system without TiO, as a dopant.
Conversely, Table 2 shows that E, decreases significantly
with the addition of TiO, with values of about 100 V/cm (in

Figure 2 Micrographies of the systems sintered at 1350 °C:
(a) STCN1 and (b) STCN2.
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Figure 3 -V plots of systems sintered at 1350 °C/4 h.
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agreement with the literature results) indicating that these
compositions may be applied in low voltage transient
suppressor devices [24]. The superscripts in the o and E;,
values are the standard deviation of measurements. The large
grain size presented in STCN systems explains the decrease
in the breakdown electric field observed in Table 2
because the number of effective potential barriers per unit
of length decreases when the average grain size increases.
Leakage current values presented in Table 2 show that
increasing the o value decreases the leakage current
explained due to the number of effective barriers in the
system. If most potential barriers are effective, the electrons
cannot cross the grain boundary region, and no leakage is
observed. Also, the value of the nonlinear coefficient is
dependent on the number of effective barriers, and Table 2
shows that the system with a minor leakage current value
possesses the greater o value, as expected.

Figure 4 shows the InJ vs. E® curves for the systems
studied at different temperatures. For a low applied electrical
field, there is a strong influence of temperature on the
electrical conductivity; i.e., the electrical conductivity
increases when the temperature increases, which is a typical
behavior of semiconductors. However, for high values of an
applied electric field, the electrical conductivity is almost
independent of the temperature, and the action of the electric
field can distort the potential barrier at the interface,
promoting a decrease of the height of the potential barrier
and facilitating the electronic transport (a typical Schottky
process of conduction). The response observed in Fig. 4
indicates that a Schottky barrier is present in the grain
boundary region which is in agreement with the findings for

Table 2 Nonlinear coefficient (c), breakdown electrical field
(Ey), leakage current (1)), relative density (dgr), and average grain
size (L) of the samples sintered at 1350 °C/4 h.

sample o Ey, (Vicm) I (A) dgr (%) L (pm)
SCN [9] 8.0 1870 8.03x 107>  96.3 9.0
STCN1  4.9°2  410° 26.6x 1077 99.7 35
STCN2  8.7°% 617" 3.86x107° 997 38
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Figure 4 Characteristic plots of InJ vs. E® at different temper-
atures for the systems: (a) STCN1 and (b) STCN2.

SnO,-based varistors. Figure 4 data shows that the potential
barrier height of systems studied was determined according
to Schottky approaches [7, 25], and the results are shown in
Table 3, which also presents values of potential barrier
characterization following the Mukae equation [19]. The
values obtained for the STCN systems are very close to the
value obtained for the system without TiO,, but STCN2
presents the highest barrier height. The potential barrier is
mainly responsible for the varistor response of ceramics, and
the STCN2 system should present the highest « value which
is in agreement with the results presented in this work.

Table 3 Barrier height (¢), @, Ng, and Nig values for Schottky-
type potential barrier of sintered system at 1350 °C/4 h.

sample ¢* ¢ (V) o Ny Nig

eV) (x107%m) (x10%m~?) (x10"°m2
SCN 049 [7] 1.01 [26] 482 [26]  27.5 [26]
STCN1 0.44  0.58 1.2 1.51 3.60
STCN2 0.56  0.71 1.4 1.97 3.90
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Figure 5 Mott-Schottky behavior for the systems STCN1 and
STCN?2 sintered to 1350 °C/4 h.

The Mott—Schottky plot from impedance data using the
Alim approach and Mukae equation is shown in Fig. 5 for
STCN1 and STCN2 systems. A good linear relationship can
be seen between the capacitance reciprocal by the dc bias
plot, confirming that the barriers formed at grain boundaries
are back-to-back Schottky-type [26]. The capacitance
frequency dependence used in conjunction with the infor-
mation of grain size reflects the averaged Mott—Schottky
response of any junction within the SnO, varistor device
[26]. Table 3 presents ¢, @, Ny, and Nig values from this
averaged Mott—Schottky response. The values obtained from
different methods differ slightly, but both values indicate
that the STCN2 system has a higher potential barrier than
the STCN1 system which agrees with « values obtained. The
potential barrier width and the number of donor and
interfacial states are very close to the values obtained for
the SCN system. Therefore, we can infer that the addition of
TiO, does not significantly alter the potential barrier itself,
and the main modification of this dopant is the increased
average grain size. This effect reduces the number of
potential barriers per unit of length in the sample and,
consequently reduces the breakdown electrical field. Nota-
bly, results indicate that percentage of the number of
effective potential barriers in SCTN2 is not significantly
altered in comparison to the SCN system which can be seen
by the « and height barrier values of both systems. However,
the total number of barriers is minor in the SCTN2 system,
resulting in a lower breakdown electric field value.

The results show that it is possible to achieve a low
voltage SnO,-based varistor by adding TiO, as a dopant. The
addition of (43) and (4-5) transition metal oxides (e.g., CoO
and Nb,Os, respectively) is also feasible to obtain good
varistor’s parameters.

4 Conclusion The influence of the addition of the
TiO, on the microstructure and electrical behavior of doped
SnO, was investigated. The TiO, addition in 0.5 and
1.0 mol% yield Ey, equal to 410 and 617 V/cm, respectively,
promoting these compositions as candidates for low voltage
varistors. The main influence observed by the addition of
TiO, was a significant increase in the average grain size
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compared to the SnO,-based varistor which induced a
substantial decrease in the breakdown electric field. The
electrical characterization indicated that the potential barrier
at the grain boundary region is a back-to-back Schottky-type,
and the number of effective barriers is not significantly
altered by the addition of TiO,.
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