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Abstract

Ta,05 doped SnO, varistor systems containing 0.5 mol% ZnO and 0.5 mol% CoO were prepared by mixed oxide method. Considering
that ZnO and CoO oxides are densification additives only the SnO,-ZnO-CoO ceramics cannot exhibit electrical nonlinearity. A
small amount of Ta,Os improves the nonlinear properties of the samples greatly. The height and width of the defect barriers
were calculated. It was found that samples doped with 0.05 mol% Ta,Os exhibit the highest density (98.5%), the lowest electric
breakdown field (E, = 1100 V/cm) and the highest coefficient of nonlinearity (o = 11.5). The effect of Ta,O5 dopant could be explained by
the substitution of Ta>* by Sn*". A grain-boundary defect barrier model for the SnO,-Zn0O-CoO-Ta,O5 varistor system was also

introduced.

© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Varistors are ceramic semiconductor devices with
highly nonlinear current—voltage characteristics similar
to back-to-back Zener diodes but with much higher current
and energy handling capabilities. Varistors based on ZnO
have been most extensively studied [1-4]. At the same
time, varistors based on other ceramic systems have also
been under investigation, because of the need for better
properties. One of these systems are the SnO,-based
varistors. Tin dioxide (SnO,) is an n-type semiconductor
with rutile type crystalline structure and has low
densification rate due to its high surface tension as
diffusion coefficient at low temperatures and high SnO,
partial pressure at high temperatures [5]. Dense SnO,-
based ceramics can be achieved by introducing dopants or

* Corresponding author.
E-mail address: ries750@yahoo.com.br (A. Ries).

by hot isostatic pressure processing [6,7]. The addition of
CoO creates oxygen vacancies and Cog,, or Cog, which can
segregate at the grain boundaries [8]. Both defects can help
the formation of the Schottky barriers at grain boundaries.
The function of ZnO is the creation of oxygen vacancies
and Zng, defects [9]. The latter are less segregated and
contribute to the Schottky barrier formation. However,
both additives lead to a highly resistive material. The
addition of tantalum oxide creates Tag,® defect (donor)
that increase the lattice conductivity of SnO, based
ceramics [8]. Moreover, in small concentrations Ta,Os
does not segregate at the grain boundaries resulting in a
high grain conductivity. Excess of Ta,O5 causes segrega-
tion of defects at grain boundaries which decrease both,
bulk conductivity and grain size.

In our work, the Ta,Os doped SnO, ceramics were
prepared using ZnO and CoO as densification mediators.
The effect of tantalum oxide on the physical and
electrical properties of the SnO,-Zn0O-CoO varistors was
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investigated. As a result, an optimum composition was
obtained.

2. Experimental procedure

The powder was prepared using the mixed oxide method
in alcoholic medium. All the oxides used were analytical
grade: SnO, (Cesbras-Fine), ZnO (Synth), CoO (Riedel),
Ta,O5 (Aldrich). The molar composition of the investigated
systems was (99.00 — X)% SnO, + 0.50% CoO + 0.50% ZnO
+ X% Ta,0s, with X = 0.025, 0.050 and 0.075 mol%. The
amounts of CoO and ZnO were always kept constant,
because these additives promote densification during sinter-
ing. The dried powder was pressed into pellets by uniaxial
pressing followed by isostatic pressing at 210 MPa. The
pellets were sintered at 1400 °C for 2 h in oxygen atmosphere
and slowly cooled to room temperature (5 °C/min). The
tetragonal structure (rutile structure) of the SnO, starting
material was confirmed by X-ray diffraction. All the X-ray
data were collected with a Rigaku 2000 diffractometer under
the following experimental conditions: copper anode, 50 kV,
150 mA, Cu Ko radiation monochromatized by a graphite
crystal. Mean grain size was determined by analyzing the
SEM micrographies (Topcom SM-300). To perform the
electrical measurements, silver contacts were deposited on
the sample surfaces. Current—tension measurements were
taken using a High Voltage Measure Unit (KEITHLEY
Model 237). The electric breakdown field (E,) was obtained
at a current density of 1 mAcm 2 To investigate the
properties of defect barriers, current density versus applied
electrical field was recorded at different temperatures.

3. Results and discussion
3.1. General results

Fig. 1 shows the XRD analysis of a SnO, based varistor
system with a molar concentration of 0.50% CoO + 0.50%
7ZnO0 and different amounts of Ta,Os. Besides the SnO, rutile
phase, no secondary phase was observed. A sintering study
combined with XRD results indicated that sintering at
1400 °C for 2h are the optimal conditions to obtain
crystalline, dense Ta,Os, CoO and ZnO doped SnO,
varistors containing only the expected rutile phase. The
amount of additives is too small for XRD detection because
of the limit of the XRD equipment. All dopants introduced to
the SnO, matrix probably lead to a stable solid solution
according to Egs. (1)-(3):

700 2% 70!l + Vot + 0%, 1)
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2Tay05 2% 4 Tag,* + VI + 100, 3)
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Fig. 1. X-ray diffraction data of the varistor system doped with different
tantalum concentrations: (a) without Ta; (b) 0.025 mol%; (c) 0.050 mol%;
and (d) 0.075 mol%.
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Fig. 2. SEM micrographs for SZC system doped with: (a) 0.05 mol% of
Ta,O5 and (b) 0.075 mol% Ta.
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The microstructure of the 0.05 and 0.075 mol% Ta,Os
doped SnO,-Zn0O-CoO ceramics are shown in Fig. 2. From the
SEM micrographs it can be seen that no new apparent phase
precipitation at the grain boundaries exist and the samples
doped with 0.05 mol% Ta,Os5 exhibit the highest grain size.
Both samples present a uniform microstructure containing
SnO, grains free of secondary phases. The relative densities of
all samples exceeded 98% of the theoretical density.

The applied electric field as a function of current density
for the different systems is given in Fig. 3. The nonlinear
coefficient a was obtained by « = log (I/I1)/(V,/V;) where
V) and I; as well as V, and I, are corresponding values of
voltage and current for two points that can be chosen
arbitrarily [10]. The « values were obtained from the curves
E—J for current densities chosen between 1 and
10 mA cm >, The highest nonlinear coefficient (o = 11.5)
was obtained when molar concentrations of 0.05 mol%
Ta,O5 were added to SnO,, presenting an electric break-
down field of 1100 V/cm. For tantalum free samples no
varistor behaviour was found, furthermore the material
presented a low conductivity in agreement with low values
of current density as shown in Fig. 3a.
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Fig. 4. Characteristic plot of In J vs. E'? at different temperatures for the
sample doped with 0.05 mol% Ta,Os.

Fig. 4 displays the characteristic of InJ versus E'?
measured at different temperatures for the system containing
0.05 mol% of Ta,Os. As expected, the leakage current
increases and the nonlinear coefficient o decreases with
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Fig. 3. Applied electric field as a function of current density for the SZC system doped with different tantalum concentrations: (a) without Ta; (b) 0.025 mol%;

(¢) 0.050 mol%; and (d) 0.075 mol%.
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increasing temperature. For low values of E these curves are
straight lines and the extrapolation of these lines in the
ohmic region to E = 0 gives the values of current density (J)
for different temperatures (see Fig. 4). The electric varistor
behavior is governed by the presence of electrical barriers at
the grain boundaries of the ceramic material. The electric
breakdown field E;, depends on the average number of
electrical barriers formed per unit length during sintering (n)
and on the voltage barrier (vy), which is for ZnO based
varistors about 2 or 4 V/barrier [11,12]. Thus, the following
equation relates v, and Ei:

Ep = nvy 4

Considering that L is the thickness of a cylindrical sample
and G is the mean grain size, the effective barrier voltage
(vp) is given by:

_EG

i3 ®)

Vb
Therefore, an increase in E,, with a decrease in G would be
expected, keeping vy, constant. However, the electric break-
down field is reduced from 1100 to 37 V/cm when the
temperature is increased from 25 to 250 °C, as observed
in Table 1. These results can be explained by an increase in
the conductivity of the varistor system with the increase of
temperature resulting in low values of the nonlinear coeffi-
cient (o). For Ta,Os5 concentration higher than 0.05 mol% an
increase in E, was observed due to a possible tantalum
segregation in the grain boundary which leads to a decrease
in the grain size. These results clearly indicate a strong
dependence of the electric breakdown field with the grain
size. The addition of Ta,O5 to SnO, could produce a similar
effect than Nb,Os in the SnO,-Zn0O-Nb,O5 system studied
by Pianaro et al. [13]. If so, these effects can be explained
considering the following defect formation reactions:

Ve +2Vo — VE, +2V§ (6)

205 + V§, — 02 +2Vo + Vi (7)

As observed in Eq. (3), Ta’*can replace Sn** ions
producing tin vacancies. These vacancies could react with
intrinsic SnO, oxygen vacancy defects as represented by Eq.
(6). Otherwise, SnO, lattice oxygen can react according to
Eq. (7), restoring the oxygen vacancies and producing tin
vacancies [14].

Table 1

The electrical behavior of all samples at low electric field
strengths is similar (Fig. 4) and the electric conduction is of
the thermionic type. In this kind of emission the current
density has an exponential dependence with temperature,
according to the following equation [15]:

E,
J =Jypexp (— H) ®)

where Jy is a constant, E, the activation energy for the
electron jump, K the Boltzman constant and 7'is the absolute
temperature. Considering that the potential barriers are
Schottky type separated by thin film and that the conduction
mechanism is thermionic emission, the current density is
related to the electric field E, by the following equation [16]:

Js = A*T? 9
S exp KT ©)

(@ ﬁE‘/z)]

where A” is the Richardson constant, ¢y, the electric potential
barrier height formed at the interface region, E the electric
field and S is a constant related to the potential barrier width,
w. The constant g is given by:

3 1/2
o) (i) o
nsw ) \4meyér

where 7 is the number of grains per unit length, e the electron
charge, and the product ¢.¢, is the material dielectric per-
mittivity, respectively. The variable ng can be calculated by:

ns = (1D
where L is the sample thickness and d is the mean grain size
of SnO, varistor determined from the SEM micrograph.

The plot of InJ as function of 1/7T is a straight line as
presented in Fig. 5 and the slope of this curve gives the
activation energy for electronic transport. The potential
barrier height (¢,) measured was 0.95 eV while the constant
B was found to be 4.37 x 107> V2 cm'>

Table 1 shows that the samples doped with 0.05 mol%
Ta,Os5 exhibit the best nonlinear electrical properties due to
the highest grain size, which decreases the electric break-
down field. Moreover, the samples doped with 0.05 mol% Ta
also exhibit the highest density.

Influence of temperature on the electrical properties of the SnO,-ZnO-CoO varistors doped with 0.05 mol% Ta,05

Ta,O5 concentration T (°C) pr (%) Ey, (V/em) at 1 mA/cm? I, (A) o Grain size (pwm) + 1% v, (V/barrier)
0.025 25 96.1 2440 2.1 % 107° 10.9 7.0 1.70
0.05 25 98.5 1100 2.8 x 107° 11.5 13.5 1.49
0.05 100 - 603 1.6 x 107* 7.2 - 0.81
0.05 150 - 376 38 x 107* 4.5 - 0.51
0.05 200 - 248 6.5 x 10°* 2.1 - 0.33
0.05 250 - 37 73 x 107 1.2 - 0.05
0.075 25 97.4 1900 44 x 1073 9.9 9.8 1.86
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Fig. 5. Characteristic plot of In J against 1/7 for E = 0 for the sample doped
with 0.05 mol% Ta,Os.

3.2. Effect of dopants

Because there are no apparent secondary phases
precipitated at the grain boundaries, defect formation by
Co0 and Ta,0Os in the SnO, matrix should be responsible for
the origin of the potential barriers at grain boundaries. Thus,
similar to the SnO,-CoO-Nb,Os based varistors the
following equilibrium reaction may be suggested [15,16]:
Co0 X% Snl + Vo + 0% (12)

Considering that SnO, crystallizes in a tetragonal
structure similar to rutile and that the ionic radius of
Co** (r=0.072 m) is similar to the ionic radius of Sn** (r =
0.071 wm) there are interstitial sites that could accommo-
date foreign ions. These facts would facilitate the formation
of oxygen vacancies, which determines the sintering
kinetics, and the formation of solid solution by substituents
or by interstitials, leading to the high shrinkage rate and
densification of the SnO,-Zn0-Co0O-Ta,0O5 system:

Co0 2% Coll, + Vo** + 0%, (13)

The oxygen vacancies can combine with tin vacancies
according to the reaction:

Vol + V" sy 2% Vogy** + VI, (14)
Without the addition of tantalum oxide, the sample shows
insulator behaviour, because of the high grain resistivity.
The introduction of Ta’* in small amounts to the SnO,
ceramics leads to the concentration of electrons and
V" 1sn, which increases the electric conductivity in the
SnO, lattice and leads to semiconductivity of the grains
(see Eq. (3)). Moreover, the increase in the concentration of
oxygen vacancies induced by the substitution of Sn** by
Co®* and Ta>* will also have an important effect on the
decrease in grain resistivity because of the higher probability
of electron hoping. A reduced grain resistivity facilitates the

transport of electrons and other defect ions, which promote
the densification of the samples. According to [17] with the
substitution of Sn** by Ta>* and Co®*, together with the
diffusion of oxygen vacancies the acceptor ions also tend to
segregate in grain-boundary areas, especially during cool-
ing. This increases the acceptor concentration (density of
surface states, N;) and results in high values of ¢g and w:

N = 20Ny (15)

¢p = ¢*Ns = 2e5Ng (16)
> 1/2

- ( 82s¢B> a7
q-Ng

where Ny is the donor density, ¢ the electric charge and & is
the dielectric constant of the material. It is well known that
the excess of oxygen produced during the sintering process
provides the oxygen air for the sintering process. The
oxygen could also be responsible for the Schottky barrier
formation if it is considered that oxygen can be adsorbed at
the interfaces and react with negative defects according to
the following equations [18]:

%02 -0y (18)
205 + V&, =207 + Vi (19)
208 +Sng, —20" + Sn, (20)
V& +407 —40> + VL, (21)
207 4 Sni, —20% +Snf, (22)

It is well known from the literature that the adsorbed
oxygen captures electrons from negatively charged acceptor
defects at the grain boundaries and stays at this interface
promoting the formation of Schottky barriers. Besides the
function in the formation of boundary barriers, the dopants
Ta’* and Co®* also create the sites to promote the adsorption
of non-electrophilic species, O~ and O*~, which further
promote the nonlinearity of SnO, varistors. Because of the
possible segregation of Ta>* at the grain boundaries and the
formation of grain-boundary barriers, the grain growth will
be hindered to some extent. Thus, the grain size decreases
with increase in Ta,O5 addition, which was verified by SEM.
However, there is maximum solubility of the dopant in the
system. When the tantalum oxide exceed this limit
(0.05 mol%), the extra Ta>* will concentrate in the exterior
of the grains, which will block the formation and
transportation of electrons and other defects. Thus, it
hinders the substitution and segregation of dopants, which
inhibits the densification and the formation of the grain-
boundary barriers.

3.3. Barriers model

Considering the microstructure of the SnO, varistor, an
electric barrier of the Schottky type can be attributed to the
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Fig. 6. The grain-boundary defect barrier model for SnO,-Zn0O-Co0O-Ta,05
varistors.

SnO, grain boundaries. The model presented in Fig. 6
proposes that the donors (positive charges) are distributed on
both sides of the grain boundary and are compensated by
acceptors (negative charges) at the interface of the grain
boundary. Oxygen can be responsible for the formation of a
Schottky barrier, provided that it can be adsorbed at the
interface and react with the negative defects, according to
the reactions below:

Colsp + Oa(ads) = Oaags) + COGy (23)
Cogy, + On(ads) = 20(y45) + CO3, (24)
Cogy, + Oa(ads) = 205 a5) + CO5, (25)
Cog, + 20’2(ads) — 40’2(ads) + Cog, (26)

These reactions are important to explain the voltage
barrier formation at the grain boundaries, for a better
understanding of the varistor behavior and the mechanisms
that lead to this behavior. It can be proposed that the
potential barrier is formed by the presence of trap states
which are related to oxygen species (O} and O') at the grain
boundary interfaces due to defects such as Cog,, that transfer
electrons to oxide ions.

4. Conclusions

Ta,O5 doped SnO, varistors were prepared by the mixed
oxide method. The physical characterization showed that all
the systems are well-densified ceramics. The experimental
results indicated that « and E,, of the SZC varistor system
depend on the Ta,O5 concentration. The addition of Ta,Os5
until 0.05 mol% increases the electric conductivity due to
V"' 15, formation. Higher concentrations, however, decrease
these properties reducing the number of trap states at the
grain boundaries, possibly due to segregation of Ta>* at grain
boundaries. The measured potential barrier height was

0.95 eV for the sample doped with 0.05 mol% in Ta. A
double barrier model with no thin film between the grains is
proposed to explain the nonohmic behavior of the
Sn0,-Zn0-Co0-Ta,O5 based SnO, varistors.
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