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Abstract

Tin dioxide varistors doped with CoO, ZnO, Ta,Os and Cr,O3 were prepared by the mixed oxide method. Temperature dependent impedance
spectroscopy revealed two different activation energies, one at low frequencies and the other at high frequencies. These activation energies were
associated with the adsorption and reaction of O, species at the grain boundary interface. We show that Cr,O3 improves the varistor properties,
generating sites for the adsorption of O’ and O” at the grain boundary region. The O’ and O” defects are truly responsible for the barrier formation at

the grain boundary interface.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

SnO, has a tetragonal structure, similar to the rutile
structure, and behaves as an n-type semiconductor [1]. This
oxide has been extensively described in the literature because of
its importance as a gas and humidity sensor [2—4]. These
properties, along with electrical ones, are dependent on the
nonstoichiometry surface produced by powder preparation,
thermal treatment and atmosphere present in the oven during
the preparation of the material [2—4]. High densification can be
achieved by the addition of CoO, MnO,, or even ZnO to SnO,,
allowing for nonohmic properties [5—7]. The nature of the
potential barrier was characterized in SnO,-based varistor
systems and found to be Schottky-like, similar to that
frequently reported for the traditional ZnO-based varistor
system, despite the fact that SnO,-based varistors differ
microstructurally from the ZnO-based varistor [8].

The addition of Ta,0Os creates Tag,® defects (donor) that
increase the lattice conductivity of SnO,-based ceramics [9].
Moreover, in small concentrations Ta;O5 does not segregate at
the grain boundaries resulting in a high grain conductivity.
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Excess of Ta,Os causes segregation of defects at grain
boundaries which decrease both, bulk conductivity and grain
size. Bueno et al. reported that the varistors of (98.95 — x)%
SnO, + 1.0% CoO + 0.05% Nb,Os +x% Cr,O5 sintered at
1300 °C for 1 h would lose their nonlinearity when x = 0.05 in
molar system due to the possibility of CoCr,0,4 formation at the
grain boundaries [10]. The nonohmic electrical behavior of
traditional ZnO and SrTiOs-based ceramics, as discussed in
Refs. [11] and [12], is linked to oxygen, which plays a key role
in the grain boundaries of such ceramics. An absorbed layer of
bismuth with a thickness of about ~5 A in a ZnO-based varistor
is necessary to create potential barriers at the grain boundaries,
and the height of these potential barriers largely depends on the
excess oxygen present at the interface between the grains [11].
However, very little is known about the chemical nature of
grain boundary interfaces in metal oxide varistors and its
relationship to nonohmic electrical behavior. Therefore, the
main purpose of this article is to show that the chemical origin
of the potential barrier in polycrystalline ceramics depends on
the amount of oxygen present at grain boundary interfaces.
Furthermore, the main role of transition metal oxide as a dopant
is to control the oxygen concentration at the grain boundary
interface. Based on this evidence, a chemical barrier formation
mechanism is proposed to explain the physical origin of
interfacial trapping states.
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2. Experimental

The varistors were obtained from the mixed oxide method in
alcoholic medium. All the oxides used were analytical grade:
SnO, (Cesbras-Fine), ZnO (Synth) CoO (Riedel), Ta,Os
(Aldrich), Cr,O3; (Vetec). The molar composition of the
investigated systems was (98.95 — X)% SnO, + 0.50%
CoO + 0.50% ZnO + 0.05% Ta0s5 + X% Cr,03, with X equal
to 0 or 0.050 mol%. The amounts of CoO and ZnO were always
kept constant, because these additives were used to facilitate
densification during sintering. The 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°Cmin"). The X-ray data were collected with a Rigaku-
2000 diffractometer under the following experimental condi-
tions: copper anode, 50kV, 150 mA, Cu Ka radiation
monochromatized by a graphite crystal. The tetragonal structure
(rutile structure) of the SnO, starting material was confirmed by
X-ray diffraction. Mean grain size was determined by analyzing
the SEM micrographs (Topcom Sm-300). To perform the
electrical measurements, silver contacts were deposited on the
sample surfaces. Current-tension measurements were taken
using the High Voltage Measure Unit (Keithley Model 237). The
electric breakdown field (E},) was obtained at a current density of
1 mA cm™ 2. The impedance measurements were made with a
frequency response analyser (HP4194A) using frequency
ranging from 5 Hz up to 13 MHz, with an amplitude voltage
of 1 V. The pellets were put in a sample holder inserted to a
furnace. Measurements of the real (Z') and the imaginary plot of
the impedance (Z") were made at temperatures ranging from 100
to 400 °C. The impedance data were analyzed with the
EQUIVCRT program [13].

3. Results and discussion
Fig. 1 shows the X-ray diffraction analysis of a SnO,-based

varistor system with a molar concentration of 0.50%
Co0 + 0.50% ZnO + 0.05% Ta,Os and 0.50% CoO + 0.50%
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Fig. 1. X-ray diffraction data of the varistor system doped with chromium
concentrations: (a) without Cr; (b) 0.050 mol%.

7Zn0 + 0.05% Ta,;0s5 + 0.05% Cr,03. Besides the SnO, rutile
phase, no secondary phase was observed. A sintering study
combined with XRD results indicated that sintering at 1400 °C
for 2 h are the optimal conditions to obtain crystalline, dense
Cr,03%Tay05*Co0*Zn0O-doped SnO, varistors containing
only the expected rutile phase. The amount of additives is
very small and other possible phase might not be detected
because of the detection limit of the XRD equipment. All
dopants introduced in the SnO, matrix lead to a stable solid
solution according to the Eqgs. (1)—(5).

SnO;

Zn0237Zn] + Vo** + O}, (1)

CoOZECo!, + Vo** + O )
SnO, " Y X

C0,03232C0!, + Vo** + 20, 3)

Vo'* + Tay 05 —232Tag,® + SO, )
SnO, / oo X

Cry03222Cr, + Vo** + 305, (5)

Fig. 2 shows the SEM micrographs of two systems considered
in this study. Considering the SnO, varistor microstructure a
Schottky-type electrical barrier can be ascribed to be most
likely barrier at the SnO, grain boundary, since no intergranular
insulating layer separating two SnO, grains was observed. The
negative surface charge at the grain boundary interface is
compensated by the positive charge in the depletion layer in
the grain on both sides of the interface [8,14,15]. However,
electron dispersive spectroscopy revealed that there is no
difference in dopant concentration between grain and grain
boundary. The densities of sintered samples were obtained by
the Arquimedes method and are related to the theoretical
density of SnO; (Pmeoretical = 6-95 g cm73). The final densities
after sintering are higher than 98%, as shown in Table 1. They
were only slightly affected by Cr,O; addition, although the
average grain size decreased significantly with the Cr,O3
addition. The SnO, ceramic densification has been mainly
attributed to the effect of dopants substitution in the SnO matrix
which leads to the formation of oxygen vacancies, providing the
increase of the diffusion coefficient of ions, and thus, promoting
the sintering.

Cerri et al. found relative density above 99%, showing that
CoO is extremely active in the promotion of the SnO,
densification, even with low concentration of dopants. They
attributed the high densification to the increased concentration
of oxygen vacancies in the grain boundary region. They
proposed reaction (1) for the formation of oxygen vacancies
when SnO, is doped with CoO. These results are in agreement
with the work of Yuan et al., who demonstrated that the Li* ion
also promotes SnO, densification by increasing the flux of



FEM. Filho et al./Ceramics International 33 (2007) 187—-192 189

Sn (a)
TaCO \‘ Cr
o s
0 5000 10000 15000 20000
Energy (eV)
3000
Sn (b)
2500 1
2000 1
[2]
£ 1500
3
o
© 1000 1
500 1 TaC° L& Cr
0 ;ﬂ""ﬂ A

0 5000 10000 15000 20000

Energy (eV)

Fig. 2. SEM micrographs together with electron dispersive spectroscopy results for the SZCT system doped with chromium concentrations: (a) without Cr; (b)

0.05 mol%.

species that diffuse inside the material. Pianaro et al. observed
that when the basic SnO, varistor is doped with Cr,Oj3 the grain
size decreased, indicating that Cr,O; inhibits grain growth
during sintering [16,17].

Fig. 3a illustrates the response of impedance spectroscopy at
300 °C for two systems considered in this study. From a
previous paper the best nonlinear electrical properties were
observed for samples doped with 0.05 mol% Cr,O; [18].
Therefore, this composition was chosen to evaluate the
phenomena involved on the electrical properties of the varistor
system. It can be noted that the grain boundary resistance
increases with the addition of chromium dioxide. All the
semicircular arcs in the complex plane in Fig. 3 yield to an arc,
with the center displaced below the real axis, due to the
presence of distributed elements and a relaxation process
resulting from the trapped states. Table 1 presents the ¢y
(barrier height) values, calculated, as suggested in Ref. [3], fora
back-to-back Schottky-type potential barrier of SnO, and CoO-
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Fig. 3. Nyquist diagram obtained at 300 °C for SZCT system doped with
chromium concentrations: (a) without Cr; (b) 0.05 mol%. Inset of applied
electric field as a function of current density for the SZCT system doped with
chromium concentrations: (a) without Cr; (b) 0.05 mol%.

Influence of the Cr,O3 on the relative densities, grain sizes, nonlinear coefficients («) and breakdown fields (E) for the SZCT system

SnO, CoO ZnO Ta,Os5 Cr,0O5 pr (%) ¢p eV (@) E, (V cm_l) Vi, (V/barrier) Grain size (pwm) +1%
98.95 0.5 0.5 0.05 - 98.5 0.70 11.5 1100 1.49 13.5
98.90 0.5 0.5 0.05 0.050 98.5 0.95 20.4 3050 241 79
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based varistor systems. Based on these values, it can be
concluded that the addition of Cr,O3; causes a significant
increase in the barrier height.

The increase in the potential barrier height and in the barrier
width are associated to the increase of both negative states at the
interface between the SnO, grain (Ns) and donor concentration
(Nd) due to the segregation of Cr,O3 next to grain boundary as
well as the creation of positive defects in the depletion layer
(Vo**) and negative defects interface (Crg,) [19-21].

This suggests that the electronic states of the grain boundary
region change with the addition of Cr,Oj3. The applied electric
field as a function of current density for the different systems is
given as an inset in Fig. 3b. The nonlinear coefficient o was
obtained by « = log(1,/1)/(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 [22]. The « values were
obtained from the curves ExJ for current densities between 1
and 10 mA cm 2. It was observed that the addition of Cr,05
leads to a substantial modification in the electrical behavior of
the Sn0,*Zn0O*Co0*Ta,05 ceramics. The Cr,O; free system,
although nonlinear, is highly resistive. The samples containing
0.05 mol% Cr,03 are more resistive (electrical breakdown
close to 3050 V cm™ ') and possess a nonlinear coefficient equal
to 20.4. This occurs because the electron concentration
decreases in the specimen with Cr,O3. Comparing the results
presented in Table 1 and Fig. 3, it can be concluded that the
addition of Cr,O; decreases the grain size increasing the
nonlinear coefficient and the electric breakdown field. Similar
results were found by Bueno et al. [8] where they described the
DC electrical behavior of the SCN system as a function of
different Cr,O3; molar concentrations. The authors observed
that the SCN presents a varistor behavior with « equal to 58 and
an electric breakdown field (E,) of 1870 V cm~'. When
0.05 mol% Cr,O; was added to the system, the o value
increased to 41 and the breakdown field to 3990 V cm™".

Fig. 4 presents the Bode diagrams for the SZCT and SZCTCr
systems at 300 °C. When 0.05 mol% Cr,05 is added to SZCT
an increase in the system resistivity is observed for both, the
high and low frequencies time constant. These resistivity
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Fig. 4. Impedance as function of frequency logarithm (Bode diagrams) for

SZCT system sintered at 1400 °C for 2 h and doped with chromium concentra-
tions: (a) without Cr; (b) 0.05 mol%.

differences decrease as the temperature is increased, thus
indicating a higher activation energy for the SZCTCr system
when compared to SZCT (not shown in the article).

Fig. 5 presents the high and low frequency (1 MHz and
1 KHz, respectively) and region capacitances as a function of
the temperature for all of the investigated samples. In Fig. 5, the
capacitance for SZCTCr system is higher when compared to
SZCT, which is probably associated with the decrease in the
grain boundary barrier width. The addition of Ta,Os creates
Tag,* defects (donor) which form a solid solution with SnO,
and lead to an improved grain boundary conductivity. The
importance of CoO defects is the creation of oxygen vacancies
in the grain boundary region, which is fundamental for the
sintering process [23]. On the other hand, the presence of Cry,
and Cof, leads to barrier formation in the grain boundary
region. The defects generated by these two dopants are
necessary for a varistor system. However, building up a high
and narrow potential barrier at the grain boundary is the last
condition required for obtaining a varistor with a high nonlinear
coefficient. The obtained data show that doping the SZCT
system with Cr,O3 at a level of 0.05 mol% builds up an
optimized barrier at the grain boundary. Kim et al. [24]
observed that the activation energies for the O’ and O” species
on the SnO, surface are 0.6 and 1.0 eV, respectively. The
corresponding energies in the present article are 0.446 and
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Fig. 5. Capacitance as a temperature function for (a) high and (b) low frequency
regions for SZCT system sintered at 1400 °C 2 h and doped with chromium
concentrations: (a) without Cr; (b) 0.05 mol%; (c) without Cr; (d) 0.05 mol%.
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Fig. 6. Activation energies calculated from the Arrhenius plot for the high (a)
and (b) low frequency regions for the temperature range lower and higher than
200 °C (SZCT system sintered at 1400 °C 2 h and doped with 0.05 mol%
chromium).

1.06 eV for the SZCTCr compounds at temperatures higher
than 200 °C (low frequency) and 0.412 and 1.01 at
temperatures lower than 200 °C (high frequency—Fig. 6). It
is possible that these species predominate at the grain boundary
structure and their formation can be represented by the
following reactions:

SnO,

Crl, + 022%Cr, Ongaas) ©)
Sn0,
Cr/SnOZ(adS) n—>Cr)§no/2(ads) (N
Cri, 0, crl, 2% (cr, ), 00 8
5005 (ads) T Crgn—(Crg)205 a5 ®)
Crl Ol o) + Oy + Crly 2%2(Cr, O 9
Tsn 2(ads) + 0y + Crg,— ( Sn 2(ads)> ©)
cri O crl, 2%(crl, )0, 10
Sn™~2(ads) + rSn—>( Sn)2 (structural) (10)

The adsorbed oxygen at the grain boundary captures electrons
from negatively charged defects at the grain boundary and stays
at the interface. This effect was confirmed by impedance
analysis [25].

The role of Cry, is to increase the O" and O” adsorption at the
grain boundary interface and to promote a decrease in the
conductivity by donating electrons to O, adsorbed at the grain
boundary. From these results one may gather that the species
that are truly responsible for the barrier formation are O’ and
O”. The Crg, generates the sites to promote the adsorption of
electrophilic species. These defects, O’ and O”, are not equally
present at the same grain boundary. A random distribution of
the O’ and O” defects would lead to different charge transport
paths in the samples.

Electron energy loss spectroscopy (ELS) results suggest that
adsorbed O, formation requires oxygen vacancy sites of TiO,,
although the vacancies need not be directly involved in binding
the O’2 species [26]. To the best of our knowledge, five
theoretical studies have recently found (O’ and O”) and SnO,
species at the surface.

On the other hand, oxygen vacancies and electronic states on
SnO,; surface, are related to each and have been exhaustively
studied [27-30]. Oxygen also plays a key role in the grain
boundaries of ZnO or SrTiO; varistors, since it indicates that
the chemistry of boundaries determines the nonohmic behavior
[31,32].

4. Conclusions

In summary, different kinds of defects in the grain
boundary region were observed in our varistor system. A
change in the activation energy at 200 °C was attributed to the
desorption of species previously adsorbed at the grain
boundary. Below this temperature one can observe low
activation energy defects which may be related to oxygen
vacancies. The presence of Cr,O; up to levels of 0.05%
improves the varistor properties, generating sites for the
adsorption of O" and O” at the grain boundary region. The role
of Cry, is to create sites promoting the formation of O’ and O”
defects, which are truly responsible for the barrier formation
at the grain boundary interface.
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