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Abstract

The effects of Cr,O5 on the properties of (Zn, Co, Ta)-doped SnO, varistors were investigated in this study. The samples with different
Cr,0; concentrations were sintered at 1400 °C for 2 h. The properties of (Zn, Co, Ta, Cr)-doped SnO, varistors were evaluated by XRD,
dilatometry, SEM, /-V and impedance spectroscopy. DC electrical characterization showed a dramatic increase in the breakdown electrical
field and in the nonlinear coefficient with the increase in Cr,O3; concentration. The grain size was found to decrease from 13 to 5 wm with
increasing the Cr,O; content. The impedance data, represented by means of Nyquist diagrams, show two time constants, one at low

frequencies and the other at high frequencies.

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

Varistors are materials whose current—voltage character-
istics are nonlinear. They are used both as protecting devices
against voltage transients in electronic and industrial
equipment and as surge arrestors [1]. Commercial varistors
used in protection systems are based on SiC (silicon carbide)
or on ZnO (zinc oxide). SiC-based varistors have low
nonlinearity coefficients (« = 5) where « is the nonlinearity
constant defined by the relation of I=KV* where [ is
current, V'is voltage and K is a proportionality constant [2].
The ZnO-based varistors have very high nonlinearity
coefficients (o =50) and their major phase consists of
ZnO0 and of small amounts of Bi,O3, Sb,O3, CoO, MnO, and
Cr,05 [3,4]. The reaction between the ZnO and the additives
at high temperatures leads to the formation of several phases
in the grain boundary of ZnO [5,6]. Thus, despite their
chemical composition and phases, the type of processing
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employed, as well as the sintering temperature, heating and
cooling rates are fundamental to control and understand
electrical properties of this ceramic [7]. In view of this fact,
the literature contains extensive reports describing the
influence of processing variables on the properties and
mechanisms that govern these system properties [8—14].
Other varistor systems based on SrTiO5 [15] TiO, [16] and,
more recently, WO; varistors [17] have been described in the
literature, but the nonlinearity of these systems is very low
(2 < o < 12) compared with that of the multicomponent
ZnO varistors. Pianaro et al. [18] were the first to present an
SnO,-based system as the main candidate to substitute
multicomponent ZnO 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 [19]. Dense SnO,-based ceramics can be
achieved by introducing dopants or by hot isostatic pressure
processing [20]. The addition of CoO creates oxygen
vacancies and Cog, or Cog, which can segregate at the grain
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boundaries [21]. 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 [22]. 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 [21]. Moreover, in small concentrations Ta,Os does
not segregate at the grain boundaries resulting in a high grain
conductivity. Excess of Ta,O5 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,05 sintered at 1300 °C for 1 h would lose its nonlinearity
when x=0.05 in molar system, due to the possibility of
CoCr,0,4 formation at the grain boundaries [23]. The
impedance spectroscopy (IS) technique has also been used
to study polycrystalline tin oxide specimens. The IS technique
allows for the separation of the three main contributions to the
electrical conductivity of a polycrystalline solid: bulk,
internal surfaces like grain boundaries and electrodes [24].
This is accomplished by varying the frequency of the AC input
signal over a wide range in order to cover the different
responses that charges carriers have inside grains, at grain
boundaries and at the specimen electrode-interface. In our
work, the Cr,03-doped SnO, ceramics were prepared using
ZnO and CoO as densification mediators and Ta,Os5 to
increase the electric conductivity. The effect of chromium
oxide on the structural, morphological and electrical proper-
ties of the Sn0,-Zn0O-Co0-Ta,O5 (SZCT) varistors was
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,05 (Aldrich), Cr,O5 (Vetec). The molar composition of
the investigated systems was (98.95 — x)% SnO, + 0.50%
CoO +0.50% ZnO +0.05% TayOs+x% Cr,O;, with x
equal to 0.025, 0.050 and 0.075 mol%. The amounts of CoO
and ZnO were always kept constant, because this 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 °C/min). The
X-ray data were collected with a Rigaku-2000 diffract-
ometer under the following experimental conditions:
copper anode, 50kV, 150 mA, Cu Ka radiation mono-
cromatized 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 micrographies (Topcom
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Fig. 1. X-ray diffraction data of the varistor system doped with different
chromium concentrations: (a) without Cr; (b) 0.025 mol%; (c) 0.050 mol%;
(d) 0.075 mol%.

Sm-300). To perform the electrical measurements, silver
contacts were deposited on the samples surfaces. Current—
tension measurements were taken using High Voltage
Measure Unit (Keithley Model 237). The breakdown electric

field (Ep,) was obtained at a current density from 1 mA cm 2.
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Fig. 2. (a) Linear shrinkage rate and (b) linear retraction for different
dopant concentrations as a function of temperature.
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The impedance measurements were made with a frequency
response analyser using frequency ranging from 100 Hz up
to 4 MHz, with an amplitude voltage of 1 V. The pellets
were put in a sample holder attached to a furnace.
Measurements of real (Z') and the imaginary (Z") were
made at temperatures ranging from 225 to 350 °C. The
impedance data were analysed with the EQUIVCRT
program [25].

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%
CoO + 0.50% ZnO + 0.05% Ta,Os and several amounts of
Cr,0;. 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 con-
ditions to obtain crystalline, dense Cr,O3-Ta;05-Co0O-ZnO-
doped SnO, varistors containing only the expected rutile
phase. The amount of additives is too small and other possible
phase might not be detected because of the detection limit of
the XRD equipment. All dopants introduced in the SnO,

Fig. 3. SEM micrographs for the SZCT system doped with different
chromium concentrations: (a) without Cr; (b) 0.05 mol%.

matrix lead to a stable solid solution according to the
Eqgs. (1)-(5).

Zn0O—Sn02ZnSn/’ + VOee 4+ O0x @))
SnO, 1 o0

CoO—Cog, + V§© + Op (2)
Sn0O, U oo X

C0,03232C 0%, + 2V§* 4 20} 3)

SnO; . "

2Ta,05——=4Tag, + V& + 100} (4)
SnO, / 1" X

Cry05=32Cr}, + VA" + 30} (5)

The linear shrinkage rate (d(Al/ly)/dT) and linear
variation Al/l, as a function of temperature for the samples
Sn0O; + 0.5%Co0 + 0.5%Zn0O + 0.05% Ta,Os and SnO, +
0.5%Co00 + 0.5%Zn0O + 0.05% Ta,Os+ 0.05% Cr,O5 are
presented in Fig. 2. The presence of two peaks close to
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Fig. 4. EDS analyses for the sample 98.9% SnO,+ 0.5 mol% CoO
0.5 mol% ZnO + 0.05 mol% Ta,Os + 0.05 mol%Cr,05: (a) grain; (b) grain
boundary.
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Table 1

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,0s5 Cr,05 pr (%) () E, (V/cm) V,, (V/barrier) Average grain size (pum)
98.95 0.5 0.5 0.05 - 98.5 11.5 1100 1.49 13.5+22
98.93 0.5 0.5 0.05 0.025 98.8 15.0 2800 2.52 9.0 £2.1
98.90 0.5 0.5 0.05 0.050 98.5 20.4 3050 241 79+24
98.88 0.5 0.5 0.05 0.075 98.3 21.5 5000 2.50 50+£22

1110 °C and 1220 °C for the sample doped with Cr,O3
indicates that during the first stages of the sintering process
occurs a structural change leading to the formation of intra
and inter-agglomerates. This modification is due to the
different particle size obtained from the raw powders.
Another peak close to 1370 °C could arise from defects on
the grain boundaries or from a possible SnO, evaporation.
This suggests a possible CoCr,O, segregation at the grain
boundaries. The increase in chromium concentration has
strong influence on the sintering process of the system. For
the sample doped with 0.05% in Cr, O3, there is a segregation
at the grain boundaries shifting the maximum shrinkage
temperature to 1218 °C which results to a decrease in grain
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size. The same behaviour was observed for the samples
doped with other Cr,O3; concentrations.

Fig. 3 shows the SEM micrograph of two systems
considered in this study. Although no secondary phases were
observed in SEM micrographs, CoSnO3; and CoCr,0,4 could
be precipitated at the grain boundaries leading to a decrease
in the grain size with the increase in chromium concentra-
tion. However, electron dispersive spectroscopy revealed
that there is no difference in dopant concentration between
grain and grain boundary (Fig. 4). A high amount of trapped
pores in the grains may be the result of the slow grain growth
rate during sintering. The densities of sintered samples were
obtained by the Arquimedes method and are related to the
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Fig. 5. Applied electric field as a function of current density for the SZCT system doped with different chromium concentrations: (a) without Cr; (b)

0.025 mol%; (c) 0.050 mol%; (d) 0.075 mol%.
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theoretical density of SnO, (Pmeoretical = 6-95 g/cm3). The
final densities after sintering are higher than 98%, as shown
in Table 1. They were only slightly affected by variations of
the Cr,O; content, although the average grain size decreased
significantly with an increase in Cr,Oj concentration. The
high densification of tin dioxide ceramics was attributed to
the zinc and cobalt effect in the SnO, lattice, which leads to
the formation of oxygen vacancies according to the Egs. (1),
(2) and (3). If one considers that diffusion of oxygen
vacancies is the rate controlling step, the substitution of Sn**
by Zn**, Co** or Co’" increases the sintering rate of SnO,
ceramics.

The applied electric field as a function of current density
for the different systems is given in Fig. 5. The nonlinear
coefficient o« was obtained by « =log(l,/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 [26]. The « values were obtained from the curves
E x J for current densities between 1 and 10 mA cm 2. The
highest nonlinear coefficient (o = 21.5) was obtained when
molar concentrations of 0.075 mol% Cr,O; were added to
SnO,, presenting an electric breakdown field of 5000 V/cm.
It was observed that the addition of Cr,0O3 in concentrations
varying from 0.025 to 0.075 mol% leads to a substantial
modification in the electrical behavior of the SnO,-Z-
ZnO\cdotCoO\cdot-
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-C00-Ta,05 ceramics. The electric behaviour of the system
without Cr,05, although nonlinear, is highly resistive. The
samples containing 0.075 mol% Cr,O3 are more resistive
(electrical breakdown close to 5000 V/cm) and possess a
nonlinear coefficient equal to 21.5. Comparing the results
presented in Table 1 and Fig. 5, it can be concluded that the
increase in Cr,Oj3 concentration decreases the grain size
increasing the nonlinear coefficient and the breakdown
electric field. Similar results were found in Bueno article
where they described the DC electrical behavior of the SCN
and SCNCr systems as a function of different molar Cr,O3
concentrations. SCN presents a varistor behavior with o
equal to 58 and a breakdown electric field (E},) of 1870 V/
cm. When 0.05% Cr,O5 was added to the system, the « value
decreased to 41 and the breakdown field increased to
3990 V/em [23].

Fig. 6a shows the Nyquist diagrams of SZCTCr with
0.05% Cr,03 at four different temperatures. The semicircles
observed in Fig. 6 were obtained by convolution of two time
constants in the system. So, the electrical response can be
fitted by an equivalent electrical circuit composed by two
series circuits of a resistance and capacitor in parallel, as
shown in Fig. 6b. Two hypotheses may be considered to
explain these two time constants: The first hypothesis
suggests that one time constant is related to the grain
boundary barrier and the second is associated with the grain
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Fig. 6. (a) Nyquist diagrams for SCTCr with 0.05% of Cr,0j at different temperatures and (b) equivalent circuit used to fit the impedance data with two time

constants.
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barrier. The weakness of this model is that the grain
resistivity thus calculated is at least four orders of magnitude
higher than the literature values for grain resistivity of SnO,
[27]. The second hypothesis supposes the existence of
different defects and/or adsorbed species at the grain
boundary region, not necessarily at the same grain boundary.
The two time constants are due to these kinds of defects. The
second hypothesis is more probable, since the possibility of
existence of different adsorbed species and defects on SnO,
was described in the literature [28]. Kim et al. [29] observed
that for the SCNCr compounds at temperatures higher than
200 °C it is possible that these species predominate at the
grain boundary structure and its formation can be
represented by the following reactions:

Cr203—Sn022CrSn/ + VOee + 300x (6)
Crl, + 022%Crl, Onaas) (7)
Cr§n02<ads)sn—O§Cf§nO/z(ads> ®)
CrgnO)aay) + Crs, " (Crly ), (ads) ©)
(CrSnx)202(ads)/7—Sn022(CrSnx02(ads)/) (10)
(Cr§a)2Ohaan) + Crba ™ (Cr5y) 0% e an

The chromium addition promotes the reduction of O} and
O’ and the reduction of O’ to O”. The influence of Cry, is to
increase the O’ to 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. The
absorption of the O} and O’ species must take place at the
grain boundaries, otherwise no electrical nonlinearity could
be observed. From these results one may say that the species
that are truly responsible for the barrier formation are O’ to
O". The Crg, generates the sites to promote the adsorption of
electrophilic species. These defects, O to O”, are not equally
present at the same grain boundary. One of them is probably
predominant at a grain. This behavior leads to a random
distribution of both defects, and to different charge transport
paths in the sample.

Table 1 shows the influence of Cr,O5 concentration on the
average grain size. The mean grain size was obtained by the
intercept method. There are significant differences in
average grain size with the increase in Cr,O3 concentration.
It was observed that the increase of Cr,O; amount
introduced in the matrix results probably in a segregation
at the grain boundaries which might decrease the grain
boundary mobility leading to a decrease in the grain size.
These results are in agreement with those of Pianaro et al.
[30] who observed the segregation of Cr,Os in the grain
boundaries for the system SnO,*Co0O*Ta,Os. The grains are
regularly distributed with an average grain size from 5.0 to
13.45 pm (Table 1). The mean values of «, E}, and the

numbers of effective voltage barriers (V},) are displayed in
Table 1. The effective voltage barriers were determined
using the expression: Vi, = Eyn, where n is the number of
grains in a line of length L and G is the mean grain size. The
V} can be estimated as Vi, = E,G/L [31]. Higher breakdown
electric field E;, due to the reduced grain size and higher
barrier voltage per grain V;, were obtained for Cr,05, ZnO,
Co0 and Ta,05-doped SnO, varistors. There was a decrease
in the number of effective barriers of the system doped with
0.050 mol% in Cr,0s.

4. Conclusions

The physical characterization showed that all the systems
presented high densifications. The experimental results
indicated that o and Ey, of the SZCT varistor system depend
on the Cr,O3 concentration. A high nonlinear coefficient of
21.5 for the SnO, varistor doped with 0.075 mol% Cr,03
was obtained. The increase in the breakdown electrical field
with increasing Cr,O3; doping is mainly attributed to the
decrease of the grain size. The impedance results show the
existence of two time constants in the varistor system
investigated. The results suggest different kinds of defects in
the grain boundary region.
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