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The complete I–V characteristics of SnO2-based varistors, par-
ticularly of the Pianaro system SCNCr consisting in
98.9%SnO211%CoO10.05%Nb2O510.05%Cr2O3, all in
mol%, have been seldom reported in the literature. A compar-
ative study at low and high currents of the nonohmic behavior of
SCNCr- and ZnO-based varistors (modified Matsuoka system)
is proposed in this work. The SCNCr system showed higher
nonlinearity coefficients in the whole range of measured current.
The electrical breakdown field (Eb) was twice as high for the
SCNCr system (5400 V/cm) than for the ZnO varistor (2600
V/cm) due to a smaller average grain size of the former (4.5 lm)
with respect to the latter (8.5 lm). Nevertheless, we consider
that another important factor responsible for the high Eb in the
SCNCr system is the great number of electrically active inter-
faces (85%) as determined with electrostatic force microscopy
(EFM). It was also established that the SCNCr system might be
produced in disks of smaller dimensions than that of commercial
ZnO-based product, with a 5.0 cm

�1
minimal area–volume

(A/V) ratio. The SCNCr reached the saturation current in a
short time because of the high resistivity of the grains, which is
five times higher than that of the grains in ZnO-based varistors.

I. Introduction

VARISTORS are nonlinear electroceramic devices with a micro-
structure consisting in conducting grains surrounded by

insulating grain boundaries.1 They are used as protective devices in
distribution and energy transmission lines against voltage surges.2

During the last 30 years a great deal of research has been done
concerning basically conduction and degradation phenomena in
ZnO-based varistors.2–5 Because of their excellent nonlinear coeffi-
cients and low leakage currents, the most studied systems are those
based on ZnO (Matsuoka system)6 and the SnO2-based system
introduced in 1995 of composition, all in mol%, 98.9%SnO211%-
CoO10.05%Nb2O510.05%Cr2O3 (SCNCr or Pianaro system).7

The I–V characteristics of a varistor exhibit three main regions as
indicated in Figs. 1 and 2. The relation between I and V is linear in
Region I and controlled by intergranular voltage barriers.1 Region
II corresponds to the nonlinear region and stands for the protec-
tion gap of the material.8 Finally, in Region III, at high current

densities, the I–V relation is linear again and is controlled by the
conductivity of the grains.8 The Region III for the SCNCr varistor
has been recently characterized.9 In this paper we propose a com-
parative detailed analysis of every region in the I–V curves of the
ZnO-based and SCNCr systems.

Several advantages have been reported for the SCNCr system
over the commercial ZnO-based varistor. These advantages
seem to be intimately related with the simple microstructure of
the former, with the low concentration of additives necessary to
attain electrical nonlinearity,7 with the high refractivity of the
oxides used, which minimizes losses due to evaporation,10 with
the high thermal conductivity (0.5 W � (K � cm)�1) which almost
doubles of that of ZnO11 and with the excellent mechanical
properties.12 All these features determine the behavior of the
material; for instance, according to recent results,12 the SCNCr
system has proven highly stable against degradation phenomena.
Therefore, the electrical and microstructural properties of the
SCNCr system make it an interesting candidate to substitute the
traditional multicomponent ZnO varistors. However, there exist
some challenges for this material to be ready for lightning pro-
tection systems or lightning rods. Some of these are the study of
the influence of the geometrical ratio area-to-volume (A/V)10,13

on the non-linear properties and the analysis of the electrical
response of the device at high current densities, which are the
objective of this work.

II. Experimental Procedure

The studied systems correspond to the commercial ZnO-based
varistor (modified Matsuoka system) of composition

Fig. 1. I–V characteristics for the SCNCr system. Electrostatic force
microscopy image registered with DV5 2 V applied between the tip and
the sample (inset).
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95.4%ZnO11.5%Sb2O311%NiO10.1%SiO210.5% (Bi2O3,
SnO2, Co2O3, MnO) [ZnO], and to the SnO2-based system
(Pianaro system) of composition 98.9%SnO211%-
CoO10.05%Nb2O510.05%Cr2O3 (SCNCr), all in mol%. The
ceramic pellets were prepared from analytical grade raw mate-
rials by mixed oxide procedures as described in previous
works.6–7,10,13 ZnO-based samples were sintered at 11801C for
2 h, whereas SCNCr samples were treated at 13001C for 1 h. A
chamber furnace, with heating and cooling rates of 51C/min,
was used in both cases. Samples with different area–volume
(A/V) ratios of the SCNCr system were prepared and the I–V
and/or J–E curves registered for the most appropriate ratio. The
electrical characterization was carried out on polished samples
with plane and parallel faces onto which silver electrodes were
deposited and treated at 4001C for 15 min.

A critical point in the finishing of the devices is the encapsu-
lation of the ceramic disk since the selected material might
influence the electrical response. In order to avoid or minimize
failures of the electrical insulation, a polymeric resin resistant to
high temperatures must be used. In this work, the encapsulation
was done according to the following procedure:

(1) Welding of Cu–Sn wires (7 mm diameter) to the varistor
electrodes.

(2) Rinsing for 10 min with deionized water in an ultrasonic
bath.

(3) Drying in oven at 1601C during 30 min.
(4) Encapsulation with polyester resin (JA 022B type)

warmed to 1601C. In order to cover and isolate the whole
surface, the pellet must be completely submerged into the
resin.

(5) Final curing at 1601C for 20 min.
The electrical parameters that determine the varistor behav-

ior, the electrical breakdown field (Eb), the nonlinearity coeffi-
cient (ai) and the leakage current (Il), were obtained from I–V
plots. The measurements were carried out at room temperature
with a Keithley 237 (60 Hz) source–measure unit with a max-
imum current value of 10 mA, whereas high-voltage measure-
ments were performed by means of a current generator adapted
from a Haefely instrument that delivers 8/20 ms current pulses.
The high-voltage circuit was based on three capacitors with
total capacitance of 2.25 mF and maximum voltage and energy
of 200 kV and 45 kJ, respectively. The response of the devices
was registered with a Tektronix (8 bits, 100 MHz) digital oscil-
loscope. Because of the rapid varistor response (in the order of
nanoseconds), the measurements registered with the Keithley
unit can be perfectly superimposed to those obtained by pulse
application.14

Atomic force microscopy AFM (Digital Instruments Nano-
scope IIIA, Veeco, Santa Barbara, CA) in the electrostatic force

(EFM) mode, with applied bias of 2 V between sample and tip,
was used to study the electrical response of the grain–grain in-
terfaces. Based on the EFM images, the amount of effective
barriers (%ne) was calculated using the methodology described
previously.15

III. Results and Discussion

The I–V characteristics for the SCNCr system are shown in
Fig. 1. With comparing purposes, Fig. 2 shows the equivalent
curve corresponding to the ZnO-based varistor. The linear ohmic
region (Region I) is equivalent for both systems; the leakage
current (Il) measured at 0.80 Vb resulted similar for both systems
as reported in Table I. The main difference in this region cor-
responds to the electrical breakdown field, which is much higher
for the SCNCr system. This result is associated with a combined
effect of grain size and number of electrically active interfaces.
The electrically active interfaces were determined with EFM as
shown in the insets of Figs. 1 and 2 for the SCNCr and ZnO
varistor systems, respectively. The accumulation of charges
(bright zones) observed in certain regions of the grain bound-
ary indicates the presence of electrically active potential barriers.
It was established that the 85% of the barriers in SCNCr are
active, whereas only the 35% were active in the ZnO-based sys-
tem. In agreement with previous reports,16 it can be observed in
Fig. 2 that twin-boundaries represent a significant contribution
to the total number of electrically active interfaces in ZnO
varistors. Values of electric breakdown field (Eb), average grain
size (d) and number of electrically active interfaces (EAI) are
shown in Table I for both systems. The calculated amount of
active interfaces is consistent with recently published data for
the SCNCr system15 and confirms the goodness of the EFM
technique in evaluating the active barriers in electroceramic
materials. According to the literature, this technique has never
been used before to characterize electrically active barriers in
ZnO-based varistors. The high number of electrical barriers in
SCNCr system is in turn associated with the basically mono-
phasic and homogeneous microstructure. The fact of the SCNCr
system possessing such a high number of electrically active in-
terfaces is of great technological interest because it allows the
series fabrication of varistor disks or blocks with the same Vb

but with smaller dimensions than the commercial ZnO-based
varistors. This will lead to the design of more versatile, more
efficient, lighter, and cheaper lightning protection systems.

The possibility of fabrication of small size SCNCr varistors
was confirmed by the J–E characteristics at low current densities
for samples with equal diameters but different thickness as
shown in Figs. 3(a) and (b). It is evident that samples 1 and
2mm-thick exhibit nonlinearity. These results suggest that there
exists a critical A/V ratio for the manufacturing of SCNCr
varistors of 5.0 cm�1, samples with values below 5.0 cm�1 are
essentially resistive. A detailed study of the green and sinteredA/
V ratio can be found in Ramı́rez et al.10 for the SCNCr system
and in de la Rubia et al.13 for the ZnO-based varistor. Further-
more, the length of the breakdown region (Region II) lies within
the same order of magnitude for both systems (10�6 to 1 A).
However, the transition from semiconducting to conducting oc-
curs drastically in the SCNCr varistor. This is another advan-
tage for this system because the ideal behavior is characterized
by a rapid transition from an insulating to a conducting state.8

Table I. Electrical Parameters of SCNCr and ZnO Varistor
Systems

Sample Eb (V/cm) Vb (V) Il (mA) dw (mm) EAIz (%) a1
y a2 a3 a4 rg (O � cm)

SCNCr 5400 540 1.0 4.5 85 65 25 12 11 5.0
ZnO 2600 377 1.3 8.5 35 56 11 5 5 0.9

wAverage grain size. zElectrically active interfaces. ySee text for definition of ai.

Fig. 2. I–V characteristics for the ZnO system. Electrostatic force mi-
croscopy image registered with DV5 2 V applied between the tip and the
sample (inset).
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In order to determine the efficiency of each system, the non-
linearity coefficient was calculated in several regions of the
curves: a1 from 1 to 10 mA/cm2, a2 from 0.5 to 2.50 A/cm2,
a3 from 0.5 to 50 A/cm2, and a4 from 0.5 to 200 A/cm2. Then, a1
and a2 represent the nonlinearity coefficients for low current
densities, a3 for intermediate current densities, and a4 for high
current densities. The nonlinearity coefficients are presented in
Table I as average values of three measurements. For every
current density range, the SCNCr sample displayed higher val-
ues of a than the ZnO system, suggesting that the SCNCr system
would be more efficient for low as well as for high current
densities.

In the upturn region (Region III) the behavior is again ohmic,
but in contrast with Region I where the intergranular voltage
barriers control the electrical response, in Region III it is the
intrinsic grains resistivity that controls the response.1 The re-
sistivities (rg) of the grains as calculated from the slopes of the
curves in Region III are also listed in Table I. Comparing the
Region III for each system, it can be deduced that the SCNCr
owns one disadvantage. The resistivity of the grains is five times
higher than that of the grains in the ZnO system. Because of the
high resistance of the grains in SnO2-based varistors, the satu-
ration current (103 A) is rapidly reached giving certain instability
to the system in this region of the curve. This observation is not
surprising. The SCNCr varistor is a very simple system com-
posed by three additives only in very low concentration. As
Carlson and Gupta demonstrated for the ZnO-based varistors,14

the resistivity of the grains could be reduced by appropriate

doping with donor species in order to increase the non-linear
region leading to a more efficient and reliable varistor. At
the moment, our research efforts are concentrated in the use
of different additives in different concentrations in order to
increase the stability of the SCNCr system at high current den-
sities by decreasing the grains resistivity. Optimizing the I–V
response in Region III, along with the design of a proper
encapsulating material, would lead to a SCNCr system ready
to be used in the protection of electro-electronic circuitry.

IV. Conclusions

Whole-range I–V curves showed that the SCNCr varistor
exhibits good nonlinearity at low, intermediate, and high cur-
rent densities. SCNCr varistors have shown a higher breakdown
voltage than ZnO-based systems due to a combined effect that
involves the smaller grain size and the higher number of elec-
trically active interfaces (85%) of the former. This observation
was associated with the microstructural homogeneity, which in
turn, allows the fabrication of smaller devices. For instance, for
a 20-mm-diameter disk, a thickness of at least 2 mm (equivalent
to a A/V ratio of 5.0 cm�1) would ensure electrical nonlinearity.
Nevertheless, it is still necessary to improve the behavior of the
SCNCr system at high current densities, beyond the upturn
region, where the grains resistance control the electrical
response.
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Fig. 3. J–E characteristics at low current densities for SCNCr ceramics
with different A/V ratios. Sample thicknesses are indicated.
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