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Electrical properties of SnO, ceramic varistors withstanding high current pulses
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Electrical properties of new dense SnO,-CoO-Nb,0s-Cr,03-Y,05 varistor ceramics are studied. Current-
voltage characteristics in the wide range from 10! to about 3.3:10> A-cm™ contain three regions. At low
currents linear (Ohmic) region is found. Highly nonlinear region with the nonlinearity coefficient of about 50
at 1 mA-cm? is observed between 10 and 1 A-cm™. At higher currents the upturn region is revealed. In this
region the slope of current-voltage characteristic in the double logarithmic scale is decreased. The increase in
dc current on time at fixed voltage and the hysteresis in the ac current-voltage characteristic are observed.
These features can be related to Joule heating or electronic processes. However, after the high-current pulses
only minor changes at low current are found. This indicates that studied ceramics withstand high-current
overloads. This fact can be attributed to the formation of quite identical electrically-active grain boundaries
throughout a sample. The grain resistivities p, =12-22 Ohm.cm estimated from high-current pulse data are

the lowest known up to now for SnO, varistors.
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1. Introduction

Metal oxide varistor (a sample of suitable ceramic
material with two electrodes) is semiconductor device with
superlinear and symmetric dependence of current | on
voltage U . Usually current-voltage (1(U)) characteristic
of varistor is approximated by the empiric expression
(written for the current density J and the electric field
E):
J=BE”, )
where B and f are constants. The degree of the

nonlinearity is frequently estimated by the empiric
nonlinearity coefficient:

_Ed) _d(ogJ)

p= JdE  d(logE)’

2

and the electric field

strength E; calculated at fixed current density (usually at 1

The nonlinearity coefficient [

mA cm?) are used as the main empiric parameters of
varistor.
At present, ZnO-based ceramic varistors with S > 20

[1] are widely used for protection of electronic and
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electrical equipment against transient surges [2-4]. Fairly
strong non-Ohmic conduction was observed in SnO,-based
ceramics [5-7] and now SnO, varistor ceramics are
intensively studied [8-13].

The varistor effect in ZnO-based and in SnO,-based
ceramics is electronic in its nature: it is related to the
transport of the majority carriers (electrons) controlled by
the grain-boundary potential barriers formed during
sintering in oxidizing atmosphere [2-13]. The varistor
effect in ZnO and in SnO, ceramics can be explained as a
sharp decrease in the barrier height due to a participation
of minority carriers (holes) appeared as a consequence of
threshold impact ionization or threshold tunneling (Zener
effect) [14-19].

Frequently in the literature only dec J(E) characteristics

(below about 10 mA-cm?) are discussed. Meanwhile
varistors in real circuits works in dc (or ac) and pulse
modes. Therefore, J(E) characteristics obtained in a wide

current range from nA to kA give rather more complete
characterization of ceramic ZnO or SnO, varistor [I-
4,11,17,20-25].

Current flow in varistor ceramics can be accompanied
by the Joule heating if dc or ac current is too high or heat-
sink cooling is not enough. Therefore, sometimes Joule
heating can undesirably modify electrical characteristics.
But usually researchers do not pay attention to possible
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Figure 1. SEM micrograph of the surface of SnO,-CoO-Nb,Os-Cr,05-
Y,0; ceramics.
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Figure 2. XRD pattern for SnO,-CoO-Nb,0s-Cr,0;-Y,0; ceramic
material. The peak positions for CoSnO; phase are marked with
asterisk.

1.50
0.75
-
<
E
= 000
=
-
-
£
o
-0.754
1.50 T T T T T T T
=3 200 104 (] 100 200 300
Voltage (V)
a
150
7.5+
-~
-
B
-
= 0.0+
=
E
=
15
754 4 ! {
150 T T T T T T
300 200 100 o 100 200 300
Voltage (V) b

Figure 3. Oscillograms of I(U) characteristics of SnO,-CoO-Nb,Os-
Cr,05-Y,0; ceramic varistor (50 Hz). In “a” and “b” I(U)
characteristics of the same sample but with different vertical scale are
shown.
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contribution of Joule effect. The Joule self heating can be
especially important in SnO, varistor ceramics where
some porosity is observed and due to that rather poor
grain-to-grain contacts can be assumed [26] even if
ceramics were obtained by liquid-phase sintering [27]. It
was reported [26] that Joule heating is responsible for
current rise on time especially in the range of relatively
high dc currents where actually the nonlinearity of 1(U)

dependence is quite high. The Joule self heating can be
responsible for the irreversible electro-thermal breakdown
of SnO, ceramic varistors during high-current pulse tests
[27]. It can be due to the inhomogeneous distribution of
current over cross-section of a sample. However, in some
laboratories high-current pulse tests of SnO, ceramic
varistors gave promising results showing that such
samples can withstand high-current pulses [23-25]. It
would be interesting to study such SnO, ceramic varistors
and understand the role of the Joule self heating in their
low-current and high-current properties.

Therefore, in this paper we study dc and ac electrical
properties of SnO,-based varistor ceramics in a system
Sn0,-Co0-Nb,05-Cr,03-Y,0; in the wide current range
from about 10™"" up to 3.3 kA-cm™ with the attention to
possible manifestation of the Joule self heating in electrical
characteristics.

2. Experimental details

Tin dioxide based Sn0,-CoO-Nb,0s5-Cr,05-Y,03
ceramics were obtained according to a recently reported
procedure [25]. The composition was (mol.%) 97.35 SnO,,
2.5 COO, 0.05Nb205, 0.0SCI’QO3 and 005Y203 Sl’lOQ
powder (purity of 99.5%) was blended with additives and
ball milled with distilled water. PVA solution was used for
granulation. The granulated powder was pressed into discs
at a pressure of about 150 MPa. After removing of the
organic binder, the discs were placed in a covered
aluminum crucible and sintered at 1300 C for 2 hours in
air. Silver electrodes were obtained at 600 C. The sizes of
studied samples were: thickness 1 mm and diameter (of
electrodes) 12 mm.

For materials characterization scanning electron
microscopy (SEM) (FEI-Quanta 200) and X-ray diffraction
(XRD) (Philips X'pert MPD) were used. Dc measurements
were conducted by using source-measure unit Keithley-
237. Ac (50 Hz) current-voltage characteristics were
obtained using  TR4401  oscilloscope.  Original
oscillogramms were treated using “G3 data” program to
improve their quality. The dependences of small-signal
capacitance and ac conductance at frequency 1 kHz on time
at different dc voltages were obtained using precision LRC
meter 7600-B (QuadTech) and source-measure unit
Keithley-6487.

Pulse properties of varistors were tested using 8/20 ps
current pulses generated at capacitance discharge over
circuit containing tested varistor. For 8/20 s pulse test,

the discs with electrodes were soldered with tinned copper
leads and coated with epoxy resin, with the aim to avoid
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electrical breakdown of air at the lateral parts of a sample
at high applied voltage. The current and voltage waveforms
were recorded using storage oscilloscope. Peak current and

voltage values were used to plot | (U) characteristic.

3. Results and discussion

Samples of Sn0,-CoO-Nb,05-Cr,03-Y,0;5 ceramics are
quite dense (Fig.1). The grain size distribution is rather
wide. There are relatively large SnO, grains of about 10 um
and smaller SnO, grains of about 2 um. The inclusions of
other phases are not seen in Fig.1, though, XRD confirms
that this material contains, additionally to the main SnO,
crystalline phase, small quantity of CoSnO; phase (Fig.2).
Fairly good sintered material (Fig.1) can have relatively
high cross-section of grain boundaries what is important
for high current transport.

It is useful to see the oscillogram of the current-voltage
characteristic of a nonlinear device. Additionally, the Joule
heating can cause some inertia in 1(U) behavior which can

be seen in its oscillogram [12]. With this aim current-
voltage characteristics were studied at ac voltage (50 Hz).
In Fig.3 the oscillograms of 1(U) characteristics of SnO,-

Co0O-Nb,05-Cr,03-Y,05 ceramic varistor are presented.

In Fig.3,b maximal current is about one decade higher
than in Fig.3,a. At low voltages some vertical bifurcation is
related to capacitive current because this bifurcation is
higher in the samples with higher low-voltage capacitance.
At high voltages the hysteresis in |(U) characteristic is

seen (Fig.3,a,b). The increase in current with voltage is
quite sharp. Though, the decrease in current with voltage is
less sharp due to some micro regions in the sample are still
sufficiently heated. In Fig.3,b the transition to highly
nonlinear region is clearly seen as vertical current jump but
current decrease give more flattened curve. Observed
hysteresis in the highly nonlinear part of 1(U)

characteristic is due probably to the Joule heating, though,
it is possible that the observed behavior may be caused by
some electronic processes in the barrier region.

Similar hysteresis was found in other SnO,-based
varistors [12,26]. In ZnO-based varistors such hysteresis is
lower or visibly absent [12,26]. Observed hysteresis can be
probably related to phenomenon of “inductive-type”
behavior of current (increase in current on time at
rectangular voltage pulse) observed in ZnO varistors [1,28]
and in SnO, varistors (our observations) and phenomenon
of “negative small-signal capacitance” in ZnO varistors
[16,29,30] and in SnO, varistors [6,19] or can probably
strengthen such phenomena.

Application of low dc voltage causes gradual decrease of
current on time and during some short time current
becomes fairly stable. Therefore, for the study of nearly
steady state current-voltage characteristic voltage was
applied during 120 s and current was recorded at the end of
this period. Then higher voltage was applied stepwise and
current was recorded again and etc. Obtained data are
shown in Fig.4. It is seen that at low voltages current is
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Figure 4. Time dependences of current at fixed dc voltages.
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Figure 5. Time dependences of capacitance at zero dc bias (1), at 100
V dc bias (2) and at zero dc bias after the application 100V (3).
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Figure 6. Current-voltage characteristics of SnO,-CoO-Nb,05-Cr,0;-
Y05 varistor ceramics. Data obtained at increase (1) and decrease (2)
of voltage applied during 2-3 s. At curve 3 current values were
measured if voltage was applied during 120 s at each point.
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Table 1. Electrical parameters of SnO,-CoO-Nb,05-Cr,0;3-Y,05 varistor (thickness 1 mm, diameter of electrodes 12 mm, with copper leads, coated

with epoxy resin).

Uima B 0.75-Uma Ciknz
V) I(uA) (pF)
294 53 0.35 585

U ImA : voltage at 1 mA; S : nonlinearity coefficient at 1 mA; I.: leakage current (current at 0.75 U; ua); Cixn,: capacitance at 1 kHz.

decreased on time but at higher voltages the increase in
current on time is observed (Fig.4).

In SnO,-based ceramics electrical conduction is
controlled by potential barriers formed at the grain
boundaries during sintering in oxidizing atmosphere [5-13].
Electrons are captured at the surface oxygen centers and
positive charge of ionized donors in the depletion layers of
the adjacent grains are screened mentioned negative
surface charge. Therefore, observed decay of current on
time if voltage is applied, can be related to a breach of
dynamic equilibrium between capture and emission of
majority carriers (electrons) at the grain boundary. As a
result capture is dominated over emission, the barrier
height is increased and current is decreased.

For the confirmation of such picture the dependence of
capacitance on time was measured (Fig.5). Actually,
capacitance at relatively high frequency about 1 kHz gives
some information about the width of the depletion regions.
It is seen from Fig.5 that capacitance is decreased on time
and on dc bias. Grain-boundary capacitance can be
assumed as forward-biased and reverse-biased parts of
capacitance connected in series. Then decreasing of
capacitance on time is due to the capture of electrons at the
grain-boundary states. Negative interface charge is
increased and, therefore, depletion layers in adjacent grains
become wider. If dc bias is taken off, than emission is
dominated over capture, negative interface charge is
decreased on absolute value, depletion layers become
narrower and capacitance is increased on time (curve 3 in
Fig.5). The decrease of capacitance on dc bias means
widening of reverse-biased depletion layer. Therefore,
observed decrease in capacitance on time and dc bias
confirms discussed earlier decrease in dc current on time
(Fig.4). Ac conductance data demonstrate similar behavior
but the scattering in ac conductance is stronger than in the
capacitance. These results give the basis for discussing the
grain-boundary controlled conduction in the studied SnO,-
based varistor ceramics.

The current rise on time observed at higher voltages
(Fig.4) can be explained by Joule self heating. However,
processes probably are more complex than simple Joule
heating because, on the one hand, Joule heating leads to
some increase in temperature of grain boundaries which
causes higher heat transfer from the grain boundary to
adjacent grains and from tested sample to the sample
holder. On the other hand, increase in current on time at
higher voltages can be due to the gradual establishment of
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new dynamic equilibrium between capture and emission of
majority carriers at the grain boundary. In any case as a
result of thermal and electronic processes the equilibrium
current can be reached because the slope dl /dt of this
dependence is decreased on time (Fig.4). Observed
increase in current on time at higher voltages with a
tendency to stabilization correlates with the behavior of
current on time in Sn0,-CoO-Nb,0s-Cr,O;  varistor
ceramics at accelerated ageing when current flowed across
a sample during long time about 170 hours [31].

Due to the observed changes in current on time at fixed
voltages (Fig.4) some variation in current-voltage
characteristic depending on a rate of voltage change is
expected. In Fig.6 current-voltage characteristics of the
same sample were recorded if voltage was changed
relatively quickly (each 2-3 s) or slowly (each 120 s). Two
features are found. At low voltages some hysteresis is
observed (curves 1 and 2 in Fig.6): I(U) characteristic
obtained at decreasing voltage is situated slightly below
than I(U) dependence obtained at increasing voltage due to
some additional electronic charge was captured at the grain
boundaries. At high voltages (in the highly nonlinear
region) longer application of voltage causes some increase
in current (see Fig.4), therefore, current-voltage
characteristic exhibit some higher slope. This means that
the nonlinearity coefficient can be overestimated due to
possible Joule heating. Probably, the values of the
nonlinearity coefficient reported in the literature sometimes
can be overestimated due to this reason. But numerical
values of parameters can be useful for approximate
comparison of different materials. With this purpose in
Table 1 basic electrical parameters of one of the studied
sample are shown.

Taking into account observed influence of Joule heating
on dc and ac current it can be assumed that studied SnO,-
based varistors can be strongly degraded or even be
destroyed at pulses of high current. However, according to
published data these SnO,-based varistors are able to
withstand high-current pulses [25]. Therefore, it would be
interesting to test by high-current pulses exactly those
samples for which data of Fig.3-6 were obtained.

In Fig.7 (curve 1) J(E) characteristic of SnO,-CoO-
Nb,05-Cr,03-Y,0; ceramic varistor obtained in dc regime
(below about 1 mA-cm™) and in pulse regime (above about
1 mA-cm?) is shown. It is important to mention that just
after high-current pulse measurements (curve 1) dc J(E)
characteristic (curve 2) is situated just slightly below the
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Figure 7. J(E) characteristic of SnO,-CoO-Nb,0s5-Cr,03-Y,0; ceramic
varistor obtained in dc (1,2) and pulse (1,3) regime. Pulse tests were
performed on similar samples but using different equipment. Curve 2
gives dc J(E) characteristic after the pulse test presented by curve 1.

initial one (curve 1). It means that no undesirable
degradation (increase in low-field conductivity) is
occurred. Observed slight decrease in conductivity (Fig.7,
curve 2) can be explained by the residual filling of grain-
boundary states. Using other pulse equipment some higher
current density of about 3.3 kA-cm™ was reached for other
samples of the same preparation method and the same
diameter of electrodes (12 mm) (Fig.7, curve 3). Both pulse
data (curve 1 and curve 3 in Fig.7) are combined
satisfactorily in logarithmic scale.

At the current-voltage characteristic of SnO,-based
varistor obtained in a wide current range three regions with
gradual transitions between them can be distinguished
(Fig.7, curves 1 and 3): linear (Ohmic) region at low
currents, highly nonlinear region from about 10 A-cm™ to
about 1 A-cm™ and upturn region where the slope of J(E)
characteristic in the double logarithmic scale again
becomes low. The highly nonlinear region in J(E)
characteristic is attributed to the decrease in the barrier
height of the grain-boundary potential barriers. The
appearance of the upturn region in J(E) characteristic is
related to increasing of voltage drop at SnO, grains. The
higher the current the higher voltage drop at SnO, grains.
The voltage drop at SnO, grains is added to the voltage
drop at the grain boundaries. It is necessary to stress that at
lower currents (in the highly nonlinear region) the whole
voltage drop is at the grain boundaries and the voltage drop
at SnO, grains is negligible, though at higher currents the
voltage drop at the sample consist of two parts: the voltage
drop at the grain boundaries and the voltage drop at the
grains.

It is seen that in the upturn region current is substantially
limited by the grain resistance. Therefore, the grain
resistivity is very important varistor parameter. It is possible
to estimate the grain resistivity value using upturn region of
J(E) characteristic.

If current is quite high (in the upturn region) and
significant part of voltage is dropped at grains, then J(E)
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Figure 8. Pulse E(J) characteristics (see Fig.7) presented in linear
scale. Curve 1 is formed by several high-current points taken from
curve 1 in Fig.7. Curve 2 presents the same data as curve 3 in Fig.7.

characteristic becomes approximately linear and the grain
resistivity pg can be estimated according [17,20-21]:

P =AE/AJ, 3)
where AE is the increment of electric field and AJ is
respective increment of current density in the upturn region
of J(E) characteristic.

In Fig.8 experimental data of Fig.7 are shown in linear
scale. Curve 1 in Fig.8 reflects several high-current points
taken from curve 1 in Fig.7. Curve 2 in Fig.8 presents the
same data as curve 3 in Fig.7. Curve 1 in Fig.8 can be
approximated by the right line and according to Eq. (3) we
have: pg =2.2 Ohm-cm. Curve 2 in Fig.8 is slightly

displaced from the curve 1 due to other sample (but of the
same preparation method and the same diameter of
electrodes) was used. Curve 2 in Fig.8 is related to wider J

and E range. It is slightly nonlinear, however, some linear
part at high currents can be selected. Respective estimation
using Eq. (3) gives: pg =1.2 Ohm-cm. Obtained lower

value of pg corresponds some lower slope of curve 2 in

Fig.8. Probably at lower current density (Fig.8, curve 1)
contribution of voltage drop at the barrier region is more
significative and, therefore, estimation is less exact. It means
that the value pg =1.2 Ohm-cm is closer to reality.

Estimated  values of the  grain  resistivity
pe =1.2-2.2 Ohm-cm for the studied SnO,-varistors are

quite low. Earlier significantly higher values of the grain
resistivity in other SnO,-based ceramic varistors were
reported. In SnO,-Zn0O-Bi,0; varistors the grain resistivity
is about 40 Ohm-cm [20]. In Sn0;-C0304-Nb,05-Cr,03-

Bi,0O; varistors the value of about 4 Ohm-.cm was

estimated [32]. Extremely high grain resistivity of about
1-10° Ohm-cm was reported in SnO,-CoO ceramics [11].
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In Sn0O,-C0304-Nb,05-Cr,03-CuO varistor ceramics the
grain resistivity in the range 11-17 Ohm-cm was found

[27]. Therefore, estimated here wvalues of the grain
resistivity pg =1.2—-2.2 Ohm-cm for SnO,-CoO-Nb,Os-

Cr,05-Y,0; ceramics are the lowest among published for
SnO,-based ceramic varistors. For ZnO varistors the grain
resistivity is about 0.25-0.5 Ohm-cm [20,21,33-35].

This means that SnO,-CoO-Nb,Os-Cr,03-Y,05 varistor
ceramics possess quite low grain resistivity closely
approaching to the grain resistivity in ZnO varistor
ceramics.

The addition of higher amount of CoO (2.5 mol.%) makes
this ceramic material quite dense (Fig.1). Probably, the
densification (due to CoO addition) and addition of Y,03
promote more homogeneous creation of oxygen vacancies
and more homogeneous distribution of Nb throughout a
sample. The oxygen vacancies and Nb atoms can be donor
impurities in tin dioxide [12,13]. More homogeneous
distribution of donors in a sample can explain lower grain
resistivity observed in the studied material. If the
distribution of donors in a sample is not sufficiently
homogeneous then the average grain resistivity is higher.
Additionally, probably, Y,0s; in parallel to Cr,O; helps in a
formation of rather equal barriers at different grain
boundaries in a sample. Therefore, at high current pulses a
sample will behave homogeneously (more part of cross-
section will be used), current will be higher at the same
voltage, resistance is decreased and the grain resistivity is
decreased as well.

Low-current electrical properties of SnO,-CoO-Nb,Os-
Cr;,03-Y,0; varistor ceramics with quite high pulse
stability studied here are sufficiently similar to low-current
electrical properties of other ceramics [26] with
significantly lower pulse stability. However, the only
difference between both mentioned materials rather is in
microstructure: according to SEM observations, studied
here SnO,-based varistor ceramics are better sintered
materials with no visible porosity (Fig.1). Probably, more
dense arrangement of grains promotes adequate dissipation
of heat generated in the grain-boundary regions but the
grain resistivity is very low and, therefore, heat generated
in the grains themselves can be substantial only at quite
high currents.

Conclusions

Current-voltage characteristics of new dense SnO,-CoO-
Nb,05-Cr,03-Y,0; varistor ceramics are reproducible in
the wide current range and, similarly to ZnO varistor
ceramics, contain linear, highly nonlinear and upturn
regions. Electrical conduction in the linear and highly
nonlinear regions are controlled by the grain-boundary
potential barriers with the barrier height strongly dependent
on electric field. In the highly nonlinear region the
nonlinearity coefficient is about 50-54. In the upturn region
the slope of current-voltage characteristic in double
logarithmic scale is decreased due to the non-zero grain
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resistivity. The estimated grain resistivity
pe =1.2-2.2 Ohm-cm is the lowest known up to now

for SnO, varistors. It is surprising that samples exhibit the
Joule self heating at relatively low dc currents but
withstand high-current pulses. The absence of irreversible
breakdown in such case can point out that throughout a
sample quite identical electrically-active grain boundaries
are formed. High nonlinearity combined with low pulse
degradation and quite low grain resistivity certify that
Sn0,-CoO-Nb,05-Cr,03-Y,05; ceramics exhibit fairly
reasonable varistor properties.
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