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Abstract: Degradation of ZnO-based varistors has been attributed to ion migration
in the depletion layers at intergrains. Experiments can then be explained as the
result of the deformation of Schottky barriers present in the grain boundaries.
However, the simple lowering of the barriers is not consistent with the observed
results. We found that ion migration can change the dopant profile and then the
barriers’ shape. We found it necessary to distinguish two processes, permanent
degradation and reversible degradation to account for the observed experimental

results.

1 INTRODUCTION

There has been a considerable effort to understand
the degradation processes in zinc oxide varistors
and their relation to microstructure.'”’ Degradation
phenomena can appear under continuous, alter-
nating, or pulses of voltage usually combined with
thermal treatments.®® Suggested degradation
mechanisms are electron capture, dipole orientation,
ion migration and oxygen desorption. Among
these, the most accepted model is due to T. K.
Gupta and G. W. Carlson.'® They propose a double
barrier with a stable component consisting of
spatially fixed positively charged ions and a
metastable component consisting of mobile posi-
tively charged zinc interstitials. The former ions
are the trivalent substitutional ions and the native
oxygen vacancies, whereas the latter ions are the
singly and doubly charged native zinc interstitials.
The proposed degradation mechanism is based on
the migration of zinc interstitials present in the
depletion layers at intergrains by the action of
electric fields. These ions would react at the grain
boundaries with the zinc vacancies, producing a
decrease in the barrier heights.

In the analysis of the electric characteristics we
have used a conduction model based on a double
barrier with an intergranular zone.!! The barriers are
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considered to have an exponential concentration
of electrically active dopants

N(x) = N+ N, exp(-x/A), (1

where N, is the donor concentration in the bulk,
N+ N, is the donor concentration in the grain
boundary, and A is a parameter.'? Parameters N,
and A determine the donor concentration profile
close to the intergrain and thus the width and
steepness of the barriers.

We found that permanent degradation can be
produced by the action of a thermal treatment or
by the combined action of a thermal treatment
with an applied electric field. Post-sintering pro-
duces a grain growth and modifies the barriers’
shape of the samples. A permanent degradation
was also achieved by applying a voltage of about
30% of the breakdown voltage at 200°C.

We also found that for lower temperatures and
applied voltages degradation can be reversible, that
is, the varistor recovers its initial properties by relax-
ing at room temperature. Reversible degradation
presents some difficulties in its interpretation.
Although several models have been proposed to
explain qualitatively what occurs in the varistor dur-
ing this process, a quantitative analysis is lacking.'’

We analyzed in this work the changes produced
in ZnO-based varistors by the action of different
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thermal processes and applied electric fields. A
model to explain the observed results is presented.

2 EXPERIMENTAL
2.1 Post-sintering

Samples were made with ZnO, 6% wt/wt Bi,O;,
and 0-7% wt/wt MnO,. The resulting powder was
mixed and pressed at 300 kg/cm? Samples were
then sintered at 1100°C for 3 h, cooled at 10°C/
min between the sintering temperature and 700°C,
and in steps of 50°C for 20 min up to 200°C.
Some samples were post-sintered at 1100°C for 7
h, and cooled at 10°C/min until 700°C and then at
5°C/min until room temperature. Electric measure-
ments were carried out in the range 80-333 K
with an applied voltage of 10 V. Samples were
characterized with X-ray diffraction (XRD) and
Scanning Electron Microscopy (SEM).

2.2 Degradation by applying an electric field
at high temperature

A commercial varistor P7 100 Z4 from General
Electric was tested. Since features for varistors of the
same type present varying characteristics, the same
varistor was used for each measurement series.
Current density-temperature characteristics (J-T
curves) were determined for an applied voltage of 30 V
in the range 80-463 K. Samples were then degraded
by applying a voltage of 60 V at 463 K for 4 h.

2.3 Reversible degradation

In this study samples were made of ZnO with 6%
wt/wt of Bi,O;, 0-6% wt/wt of Co;0,, and 3-5%
of Sb,0,.

wt/wt Current—time curves were

Fig. 1. Microphotograph of the sintered varistor. Bar = 10 um.
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obtained for temperatures in the range 293-413 K.
Voltages lower than 70% of breakdown voltage
were applied for 3 min and then the polarity was
inverted. After measurements the behaviour of the
varistor as-sintered was restored.

In all the degradation processes, a Phytronics
power supply (0-320 V, 0-1-5 A) was used. Currents
lower than 0-1 nA were measured with a home-
made electrometer while a Fluke 8062A multimeter
was used for higher currents. With liquid air and a
furnace the desired temperatures were achieved.

3 RESULTS AND DISCUSSION
3.1 Post-sintering

The post-sintering treatment produced a high
grain growth as seen in Figs 1 and 2. The same
phases as those found before the treatment were
detected - with XRD. Electrical characteristics of
the sintered and post-sintered samples are shown
in Fig. 3. The post-sintering process manifests as
an increase in the electrical conduction. Current
density versus temperature curve fittings were
achieved with following parameter values: N, = 7 X
10%cm™, Ns = 4 X 10®cm™, E, = 1-5 ¢V, and
A =51 X 10° m for ZnO-Bi,O, as-sintered, and
N, =7 X 10%cm3, N, =2 X 10¥%cm™, E, = 12 eV and
A =69 X 10° m for ZnO-Bi,0; post-sintered; N, =
7 X 10%cm>, N, =7 X 10¥cm™, E, = 1 eV, and
A =107 X 10 m for ZnO-Bi,0,-MnO, as-sintered,
and N, =7 X 10'%cm™, N, = 6 X 10%cm™, E, =
095 eV, and A = 1-08 X 10®m for ZnO-Bi,O;-
MnO, post-sintered. During post-sintering (at the
sintering temperature), two processes take place:
an increase in the grain growth (Figs 1 and 2) due
to an equivalently longer sintering time and a
modification of the barriers (Fig. 3) very likely

Fig. 2. Microphotograph of the post-sintered varistor. Bar =
10 pm.
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Fig. 3. Current density vs temperature curves for (a) ZnO-
Bi,O; as-sintered, (b) ZnO-Bi,O; post-sintered, (c) ZnO-Bi,O3—
MnO, as-sintered and (d) ZnO-Bi,O;-MnO, post-sintered.

produced by ion migration and loss of oxygen at
the very high temperature of sintering.'?

3.2 Degradation by applying an electric field
at high temperature

Figure 4 shows that conductivity can be greatly
affected by applying an electric field at high tem-
perature. With the double barrier model described
above the following parameters were determined:
N, =7 X 10%cm™, N, = 87 X 10%cm™, E, =
1-52 eV, and A = 1-98 X 10®* m before degradation,
and N, =7 X 10"%cm™®, N, =1 X 10%cm™, E, =
1-52 eV, and A = 32 X 10®*m after degradation.
As seen, the barrier height would not be affected
by this degradation process. On the other hand,
dopant concentration profile at the grain boundary
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Fig. 4. Current density vs temperature for samples (a) before
and (b) after degradation. As seen, a good fit is obtained
without changing the barrier height.
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Fig. 5. Current density vs temperature for samples (a) before

and (b) after degradation. As seen, a good fit cannot be

obtained by changing the barrier height, N, = 7 X 10'%em ¥,

N,=87X10%cm 3 A =193 X 10®%m,a) E, = 1 52¢eV,b) E,
=135eV.

(parameters N, and A) seems to be responsible for
the observed changes in the J-T curves. Figure 5
shows that a change in barrier height cannot
account for the observed current-temperature
curves. Barrier modification can be attributed to
ion migration which modifies the donor concen-
tration profile at the depletion regions.'?

3.3 Reversible degradation

Figure 6 shows current evolution observed when
switching the polarity of the applied voltage at
different temperatures. For 7T = 140°C, a clear
pattern arises in our experiments. After applying a
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Fig. 6. Effects of switching the voltage polarity in ZnO-Bi,0,
samples.
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voltage, the current increases with time. When the
voltage polarity is inverted, the current decreases
at the beginning but, after a few seconds, a steady
increase is established. This behaviour appears any
time the polarity is inverted. This phenomenon is
not observed at low temperatures but clearly
appears at temperatures above 100°C.

The transient current present after the voltage
switching can be understood as the charging of
the intergrain capacitances. After a few seconds, the
observed trend is due to the steady-state current
which directly shows the effects of degradation.
This behaviour, the current magnitude, and the
increase of current with time are only compatible
with a fundamental change in the intergrain elec-
trical barriers.

Reversible degradation has been explained by
invoking ion diffusion in the depletion regions.
Some researchers suggest that those ions are zinc
interstitials which diffuse out from the depletion
region to react with defects present at the grain
borders.!® This process would reduce barrier heights
causing an increase of the prebreakdown current.
Zn interstitials are due to the non-stoichiometric
nature of ZnO frozen in their positions during
cooling from the sintering temperature.

In this model, the depletion layers present fixed
positive charges (oxygen vacancies), and highly
mobile positive ions (zinc interstitials). This positive
charge is compensated by a layer of negatively
charged acceptors at the grain boundary interface
(zinc vacancies). The varistor would be ‘energized’
during electrical stressing at temperatures high
enough for ions to migrate towards the interface.
These ions could then react with zinc vacancies at
the grain boundary and the barrier height would
decrease. When removing the applied electric field,
an inverse process would take place and the barrier
height would be reestablished.

When modelling the above-described mechanism
by considering a field-assisted diffusion mechanism,
we found that the large fields close to the grain
boundaries prevents ions at the grain boundaries
from migration into the grain. Indeed, it can be easily
shown that ions could only penetrate a few Ang-
stroms into the depletion layer. Since reversible
stressing cycles cannot be explained by consider-
ing the positive ions’ movement, we speculate that
reversible stressing cycles in ZnO varistors could be
a consequence of negative ions diffusing in the
low-field region of the depletion layer.

4 CONCLUSIONS

From the above experimental results we found it
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necessary to distinguish two degradation processes:
permanent and reversible degradation. Permanent
degradation can be produced by the action of a
post-sintering treatment causing an increase in
grain sizes and changes in the barrier characteris-
tics. Permanent degradation can also be produced
when applying a not very high voltage at tempera-
tures higher than 200°C. Reversible degradation is
observed for lower applied voltages and lower
temperatures. Diffusion of zinc interstitials cannot
be responsible for this degradation process
because of the large fields close to the grain
boundaries but diffusion of other ions could be
responsible for the observed results. We found
that permanent and reversible degradation can
be produced by changes in the shape of the inter-
grain barriers without invoking barrier height
modifications.
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