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DIRECT OBSERVATION OF VOLTAGE BARRIERS IN ZnO- VARISTORS
0. L. Krivanek, P. Williams,.and Yi-Ching Lint
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and the Materials and Molecular Research Division,
Lawrence Berkeley Laboratory,

and the *Department of Electrical Engineering,
University of California, Berkeley, CA 94720

Abstract
Voltage barriers in a Zn0 varistor have been imaged by voltage con-
trast scanning electron microscopy. They are due to- grain boundaries and

are capable of'supporting voltage differences of up to about 4 V.
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Ever since the discovery by Matsuoka]’z.of highiy non-ohmic V-I
behavior of po]ycrysté1T1ne'ZnO sintered with.various metal oxide additives,.
the so-called varistors have attracted attentﬁon as potential electronic
circuit protectors against transient over'voH:ages..B’-4 The 10° to 108-f01d
inérease in conductivity with a 50 per cent increase .in applied voltage
is normally éxp]aihed by breakdown of voltage barriers at. grain boundaries?’S’ﬁ'

| Einzinger7 has Shbwn‘throhgh'direct contact'meaSuréments} that the
cesistivity across a grain:boundary is much higher than Within a sihg]e
gréin.l'W6n98 has'compared the V-I behaviorvof severa1vGE-MO&avaristors of
different grain size and_concluded that the maxfmum voltage drop per grafn '
boundary is 2.3 V, and is 1érge1y ﬁndepéndent of the e*act grain size of.
the variétor..*invthis ]ettef we report on a difect observation of the |
voltage barriers by voltage contrast scanning electron microscopy.

910 \as originally developed for

The voltage contrast technique
observing voltage distributions in semiconductor devices, but it can
measure the voltage distribution on any surface. In its refined,
quantitative forms the technique is capable of voltage resolution up to

10 at spatial resolution better than 1 ﬁm, but it is used much more

50 mV
often as a qualitative technique with voltage resolution of about 0.5 V.
In either df'the twozforms the technique,is well suited to studying the
.-vo]tage distribution across an.actiVated'varistor}v

Fig. 1 shows the experimental arrangement. The Varistor surface was
polished and 1ight1y etched to revéa] the grain boundaries,,and_goldr
electrodes 1 um thick were vapor deposited onto it. The voltage Qbser;
vations were made on a 0.1 mm wide gap between the electrodes (produced

by the shadow of a 0.1 mm wide wire). The.reéistor in series with the -

variable power supply served as a circuit protector against discharges;
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and*fer monitoring the current through the varistor.

The vafiStor'uéed in this study contained 10 mol % Co0, 0.2 mol %
Nd203 and 0.25 mol % Sm203. These cohpositions‘were verified by energy-
dispersi?e X-ray (EDX) microana1ysisvin a scanning transhission electron
micrbscope.]] The additives were found mostly concentrated in second |
phase partieles. The'grain boundaries'Were free of intergranular phases
fwiderthan'10 K (as determined by highbresolﬁtiqn imaging]]),,and,no grain
boundaryvsegregation*Of any of_the additives above the sensiti?ity of‘the

FDX technique (~ .5 mol %) was_found;' Average n0 grain size was about
20 m. |

| fypical voltage contrast images are shown.in Fig. 2. As usual ih.
vo1tagevCOntrast imaging, regions at negative potentﬁa] appear brighter.
~ Fig. 2(a) shows the gap between the fwo.electrodes at no applied voltage.
The go]d'e]ectrodes-arevbrighter than the ZnO‘grainsvbecause of their higher
secondary electron emission coefficient; When 10V is appTied across the
gap (Fig. 2(b)), the grains. in contact with the negative electrode become»_
- brighter, and'the brightness is reduced in a series of steps at each grain
boundary all the way to the grains in contact with the positive electrode.
When the voltage is reversed fFiQ.vZ(c)), the direction of the brightness
steps reverses also. The discrete nature of the steps proves that the
voltage was discontinuous across the grain boundaries; To check thaf'the
voltage steps were not caused by the‘etching of the ZnO,.we imaged the'
voltage distribution across an unetched sample. The reéu]ts wefe the -
same as_the-enes shown here.

Precise meaéurements using the quantitative:vo]tage,contrast method
ere in progress.. In the meantime;'approximate quantitative:fesu]ts

on the magnitude of_the'vo]tage drop at each grain boundary were obtained.



by separating the voltage cOntraét from the topographic contrast as follows.
Microdensitometer traces were taken between the points A, A’ shown in Fig.
2(a) for a range of applied vo]tages.from'—ZSV to +25V." The negative bias
traces were then substracted from the hositivé bias ones. The resultant
traces are shown in Fig. 3. They are due mainly to voltage differences;
a]thdugh the rejationship between the trace height and the voltage is not .
necessarily linear. | |

| It can be seen from Fig.v3 that at 10 V app]ied voltage, just one grain
boundary barrier betwéen A and A' is responsibTe for about half thevvo1tage
difference. At 20 V the voltage drop at this boundarylis again about 3-5 V, .
while the rémaining 15 V are distributed evenly across the Zn0 grains. The
total varistor current at 20 V indicated a fesistivity_of the ZnOfgrains

of ~ 100 Q-cm,in good agreement with the high-current resistivities measured
11,13

on bulk varistors of the present composition, which were also rather

higher thgn the 1 Q-cm typical of pure ZnO.]2 The resistance of the gold
electrodes was found by a simple calculation to be negligible, but it is
possible that the resistance of the Zn0O-Au contact was quite large.

A possible criticism of our work might be that the conduction between
the two electrodes is three-dimensional, and that examining the voltage distri-
bution on an open- surface neglects possib]e'conductionibaths through interior
grains. However, since a path between two neighboring surface grains through
a third (volume) grain involves the crossing of at Teast one extra grain

~ boundary, we believe that the barrier breakdown will occur first across the

exposed grain boundary, and the conductive contribution of the vq]ume.boundaries
will not be important.
In summary, our results demonstrate that in a 10 mol % Co0, 0.2 mol %

Nd,03, and 0.25 mol % Sm,04, Zn0 varistor, grain boundaries constitute
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vé]tagevbarriens capable of supponting voltage differenceé of up’to'§4 V.
At highen'epp1ied vo]tage per grain boundary the barriers breakdnwnand the
.ébndnctionis meinly limited by. thehresiStance of the ZnO'grains Since no

ont1nuous 1ntergranu1ar films thicker than 10 A were found in the var1stor,]1
“we conclude that the voltage barriers were formed by a dep]et1on 1ayer6
rather than an 1nsu1at1ng ox1de film. 5 | |

| We are grateful to Dr. M Yodogana of TDK E]ectron1cs, Ltd Japan,

for the varlstors,band Professors T. E. Everhart-and G Thomas for he1pfu1
dichséions Th1s work was supported by NSF (contract #DMR-77-24022) - by

NASA (contract #NCA2- OR050 705) and .by the Department of Energy- ‘through

the Mater1a]s and Molecular Research D1v1s1on-of the_Lawrence Berkeley

Laboratory.



1 Ejghre Qagtiohs:“
bFig.ll, Vq]tagefépntrést 1mag1ng’set—upﬂ :’ | |
Fig. 2. SEM-imageS of'the same area:qf a‘ZQO varistor.  a)'No’app1iéd.v
| .voltage;~b)'410vV;.c) -ﬁO'V. TheygﬁTd e]ectrddes aré atlTbWer
- left and.Upper rfght." v R

Fig. 3. Voltage profi1es_a10ngithe line A-A' (see F{g} 2(a)).
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