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Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




MICROSTRUCTURE-PROPERTY RELATIONSHIPSv
OF RARE EARTH-ZINC OXIDE VARISTORS
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‘ *Department of Mater1als Science and h1nera1 Engineering
Materials and Molecular Research Division
Lawrence Berkeley Laboratory ,
Univers1ty of California, Berkeley, CA 94720 USA
L : +Ceramics Research Division
: ‘ ‘ TDK Electronics
2-15-7 Higashiohwada
Ichikawa-shi
Chiba 272-01, Japan

~ ABSTRACT
The microstructure and'properties of Zn0 vartstors cohtaining_Ba,
}Co, and rare earth metal ox1des, wh1ch ‘give values of o (a d(log I)/d(log V)).
as high as 29, are exam1ned. Neen Zn0 grain 51ze is 11um, and the grains
- are unifOfmly doped with Co. The barium and rare earth metals concentrate
.fnto 1. Sum wide particles embedded in a hatrix of the.ZnO'orains within
.the grains and at grain boundar1es, the bar1um and rare earth metal
concentrat1on is below the detect1on 11m1t of the EDS techn1que (about
| 5%) No- 1ntergranu1ar f11ns, amorphous or crysta111ne, are detected
to within 1OA resolution. These resu]ts are shown to be cons1stent w1th
the grain boundary charge depletion model for thefvoltage barrier
format ion and breakdown. -
1. INTRODUCTION
v ‘The zinc oxide varistor is a po]ycrysta]]ine ceramic which eXhibits v
h : rap1d1y 1ncreas1ng e]ectr1ca1 conduct1v1ty w1th 1ncreased applied voltaoe (1'5)
:ﬁ?.P _The 0r1mary const1tuent 1s zinc ox1d s usua]]y 93 uole percent or more

In addition to the zing ox1de the var1stor conta1ns sma]]e. amounts of

Co0, Co.,0

, var1ous other Tetal ox1de const1tuents, such as A1203, B1203,‘ ».Co30,
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| Cr,0,, Mg0, Mn0, Ki0, Sb,04, Si0,, Sn,04, Ti0,, Pry0s, and La,0,.

The electrical properties of varistors are usually described by the

nonlinear coefficient a, which is defined as a = d(log I/d(log V) (i.e.,

I = cv®), where i is the current thfoﬁgh thé variéior, ] fs the applied voltage,
and ¢ is a constant. Commercial varistors haVe maximum o values in the range
of 30-50; these values depend on which meta1v021dés are added to the basic

zinc oxide and the sintering conditions.(z) A consensus exists that the increase

in conductivity'is due to break-down of voltage barriers at grain'boundaries,(z']s)

but the mechanism of the breakdown is explained either as electron tunneling

through an insulating ambrphous metal oxide phase'séparating the Zn0 grains,(]'4)

or by breakdown of charge depletion ]ayers(6’7)

within ZnO grain regions adjacent
to grain boundaries}énd/orlintergranu1ar oxide 1ayers.(5); |

The presence of continudus insulating Qxide fi]ms at all, or at least most,
grain boundaries, or the'pre$ence of doping profiles at grain boundaries, are
of crucial 1mportance‘in confirming either hypothesis. Early electrén
microscopica] observations on Zn0 varistors with Bi203, Co0, MnO, Cr203, and

(1-5) while

(13,14,15)

Sb203 tended to confirm the presence of the grain boundary films,

. : 5 \
in more recent studies, second phases were found located only(]“) or mostly

at grain boundary junctions; An Auger study of grain bbundaries exposed by

(12) has revealed a 20; wide Biaenkiched 1ayer<
(14,16)

fracture in a Bi-doped.varistor
Two X-ray microanalysis studies of a similar varistor in scanning
transmission electron microscopes have also found Bi enrichment at grain
“boundaries, including boundaries free of separate inteﬁgrahu]afvphases.(]s)
Here, we réport.on a miérostructura1 and microchemical characterization of

varistors manufactured by TDK Electrohics, and we correlate the observed

microstructures with the varistors' electrical properties.
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IT. EXPERIMENTAL

Three Zn0 varistor samples, all with‘10 mole% Cod, -8 mole% Bal,

.2 mole% NdO, and .25% Sm,0,, but with different sintering treatment,
were examined. Figure 1 ;hows the bulk_speciménvcurrent-vo]tage
characteristics, measured separately for the pre—breakdowh_and,the break-
down régions Va]ues of a, the non11near coeff1c1ent range from one
at 5 volts/mm to 28 or 29 at 200 vo]ts/mm |
F1gure 2 shows scann1ng electron micrographs of the three samples,
taken at the same magnifiéatiqn. .These'mitrographs show two phases:
straight-sided zinc oxide grainé and small particles, located at grain
boundaries and within the grains; The microstructures of the three

i _ v _ o
samples are ouite'simi1ar except that Sample 1 has the smallest mean zinc

oxide graln size, while Samp]e 3 has the lowest population of particles.

The mean zinc ox1de grain sizes are 9.8+1.3 microns, 11.7+1.9 microns,
and 12.1+1.5 microns for Samples 1, 2,_aﬁd 3, respectively. For é]]
three samples, the mean particle width is‘1 5+0.7 microns; with larger |
but fewer particles- at grain boundar1es than within the grains.

Figure 3a is a higher magnification scanning electron m1crograph

of Sampleil,'showing a ZnO grain (marked A) and a second phase partic]e

_(marked B) Figure 3b shows the resu]ts of X-ray compositional analysis

conducted on these two areas in a scanning e]actron microscope ( EM)

- equipped w1th a Si(Li) energy-dispersive spectrometer (EDS). The grain
‘contains zinc and cobalt, with a larger concentrat1on of zinc than coba]t

as indicated by the relative he1nhts of their Ka peaks In.contrast,
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the particle contains zinc, coba]t, barium; neodymium, and samarium,

“with a 1afgér concentration of zinc than of the other elements present

except probably oxygen, Which is not detectable by the EDS technique.

Similar composifions'were also found ihSamples 2 and 3. | -

Imaging and analysis of ion-beam thinned sampies in a transmission

electron microscope equippéd'With a scanning attachment and EDS confirmed
the SEM results. Figure 4a is a transmfssion electron micrograph showing

a Zn0 grain (upper right),'a grain boundary (upper ]eft),,and a second

phase particle (lower left). EDS analysis Was conducted on points

avthrough g with about'ZOCR spatial resolution. The results were
'convefted into cation atomic percentages using thé k-factor procedure;07‘)
Figure 4b shows these precentages.plotted for the vafious points; a,c;d,

and e fall witthin the Zn0 grain, b is on the Qrain boundary, g is at’the.
grain-second phase partfc]e-interface, and f falls within the particle.

In the middle of the grains,tthe zinc and coba]t contents are, respectively,
87 and 13 percent. At the grain boundary,vthe composition is the same to
within one pér@ent. ‘No barium, néodymfum or samarium were detected within
Zn0 grains or at gkéih boundarjes in concentrations greafer than 0;5 atomic
bercent (thé minimum‘detectab]e']evel.of'the EDS technique). At:the'zinc |
oxide-péffic]e iﬁtefface, the zinc content drbps from 88 to 69 percent,

with the largest change occurrihg'within 0.5 micron of the interface, while
the éoba]t contént changes very little. The partjc]e composition was

47 to 54 bercent zinc, 16 to 19 percent coba]t,']3 to 16 percent barium, "
11 to 12 percent samarium, and 5 to 6 percent nebdymium, and it varied

from particle to particTe. The absolute accurAQy of these results is only

about 59%, butithe-error is the same to within a féw per;ent for all the

different areas examinéd,"and so comparisons can' be méde to much higher:

precision.
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Analysis of selected area_e]eCtrqn diffraction patterns of different

orientations revealed the configuration of the unit cell for the two

-phases ‘to be hexagonal. Figure -5 shows the 100 orientation electron

diffraction patterns for phe zinc;coba1t oxide phase and the zinc—other
metéls oxide phase. The é_and a parameters were determined to be 5.203
and 3.253 fof the zinc-cobalt oxide grains, and 9,993 and 6.223 for the
zinc-other meta]_oxfdé partic]es,.with.slight changes from partiéie.to
partftle. | |

~

Figdre o shows bright fielq;gakk field pairs of transmission electron

micrographs of Sample 2. The top pair shows a three-grain junction and

the bottom pair shows a two phase 1nterfacé. A]] boundaries appear highly
curved, and there is no i?dication of a‘disckete grain boundary phase,
even though a phase as ﬁa;row as 20A would be detectable in the dark
field micrographs as a bright 1iné'betweeh fwd dark grains.(]a)

Fioure 7 shows a 1étt1ce fringe image transmission electrbn micro—
graph of a zfnc-cobait okideAgrain boUndary. Analysis of e]ectrbn diffraction
patterns indfcated.that for ‘the graih on the right, the main diffracting
atomic planes are 011 type, whose interplanar spating 14.2.53. For the
other grain, the main diffracting.atomic’pianes are 210 type, whose inter-
planar épacjng'isf1.63. The'observéd Widfh of thg boundary‘is;

_ ) . : ' o
about 5 A, showing'again that no intergranular phase much wider than 10A

- was present. The spacing of the frinaes was measured as a function of

the distance from the grain-bounddry to see if any chance. related to
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variation of composition,(]g) could be detected, but the result was
negative. This was, however, not surprising, sinée the detection 1limit
of this method s probab]y'eveﬁ worée than that of the EDS technique.
III. DISCUSSION

| The three varistor samples have a microstructure consisting of
two phases: zinc oxide grains uniformly doped with cobalt (evidenced
by the minimal change in composition thr0ughogt the zinc oxide grain,
as shown in Figure 4), and small partic]és composed of a zinc-other metals
oxide solution (evidenced by the varidtion in composition and lattice
parameters.from particie[to particie). The other meta]s ére cobalt,
barium, samarium, andineddymium,'in.order.of decreasing conceﬁtration.
Due to the high melting points of the rare earth metal'qxides? it is
unlikely that these were involved in 1liquid phase sintering;_ Thfs is also
confirmed by the fact that no-ihtergrahQ1ar glassy films could be detected.

The maximum a values of 28 or 29 for these varistors are comparable

(3,4)

to those of the commercial GE-MOV varistor. ~ ‘The resistivity of the

three samples is inversely proporﬁional to_the‘mean'grain size,‘indicatfng
that grain boundaries constitﬁte voltage barriers, as confirmed by a voltage
contrast SEM study of tﬁe same-material;(]o)‘_ |

Grain boundaries were_foundlto be free_of continuous intergrénu]ar
‘f11ms both by_dark fie]d eTectron'mickoscopy and by lattice imaging. This
appears to fuie out the inSU]ating oxide mode].(]'4) On the other hand, *

¢

the Tack of direct evidence for doping profiles at grain boundaries does

(697) -

not ru]e'out“the depletion layer model. - This is because both the EDS

and the lattice fringe spacing measurement techniques used here cannot
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detect elements in much less than.0.5 percent concentration, while
the electrical properties of the varistor grain boundaries will be
influenced at much lower doping levels. Preliminary investigations

by Auger spectroscopy of fracture-exposed grain boundaries have also

yielded negative resu]ts;(zo)

but it is possible that some other spectro-
scopical technique with better sensitivity such as alpha-X microanalysis
will prove more sucqessfu].

Furthermore, the current-voltage characteristics in the break-down
regidn (Fig. 1) agree closely with the exponential relationship predicted
by the dep1etion layer model. Even more powerful evidence for this model

(11)

has recently been obtained by van Kemenade and Eijnthoven, who observed
that direct injéction of electrons into the grain boundary‘regidn of the
varistors leads to a dramatic increase in the current betweehvthe two
adjécent grains. This showé very directly that the voltage barfier was
due to a depletion layer. |
V.  CONCLUSIONS | |

The varistor samples examined here have good nonohmic properties with
o values of 29 br more, even though they do not confqin the usual 81203.
Samples with smaller mean grain size and 1argér particle populations |
have higher resistivity and breakdown voltages; this indicates that gréin
boundaries and two—phaée boundaries act as barriers fo conduction. ,Thése
barr%ers are not due to thin insulating continuous oxide films at grain
boundaries, since'ﬁo such films were detected. The grain boundary charge
deplétion Tayer model‘for'the varistor}s nonohmic behavior, on the other hand,
shows good agreement with the varistor bulk electrical charactéristics; and is

consistént with the EDS results.
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'FIGURE CAPTIONS

V-1 curves for the three varistors studied. The low and high

current data were measured in separate experiments.

Scanning electron micrographs of Sample 1(a), Sample 2(b), and
Sample 3(c). |

A scanning electron micrograph'ds Sample. 1(a), and the results

'of EDS analysis on a Zn0 grain and a second phase particle (b).

.A trahsmissibn e]éctfon micrograph of,Samp1e’2(a) and the results

of EDS analysis (b).
[100] electron diffraction patterns from a Zn0 grain (a) and a
second phase pa?fic]e (b).

Bright fie]d—dark field micrographs of a three-grain junction.

~(top), and grainfparticTe‘(P):interface (bottom).

Lattice image of a ZnO:grain boundary. Tilted illumination

was used in a 3-beam condition.
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