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ABSTRACT 

The microstructure and properties of ZnO varistors containing Ba, 

Co, and rare earth metal cixides, which give values of a (a = d(log I)/d(log V)) 

as high ~s 29, are examined. Mean ZnO grain size is ll~m, and the grains 

are unifonnly doped '.'/ith Co. The barium and rare earth metals concentrate 

into 1~5~m wide partitles embedded in a matrix of the ZnO grains. Within 

the grains and at grajn boundaries, the barium and rare earth metal 

concentration is below the detection limit of the EDS technique (about 

0.5%). No intergranular filns, amorpho~us or crystalline, are detected, 
o 

to within lOA resolution. These results are shown to be consistent with 

the grain boundary charge depletion model for the voltage barrier 

formation and breakdown. 

I. INTRODUCTION 

The zinc oxide varistor is a polycrystalline ceramic which exhibits 

rapidly increasing electrical conductivity withincr~ased applied voltage. (1-5) 

The primary constituent is zinc oxide, usually 95 mole percent or more. 

In addition to the zin~ oxide, the varistor contains smaller amounts of 

varinus other metal okide constituents, such as A1 203, Bi 203, CoO, C0
3
0
4 , , 
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Cr203, MgO, MnO, NiO, Sb 203, Si02• Sn203, Ti02, Pr203, a~d La203. 

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 = cVa }, where I is the current through t~e varistor, V is the applied voltage, 

and c is a constant. Commercial varistors have maximum a values in the range 

of 30-50; these values depend on which metal oxides are added to the basic 

zinc oxide and the sintering conditions.(2) A consensus exists that the increase 

in conductivity is due to break-down of voltage barriers at grain boundaries,(2-15) 

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

through an insulating amorphous metal oxide phase separating the ZnO grains,(1-4) 

or by breakdown of charge depletion layers(6,7) within ZnO grain region~ adjacent 

to grain boundaries and/orintergt~nular oxide layers.(5) 

The presence of continuous insulating oxide films at all, or at least most, 

grain boundaries, or the presence of doping profiles at grain boundaries, are 

of crucial importance in confirming either hypothesis. Early electron 

microscopical observations on ZnO varistors with Bi 203, CoO, MnO, Cr203, and 

Sb203 tended to confirm the presence of the grain boundary films', (1-5) while 

in more recent studies,second phases were fOund located only(12) or ~ostly(13,14,15} 

at grain boundary junctions. An Auger study of grain boundaries exposed by 

fracture in a Bi-doped varistor(12) has revealed a 20ft. wide Bi-"enriched layer. 

T X . l' d ' ( 14',1 6) f . '1 't· , wo -ray mlcroana YS1S stu les 0 a slm1 ar varlS or ln scannlng 

transmission electron microscopes have also found Bi enrichment at grain 

boundaries, including boundaties free of separate intergranular phases.(15) 
. I 

Here, we report on a microstructural and microchemical characterization of 

varistors manufactured by TDK Electronics, and we correlate the observed 

microstructure's with the varistors'electrical properties,. 

.. 
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II. EXPERIMENTAL 

Three ZnO varistor samples, all with 10 rnole% CoO, .8 mole% BaO, 
_ ... _ .. __ . __ ._---

~ 

\" 

I .. 
,~ 

.2 moleS NdO, and .25% Sm203, but with different sintering treatment, 

were examined. Figure 1 ~;'ows the bul k specimen current-voltage 

cha racteri sti cs, measured separately for the pre-breakdown and. the break-

down regions. Values of a, the nonlinear coefficient, range from one 

at 5 volts/mm to 28 or 29 at 200 volts/mm. 

Figure 2 shows scanning electron micrographs of the three samples, 

taken at the same magnification. These micrographs show two phases: 

straight-sided zinc oxide grains and small particles, located at grain 

boundaries and v/ithin the grains. The microstructures of the three -
\ ' 

samples are quite similar, exce!Jt that Sample 1 has the smallest mean zinc 

oxide grain size,while Sample 3 has the lowest population of particles. 

The mean zinc oxide grain ·sizes are 9.8~1.3 microns, l1.7~1.9 microns, 

and l2.l~1~5 microns for Sa~ples 1, 2, and 3, respectively. For all 

three samples, the mean particle width is 1.5~0.7 microns, with larger 

but fewer particles at grain boundaries than within the grains. 

Fi9ure 3a is a higher magnification scanning electron micrograph 

of Sample 1, showing a ZnO grain (marke~ A) and a second phase particle 

(marked B). Figure 3b shows the results of X-ray compositional analysis 

conducted on these two areas in a scanning electron micrOSCOPe (SH1) 

equipped with a Si(Li) energy-dispersive spectrometer (EOS). The grain. 

contains zinc and cobalt, with a larger concentration of zinc than cobalt 

as indicated by the relative heights of their Ka peaks. In contrast, 
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the particle contains zinc, cobalt, barium, neodymium, and samarium, 

with a larger concentration of zinc than of the other elements present 

except probably oxygen, which is not detectable by the EOS technique. 

Similar compositions were also found in Samples 2 and 3. 

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

electron microscope equipped with a scanning attachment and EOS confirmed 

the SE~' results. Figure 4a is a transmission electron micrograph showing 

a ZnO grain (upper right), a grain boundary (upper left), and a second 

phase particle (lower left). EOS analysis was conducted on points 
'0 

a through g with about 200A spatial resolution. The results were 

converted into cation atomi c per.centages using the k-factor procedure. 07) 

Figure 4b shows these precentages plotted for the various points; a,c,d, 

and e fall wi~hin the ZnO grain, b is on the grain boundary, 9 is at the 

grain-second phase particle interface, and f f~lls within the particle. 

In the middle of the grains,the zinc and cobalt contents are, respectively, 

87 and 13 percent. At the grain boundary, the composition is the same to 

within one percent. No barium, neodymium or samarium were detected within 

ZnO grains or at grain boundaries in concentrations greater than 0.5 atomic 

percent (the minimum detectable level of the EDS technique). At the zinc 

oxide-particle interface, the zi·nc content drops from 88 to 69 percent, 

with the largest change occurring within O.S micron of the interface, while 

the cobalt content changes very little. The particle composition was 

47 to 54 percent zinc, 16 to 19 percent cobalt, 13 to 16 percent barium, 

11 to 12 percent samarium, and 5 to 6 percent neodymium, and it varied 

from particle to particle. The absolute accuracy of these results is only 

about 50%, but the error is the same to within a few percent for all the 

different areas examined,' and so comparisons can be made to much higher 

preci 5i on. 

.. 

\ . .. 
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Analysis 6f selected area elettron 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 ~he zinc-cobalt oxide phase and the zinc-other 
o 

metals oxide phase. The £ and ~ parameters were determined to be S.20A 
000 

and 3.25A for the zinc-cobalt oxide grains, and 9.99A and 6.22A for the 

zinc-other metal oxide particles, with slight changes from particle to 

particle. 

Figure 6 shows,bright field;Eark field pairs of transmission electron 

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

the bottom pair shows a t~o phase interface. All boundaries appear highly 

curved, and tilere is no indication of a discrete grain boundary phase, 
" 

o 
even though a phase as narrow as 20A would be detectable in the dark 

field micrographs as a bright line betweeri two dark grains.(18) 

Figure 7 shows a lattice fringe image transmission electron micro-

graph of a zinc-cobalt oxide grain boundary. Analysis of electron diffraction 

patterns indicated that for the grain on the right, the main diffracting 
o 

atomic planes are 011 type, whose interplanar spacing is2.5A. For the 

other grain, the main diffracting atomic p,lanes are 210 type, whose inter-
o 

planar spacing is 1.6A. The observed width of the boundary is 
o 0 

about 5 A, showing again that no interqranular phase much wider than lOA 

was present. The spacinq of the frinqes was'meastJred (is ti fllnr.tinn (l'f~ 

the distance from the grainboundar.Y to see if any chanae~ related to 
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variation of composition,(19) could .be detected, but the result was 

negative. This was, however, not surprising, since the detection limit 

of this method is probably even worse than that of the EOS technique. 

I II. 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 thrOughout the zinc oxide grain, 

as shown in Figure 4), and small particles composed of a zinc-other metals 

oxide solution (evidenced by the variation in composition and lattice 

parameters from particle to particle). The other metals are cobalt, 

barium, samarium, and neodymium, in order ·of decreasing concentration. 

Due to the high me1ting pOints of the rare earth metal ·oxides, it is 

unlikely that these were involved in liquid phase sintering. This is also 

confirmed by the fact that no intergranular glassy films could be detected. 

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

to those of the commercial GE-~1OV varistor. (3,4) The resistivity of the 

three samples is inversely proportional to,the mean grain size, indicating 

that grain boundaries constitute voltage barriers, as confirmed by a voltage 

contrast SEr1 study of the same material. (10) 

Grain boundaries \'Iere found to be free of continuous intergranular 

films both by dark field electron microscopy and by lattice imaging. This 

appears to rule out the il1sulating oxide model. (1-4) On the other hand, • 

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

not rule out the depletion layer model~6,7) This is because both the EOS 

and the 1 att ice fringe spaci ng me'asurement techni ques used here cannot 
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detect elements in much less than 0.5 percent concentration, while 

the electrical oroperties 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 results,(20) but it is possible that some other spectro­

scopical technique with better sensitivity such as alpha-X microanalysis 

will prove more suc~essful. 

Furthermore, the current-voltage characteristics in the break-down 

region (Fig. 1) agree closely with the exponential relationship predicted 

by the depletion layer model. Even more powerful evidence for this model 

has recently been obtained by van Kemenade and Eijnthoven, (11) who observed 

that direct injection of electrons into the grain boundary region of the 

varistors leads to a dramatic increase in the current between the two 

adjacent grains. This shows very directly that the voltage barrier was 

due to a depletion layer. 

V. CONCLUS IONS 

The varistor samples examined here have good nonohmic properties with 

a values of 29 or more, even though they do not contain the usual B1 203. 

Samples with smaller mean grain size and larger particle populations 

have higher reSistivity and breakdown voltages; this indicates that grain 

boundaries and two-phase boundaries act as barriers to conduction. These 

barriers are not due to thin insulating continuous oxide films at grain 

boundaries, since- no such films were detected. The grain boundary charge 

depletion layer model for -the varistor's nonohmic behavior, on the other hand, 

shows good agreement with the varistor bulk electrical characteristics, and is 

cons i stent ... si th the EDS results. 
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FIGURE CAPTIOtJS 

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

Fig. 2 

Fig. 3 

current data were measured in separate experiments. 

Scanning electro'fl micrographs of Sample 1 (a), Sample 2(b), and 

S amp 1 e 3 ( c) • 

A scanning electron micrograph os Sample, l(a), and the results 

of EOS ~nalysis On a ZnO grain and a second phase parti~le (b). 

Fig. 4 A transmission electron micrograph of Sample2,(a) and the results 

of EOS analysi~(b). 

Fig. 5 [lOOJ electron diffraction patterns from a ZnO 9rain (a) and a 

Fig. 6 

" 

second phase particle (b). 

Bright field-dark field micrographs of a three-grain junction 

(top), and grain-particle (P)interface (bottom). 

Fig. 7 Lattice irnageofa ZnO grain boundary. Tilted illumination 

was used in a 3-beam condition. 
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