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ABSTRACT 

MICROSTRUCTURE-PROPERTY RELATIONSHIPS 

OF A ZINC OXIDE VARISTOR MATERIAL 

Pamela Louise Williams 

Zinc oxide ceramics containing barium, cobalt. and rare earth metal 

oxides, which exhibit non-ohmic current-voltage characteristics, were 

studied. A new scanning electron microscopy technique has been de-

veloped to measure the voltage drop across grain boundaries. This 

was found to be ~zv. Detailed electron microscopic and spectroscopic 

observations showed that the barium and rare earth metals concentrate 

into small particles. embedded in the cobalt-doped zinc oxide grains. 
() 

No intergranular films could be detected, to within 5A resolution. Thus 

the nonlinear voltage characteristics are attributed to potential barriers 

arising from charge depletion layers formed adjacent to zinc oxide 

grain boundaries and two phase boundaries; experimental evidence 

is given to support this hypothesis. 
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1. INTRODUCTION 

1.1. Varistor Usage 

Electrical circuits and systems containing low cost, high reli

ability solid-state components are now being designed for use on power 

lines. These designs have to take into account that solid-state components 

cannot withstand some of the voltage surges imposed upon the circuits 

by power system transients. One type of transient protection device 

is the zinc oxide varistor, which is connected in parallel with the 

solid-state component to be protected. In normal operation, the varistor 

is an insulator with a resistivity of several mega ohm ems. It operates 

in the low-current prebreakdown region of the varistor 1
S current-voltage 

characteristic where the current-voltage relationship is approximately 

linear. If a voltage surge impinges upon the solid-state load so that 

the total voltage applied to the load rises above the varistor 1 s breakdown 

voltage, then the varistor current rapidly increases along its character

istic current-voltage curve, almost independent of voltage. The varistor 

becomes a conducting shunt path for the impinging voltage surge, thereby 

protecting the solid-state load. 1 

1.2. Varistor Microstructure 

The zinc oxide varistor is a multi-component ceramic in which the 

electrical behavior depends on the ceramic microstructure and on the 

detailed processes occurring at zinc oxide grain boundaries. The primary 

constituent is zinc oxide, usually 95 mole percentage or more. In addi

tion to the zinc oxide, the varistor contains smaller amounts of a number of 

other metal oxide constituents, such as: Al203, Bi203, CoO, Co304, Cr203, 



MgO, MnO, NiO, Sb203, Si02, sn2o3, Ti02 and even rare earth metal oxides 

Pr2o3 and La2o3•1' 2 

The microstructure of previously studied zinc oxide varistors1' 3 

consists of three phases: grains, particles, and intergranular material. 

The predominant phase is a matrix of randomly-oriented crystalline zinc 

oxide grains, which have substitutional doping of Co2+ ions for zn2+ ions 

in the hexagonal zinc oxide crystal lattice. A secondary phase consists 

of aggregates of several metal oxides shaped into crystalline particles, 

that are frequently found at zinc oxide grain boundaries and occasionally 

within the grains. Thirdly, the intergranular material, also composed of 

several metal oxides, forms a three-dimensional threadlike network that 

wets the zinc oxide grains and partially isolates the grains from one 

another. 4 

Morris and Cahn5 studied the simple zinc oxide--0.5 mole percent 

bismuth oxide varistor system. They observed an intergranular phase 

in the form of equilateral triangular prisms, located at three-grain 

junctions, leaving the center parts of the grain surfaces free of the 

intergranular phase; this phase was visible after one to three grains had 

been removed during fracture of the specimen. Using Auger electron 

spectroscopy on the fracture surface, they determined that the zinc oxide 

grain boundary was strongly enriched with bismuth, with the bismuth 
0 

content decreasing rapidly over a distance of about 20 A on either side of 

the grain boundary. They also observed a discontinuous thin film, much 

thinner than the network intergranular phas on the grain surfaces. 

Clarke6 studied grain boundaries in commercial (trade name GE-MOV) varistor 

samples using. for the first time. high-resolution transmission electron 
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microscopy techniques. He found an amorphous intergranular phase at all 

three and four grain junctions, amorphous thin films at boundaries paral-

lel to the basal plane of a zinc oxide grain, but no continuous intergranular 

films or phases at other types of grain boundaries, thus confirming 

Morris and Cahn 1 s observations. 

1.3. Varistor Electrical Characteristics 

By definition, varistors are voltage-dependent resistors, and zinc 

oxide varistors are semiconductor devices with non-linear current-voltage 

characteristics. The nonlinear electrical properties are usually described 

by the quantity a which is defined as a= (dlni)/(dlnV) = Vdi/IdV, where 

I is the current through the varistor and Vis the applied voltage. An 

ohmic material (like pure zinc oxide) has an a equal to one; and when 

a is infinity, the current varies infinitely for small changes in the 

applied voltage, and hence the varistor is perfect. 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 

temperature. 3 

In the prebreakdown region, the varistor current-voltage relationship 

exhibits a temperature dependence that can be described at constant voltage 

in terms of an activation energy. Bernasconi and his co-workers 7 measured 

the thermal activation energy and conductivity of GE-tviOV varistors in 

this region as a function of zinc oxide concentration. They concluded 

that for zinc oxide concentrations larger than 96 mole percent, electrons 

are thermally excited over potential barriers at zinc oxide grain boundaries. 

Below 96 mole percent, the conductivity increases and the activation energy 



decreases, the added metal oxides form the intergranular threadlike 

network, and conduction through this network increases with in-

creasing concentration of metal oxides. 

Levinson and Philipp8 proposed that the conduction mechanism in the 

prebreakdown region is Schottky emission, where electrons are thermally 

excited over field-lowered potential barriers at the interfaces between 

zinc oxide grains and intergranular material. Emtage9 envisioned the 
0 

potential barriers as charge depletion layers about 1000 A thick, at the 

edges of the zinc oxide grains. Electron traps in the intergranular layer 

absorb electrons from the zinc oxide grains so that depletion layers 

are formed in the zinc oxide. The conduction band of the depletion 

layers bend upward and rise above the intergranular conduction band, 

making the intergranular layer more conductive than the depletion layer. 

Wong10 found an average 2.3 volt drop (at 1o-7 amperes, which is 

in the breakdown region) across the barrier between a zinc oxide grain 

and the intergranular phase, by correlating the GE-MOV varistor break-

down voltage with the mean zinc oxide grain size. This average, combined 
0 

with the intergranular film thickness of 100 A estimated from high-

resolution transmission electron micrographs, leads to an electric field 

in the barrier greater than 106 volts/em at the start of the break-

down region. Bernasconi et al. 7 used microcontact probes to measure the 

current-voltage characteristics of individual zinc oxide grain boundaries 

in the GE-MOV varistor. They found a two volt per boundary breakdown 

voltage, independent of zinc oxide concentration. 

In the breakdown region, the current-voltage characteristic for the 

GE-MOV varistor is highly nonlinear with a greater than thirty for many 
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decades of current. 11 Levinson and Philipp8 suggested that the conduc

tion mechanism in this region is tunneling of electrons through field

narrowed potential barriers at the interfaces between zinc oxide grains 

and intergranular material. In contrast, in his charge depletion 

layer model, Emtage9 hypothesized that when all the electron traps in 

the intergranular layer are filled, the barrier height decreases rapidly 

with a slight increase in voltage and then breakdown ensues. Breakdown 

occurs first in the regions where the intergranular layer is the 

thinnest. 9' 11 

Mukae et a1. 2 studied a zinc oxide based varistor material contain

ing cobalt and rare earth metals, lanthaniurn and praseodymium. The 

microstructure consisted of zinc oxide grains uniformly doped with cobalt, 

surrounded by intergranular layers composed of La203-Prz03 solid solution. 

In the breakdown region, the value of a was about thirty, and the voltage 

drop across a grain boundary was 1.4 volts at lo-3 amperes, almost i nde

pendent of composition. 

For zinc oxide-rare earth metal oxide ceramics not doped with cobalt, 

only ohmic current-voltage characteristics were found, and in the pre

breakdown region, the resistivity was drastically increased by doping 

with cobalt. Mukae et al. concluded that the rare earth metal oxide 

layer has a low resistance and the nonohmic characteristics originate 

in the interface between the intergranular layer and the cobalt-doped 

zinc oxide grains, where charge depletion layers are formed. The rare 

earth metal oxides probably promote the sintering of the ceramic due 

to their high melting points and increase the density of energy states at 

the interface. Mukae et al. assumed that the rare earth metal oxides 
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behave as metals, so that the zinc oxide--intergranularlayer--zinc oxide 

junction could be simulated as back to back Schottky diodes: when low 

voltage is applied, the electrons flow over potential barriers by 

Schottky emission; when high voltage is applied, the electrons tunnel 

through the potential barrier of the depletion layer from electron traps 

in the intergranular layer. 

1.4. Thesis Objectives 

The objective of this thesis was to find out whether the structures 

observed by Clarke6 were typical of varistor materials by characterizing 

other ZnO based varistors using the highest levels of resolution currently 

available and then analyzing their microstructure-property relationships. 

The materials chosen for study were varistors supplied by TDK Electronics. 

Since the basic premise of the conduction theories relies on the presence 

of intergranular films, the importance of carrying out such a character

ization is self-evident. At the same time a more direct study of the 

voltage characteristics was sought by utilizing a scanning electron 

microscope for voltage-current experiments. 

The background information given above thus sets the stage for the 

following description of the experimental work and provides references 

with which the experimental results can be compared. 

2. EXPERIMENTS 

TDK Electronics, a Japanese industrial firm, provided three varistor 

samples for analysis. The samples have the same starting composition: 

0.2 mole percent Nct2o3, 0.25 mole percent Sm2o3, 10 mole percent CoO, 

and presumably, 89.55 mole percent ZnO; but they differ in the way they 
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were manufactured (proprietary information) and in their current-

voltage characteristics. The samples are black in color due to the 

metal oxide additives (usually pure zinc oxide ceramics are pale yellow) 

and came in the form of discs, ten to fourteen millimeters in diameter 

and about one millimeter thick. Taking this background information 

as a starting point, various experiments were performed on the samples 

to determine their microstructure so that this microstructure could 

be correlated with their electrical properties. 

2.1. Bulk Sample Electrical Measurements 

The bulk sample current-voltage characteristics supplied by the 

manufacturer were quite nonohmic, which indicates that the data repre-

sents part of the breakdown region. In order to determine where the 

breakdown region begins, an experiment was set up, according to the 

schematic of figure 1, to measure the low current-voltage relationships. 

The samples were prepared by lightly hand sanding and polishing the 

flat surfaces to remove surface contaminants; then a gold film contact 
0 

about 500 A thick was evaporated onto both these surfaces but not on 

the sides of the discs. For a measurement, a sample was placed in 

a test stand so that one surface made contact with a copper platform 

and the other surface made contact with a spring-restrained brass screw 

that held the sample in place on the platform. Then, a high voltage 

power supply (0-3000 volts DC, 0-10 milliamps) was connected to tl1e 

test stand. The output from the specimen was connected to a Keithley 

Instruments Electrometer to measure the current, and the electrometer 

was grounded to the power supply. This electrometer was chosen because 
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it could measure a wide range of current values, from lo-10 to lo-2 

amperes, and the scientific literature1 indicated that the varistor 

electrical characteristics could vary over this wide range. The 

current-voltage relationships were obtained by incrementally increasing 

the power supply voltage and recording the corresponding current value 

found on the electrometer. The measurements were stopped at 200 volts 

so that the high current density would not overheat the specimen and 

change its microstructure. 

2.2. Microstructure Analysis 

Following the bulk specimen electrical measurements, the samples 

were again hand-sanded and polished to remove the gold film contacts 

and other surface contaminants, then etched in a dilute HC104 solution 

to slightly dissolve the zinc oxide grains so that grain boundaries 

and possible additional phases would be visible. Then, optical microscopy, 

scanning electron microscopy (SEM) and x-ray spectroscopy techniques, 

analyses, were used to investigate the microstructure and composition 

of the samples. For higher magnification studies, part of each sample 

was used to make the transmission electron microscopy (TEM) foils, as 

follows: the samples were sanded down to a thickness of ten mils, ultra

sonically cut into two millimeter diameter discs, sanded and polished 

down to a thickness of about one mil, attached to 2.3 millimeter 

diameter copper grids with epoxy glue, then bombarded with argon ions 

in an ion milling machine until small holes appeared. At the edges 

of the holes, the specimens were thin enough for accelerated electrons 

to pass through. Then, a variety of transmission electron microscopy 
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techniques were employed: general bright field--dark field surveys; 

selected area electron diffraction; high-resolution weak-beam dark field 

and lattice fringe imaging in a Siemens 102 microscope; and x-ray campo-
0 

sitional analyses using a 50 A diameter probe in a Philipps 301 scanning-

transmission electron microscope (STEM). 

2.3. Voltage Contrast Experiment 

In an attempt to more directly correlate the microstructure of 

specimens with their electrical properties, a new experiment was set 

up according to the schematic of figure 2. A bulk sample was hand 

sanded and polished, then lightly etched with dilute HC104 acid to 

reveal the zinc oxide grain boundaries. Next, a 0.1 millimeter diameter 

wire was taped across the sample so that it rested on the sample's 

surface. This wire was used as a mask when gold film contacts, about one 

micron thick, were evaporated onto the surface of the specimen. The 

resulting pattern was two gold film pads separated by a thin strip of 

zinc oxide varistor material. Then, the sample was attached with silver 

conducting paint to a piece of non-conducting glass, which in turn 

was attached to a specimen holder with two prongs. The prongs were care-

fully connected to the gold film pads with gold wire and silver paint. 

The specimen holder was installed in a scanning electron microscope and 

connected to cables leading out of the microscope to a power supply and 

a hundred ohm resistor. Voltmeters were connected across the power 

supply and the resistor to measure the applied voltage and the current 

through the circuit. 
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When electrons impinge on a specimen~ secondary electrons are 

generated with a distribution of energies that can be detected and used 

to form an image in a scanning electron microscope. If the specimen 

potential voltage, initially at ground, is raised or lowered, then 

every emitted secondary electron loses or gains a proportional amount of 

energy; this change in energy causes a change in the image contrast, 

known as voltage contrast, which has been previously utilized for 

t d . . d t d . 12 s . 1 t . h s u y1ng sem1con uc or ev1ces. o, scann1ng e ec ron m1crograp s were 

taken of the zinc oxide strip as the applied voltage was varied, to 

detect this image change. If the video signal without the bias voltage 

is subtracted from the signal with the bias, the difference is proportional 

to the potential distribution in the specimen, at that particular bias 

voltage, and this distribution can be related to the specimen micro-

structure. 

RESULTS AND CALCULATIONS 

3.1. Bulk Sample Electrical Characteristics 

Figure 3 shows the bulk specimen current-voltage characteristics 

for the three samples. In order to normalize the curves, the voltage 

data were divided by the sample thickness and the current data were 

divided by the contact area; thus, the slopes of the curves are propor-

tional to the sample resistivity. Figure 4 shows the bulk specimen 

resistivity-voltage characteristics for the three samples. The slopes 

of the current-voltage curves, hence the resistivity, gradually decrease 

as the voltage increases throughout the selected voltage range; hmvever, 

around 200 volts/mm, there is a change in the rate of decrease, indicating 



-11-

the onset of breakdown. In the 80 to 200 volts/mm section of the curves, 

the current increases exponentially with voltage: (I/A) = a
0
exp(bV/t), 

where I is the varistor current, A is the contact area, V is the applied 

voltage, t is the sample thickness, and b is 0.034 to 0.036 mm/volt. 

Values of a,the nonlinear coefficient, range from one at 5 volts/mm to 

28 or 29 at the upper reaches of the manufacturer's data. 

Looking at the differences between the curves, above 20 volts/mm, 

sample 1 draws less current for a given applied voltage, and it has a 

higher breakdown voltage than the other two samples. From 40 to 200 

volts/mm, the experimental data indicates that samples 2 and 3 have 

similar electrical characteristics, whereas the manufacturer's data 

indicates that they are quite different. 

3.2 Microstructure Analysis 

Figure 5 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 within the grains. The main differences between the 

samples' microstructure are that sample 1 has the smallest mean zinc 

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

Elaborating on the first point, quantitative analysis of optical and 

scanning electron micrographs, following procedures outlined by Kingery 

et a1. 13 , revealed the mean zinc oxide grain width to be 9.8±1 .3 microns, 

11.7±1.9 microns, and 12.1±1.5 microns for samples l, 2, and 3, respec

tively. 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. 
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Figure 6A shows high magnification scanning electron micrographs 

of sample 1. Except for the zinc oxide grain size, the microstruc

ture revealed in these micrographs is typical of the microstructures 

of samples 2 and 3. Figure 6B shows the results of x-ray compositional 

analyses conducted in the scanning electron microscope on the phases 

marked A and B in figure 6A. The major limitation of this x-ray 

technique is its inability to detect the presence of oxygen or other 

elements v>~ith lower atomic numbers. According to the results, phase 

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

cobalt as indicated by the relative heights of their x-ray peaks; so, 

phase A is a zinc oxide grain doped with cobalt. In contrast, phase 

B contains zinc, cobalt, barium, neodymium, samarium, and possibly oxygen, 

with a larger concentration of zinc than the other elements except oxy

gen. These compositions are representative of the phases found in samples 

2 and 3. 

Initial surveys in the transmission electron microscope at fairly 

high magnification (125,000 times) showed the three samples 1 micro

structure to be similar on a fine scale. Figure 7A is a transmission 

electron micrograph of sample 2. X-ray compositional analyses were 

conducted on points a through g; the locations of the points are only 

approximate. Overall, the results are comparable to the results of 

figure 6B. Using a procedure described by Goldstein et a1. 14 , the 

relative heights of the x-ray peaks were converted into atomic per

centages; these percentages do not include oxygen because its presence 

could not be detected. Figure 7B shows plots of these percentages as 

a function of the distance from a zinc oxide grain boundary (point b) 
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and a two phase boundary (point f). In the middle of the grains, 

the zinc and cobalt contents are, respectively, 87.6±0.4 and 12.4±0.5 

percent, and are 86.7±0.3 and 13.3±0.3 percent at zinc oxide grain 

boundaries. No barium, neodymium or samarium reside at the zinc oxide 

grain boundaries in concentrations greater than one atomic percent (the 

minimum detection level of this technique). In the zinc oxide grains 

near the particles, the zinc content drops from 88 to 69 percent, with 

the largest change occurring within 0.5 micron of the two phase boundary; 

the corresponding cobalt content changes very little. The particle 

composition varies from particle to particle: 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 neodymi urn. 

Analysis of selected area electron diffraction patterns of 

different orientations revealed the configuration of the unit cell 

for the two phases to be hexagonal. As an example, figure 8A shoY.IS 

the 100 orientation electron diffraction patterns for the zinc-

cobalt oxide phase and the zinc-other metals oxide phase. From cali-

brated diffraction patterns, the unit cell height and width were deter-
0 0 

mined to be, respectively, 5.20 A and 3.25 A, for the zinc-cobalt oxide 
0 

phase; while for the zinc-other metals oxide phase, they are 9.99 A and 
0 

6.22 A with slight changes from particle to particle. 

Evans 15 • in his book, hl Introduction to Crystal Chemist 

described the hexagonal lattice of zinc oxide as consisting of covalent 

bonding between the ions Zn 2- and o2+ in a tetrahedal arrangement; this is 

clinographically shown on the left side of figure 8B, with cobalt ions 

occasionally substituting for zinc ions. He gave estimated covalent 
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0 2 0 2+ radii for this arrangement: 1.31 A for Zn - and 0.66 A for 0 ; this 

radius for Zn2- is close to the 1.33 ~atomic radius of zinc. Since 

the x-ray compositional analysis disclosed that the zinc-other metals 

oxide phase contains a large percentage of zinc and cobalt, it was hypothe-

sized that this phase has an arrangement of ions similar to the wurtzite 
0 

form of zinc oxide. Then, using the atomic radii of the metals (1.25 A 
0 0 

for cobalt, 1.81 A for neodymium and samarium, 2.17 A for barium), the 

structure shown on the right side of figure 8B was formulated. This 

structure allows for variations in composition and for a slight change 

in the unit cell height, depending upon the locations of the neodymium, 

samarium, and barium ions. 

The basic premise of the varistor conduction mechanism theories 

discussed in the introduction is that there is an intergranular 

phase or film between the zinc oxide grains. Thus far, scanning and 

transmission electron micrographs have not revealed the presence of such 

a phase in these samples, even at three and four grain junctions. So, 

two high-resolution transmission electron microscopy techniques were em-

played to study whether or not this phase existed: weak-beam dark field 

and lattice fringe imaging which can also indicate changes in lattice 

parameter over small regions (~20~).1 6 

Figure 9 shows low magnification bright field--dark 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 boundary; 

all boundaries appear highly curved. Figure lOA shows a high magnification 

bright field--dark field pair of transmission electron micrographs of a 

typical three-grain junction. The fringes parallel to the grain boundaries 
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indicate that the boundaries are inclined with respect to the micro-

graph plane. The variation in width of the fringes demonstrate where 

the boundaries gradually curve. This curvature makes it difficult to 

view the boundaries edge-on so as to determine whether or not an inter-

granular film is present. At the junction itself there is not any 

substantia 1 i ntergranul ar phase. 

Figure lOB shows a high magnification bright field--weak beam 

dark field pair of micrographs of a zinc-cobalt oxide grain boundary; 

in fact, they are enlargements of figure lOA. The narrow strip 
0 

about 10 A wide at the boundary could indicate a slight inclination 

of the boundary or suggest the presence of an i ntergranul ar film. 

One technique17 used to clearly image thin intergranular films is to 

form a dark field image from electrons diffracted just from the film. 

In this case, the resulting micrograph consists of a bright thin streak, 

representing the film, against a dark background, which would be the 

grains bordering the film. However, after careful work, this tech

nique did not reveal any films in these samples. Figure lOC shows 

a high magnification bright field--weak beam dark field pair of micro-

graphs of a two phase boundary, with the zinc-cobalt oxide grain on 

the right side of each picture. The boundary appears fairly abrupt 

and highly curved. 

Figure 11 shows a lattice fringe image transmission electron 

micrograph of a zinc-cobalt oxide grain boundary. Analysis of electron 

diffraction patterns indicated that for the grain on the right, the 

main diffracting atomic planes are 011 type, whose interplanar spacing 
0 

is 2.5 A. For the other grain, the main diffracting atomic planes are 
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- 0 

210 type, whose interplanar spacing is 1.6 A. At the grain boundary, the 

lattice fringes from the two grains overlap, i ndi cat i ng that the boundary 

is slightly inclined relative to the micrograph plane. The boundary con-
0 

sists of a series of 2.5 A high ledges made of atom rows. The width 
0 

of the boundary is about 5 A, and no intergranular film can be resolved. 

Since the 011 planes contain only one type of ion, either zinc or 

oxygen, a change in composition from zinc to cobalt ions theoretically 

should result in a change in the interplanar spacing. So, the width 

of the fringes in the right-hand grain were measured as a function of 

distance from the boundary to see if any change could be detected. Within 

the resolution of the micrograph, there does not appear to be any 

change in the fringe width. Thus, the change in composition, if there is 

one, could not be detected by this technique. 16 

3.3. Voltage Contrast Results 

Figure 12 shows three scanning electron micrographs from the voltage 

contrast experiments. The strip in the middle of each picture is the 

zinc oxide varistor material, and on either side of it are the gold 

film contacts. For the micrograph on the left, no bias was applied 

across the contacts, and the contrast is due to the topography of the 

specimen. For the micrograph on the right a ten volt bias was applied 

across the contacts, so that superimposed on the topographical contrast, 

there is a voltage induced contrast which causes a dramatic contrast 

change to occur at grain boundaries. For the middle micrograph, the 

polarity of the bias was reversed and the consequent contrast reverses 

from that of the right-hand micrograph. In addition, the center micrograph 
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shows a series of potential steps across the varistor strip, with 

changes in potential again occurring at grain boundaries. To ensure 

that this observed phenomenon was not a product of etching the grain 

boundaries, the experiment was repeated on an unetched specimen, and 

similar results ensued. 

Figure 13A shows scans of the video signal along a horizontal 

line across the varistor strip. Unfortunately, with the particular 

microscope used, it is not possible to know which horizontal line of 

the varistor image is being scanned. Figure 13B shows labeled traces 

of the line scans of figure 13A, accompanied by the calibrated dif

ference between the applied bias and no bias scans. These differ

ences show how the potential voltage varies across the varistor 

strip. The difference between the no bias scan and the 20-volt 

bias scan indicates that the potential uniformly increases from left 

to right across the strip, while the difference between the no bias 

scan and the 20-volt-reverse bias scan indicates that the potential 

decreases from left to right, with some possible sharp drops. The 

exact magnitude of these drops, if they exist, cannot be determined 

because the video signals are so noisy. 

In order to decrease the noise factor, microdensitometer traces 

of the negatives of the voltage contrast micrograpt1s were taken along 

a line marked A-A 1 in figure 12; these traces are displayed in figure 14. 

Figure 14A shows the no bias, 5-volt bias, and 5-volt-reverse bias 

traces accompanied by the difference between the no bias trace and the 

5-volt bias trace and the difference between the no bias trace and the 

5-volt-reverse bias trace. The latter difference curve discloses a 3.9 
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volt potential rise taking place over a ten micron wide region in the 

varistor, which is the mean grain size. Upon reversing the bias 

polarity, this region experiences a potential drop that could be as 

large as 3.2 volts; the static of the traces makes it difficult to 

tell the exact magnitude. Figure 14B shows the no bias, 10-volt bias, 

and 10-volt-reverse bias traces along with the two difference curves. 

One difference curve discloses a 5.9 volt potential rise over the same 

region found in figure 14A, and upon reversing the bias, this region 

has a 3.9 volt potential drop. Figure 14C shows the no bias, 20-volt 

bias, and 20-volt-reverse bias traces as well as the two difference 

curves. In this figure, the region in question experiences a 3.2 volt 

rise, then a 3.7 volt drop upon reversing the bias. At this bias, the 

current started to rapidly increase, indicating the onset of break

down. Comparing the results of the different biases, as the applied 

bias increases, the potential is more evenly distributed across more 

grains in the varistor strip. The average voltage drop across a grain 

boundary is 'V2V. 

4. DISCUSSION 

Summarizing some of the experimental findings, 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 7B), 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 
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concentration. Due to the high melting points of the rare earth metal 

oxides, the particle phase probably promotes the sintedng of the 

ceramic, as suggested by Mukae et al. 2 No intergranular films could 

be detected. 

The three varistor samples differ in their bulk specimen electrical 

characteristics, their mean zinc oxide grain size and their particle popu

lation. The sample with the smallest mean grain size and the largest 

particle population has the highest resistivity and breakdown voltage. Small 

grains have more surface area per unit volume than large grains; and if 

the surface area (grain boundary area) acts as a barrier to conduction, as 

proposed by several researchers 2•8 •9, then a small-grained material would 

have a higher resistivity than a large-grained material. Likewise, a large 

particle population provides a large two phase boundary area, vJhich conceiv

ably could act as a barrier to conduction and thereby increase the resis

tivity. 

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

those for the commercial GE-MOV varistor. 3 Correlating the samples 1 

breakdown voltage with their mean zinc oxide grain size gives a 2.0 volt 

drop per grain boundary at the start of breakdown. The exponential relation

ship between current and voltage for the 80 to 200 volts/mm section of 

figure 3 coincides with Emtage 1 s charge depletion layer model. 9 He proposed 

that the current density (I/A) is an exponential function of the potential 

barrier height, which in turn is directly proportional to the bias voltage, 

for prebreakdown voltages. He noted that the rate of increase of current 

with voltage need not be very rapid, which accounts for the small b values 

found for the (I/A) = a0exp(bV/t) expression. The manufacturer supplied 
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current-voltage characteristics for samples with different starting compo

sitions. The sample with the lowest cobalt concentration had the lowest 

resistivity and breakdown voltage, which tallies with the results of 

Mukae et al. 

Inasmuch as no intergranular phase or film could be detected in 

these samples, even by high-resolution transmission electron microscopy, 

what could take the place of this phase in the conduction mechanisms 

discussed in the introduction? The answer is the zinc oxide grain bound

aries themselves, via a space charge layer mode1 7, and/or the second phase 

particles. 

If the rare earth metals provide electron traps, as assumed by 

Mukae et al., then charge depletion layers could exist in the zinc oxide 

grains adjacent to the particles. The overall voltage contrast results 

support the case for the grain boundaries. Unfortunately, the resolution 

of the voltage contrast micrographs is not fine enough to clearly delineate 

the image contrast near individual particles, due to the noisy video signal. 

However, on the scanning electron microscope screen. a definite reversal 

of contrast from light to dark was observed in the zinc oxide grains near 

large particles, upon reversing the bias voltage polarity; during this re

versal, the zinc oxide grain on the opposite side of a particle would 

change from dark to light. The affected areas in the grains were about 

a micron in width, and the regions immediately surrounding these areas 

did not change in contrast upon changing the bias. This phenomenon indi

cates that potential drops occur locally near particles, which supports 

the charge depletion layer hypothesis. 
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Further study at higher magnification and better resolution is 

needed to explore the charge depletion layer hypothesis in more detail. 

One technique that might be employed is the electron beam induced current 

technique. 18 In this technique, the electron beam of the scanning 

electron microscope is used to locally induce a specimen to generate 

charge carriers, which may move in response to an internal electric 

field and produce a measurable "electron beam induced" current in an 

external circuit; the resolution of this technique is about 0.5 microns 

laterally. In addition, measurements of AC properties as a function of 

frequency would aid in comparing experimental observations with theoretical 

models. 

5. CONCLUSIONS 

The varistor samples from TDK Electronics have good nonohmic prop

erties with a values of 29 or more. They have a microstructure consisting 

of two phases: zinc oxide grains uniformly doped with cobalt, and small 

particles composed of a zinc-other metals oxide solid solution. The other 

metals are cobalt, barium, samarium, and neodymium, in order of decreasing 

concentration. The particles are one to two microns in width and are 

located at grain boundaries and within the grains, with larger but fewer 

particles at grain boundaries. No intergranular films could be resolved. 

Due to the high melting points of the rare earth metal oxides, the 

particle phase probably promotes the sintering of the ceramic. Samples 

with small mean grain size and large particle populations have high 

resistivity and breakdown voltages; this indicates that the grain boundary 

area and the two phase boundary area act as barriers to conduction 
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and thereby increase the resistivity. Voltage contrast experimental results 

and bulk specimen electrical characteristics indicate that the conduction 

mechanism in these varistors can be explained by a charge depletion layer 

model. 
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