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Abstract. A novel approach combining conventional contact- and projection-lithography techniques has been

devised to implement microelectrodes, down to submicron size, across isolated site-speci®c features as small as

2±3 micron. For both ex-situ and in-situ electrical characterization, such features of interest are isolated interfaces

and grain boundaries in electroceramics and multilayer devices, including those in as-prepared TEM specimen.

The procedure has been discussed for implementing 4-probe microelectrodes across several individual isolated

grain boundaries of a commercial ZnO varistor containing 2±10 micron size grains. In addition, we discuss the

results from dc 4-probe I-V and ac 2-probe impedance measurements across individual grain boundaries, and dc 2-

probe I-V and ac 2-probe impedance measurements from grain interiors isolating these grain boundaries. Over and

above the generally observed properties of isolated grain boundaries, the measurements reveal (1) inhomogeneity

and applied-bias-polarity dependent asymmetry in the nonlinear I-V characteristics of grain boundaries, (2)

possible presence of non-ohmic electrode-ceramic contact resistance in 2-probe measurements, and (3) a gradual

process of irreversible degradation of the nonlinear I-V behavior with respect to thermal runaways upon

application of a dc bias across isolated grain boundaries.

Keywords: contact lithography, projection lithography, microelectrode patterning, varistor, zinc oxide, grain

boundaries, I-V measurements, ac impedance spectroscopy, Schottky barrier, nonlinearity, breakdown voltage,

asymmetric behavior, degradation

1. Introduction

Nonlinear electrical properties of electroceramics

such as varistor, thermistor and barrier layer capacitor

(BLC) are directly linked to the electrically active

interfaces and grain boundaries (GBs) [1,2]. The

nonlinear electrical activity is generated upon forma-

tion of the electrical barriers across the GBs due to

segregation or second-phase formation of the addi-

tives at and near the GB region. The electrical barriers

make the GBs highly resistive compared to the grain

interiors and the breakdown of these barriers under

higher applied electrical or thermal ®elds gives rise to

the nonlinear properties. Since the overall nonlinear

character of a bulk electroceramic is a cumulative

effect caused by individual GBs, the importance of

understanding the I-V character and the microstruc-

ture of the individual GBs has long been recognized

[3±14].

Polycrystalline zinc oxide is such an electro-

ceramic exhibiting excellent varistor behavior. The

nonlinearity is identi®ed by high (4 30) values of the

exponent a, which is de®ned such that it empirically

describes the nonlinear I-V behavior as I !Va. High

values of a are achieved by incorporating oxide

additives, mainly of Bi and other metals like Mn, Co,

Ni, and Sb. These additives segregate or form second-

phases at and near the GB region creating electrical

barriers across the GBs. A number of researchers have

performed I-V measurements probing the nonlinear

character [3±13] and analytical studies probing the

chemical nature of individual GBs [11,12,14]. For I-V

measurements, either external direct-contact probes

were used across individual GBs [3±5] or electrodes



were implemented across individual GBs by metal

evaporation through photolithography [6±9,11,12].

Further investigations have also been carried out

across individual GBs using techniques such as SEM

voltage-contrast [9], SEM electron-beam-induced-

current (EBIC) [9,10], analytical electron microscopy

(AEM) [11] and deep level transient spectroscopy

(DLTS) [12] to complement the I-V measurements.

The investigations by Olsson and Dunlop are

particularly informative [11]. They measured the I-V

behavior of individual GBs of ZnO specimens

prepared for TEM and subsequently performed

AEM to identify four types of GBs: (1) GBs with

thin Bi-Rich * 2 nm intergranular ®lm, (2) GBs

without secondary phases, but with Bi segregation, (3)

GBs with thick intergranular region of Bi2O3 and

grains of spinel, and (4) GBs with thick layer of

pyrochlore and grains of spinel. They observed higher

breakdown voltage for GBs with intergranular ®lm

due to introduction of additional interface states.

All of these measurements [3±13] were performed

across individual GBs using 2-probe technique. They

do not address any contact resistance involved with

interfaces between dissimilar materials while inves-

tigating interfaces between similar materials. As

identi®ed below, 2-probe measurements could suffer

from non-ohmic contact resistance between the

ceramic and the external metal electrodes. We are

aware of only one report on 4-probe measurements,

which were performed across individual GBs in ZnO

ceramics using direct-contact probes [13]. All of the

above measurements required ceramics of large grain

size (25±150 mm) to establish external contacts. In

addition, I-V and ac impedance measurements on the

grain interiors separating the GBs have been ignored

in the 2-probe technique. In order to perform such ex
situ measurements, it is necessary to design a

procedure availing implementation of 4-probes

across individual GBs.

There is also a growing need to understand the

nanoscale role of GBs and additives in connection

with the nonlinear properties of electroceramics. In

this regard, it is important to investigate across

individual GBs, the functional dependence of the

nanoscale variations in (1) the chemical and electronic

structures and (2) the GB double Schottky barriers, on

the applied electrical or thermal ®elds. Such dynamic

functional dependence can be understood only by

utilization of diverse TEM analytical techniques

under dynamic in situ conditions. Such investigations

however, have remained elusive due to experimental

dif®culties. One of these dif®culties is the inability of

implementing electrodes across individual GBs on an

electron transparent TEM specimen for isolating the

GBs for in situ dynamic investigations. Thus, it is

necessary to design a procedure availing implementa-

tion of 4-probes across individual GBs, also for in situ
measurements.

Towards these ends, we establish in this paper

an approach combining contact- and projection-

lithography techniques to conveniently implement

microelectrodes across isolated site-speci®c features

for both ex situ and in situ investigations. The

procedure allows implementation of 4-probe elec-

trodes across isolated GBs or on isolated grain

interiors for grain sizes as small as 2±3 mm with

probe separations as small as 0.5 mm. It has been used

for successful implementation of 4-probe electrodes

across individual GBs of both bulk and TEM specimen
of ZnO varistors. It is, therefore, possible to conduct

both ex situ and in situ investigations not performed

before. In this paper, we discuss the lithography

procedure for both bulk and TEM specimen and the

results only from the investigations for bulk specimen

of a commercial ZnO varistor. In particular, I-V and

ac impedance measurements were performed across

individual GBs and on the grain interiors from either

side of the GBs. In situ TEM investigation are

underway and the results will be discussed in future.

2. Specimen and Photolithography

Commercial ZnO varistors identi®ed as V130LA10

310 GE with grains 2±10 mm in size were used in this

study. A lift-off technique was used to implement

several sets of 4-probe microelectrodes on polished

surfaces of these varistors. Care was taken to

minimize surface grain pull-out during polishing in

order to insure the spinning of resist with uniform

thickness over the entire surface and the continuity of

the metal electrodes without any breaks. The polished

surfaces were slightly etched in 10% concentrated

HNO3 for 3 s to locate the grain boundaries clearly.

Two different masks were designed; one each for

contact lithography and projection lithography.

Several sets of 4-probe patterns were developed on

the resist-covered surfaces through contact litho-

graphy. Following metal deposition and metal lift-

off discussed below, this patterning creates sets of 4-
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probe square electrodes on the surfaces of the

varistors as shown in Fig. 1(a). The individual

electrode is 0.475 square mm in size enabling easy

external connections using 70 micron silver wires.

Prior to metal deposition, the patterns of 4-probe

square developed by contact lithography were

extended further across individual grain boundaries.

The extensions were patterned by aligning in

projection lithography a second mask across an

individual grain boundary located in the central

region of Fig. 1(a). The central regions were exposed

with the mask projected at 1006 for all sets of 4-

probe squares and then developed. Since it is possible

to locate the GBs underneath the resist with visible

light, the projection mask can be aligned across a

speci®c GB in the central region. Following metal

deposition and metal lift-off discussed below, this

patterning creates microelectrodes as shown in Fig.

1(b). Thus, unlike all previous methods, the combina-

tion lithography procedure is site speci®c and has a

distinct advantage that it implements microelectrodes

across single isolated GBs for all the patterns laid on

the substrate. The site speci®city makes it even easier

to implement 4-probe patterns on isolated grains with

this procedure. The procedure can also be used to

isolate speci®c single interfaces in thick multilayer

devices for electrical characterization.

The masks were redesigned to implement 4-probe

electrodes across isolated GBs of the TEM specimen.

Due to small size of the TEM specimen (3 mm), both

the masks were used in projection, one at 56 to

develop sets of outer 4-probe electrodes and the other

at 406 to extend each of the sets across speci®c

single GBs. In all, 24 outer electrodes were designed

on the TEM specimen and extended across 8 isolated

GBs. Figure 2 shows optical micrographs of the

patterned TEM specimen before ion-beam-thinning

treatments. The 4-probe extensions patterned at

406 can be seen to isolate single GBs. Following

the sequence of contact exposure and developing, and

projection exposure and developing for the bulk and

TEM specimens, metal electrodes were implemented

on the patterned resist. The electrodes consisted of a

bottom layer of Ni for good adhesion with the

electroceramic and a top layer of Ag, both of

thickness * 50 nm. These layers were sequentially

evaporated over the entire surface and patterned metal

electrodes were created upon removing the unwanted

metal through the lift-off process, i.e., by etching the

resist underneath the metal layers. The investigation

of the TEM specimen is underway; that of the bulk

specimen is discussed below.

3. Electrical Measurements

I-V measurements were performed using a Keithly

220 programmable dc current source and a Keithly

196 System DMM digital multimeter. To eliminate

electrode-ceramic contact resistance, current in the

range 10ÿ 8 A±10ÿ 1 Awas applied using the outer set

of electrodes and the inner set was used to measure the

(a)

(b)

Fig. 1. (a) A pattern of 4-probe square-electrodes implemented

on ZnO varistor surface. (b) Microelectrodes extended across

individual grain boundaries of ZnO in the central region of (a).

Inset shows SEM micrograph for a different GB.

4-Probe Micropatterning 247



Fig. 2. A pattern of 4-probe electrodes implemented on a ZnO TEM specimen. The extensions isolating two single grain boundaries are

shown.
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voltage across the GBs. The polarity was switched at

every value of applied current to alternately forward

and reverse bias the GBs. Since, the 4-probes were not

implemented on single grains, only 2-probe I-V

measurements were performed on the grain interiors

separating the GBs. Additionally, ac 2-probe impe-

dance measurements were performed on the GBs and

on the grain interiors separating the GBs in the

frequency range 5 Hz±13 MHz using an HP-4192A

low-frequency impedance analyzer.

Metal electrodes extended up to the grains across

both sides of the individual GBs are actually laid on a

large region of the ceramic in this and other

investigations [6±9,11,12]. Therefore, the isolated

GB of interest experiences an effective parallel

network associated with many other GBs present

underneath and between different sections of the

electrodes. Such network is present even when

measurements involve employment of external

direct-contacts with the ceramic [3±5]. The conduc-

tive grains are separated by the highly resistive GBs

that are interconnected in the three dimensions by a

skeleton of resistive second phases surrounding the

grains. Therefore, the effective parallel network

experienced by the GB of interest is composed of

highly resistive percolative paths along the GBs. The

network is also composed of highly resistive grain-to-

grain conduction paths across a series of GBs between

the electrodes. Outward from the microelectrodes,

towards the large outer electrodes, the spreading

resistance of the electrodes should decrease due to

increasing area of contact if the material underneath is

uniformly resistive [15]. However, due to the

increasing complexity of the network of percolative

paths and grain-to-grain paths within and outside the

region of the spreading resistance (* twice the region

of electrode contacts [15]), the spreading resistance,

as well as, the total resistance between the electrodes

increases by several orders of magnitude. Therefore,

very small amounts of percolative and grain-to-grain

currents will ¯ow between the outer region of the

electrodes. Since such small currents are incapable of

producing GB breakdown ®elds, the outer GBs can be

considered almost open ended.

The spreading resistance of the microelectrodes

closer to the GB of interest should increase (due to

decreasing contact area) if the material underneath is

uniformly resistive. Dramatic increase in the

spreading resistance of the outer large electrodes is

inevitable in presence of the GBs. However, no GBs

are present within the region of the spreading

resistance (2 mm) of the microelectrodes as this

region is smaller than the average grain size

(4 4 mm). Therefore, the microelectrodes still provide

the best conduction path for substantial applied

current to appear across the GB of interest.1

Nonetheless, apart from ¯owing directly across the

GB and along percolative paths, this current can also

¯ow across other GBs in the vicinity of the GB of

interest. If such parallel currents are large enough to

produce breakdown ®elds, the nonlinear behavior of

GBs in those paths should also be observed (as

additional breakdown(s) in the prebreakdown and/or

upturn regions). Therefore, in a given I-V measure-

ment across an individual GB, there exists a

possibility of detecting multiple nonlinear behaviors

at different voltages and in different ranges of applied

currents. Here, different voltages correspond to the

collective breakdowns of all the GBs across indivi-

dual parallel paths. These breakdowns are initiated in

different ranges of applied currents that enable

suf®cient breakdown-causing currents to ¯ow across

such parallel paths. Any interfaces such as metal-

ceramic contact, which is in series with the GB of

interest, do not show separate breakdowns, but, as in

the measurements across a bulk specimen (containing

a series of GBs), simply elevate the I-V characteristic

to higher voltages and currents.

Since percolative paths are present irrespective of

the nature of the breakdown (single-GB or multiple-

GBs), as per the discussion above, the actual current

causing the breakdown differs somewhat from the

applied current in this and the other investigations [3±

13]. This situation makes it dif®cult to accurately

estimate the current density at which nonlinearity is

observed across an individual GB. In this respect and

also in view of presence of any contact (ohmic and

non-ohmic) resistance, the measurements should be

interpreted with caution. The issue could, however, be

addressed independently by investigating 4-probe I-V

characteristics of model designs containing single

varistor hetrojunctions [16,17].

4. Results

Figure 3 shows two sets of I-V measurements for two

different GBs. In the ®rst set, nonlinear behavior is

observed across both GBs for both polarities of

applied current with Schottky barrier breakdown
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occurring at * 2.5 V. The nonlinear behavior is

observed to be symmetric with respect to the polarity

of the applied current. Such GBs have been identi®ed

as GBs without secondary phases, but with Bi

segregation [11]. In the prebreakdown ohmic region,

the I-V behavior under forward bias differs somewhat

from that under reverse bias. This difference stems

from the variations in the percolative current paths

provided by the network of GBs and the skeleton of

second phases for the two biases [11]. Subsequent

forward and reverse biased measurements as shown

by the second set of I-V plots in Fig. 3 did not

reproduce the nonlinear character for both the GBs.

The likely cause is that the GBs suffered permanent

degradation and underwent an irreversible loss of

nonlinearity.

In addition to dc 4-probe I-V measurements, ac 2-

probe impedance measurements were performed

across individual GBs. dc 2-probe I-V and ac 2-

probe impedance measurements were also performed

on grains on either side of the GBs. Figure 4 shows (1)

the dc 4-probe I-V behavior of one of the GBs from

Fig. 3 after permanent degradation and (2) dc 2-probe

I-V behavior of grain interiors on either side of this

GB. The GB can be expected to show I-V behavior

similar to that of the grains after permanent loss of

nonlinearity. It can be seen from Fig. 4 that the

resistances of grain interiors are higher than that of

the degraded GB and somewhat nonlinear. Also, the

resistances of grain interiors differ from each other.

The increase and the difference in grain resistances

could be arising from different grain orientations and/

or be due to the non-ohmic and ohmic metal-ceramic

contact resistances associated with the dc 2-probe I-V

measurements of the grain interiors. Any non-ohmic

contributions should presumably be discernible as

separate well-de®ned semicircles in the impedance

spectra. The 2-probe impedance plots measured from

the set of electrodes containing the GB in Fig. 4 are

shown in Figs 5(a) and 5(b) for ac frequencies ranging

from 5 Hz to 13 MHz. Once again, the resistances of

the grain interiors taken at 5 Hz (* dc) differ, but are

close to the slopes obtained from the I-V behavior of

these grain interiors in Fig. 4. In Fig. 5(a), there is a

hint of separate semicircles for one of the grains,

suggesting presence of non-ohmic contact resistance.

Otherwise, the resistances measured for the grains

contain the ohmic contact resistances and the intrinsic

grain resistances. Just as for the grains, the 2-probe

resistance of the GB taken at 5 Hz (* dc) from Fig.

5(b) is close to that obtained from its pre-breakdown

slope in Fig. 3. After comparing the dc resistances, it

is quite clear from Figs. 4 and 5 that the resistivity of

the undegraded GB is orders of magnitude higher than

that of the grain interiors and any non-ohmic/ohmic

contacts. Impedance measurements were performed

for several sets of 4-probe patterns and similar results

were obtained for the GBs and the grain interiors. The

possibility of incorporating non-ohmic contact resis-

tances in the measurements of the grain interiors can

be eliminated by performing 4-probe measurements

on each of the two grains across the GB.

In order to illustrate the dependence of GB

permanent degradation on high applied ®elds, current

Fig. 4. dc 4-probe post-permanent-breakdown I-V measurements

across one of the grain boundaries of Fig. 3 and dc 2-probe I-V

measurements from the grain interiors isolating this grain

boundary.

Fig. 3. Two sets of dc 4-probe I-V measurements across two

isolated grain boundaries of ZnO. The bottom set corresponds to

post-permanent-breakdown measurements.
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was applied in (full)back-and-(incremental)forth steps

for measurements across remaining individual GBs.

Figures 6(a) and 6(b), and 7(a) and 7(b) show these

measurements for two different GBs for both

polarities of the applied current. It can be seen that

as the applied current is increased the nonlinear region

gradually becomes narrow in the current range until

the nonlinearity is partially or completely lost at

higher current. Thus, the permanent degradation is a

gradual and cumulative process once the barrier

breakdown is achieved. The phenomena of degrada-

tion of bulk varistor has been investigated extensively

and the behavior observed in Figs. 6 and 7 is similar to

the degradation behavior observed for bulk I-V

measurements performed at different temperatures

[18±23], under prolonged ac or dc bias [23±26] or

under high impulse-currents [27±31]. Since the

nonlinearity is not reversible, thermal runaways must

be the cause of permanent degradation. Joule heating

effects caused by high current across isolated GBs are

responsible for such thermal runaways. A consider-

able fraction of the heat generated across the GB will

conduct more rapidly along the implanted metal

electrodes. If the heat generated by the applied current

across the GB is capable of reaching the melting and/

or evaporation temperatures of GB additives, damage

to the microelectrodes and to the grains and GBs

underneath can be expected in the vicinity of the GB

under investigation. Indeed, such minor post measure-

ment damages were discernible in most cases and in a

(a)

(b)

Fig. 5. ac 2-probe impedance measurements from (a) the grain

interiors isolating the grain boundary and (b) the grain boundary

of Fig. 4.

(b)

Fig. 6. dc 4-probe I-V measurements in ( full)back-and-

(incremental)forth steps for (a) forward and (b) reverse polarities

of applied current across an isolated grain boundary of ZnO.

(a)
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few cases the microelectrodes and the grains under-

neath suffered severe damages, along with physical

degradation of the GBs under investigation.

The issue of electrical degradation of individual

GBs has been investigated by several authors by

performing I-V measurements across individual GBs,

with an overloading current pulse [4], at higher

temperature [6,9,17], under electrical aging of the

varistor [32] or at room temperature after constant dc

bias treatment at elevated temperature [11].

Degradation in nonlinear behavior was observed as

a decrease in the range of the nonlinear region of the

individual GBs [6,9,12,17,32]. The I-V behavior of

single GBs were also rendered that of a single junction

diode after degradation [4]. Various degradation

mechanisms have been discussed by several authors

[19,33,34]. These mechanisms include ion migration

related to the interstitial Zn ions in the depletion

region as main cause of degradation [33,35,36] and

degradation caused by evaporation of Bi2O3 segrega-

tion layer at elevated sintering and/or measurement

temperatures [18,23]. The degradation has also been

associated with the reduction in oxygen [37], trapping

of electrons [38] or asymmetry in the distribution of

additive metal ions [14] at the GBs. Whatever the

cause, the degradation of I-V behavior is a manifesta-

tion of the change in the Schottky-barrier height [19].

As shown in Fig. 7, the nonlinear behavior was

observed to be asymmetric with respect to the polarity

of the applied ®eld for many GBs. For the GB of Fig.

7, breakdown voltage of 1 V is obtained for forward

polarity and between 2-3 V for reverse polarity. Such

observations of polarity dependent asymmetry in the

nonlinear region of individual GBs have been made

previously in the 2-probe measurements at higher

temperatures [6] and during single GB degradation

studies of the varistor [32]. Schwing and Hoffmann

suggested that if the Schottky-type depletion layers

are caused by electronic states, polarity-dependent

asymmetry should be observed in the I-V character-

istics [17]. Indeed, in their study of macroscopic

model of microcontacts using single-crystals ZnO

plates with a layer of oxide additives, they observed

the ZnO/Bi2O3 junctions to be asymmetric in its I-V

characteristic. Breakdown voltage of 3.2 V was

obtained for one polarity and 2.4 V for reverse

polarity [17]. In their 2-probe measurements, Olsson

and Dunlop observed polarity dependent asymmetric

I-V characteristic only across the ZnO/Bi2O3 junc-

tions [11]. The asymmetry is associated with the

difference between the band gap energy of ZnO and

Bi2O3 and also with the differences in the position of

the conduction band with respect to the Fermi level as

experienced by the electron transport under different

polarities.

One of the puzzling aspects of I-V characteristics

which has not been seen before, is the observation in

this study of two distinct breakdown regions as seen in

Figs. 6(b) and 7(b). The higher voltage breakdown is

identi®ed as the breakdown of the GB under

investigation. As per the discussion in section 3, the

lower voltage breakdown appearing at 0.1 V corre-

sponds to a breakdown of an interface parallel to the

GB under investigation. However, since this break-

down voltage is very small it can not be associated

with any of the GB types identi®ed by Olsson and

Dunlop [11]. It is not connected with a breakdown of

any possible non-ohmic electrode-ceramic contact

resistance since only 4-probe measurements were

performed across the GB. Even if such a resistance

(a)

(b)

Fig. 7. dc 4-probe I-V measurements in ( full)back-and-

(incremental)forth steps for (a) forward and (b) reverse polarities

of applied current across an isolated grain boundary of ZnO.
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was involved in the measurements, it would be in

series with the GB under investigation and would only

elevate the GB I-V behavior to higher voltages and

currents rather than creating a separate breakdown

region. On one hand, the breakdown appearing at

0.1 V can be simply ignored as an artifact related to

the instrument noise at smaller applied currents.

Interestingly, however, it was observed only for

some of the GBs, especially GBs showing asymmetric

nonlinearity. Therefore, on the other hand, it is

plausible to associate the breakdown to a parallel

path for conduction of a very small current along the

GBs that form the outer edges of the two grains

separating the GB under investigation. These GBs

along the edges must be such that they do not contain

any resistive phases. The parallel path would then

encounter a small nonlinear barrier formed by the

second phase at the triple junction of the grain edges

and the GB of interest. It is interesting to note that this

breakdown degrades to * 0.01 V. If it indeed is a

parallel path as suggested, the degradation is probably

due to the evaporation of the second phase from the

GB and from the triple junction (see Note).

I-V characteristics of about twenty GBs were

investigated and four GBs did not show any

signi®cant nonlinearity. Such ohmic GBs have been

encountered in some of the previous measurements

[5,11,12] and identi®ed to be containing pyrochlore

and grains of spinel as no distinct varistor behavior

between ZnO/Zn2Sb3Bi3O14 ( pyrochlore) interface

was observed [11]. The voltage corresponding to an

onset of a breakdown varied in the range of 1-4 V in

present investigation. The asymmetric GBs exhibited

polarity dependence both for breakdown voltage and

breakdown onset current.

5. Conclusions

In this paper we have presented an approach

combining contact- and projection-lithography tech-

niques for implementing 4-probe electrodes across

individual interfaces in electroceramics. The proce-

dure has been used for the ®rst time to implement 4-

probe microcontacts across single grain boundaries of

a ZnO varistor material and extended to TEM

specimen. It can be easily used to implement 4-

probe microcontacts on isolated grain interiors and

across speci®c single interfaces in multilayer devices.

The distinct advantage of this technique is that site-

speci®c features can be isolated for electrical

characterization from features as small as 2±3 mm.

We, therefore, expect the approach to be very useful

in other interfacial systems containing submicron

features.

Apart from previously reported observations, such

as, (1) variation in the breakdown voltage from

boundary to boundary, (2) asymmetry in the nonlinear

I-V character of some of the grain boundaries with

respect to the polarity of the applied bias and (3)

ohmic nature of some grain boundaries, new

interesting features of ZnO varistors have been

incorporated in this paper. These include (1) the

ability to perform I-V and impedance measurements

across individual grain boundaries and on isolated

grain interiors, (2) the observation of a possible

double breakdown for some of the asymmetric grain

boundaries and (3) the deduction that the 2-probe

measurements could be complicated by the non-

ohmic electrode-ceramic contact resistance. The I-V

and ac impedance characteristics reveal the grain

boundaries to be orders of magnitude more resistive

than the grain interiors. Also interesting is the

observation of a gradual process of degradation

(irreversible loss of nonlinear I-V behavior) upon

application of a dc current across isolated grain

boundaries.
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Note

1. Proof of this are the facts that (1) the observed breakdown

voltage corresponds to that of a single GB (this GB must be the

GB of interest as it offers the least resistive grain-to-grain

conduction path between the electrodes), and (2) the microelec-

trodes suffer damage near the GB of interest after permanent

degradation of nonlinear behavior of this GB.
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