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Abstract. Properties of single grain boundaries in ZnO:rare-earth varistors were examined by the isothermal

capacitance transient spectroscopy (ICTS) method. Micro-electrodes prepared by photolithography were used for

measuring the behavior of single junctions in ZnO varistors. From current-voltage measurements, it was found that

the non-linear exponents of single junctions varied from 3 to 14. Interface state levels existed at 0.9 eV below the

conduction band edge for every junction. On the other hand, the interface state density varied from junction to

junction and the non-linearity was shown to increase with increasing interface state density.
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Introduction

Zinc oxide varistors are known as electric surge

absorbing devices [1]. Their non-linear current-

voltage (I-V) characteristics originate from the

double Schottky barrier formed at the ZnO gain

boundaries [2±4]. Interface states at grain boundaries

are supposed to be responsible for the formation of

Schottky barriers. In order to clarify the properties of

interface states, measurements on trap levels at ZnO

grain boundaries were conducted by several groups of

researchers [5±9]. Trap levels were detected by the

capacitance transient method [5]. Deep level transient

spectroscopy (DLTS [10]), proposed by Lang, was

found suitable for characterizing defects in semi-

conductors and this method was subsequently applied

to ZnO varistors. Shohata et al. and Nitayama et al.

showed that bulk trap levels were located approxi-

mately 0.3 eV below the conduction band edge [6, 7].

Tsuda et al. showed that an interface state level

existed at 1.03 eV below the conduction band edge

[8]. However, the formation mechanism of interface

states is not clear. Since the above measurements were

performed on bulk samples, their results re¯ected the

average characteristics of thousands of grain bound-

aries inside the sample.

In order to study ZnO grain boundaries further,

direct measurements of single grain boundaries were

attempted by several groups. They measured the

current-voltage characteristics of single junctions in

ZnO varistors [11±14] According to their measure-

ments, the threshold voltage of a single junction was

found to be 3 V. However, there were few discussions

on the correlation between a single junction's I-V
characteristics and its interface states. It is of great

importance to correlate single junction's I-V char-

acteristics and interface state properties, because I-V
characteristics should be affected by interface states.

Thus single junction measurement on interface states

is necessary to characterize the varistor and its grain

boundaries in detail. H. Wang et al. examined the ZnO

single junction by DLTS [15]. However they didn't

discussed the relation between I-V characteristics and

interface state levels.

In this study isothermal capacitance transient

spectroscopy (ICTS [16]) was applied to single

grain boundaries in Pr doped ZnO varistors. The

ICTS method is one of the capacitance transient

methods by which the interface state level and the

capture cross section can be obtained as in DLTS

measurements [17, 18]. The ICTS signal S�t� is

de®ned by the following,



S�t� � t
df �t�

dt
�1�

where f �t� is given by

f �t� � 1

C�t� ÿ
1

C�?�
� �

�2�

where C�t� is the junction capacitance at time t and C
(?) is the steady state capacitance. Since a capacitance

transient occurs by emission or capture of electrons at

trap levels, f �t� is described by the following relation.

f �t�! exp�ÿent� �3�
where en is the thermal emission rate of electrons at

the trap level, which is given by

en � Ncsn�thgÿ1 exp�ÿEIS=kT� �4�
where Nc is the effective density of states in the

conduction band, sn is the capture cross section, vth is

the thermal velocity, and g is the degeneracy, EIS is

the interface state level below the conduction band

edge, k is the Boltzmann constant, and T is absolute

temperature. From Eq. (1) and (3), S�t� has a peak

value Smax at ent � 1.

Smax � ÿ
NIS

eSNDAe
�5�

where NIS is the density of interface state, eS is

permittivity of Zinc oxide, ND is shallow donor

concentration, A is the junction area, and e is natural

logarithm. The interface state level, EIS, and capture

cross section, sn, are obtained from en measured at

several temperatures. Since sn6Nc is proportional to

T2, the activation energy EIS of the interface state is

obtained from the slope of an Arrhenius plot of

ln�en=T2� and 1000/T. Meanwhile the interface state

density is obtained by the peak value of the ICTS

spectrum using Eq. (5).

Single grain boundaries measurements were

carried out using micro-electrodes formed by photo-

lithography on the surface of the samples. These were

used to examine the I-V characteristics and interface

state properties of single junctions in ZnO varistors.

Experiment

Regent grade ZnO and Co3O4 and high purity P6O11

(99.9%) were used as starting materials. The sample

composition was ZnO plus 0.5 at. %Pr6O11, and 2.0 at.

%Co3O4. Powders were mixed for 20 h in a ball mill

with water and ZrO2 balls. The slurry was dried and

pressed into pellets with a pressure of 900 kg/cm2.

Then pellets were sintered at 1450�C for 2 h in air and

furnace-cooled. The samples obtained were 14 mm in

diameter and 1.2 mm in thickness. Silver electrodes,

12 mm in diameter, were printed by screen printing on

both sides of the samples and heat-treated at about

600�C. Then I-V, capacitance-voltage, and ICTS

measurements were carried out on these samples.

After bulk measurements, the silver electrodes

were removed. Then the surface of the samples was

polished using a polishing cloth and diamond paste as

polishing media. The samples were then thermally

etched at 1050�C for 1 h. This procedure made grain

boundaries visible and relaxed the polishing damage

to the surface. The photolithography technique was

used to form micro-electrodes on the surface of each

sample. Figure 1 shows the pattern of micro-

electrodes. There are 72 pair of electrodes in the

pattern. The tips of the electrodes are 5 mm wide. The

distance between a pair of electrodes is 10 mm.

Aluminum was used for the electrode material. The

grain boundaries which crossed between a pair of

micro-electrodes were con®rmed by an optical

microscope. Figure 2 shows an SEM photograph of

a single junction and micro-electrodes.

Fig. 1. Electrode pattern for single junction measurements.
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For single junction measurements, the sample was

placed on the heater inside the sample box. The

temperature was controlled by a temperature con-

troller. Tungsten probes were used for electrical

contacts. I-V characteristics were measured by a

curve tracer (TT-505 curve tracer, Iwatsu Electric Co.,

Ltd.). ICTS measurements were carried out with a

capacitance meter (MI-401 DLTS test system, Sanwa

musen) with a digital memory (DM-2350 digital

memory, Iwatsu Electric Co., Ltd.). Figure 3 shows a

block diagram of the ICTS measurement system. The

applied voltage for a single junction was ®xed to 1.5 V

height and 10 s width for each measurement. The

capacitance transient was measured after the pulse

was removed. Capacitance data collected by the

capacitance meter were stored in digital memory.

Then the data were transferred to a computer and the

spectrum was calculated. Measured temperatures

were varied from 80 to 120�C in 10�C steps.

Results and Discussion

From bulk measurements, our samples' varistor

breakdown voltage per 1 mm averaged 38.7 V/mm.

The non-linear exponent a de®ned as I � kVa

obtained by V10mA and V1mA, was 8.6. This value is

relatively low, since a usually exceeds 50 for

commercial varistors. This is due to the simple

composition of the samples and the higher sintering

temperature employed. High sintering temperatures

were necessary, in order to large grains and thus larger

junction capacitance thereby improving the S/N ratio

of the ICTS spectrum. The donor density obtained by

the capacitance-voltage method [19] was

6:761017 cmÿ3.

Figure 4 shows current-voltage characteristics for

several single junctions. Their non-linearity varied

from junction to junction and their non-linear

exponents varied from 3 to 14. The corresponding

coef®cient of the sintered material, a � 8:6, seems to

be an average characteristic of these junctions'

properties.

Figure 5 shows an example of the ICTS spectra

obtained for a single grain boundary in a ZnO varistor.

Only single peaks were observed and those peaks

were shifted to shorter time with increasing tempera-

ture, since electron relaxation increases with

temperature. Figure 6 shows an Arrhenius plot of

ln�en=T2� vs. temperature. The interface state level

and the capture cross section were obtained from the

slope and the intercept, respectively. Table 1 shows

the interface state parameters obtained by single

junction ICTS measurements. The values are the

average over 9 junctions. Table 2 shows individual

characteristics of these 9 junctions. Parameters

obtained by bulk measurement are also shown in

Table 1. An interface state level was located at 0.9 eV

below the conduction band edge. This result agrees

with the literature value [8, 9] and was stable for every

junction. On the other hand, the capture cross section

and interface state density varied from junction to

junction. The interface state density obtained by

Fig. 2. SEM photograph of a single junction and micro-

electrodes.

Fig. 3. Block diagram of the ICTS measurement system.
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single junction measurements was quite different

from that obtained by bulk measurements. The value

by the single junction method is two orders of

magnitude lower than that by bulk measurements.

This discrepancy comes from the effect of sur-

rounding junctions, since their capacitances were

added to that of the target single junction.

The I-V characteristics of single junctions could

be explained by the property of interface states at

single junctions. There are three principal factorsÐ

(1) donor density �ND�; (2) interface state level �EIS�;

Fig. 4. I-V characteristics of several single junctions.

Fig. 5. ICTS spectra for a single junction.

Fig. 6. Arrhenius plot of peak temperature and ln�en=T2�.
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(3) interface state density �NIS�. The donor density is

the property of the ZnO grains, thus it should be the

same for any junction in the samples. Our

experiment showed that the interface state levels

were stable. Thus the interface state density should

be responsible for the non-linearity of the junctions.

Figure 7 shows the correlation between the non-

linearity and the interface state density for single

junctions. The junctions with higher interface states

density exhibited higher non-linearity. Therefore, it

is clear that the I-V characteristics of single grain

boundaries in ZnO varistors are related to the

interface state density.

Conclusion

Properties of single grain boundaries in ZnO:rare-

earth varistors were examined by the isothermal

capacitance transient spectroscopy (ICTS) method.

Single junctions' non-linear exponents obtained by

current-voltage measurements varied from 3 to 14.

Interface state levels were found to be located at

about 0.9 eV below the conduction band edge for

every junction. The interface state density of the

junctions changed from junction to junction and

non-linearity was shown to increase with interface

state density.
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Fig. 7. Correlation between non-linearity and interface state

density of single junctions in ZnO varistor.

Table 1.

Interface state

level EIS [eV]

Capture cross

section s [cm2]

Interface state

density NIS [cmÿ 2]

Bulk 0.80 2.166 10ÿ 16 8.9611

Single

junction 0.91 3.786 10ÿ 14 3.106 109

Table 2.

Junction

Interface

state level

[eV]

Capture

cross section

[cm2]

Interface

state density

[cmÿ 2]

Non-linear

Exponent

1 0.91 2.1510ÿ 14 3.74109 4.5

2 0.87 4.5110ÿ 15 6.86109 14.5

3 0.83 1.7910ÿ 15 5.04109 6.8

4 0.94 4.3110ÿ 14 4.15109 3.4

5 0.96 6.9810ÿ 14 1.69109 2.8

6 0.84 2.2510ÿ 15 4.61109 4.7

7 0.98 1.5310ÿ 13 2.09109 2.9

8 0.96 6.6110ÿ 14 1.91109 4.0

9 0.93 2.5810ÿ 14 2.16109 4.6
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