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Abstract

A new pulse technique for grain resistivity measurement in varistor ceramics is suggested. Such technique allows obtaining more
precise value of the grain resistivity due to the use of the concept of differential electrical resistance. This technique can be used in the
current density range where the overheating of varistor sample is insignificant. The technique was verified using commercial ZnO
varistors. Grain resistivities of 0.60 +0.02 Q cm at 293 K and of 3.40+0.13 Q cm at 77 K were obtained. This result indicates the
negative temperature coefficient of grain resistance in ZnO varistor in the range (77-293) K. The contribution of the grain boundaries to
the current—voltage characteristic of ZnO varistor is estimated on the basis of the measured grain resistivity and the current—voltage
data. It is shown that the electrical conduction in ZnO varistor is controlled by grains if the current density exceeds approximately
1000 A cm 2.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

ZnO-based ceramic materials with small additives of some
oxides are widely used as varistors [1-4]. Such varistor cera-
mics contain highly conductive grains of doped ZnO with
highly resistive grain boundaries due to the formation of the
grain-boundary potential barriers during sintering in the
oxidizing atmosphere [1-5].

The current—voltage (/(U)) characteristic of a varistor in
the range of approximately (10~ "~10) A cm 2 can be descri-
bed by the following empirical expression:

I =BU* (1)

where [ is the current, U is the voltage, B is a constant and f§
is the nonlinearity coefficient. A high f value (~50) in
varistors became the reason of their wide application for
protection of different electrical equipment against over-
voltage [1-4]. At low currents (below approximately 10~° A
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em %) B is decreased up to f=1 because the Ohmic
conduction dominates. In the high-current region (J> 10 A
ecm~?) f is decreased too because the nonlinear electrical
resistance of the grain boundaries becomes comparable with
the linear electrical resistance of grains. As a result, a part of
the applied voltage drops at the grain resistance, f§ value is
decreased and the upturn region of I(U) characteristic
appears. Electrical properties of ZnO varistors at low
currents strongly depend on their microstructure [6-8]. For
example, the control of the grain size is important for
improving the electrical homogeneity of varistor ceramics
[6,7]. However, for applications of ZnO varistors as protect-
ing devices, the high-current performance is important and
the grain resistivity control is necessary.

The grain resistivity in commercial ZnO varistors is below
1 Q cm [3,9-11]. If the grain resistivity is decreased, the upturn
region of J(E) characteristic appears at higher current
densities. Therefore, the decrease of the grain resistivity pg
in ZnO varistors is an important practical problem [2-4,9—11].
Additionally, to interpret some phenomena observed at high
currents in ZnO varistors it would be useful to know a precise
value of the grain resistivity [12,13]. The information about
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the grain resistivity is useful also for the optimization of high-
current properties of new varistors [14-16].

It should be mentioned that the measurement of the grain
resistivity is very important for development of the high-
quality SnO, varistors [16,17]. While earlier known SnO,
varistors exhibited the grain resistivity (at 300 K) of the order
of several Q-cm or higher [18-21], recently it was reported
about SnO, varistors with p, values comparable with the grain
resistivity in ZnO varistors [17]. Recently reported SnO,
varistors with a high energy absorption capability [22,23]
exhibit relatively low grain resistivity: it is estimated as 0.5 Q
cm in Ref. [23] and it can be assumed that the grain resistivity
in other case [22] is the same order of magnitude.

Therefore, the measurement of the grain resistivity is a
necessary task at the manufacture and research of ZnO and
SnO, varistors. The estimation of the grain resistivity can be
performed using the dielectric spectroscopy [9,24,25], the
infrared reflectance [10] and the high-current pulses [9,11,26].
However, the accuracy of all these measurements is rather not
very high. The approximate estimation of the grain resistivity
in ZnO ceramics after the electrical breakdown was performed
in Ref. [27]. However, in this case the error can be significant
because the breakdown occurs in the narrow channel (much
less than the sample cross-section) and, of course, this techni-
que is not non-destructive.

The high-frequency [9,25] and optical [10] methods give
rather a rough estimation of p,. In Ref. [25] the grain
resistivity and its temperature dependence were estimated
using the high-frequency parameters of ZnO varistors. How-
ever, the absence of the experimental spectra at different
temperatures makes results and conclusions in Ref. [25] not
sufficiently convincing. The pulse method is more reliable
because it is directly related to the conduction process at high
currents. According to the pulse technique [26], it is necessary
to obtain nearly linear E(J) relation in the range of J > 1000
Acm~? by using several high-current single pulses with
different amplitudes. The grain resistivity can be estimated
from this relation as p,=AE/AJ, where AE is the increment of
the electric field and AJ is the respective increment of the
current density.

However, even at current densities higher than 1000 A
cm 2 the E(J) characteristic is not exactly linear due to some
contribution of the voltage drop at the grain-boundary
regions and the influence of a sample heating. This gives
some error in the estimated value of the grain resistivity.
Additionally, it should be mentioned that for some composi-
tions of varistor ceramics it is difficult to reach a high-current
linear region of the E(J) dependence because of the irrever-
sible electrical breakdown of a sample. It complicates the
correct estimation of the grain resistivity. Thus, it can be
concluded that known methods give only an estimation of
the grain resistivity. Therefore, it would be desirable to
develop a technique for the measurement of the grain
resistivity in varistor ceramics which allows decreasing an
overheating of a sample and finding the contribution of the
grain boundaries to the J(E) characteristic of varistor
ceramics at high currents.

The purpose of this paper is the development of a pulse
technique of the grain resistivity measurement in varistor
ceramics avoiding the use of extremely high-current pulses.
Such technique should give a relatively precise value of the
grain resistivity. Using a measured value of the grain
resistivity and the I(U) data for a given varistor, it will
be possible to obtain a contribution of the grain-boundary
regions to the current—voltage characteristic of the varistor
at high electric currents.

2. Material and methods

Commercial zinc oxide varistors (CH2-1, Russia) were
used for the measurements. This material contains approxi-
mately 97 mol% ZnO and Bi203, Sb203, C0304, CI'203,
MnO., as additives.

The current—voltage characteristics in the range of dc
current (107'*-107%) A were obtained using the whole
varistor disc 16.5 mm in diameter and | mm in thickness
(the diameter of Ag electrodes was 14 mm).

In this paper the current density in the range (30-500)
Acm~? was used for the measurement of the grain
resistivity. The samples with a small electrode area were
utilized for reaching a high current density in the range
(1072-10*) Acm™2 The use of such samples is not
compulsory for the suggested technique because these
experiments can also be performed using standard samples
16.5mm in diameter and respective pulse generator.
However, the measurements can be conducted in different
parts of a ceramic sample if a small electrode area is used.
This way an additional information about the electrical
homogeneity of a ceramic sample at high currents can be
obtained.

The samples with a small electrode area were prepared the
next way. Small dots of lacquer were applied at carefully
selected points in the hexagonal configuration on both
original Ag surfaces. Due to a wetting the shape of lacquer
dots was nearly circle with diameter in the range of (1.7-2.0)
mm. After drying of lacquer, the uncoated parts of electrode
were etched in 30 wt% HNO; to remove the unprotected
silver. Then lacquer was eliminated by an appropriate solvent.
The diameter of each Ag spot was measured using an optical
microscope. The square of electrodes was in the range of
(0.023-0.030) cm>. Thus, from one varistor disk with electro-
des we have obtained many samples with a small electrode
area. Fig. la illustrates the obtained electrode configuration at
the surfaces of a varistor disc. The displacement between the
centers of electrode areas at both sides of the same small
sample was less than 0.3 mm. The distance between the edges
of the neighbor electrodes was not less than 3 mm. It excepted
the influence of neighbor electrodes during the pulse measure-
ments. The varistor disk was put into the transformer oil to
avoid discharges in air during the pulse measurements.

The current—voltage characteristics of the whole varistor
disc and different small samples in the scale J(E) were
practically the same. Therefore, the studied ceramic material
is quite electrically homogeneous at low and high currents.
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Fig. 1. The electrode configuration used for the high-current pulse study (a), the circuit for the formation of a single exponential voltage pulse (b) and the
explanation how the voltage, the current and the differential resistance are calculated from the oscillograms (c).

The current—voltage characteristic at high currents was
obtained using a single exponential voltage pulse:

U(t) = Uy exp(—1/7) ")

where U is the voltage amplitude, ¢ is the time, 7 is the
time constant. Such a pulse is formed using the circuit
shown in Fig. 1b. The short low-voltage start pulse causes
a discharge of a capacitor with the capacitance C through
a non-inductive resistor with resistance R=3 Q. The tested
varistor sample was connected in series to the precision
resistor R1=1 Q and they were connected in parallel to the
resistor R. The waveforms of U(¢) (“voltage”) and Uj(t)
(““current”) were recorded (see Fig. 1b) using the dual-
channel storage oscilloscope C8-11. The value of current 1
through the varistor sample was determined as the voltage
drop U; at the precision resistor R1—I/=U;/RI. The
voltage drop at the varistor sample was determined as
the difference between the voltages at R and R1—U-U,.

The circuit in Fig. 1b can form a single exponential voltage
pulse with the time constant in the range 704000 ps at the
change in a value of capacitor C. It is necessary to mention
that for correct measurement of the grain resistivity, the
shape of the voltage pulse must not be influenced by the
tested sample. It occurs if the electrical resistance of the
sample is much higher than R. The resistance of sample with
small electrodes at high currents in the investigated range was
at least 10 times higher than R.

The oscillograms of voltage and current (U(z) and Uf{), see
Fig. 1c) were used for plotting the current—voltage character-
istics and the dependence of the differential resistance on
current. Fig. lc schematically shows the oscillograms of
current and voltage and illustrates the calculation of the
differential resistance AU/AI on the basis of these oscillo-
grams. Such oscillograms are actually the current—voltage
characteristics in the parametric form with time ¢ as a
parameter. Each oscillogram of current and voltage allows
obtaining several points at the current—voltage characteristic.

The increments of voltage and current (AU= U;-U, and
AI=I1—I,, respectively) can be found at a given moment of
time ¢; related to the current I, Then the differential
resistance at current I;=([,+15)/2 is AU/AI=(U,-U,)/

(I1-I). The expression for the differential resistance of a
sample Rgjr at current I can be obtained in such a form:

Ryir = RI(U,—U,)/(Un—Un)—1) (3)

I=(Un+Up)/(2R1) 4)

The expressions for Ry and [ can be represented as
specific parameters pg;r and J using the electrode area S
and the thickness L.

For improvement of the measurement accuracy, the oscil-
lograms of current and voltage were converted to a digital
image. These images were processed with Adobe Photoshop
CS and Microsoft Excel. As a result, the relative error was
decreased to =+ 2%. For recording of the current-voltage
characteristics, the voltage pulses with the time constant
t=100 us were used. It allowed avoiding the irreversible
electrical breakdown and minimizing a sample heating.

3. Results

The central idea of the suggested method is the determina-
tion of the grain resistance without reaching very high
currents. For the explanation of the suggested method we
use the equivalent circuit shown in Fig. 2a. The resistor R,
represents the bulk resistance of ZnO grains in varistor
ceramics. The nonlinear resistance Ry, is related to the grain
boundaries where the double Schottky barriers are situated.
The contribution of the barrier and grain capacitances is not
taken into account in Fig. 2a due to the fact that the active
current dominates over the reactive current in the high-current
region (J>10A cm™~). Additionally, the time constant
t~100 ps of used exponential voltage pulse (see Eq. (2)) is
significantly higher than the time constant of transient process
related to mentioned capacitances.

Using Eq. (1), the voltage at a varistor U= Uy+ Uy, can
be written in the specific parameters:

E=Jp,+AJ'P (5)

where E=U/L is the average eclectric field strength in
varistor; A is a constant depending on the constant B from
Eq. (1), the electrode area S and the thickness of a sample
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Fig. 2. The equivalent circuit for ZnO varistor (a) and the expected dependence of the differential resistivity of varistor ceramics as a function of the

inverse current density (b).

L. Therefore, the differential resistivity pgir=dE/dJ can be
obtained in the next form:

pair = pg+AJP7N /B (6)
Due to f»1 and, therefore, 1/f«1, Eq. (6) can be written as:
pdif:pg+AJ71/ﬁ (N

It is seen from Eq. (7) that the differential resistivity
depends linearly on the inverse electric current density J~'.
If we extrapolate the linear dependence pgir (J~') to
J~'=0, then the grain resistivity pe Will be determined
(Fig. 2b).

The oscillograms of current and voltage obtained at two
temperatures are shown in Fig. 3. The oscillograms were
recorded at the same charging voltage of the capacitor C
(Fig. 1b). The horizontal line gives the zero signal level.

The current—voltage characteristics plotted from the oscil-
lograms (Fig. 3) are shown in Fig. 4 (curves 1 and 3). The
time step for plotting the current—voltage characteristics was
2 us. The dependences of the differential resistivity on the
inverse current density are presented in Fig. 5. The time step
for calculation of the differential resistance was 6 ps. The
experimental current—voltage characteristics of the investi-
gated ZnO varistor ceramics in a wide current range are
represented in the double logarithmic scale in Fig. 6.

4. Discussion

Three regions with different slopes (with different non-
linearity coefficients f§) can be distinguished at the current—
voltage characteristic in the double logarithmic scale (Fig. 6).
Below approximately 1072 A cm ™2 the nonlinearity coeffi-
cient § =~ 1 (Ohm’s law takes place). The thermionic emission
over the double Schottky barriers at the grain boundaries is
responsible for the electrical conduction in this range. The
highly nonlinear (ff = 50) part of the current—voltage char-
acteristic in the range of approximately (10~*-10) A cm 2 is
caused by the band-to-band tunneling (Zener effect) [28—30]
or impact ionization in the reverse-biased depletion layer
[31,32]. Above approximately 10 A cm 2 a decrease in the
slope of the current—voltage characteristic (in the nonlinearity

coefficient) takes place (Fig. 6). It is due to the non-zero
electrical resistance of grains connected in series to the grain-
boundary regions where Schottky barriers are localized. The
current—voltage characteristic obtained above approximately
10 Acm™2 (30-500 A cm ™2, see Section 2.) was used in
present work for the measurement of the grain resistivity.

As it is seen from Fig. 5, the differential resistivity pg;r is
decreased if the current is increased and the dependence of
Pgif on J~!is linear. This fact confirms Eq. (7). Then,
extrapolation of the dependences pair (J~ ') (see Fig. 5) to a
zero value of the inverse current density (J~'=0) gives the
grain resistivity of 0.60+0.02Qcm at 293 K and of
340 £ 0.13Qcm at 77 K. The method of least squares
was used for the linear approximation in Fig. 5.

Consequently, the temperature coefficient of the grain
resistivity (1/pg)(dpg/dT) in ZnO varistor ceramics in the range
of (77-300) K is negative. It corresponds to the published data
[24,33]. Using the linear region of the E(J) dependence, the
values of the grain resistivity of 0.5-1.1 Q cm in ZnO varistor
ceramics with different additives were obtained [26]. Therefore,
the data at 293 K obtained in this paper using suggested
technique are in agreement with earlier published results [9—
11,26].

As it is clear from Fig. 5, the variation in the differential
resistivity in the range of the current density (1000 <J < o0)
Acm~? is less than 30% of its value pdir=pg at J— 0.
Therefore, in this current density region the relation dE/
dJ = p, approximately takes place. From the last equation
the linear dependence between J and E can be obtained:

E=Ey+p,J (8)

where Ej is related to the voltage drop at the grain boundary
regions. Therefore, if J> 1000 A cm ~ 2, then the E(J) depen-
dence in ZnO varistor ceramics is close to the linear one as it
was assumed earlier in Ref. [26]. Such dependence for
varistor ceramics is supported by the data presented in
Fig. 7 (curve 1). If the linear E(J) dependence is extrapolated
to J=0, then E,=3030 Vcm ' is obtained for the studied
ceramic material.

The almost linear behavior of the E(J) dependence of a
varistor at J> 1000 A cm ™2 is a consequence of a high
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Fig. 3. The oscillograms of voltage (1) and current (2) at 77 K (a) and 293 K (b). The electrode area is 0.030 cm?. Vertical: 82 V/div; 4.9 A/div.
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Fig. 4. The current-voltage characteristics of ZnO varistor ceramics (1,3)
and the contributions of the grain boundaries to these characteristics (2,4)
at 77K (1,2) and 293 K (3,4).

nonlinearity of the J(E) characteristic of the grain bound-
aries with double Schottky barriers at high currents. In this
case a considerable change in the current density leads to a
weak change in the voltage drop at the grain boundaries.
Therefore, the variation in the voltage drop at a sample is
completely controlled by the linear resistance of the grains
connected in series to the grain boundaries.

The value of the voltage drop at the individual barrier
(3.3-3.6) V [34] satisfactorily correlates with the band gap of
zinc oxide Eg,,=3.37¢eV [35]. Such a correlation is in
accordance with the Zener effect [28-30] and impact ioniza-
tion [31,32]. The high nonlinearity of the /(U) characteristic
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Fig. 5. The dependence of the differential resistivity on the inverse current
density at 77 K and 293 K.

in varistor ceramics for these mechanisms takes place if the
voltage at the individual barrier is higher than Uy = Ey,p,/q
(where ¢ is the electron charge). In this connection, the
constant E, in Eq. (8) can be considered as the average
electric field in the ceramic sample for the initiation of the
afore-mentioned nonlinearity mechanisms. If we assume that
the same barriers are formed at all grain boundaries and the
average grain size is l,, then Upo=Eyl,. Therefore, the
average grain size /, can be estimated from the experimental
value of Eg as I, = Ey,p/(qEo). The average size of ZnO grain
estimated from the value E,=3030 V cm ™' is 11 um for the
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Fig. 6. The current-voltage characteristic of ZnO varistor ceramics in a
wide current range at 295 K.
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Fig. 7. The E(J) relation for ZnO varistor ceramics (1) and the contribu-
tion of the grain boundaries (without grains) to this relation (2) at 295 K.

studied ceramic material. This value is in accordance with the
optical microscopy data.

It would be interesting to separate the contributions of the
grain boundaries and grains to the current-voltage character-
istic of a ceramic sample at a high-current region. For this
purpose, it is necessary to take into account that at any current
the voltage drop at the sample is the sum of the barrier and
the grain voltages U= U,+ U,. Then, from the experimental
relation J(E) for the ceramic sample and the measured value
of the grain resistivity p,, the contribution of the grain
boundaries J=J(E}) to the J(E) dependence can be obtained.
The value of E, is calculated as E,=E-Jp,, where Ey,= Up/L
is the contribution of the voltage drop at the grain boundaries
(without grains) to the average electric field strength E= U/L.
It should be mentioned that the actual electric field strength in
the grain-boundary regions is much higher because the
thickness of the grain-boundary barrier region is much lower
than the grain size.

The contributions of the grain boundaries J(E}) to the
current—voltage characteristics of ZnO varistor material
J(E) are represented in Fig. 4 (curves 2 and 4). They are
displaced to the low-field region in comparison to the J(FE)
relations for the varistor sample (curves 1 and 3 in Fig. 4).
The increase in temperature from 77 K to 293 K causes a
relatively weak (not more than 5%) shift of the J(Ey)
relation (in the range of 10-350 A cm~?) to the lower
electric field.

In Fig. 7 the relations E(J) in a wide current range are
shown for ZnO varistor material (curve 1) and for the
contribution of the grain boundaries (curve 2). It is seen
that the voltage applied to the grain boundaries practically
is not changed with current if the current density is higher
than approximately 1000 A cm ~2. This voltage is related
to the average electric field strength in ceramic sample
E,=3030 Vcm ™~ '. Therefore, the electrical conduction in
ZnO varistor is controlled by the grains if the current
density is higher than approximately 1000 A cm 2. The
contribution of the grain-boundary regions to the J(FE)
characteristic is observed as a parallel shift of this char-
acteristic along the electric field axis by the value of
Ey=3030 Vem ™.

Therefore, the presented technique of the grain resistiv-
ity measurement in varistor ceramics additionally allows
estimating the contribution of the grain boundaries (with-
out grains) to the current—voltage characteristics what can
be useful for the understanding of the non-Ohmic conduc-
tion nature in oxide varistor materials.

5. Conclusion

The modified pulse technique of the grain resistivity
measurement in oxide varistor ceramics is suggested. For
improvement of the measurement precision the linear extra-
polation of the dependence of the differential electrical
resistance on the reverse current density to J~'=0 is applied.
The single exponential voltage pulses were used for the
measurements. This technique is applicable in the region of
the current density of (10-500) A cm ™2 where the over-
heating of varistor sample by the exponential pulse with the
time constant not more than 100 ps is insignificant. Such
technique was verified for commercial ZnO varistors. The
grain resistivity of 0.60+0.02Qcm at 293K and of
340+0.13Qcm at 77K were obtained. It indicates that
the temperature coefficient of grain resistance in zinc oxide
varistor ceramics in the temperature range (77-293) K is
negative. On the basis of the experimental current—voltage
characteristic of zinc oxide varistor and the measured grain
resistivity, the contribution of the grain boundaries (exclud-
ing the grains) to the current—voltage characteristic of
varistor is estimated. At current density higher than approxi-
mately 1000 A cm ™2 the current—voltage characteristic of
ZnO varistor is nearly linear, the voltage drop at the grain-
boundary regions varies weakly with current and the elec-
trical conduction in ZnO varistor ceramics is controlled by
grains.
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