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ELECTROPHYSICAL CHARACTERISTICS OF THE NEAR-SURFACE LAYER OF
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Electrophysical properties of near-surface layer of ZnO varistor ceramics forming during high-
temperature annealing in oxidizing gaseous atmosphere are studied. Microstructure of near-surface layer
and its electrical properties have features which are determined by an increased concentration of oxygen at
surface of pressed ceramic billets in comparison with bulk during annealing. From the data of electron
raster microscopy of cross-chipping of varistors, it is defined that the average value of thickness of near-
surface layer is 40 pm. It is found that the specific resistivity value of near-surface layer is 5.3-10'> Q-cm.
The electrical capacitance of near-surface layer is calculated from capacitance measurement data for
varistors containing such layer under two electrodes and without layers. It is shown that the electrical
capacitance of near-surface layer exceeds that of varistor by more than an order. Conclusion is made that
the near-surface layer gives a weak contribution to dielectric properties of ZnO varistor ceramics. However
contribution of this layer to electrical conductivity of ceramics in pre-breakdown region is significant.
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1. Introduction

Zinc-oxide varistors are used in devices for limiting the overvoltage on electrical
circuits, electronic equipment and schemes [1-5]. Volt-current characteristics (VCC) of ZnO
varistors in the range of electric currents of (10°—1) A-cm™ exhibits high nonlinearity. At low
strengths of electrical field (in the region of Ohm's law) varistor resistance is high (of order of
10'°-10'* Q-cm) while in region of reversible electrical breakdown their resistance is low (of
order of 10* Q-cm) [6, 7]. At parallel connection with load, varistors prevent overvoltage on it
[8, 9]. Protective properties of varistors are determined by the coefficient of protection k, =
Ui0o/Uopo1, Where Uy and Ugge are voltages on varistor at currents 100 A-cm? and 1
mA-cm?, respectively. In this case protection effectiveness will be the greater the closer to
one will be the value of k,, [10] that correlates with greater nonlinearity of varistor properties.
The protection coefficient is an important parameter of varistors. Its value significantly
depends on such factors as homogeneity of ceramic microstructure and electrical conductivity
of ZnO grains which limits the current through punched potential barriers (upper part of
varistor VCC) [11]. Therefore high-temperature annealing is most important stage in
manufacture of varistors.

At this stage the granular structure of zinc-oxide varistor ceramics is formed and
potential barriers responsible for nonlinearity of varistor VCC arises at ZnO grain boundaries
[12-15]. However, it should be borne in mind that physical-chemical processes occurring
during annealing of ZnO varistor ceramics are largely determined by the gaseous atmosphere
composition [16]. This suggests a difference of electrophysical properties for internal and
near-surface regions of varistors. The impedance of near-surface layer connected serially with
ceramic bulk in electrical circuit should influence on linear and nonlinear properties of
varistors. Such layer has black color in contrast to bulk of green color and in further will be
called a black layer.

The purpose of this paper is to determine thickness, electrical resistance and electrical
capacitance of the black layer which is formed in ZnO varistor ceramics during high-
temperature annealing in oxidizing atmosphere.
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2. Samples and experimental procedure

The studied samples of zinc-oxide ceramics for commercial varistors of composition
97,5 mol.% ZnO, 0,5 mol.% Bi,0;, 1,0 mol.% Sb,0;, 0,5 mol.% Co004, 0,5 mol.% MnO,
are disk-shaped. They were annealed in air for 1 hour at 1520 K in accordance with the
standard technology of varistor manufacturing.

The data of electronic raster microscopy of cross-chipped of annealed varistor disks
performed with REM-1061 microscope (SELMI, Ukraine) were used for measuring of
thickness of the studied black layer.

Capacitance measurements were performed on "L and C high-frequency meter E7-
9" at the frequency of 600 kHz. Studied samples initially had a black layer under each of
two electrodes. After the measurements electrode surfaces of the samples were grinded
for removing the electrodes and black layer. Then electrodes again were created directly
on ceramic material and the measurements were repeated. Thus electrical capacitances of
varistor samples containing black layer on both electrode surfaces and capacitances of
samples without black layer were measured.

Copper was used as electrodes. Copper electrodes were applied to the bases of
varistor disks by the electrochemical method according to [17].

The electrical resistance of the black layer was defined from the calculated
dependence of varistor sample resistivity on inverse thickness of the sample with using
data [16] of measurements of VCC for commercial ZnO varistors in the region of Ohm's
law before and after removing the black layer.

Electrical capacitances of black layers were calculated from the data of capacitance
measurements for varistor samples before and after removing the black layer.

3. Results and discussion

Internal regions of varistor ceramics are formed by ZnO single crystals (main phase)
and crystallines with structures of pyrochlore Zn,Biz;Sb;Oy4, spinel Zn;Sb,O,, and
bismuth oxide Bi,O; embedded in three-dimensional network of Bi-enriched amorphous
phase [2]. In view of increased oxygen content the black layer is characterized by higher
(3-5 times in comparison with bulk) content of spinel phase, tendency to reduce the
pyrochlore phase, and insignificant amount or absence of free Bi,O; [16]. Cobalt Co" >
dissolved in bulk of ZnO grains passes into Co™ ° state on crystal surface leading to
blackening of the near-surface region of the ceramic [16]. Accordingly microstructures of
internal and near-surface regions differ as shown in Fig. 1.

In Fig. 1 the black layer on varistor disk surface is visually observed. The bulk part
of varistor disk has lighter color. The black layer thickness is different for different points
of the surface. The average thickness of black layer is 40 um. Taking into account that the
minimal thickness of studied varistor samples is about 1 mm, the following ratio can be
accepted:

2L,/ L<<1 (1)

where L; = 40 um and L >1 mm are thickness of black layer and studied samples,
respectively.
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Fig. 1. SEM images of cross-chipped of ZnO varistor disk annealed in air at magnification of:
a) x500; b) x1000
An equivalent electrical circuit for a varistor sample containing the studied layer
under two electrodes can be represented in a general case by the series connection of
impedances as shown in Fig. 2.

Rl Rv Rl

Fig. 2. Equivalent electrical circuit of sample of ZnO varistor ceramics with black layer under two
electrodes: S; and R, — electrical capacitance and active resistance of black layer, respectively; C, and
R, - electric capacitance and active resistance of bulk part of studied sample (ceramics), respectively.

At constant current or at very low frequencies the equivalent electrical circuit
(Fig. 2) is a serial connection of resistors R, and R,: R = 2R, + R,, where R is varistor
sample resistance. In this case the specific electrical resistivity p of varistor sample,
taking into account relation (1), is determined by the following expression:

L
p=p, +2pzfl )

where p, is specific electrical resistance of bulk part of sample; p; is specific electrical
resistance of thestudied black layer.

Expression (2) determines the direct dependence p ~ 1/L shown in Fig. 3.

As follows from expression (2) and Fig. 3, the black layer contribution to varistor
resistivity will increase with varistor thickness decreasing.

The specific electrical resistance of the black layer is determined using expression
(2) at substituting the measured values of corresponding physical quantities.
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Fig. 3. Calculated dependence of specific electrical resistivity of ZnO varistor with black layer
on electrode surfaces on inverse thickness of the varistor.

Values p and p, for ZnO varistor samples in the region of Ohm's law can be found
from data of measurements of VCC for commercial ZnO varistor given in [16].

According to these data, the resistivity of varistor sample with the black layer under
two electrodes is 4.0-10'° Q-cm. For a varistor with removed black layer the resistivity is
significantly lower — 3.5-10" Q-cm. The initial thickness of varistor sample, according to
[16],1s 0.98 cm.

Value p; calculated with using expression (2) is approximately 5.3-10'> Q-cm.

The large value of quantity p, can be explained by higher intergranular potential
barriers in black layer in comparison with varistor bulk [16].

At capacitance measurements at high frequencies the amplitude value of variable
voltage applied to a sample is small (not more than 5 V) and capacitance conductivity
(Fig. 2) exceeds active conductivity. In this case the equivalent electrical circuit shown in
Fig. 2 is a serial connection of capacitances C; and C,. Taking into account relation (1),
electrical capacitance of the black layer can be found from measured at high frequencies
capacitances of varistor samples as:

2C
C=—""72__
G LS, 3)
Cl L2S1

where C, and C, are electrical capacitances of varistor sample without black layer and
with black layer under two electrodes, respectively; L; and L, are thicknesses of varistor
sample with black layer under two electrodes and without black layer, respectively; S,
and S are areas of electrodes of varistor sample without black layer and with black layer
on two electrode surfaces, respectively.

It follows in particular from (3) that at the initial absence of the black layer (in this
case its thickness L, = 0 and C; — o) C/C| = (L1:8)/(L2S)).

Table 1 shows results obtained from capacitance measurements for samples of ZnO
varistor ceramics before and after removing the black layer by grinding.
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Table 1
Ly, mm S, cm? L,, mm S, cm? Cy, pF C,, pF C, pF &
0,92 2,34 0,73 2,40 2295 3684 23567 421
3,82 5,30 3,38 5,20 1533 1749 109153 861
9,80 4,00 9,20 4,74 691 895 54338 568

The values of relative permittivity & of the black layer were calculated using values
of its thickness L; which previously was found from data of scanning electron microscopy
(Fig. 1).

As can be seen from Table 1, the electrical capacitance of the black layer much
exceeds the capacitance of the sample itself that contains such layer on two electrode
surfaces. This suggests that a black layer does not influence noticeably on nonlinear
properties of varistor ceramics. Really, according to data of [16], the VCC for samples
with the black layer and without it coincide starting from current densities 10~ A-cm™.

4. Conclusions

According to data of raster electron microscopy, it is defined that the average
thickness of a black layer formed on ZnO varistor ceramics during its high-temperature
annealing is 40 microns. Structure and electrical properties of such layer differ from bulk
due to different formation conditions.

From the calculated dependence of the electrical resistance of a varistor in the region
of Ohm's law on inverse thickness of the varistor the specific resistivity of its black layer
is determined. The value of specific electrical resistivity of black layer is 5.3-10'* Q-cm
that is approximately two orders higher than that of varistor sample.

It is found that the electrical capacitance of the black layer calculated from
capacitance measurements of varistor samples is more than an order higher than that of
sample itself that contains such layer.

Due to the large capacitance connected in series with the capacitance of varistor
bulk, the black layer makes a weak contribution to dielectric properties of ZnO varistor.
However, due to high electrical resistivity contribution of such layer to electrical
conductivity of a varistor in the pre-breakdown region is significant.
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