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ABSTRACT

The present work is devoted to studying the temperature influence on current -voltage
characteristics and electrical conductivity of the ZnO based varistors. It is shown, that
observable nonlinearity of voltage- current characteristics (VCC), exponential temperature
dependences of electric conductivity and nonlinearity factor and also reduction of researched
opening voltage of varistors are conditioned by the zinc oxide grains boundaries. The
hysteresis on VCC in all temperatures interval is observed at that the width of the hysteresis
loops is increased by temperature growth, that is explained by existing of the dipole moments
of inserted oxide impurities of Co, Mn type and etc.

1. INTRODUCTION

Now with development of the microelectronic technology and the big integrated circuits, for
protection of power supply systems and electric circuits from the overvoltage the requirement
for different kinds of the accident protection devices, including on the basis of varistors, is
continuously increased [1-3]. It is connected by the varistors nonlinear characteristics that
allow them to be long time under the working voltage and to protect sufficiently the electrical
lines from overvoltages.

In turn the varistors properties are very sensitive to theirs production conditions, that
can influence on theirs grains size, thickness and intercrystalline phases physical properties
[4-7]. Particularly, an important problem connected with the varistors production perfection is
influence of the ambient temperatures on varistors electrical properties.

In the present work the research of temperature dependence of the zinc oxide based
varistors electric properties is carried out.

2. EXPERIMENT, RESULTS AND DISCUSSIONS

For varistors preparing the oxides with cleanliness of 99,9 % have been used. The
ZnO based varistors with impurities of CoO, BiOs, MnO,, ZrO; and others oxides have been
made on standard ceramics technology. Samples have been synthesized at T=1500°C in an air
atmosphere. The densely sintered samples have been covered by silver electrodes. For all
samples the VCC and electric conductivity measured in a direct current mode at various
temperatures are investigated. Results of experiments are presented on fig. 1-4, from which
the following are visible: 1) the volt-ampere characteristic in the investigated temperatures
interval has nonlinear character. The value of current through the varistor increases for 4 order
and also 3-4 characteristic areas are observed on I=f (U) curves; 2) with growth of heating
temperature the I = f (U) curves are displaced in the low electric voltage area, in addition the
value of varistors opening voltage (classification voltage) decreases (fig.4); 3) dependence of

electric conductivity ¢ from electric field intensity has exponential character (fig.2); 4) in the
all temperatures interval the hysteresis on I=f (U) curves is observed (fig.4)..
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Fig.1. Volt-ampere characteristic of varistor at the room temperature
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Fig.2. Dependence of electric conductivity of varistor from the electric field intensity.
1-295K;2-383K; 3 -420K; 4 - 463K.

Note that during the formation of varistors electric properties the follows plays a
special role: 1) continuous conductivity through potential barriers of intercrystal borders (an
intercrystal barrier layer); 2) conductivity lengthways of intercrystal borders without
participation of crystal grain [8]. According to works [4,6,10] potential barrier layers
represents the contacts between two adjacent grains of zinc oxide. In turn, the reason of these
barriers formation is modulation of semiconductor’s power zones by a field of the charged
impurities and defects adsorbed at the intercrystal borders.

From above-stated it is follows that electric properties of the zinc oxide based
ceramics are determined by the value of current, which passes through consequence chains of
contacts between the adjacent grains of ZnO [7]. For each such contact it is conditionally
possible to allocate two components of a direct current (fig.3a).

On fig. 3a the phase between nodes of zinc oxide is shaded. As such phase there can
be a layer enriched with bismuth and antimony [9]. From figure 3a it is visible, that the
component of current I; passes through the borders areas where adjacent grains of ZnO
closely abuts to each other. Thickness of contacting layer can make about (30-40)A. In this
borders area the energy barrier is formed that responsible for high nonlinear part of ceramic’s
VCC. Other component of current I, is determined by resistance of borders area where
adjacent grains ZnO are separated by a thick layer of the internodes phase. For I, the weak
nonlinear [=f (U) dependence is specific.

Considering above - stated, it is possible to present the equivalent circuit of separate
contact between the ZnO grains as shown on fig. 3b. On this circuit Rj is resistance of ZnO
grain, R; is resistance of the intergrains phase, Cy is geometrical capacity of contact of two
ZnO grains, R, is nonlinear resistance of contact area of through which the currentI; passes,

In view of above-stated experimentally observable specific areas on fig.1,2 can be
explained as follows. As it is shown from fig. 1,2 at low values of the applied voltage the
value of an electric current is small and makes microamperes, thus the value of electric
conductivity is accordingly equal 10°-10® Ohm™'cm™.
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Fig.3. Schematic representation of ZnO grain contact area (a)
and its equivalent electric scheme (b).

These data show that at initial moment of time the varistor behaves as dielectric which
has the high resistance (R;). This resistance is caused by presence of potential barriers
between adjacent ZnO grains. At low values of an electric field the value of this resistance
high enough, it plays the basic role and limits value of a current through the varistor. As a
result of it at low values of an external field weak dependence I=f (U) (part "a", fig.1) is
observed. With growth of the applied voltage the current value is determined by resistance R,
which has nonlinear character. With increase an applied voltage the value of this resistance
sharply decreases and falls up to 10-100 Ohm. As a result of it there is simultaneously a
growth of conductivity on 2-3 order and accordingly of current through the varistor (parts
b,c). Besides as is obvious from fig.2, the number of specific areas and their activation energy
is decreased, also at temperature 190°C and above the varistors conductivity has the ohmic
character.

Experimentally observable temperature dependences of an electric current, electric
conductivity, classification voltage and nonlinearity factor also are confirming factors which
show a determining role of grains border on transit of current carriers through the varistor.

The matter is that a condition (unsoundness) of a surface and volume of zinc oxide
crystal grains are strongly connected to presence of excess atoms of zinc. As a rule, excess
atoms of zinc occupy the internodes of a lattice and, disposed the electrons, become the
donors. Growth of electric conductivity can be explained by that with rise in temperature the
height of intercrystal potential barriers strongly decreases. The reason for this can be as
growth of the current carriers number due to ionization of traps, as well as change of a
charging condition of oxygen on the grains borders, namely, decomposition of an unstable
superficial condition between internodes cations Zn" and chemisorbed oxygen (Zn+0O,) by
reaction

(Zn+0y) —»Zn +e + 0, (1)

From the equation (1) it is visible, that as a result of this reaction the electrons concentration
increases. It in turn, according to figures, results to reduction height of intercrystal potential
barrier, to growth of sample conductivity and, as consequence, to reduction of VCC
steepness. As a result it turns out observable reduction values of nonlinearity factor and
classification voltage.



Basically according to [11] at temperatures higher than 400°C the conductivities of
crystal grains and borders of grains are leveled and as a result it the nonlinear characteristic of
the varistor disappears.

Exponential character dependence of electric conductivity from intensity of an
electric field (fig. 2) is well described by effect and formula of Pool-Frankel

e3/2E1/2 (2)
KT (neg,)'"?

where o is conductivity at a weak electric field, € is dielectric permeability of the varistor, &
is electric constant, k is Boltzmann constant, E is intensity of an electric field, T is absolute
temperature.

Note that in formation of intercrystal borders between atoms an important role plays
also interaction between the zinc oxide and impurity atoms. In work [9] by means of
electron-diffraction researches it is shown, that as a result of these interactions the continuous
phase inclusions and also a continuous number of interchanging solid solutions are formed,
which well described by formula Zn1-xSbxO (x=0,1% mol.).

A principal cause of an observable hysteresis on I=f(U) curves (fig.4), apparently, is
presence the own dipole moments of impurity atoms (Co, Cr, Mn etc.) contained in the
varistor.
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Fig.4. Volt-ampere characteristic of varistor at the various temperatures:
1-2 - 295K; 3-4 - 323K; 5-6 - 373K.

The dipole moments of superficial conditions of two contacting surfaces at absence of
an external electric field at first time are chaotic oriented. Therefore transitions between
contacting adjacent grains are complicated by the Coulomb repulsion. With growth of the
applied voltage (in a forward direction) there is an orientation of the majority dipole moments
along a direction of electric field intensity. At VCC reverse, apparently, not all dipole
moments have time for off-orientation. Therefore there is an observable hysteresis on curves
I=f (U). Expansion of hysteresis loops with temperature increasing, apparently, is connected
by that under action of temperature the off-orientation of the dipole moments oriented under
action of an electric field is occurs, and their chaotic distribution increase that is confirmed by
the experimental fact, namely by the expansion of hysteresis loop.

3. CONCLUSIONS

Thus, the analysis of the obtained results allows making the following conclusions:

1) The reason of high resistance of the varistor (10° Ohm) at low values of an external
voltage is presence of potential barriers on the borders between the ZnO grains which are
formed during synthesis of the varistor;

2) Observable nonlinearity VCC of researched samples allows assuming that electric
conductivity and also other important parameters, such as nonlinearity factor and
classification voltage, are conditioned by borders of zinc oxide grains. With growth of



temperature and intensity of an electric field the height of intercrystal barriers is reduced and
by that influence of a transitive layer on electric properties of the varistor strongly decreases.

3) Observable hysteresis phenomenon is connected to action of two factors, namely,
orientation of the dipole moments with growth of electric field intensity and their off-
orientation with increase of annealing temperature.

REFERENCES

1. Ch.S. Valeev, V.B. Kvaskov. Non-linear metall-oxide Semiconductots, Moskow, 1982, pp.2-15 (in Russian).

2. L.Slavik. Designing of power{force} semi-conductor converters. Bratislava 1984, 220 p. (in Russian).

3. L.E.Vrublevskiy, Yu.V.Zaytsev., A.l.Tichonov. Power {force} resistors. Moscow. 1991, 211p. (in Russian).

4. M.Matsuoka. Zinc oxide varistor. J.Appl. Physics. 1971, vol.10. p.736

5. K.Cupta, W.C. Carlson. Barrier voltage and its effect on stability of Zno varistor. J.Appl/Physics. 1982.
.53.p.7401.

6. A. Anastasiou, M.H.l.Lee, C.Leach, R.Freer. Ceramic varistors dased on ZnO-SnO2. Journal of the

European ceramic society, 24,2004, p.1171.

7. L.M. Levinson, H.R.Philip, G.D.Mahan. Evidence for parallel conduction in ZnO varistor. Advances in

varistor technology, Ceramic Transition. 1989, v.3, p.145.

V.B.Kvaskov. Semi-conductor devices with bipolar conductivity. Moscow, 1988, 128 p. (in Russian).

Hasanli Sh. M., Gashimov A.M., Ismaylov D.M., Allazov R.M., Mehtizade R.N., Bayramov H.B.

Electron difraction research of ZnO films with impurity additives of cobalt, boron, manganese, bismuth and

antimony oxides. 4-th National Conference on application of X-ray synchrotron measurements, neutrons and

electrons for investigation of materials. 17-22 November, Moscow (Russian).

10. V.F.Katkov, A.l.lvon, I.M.Chernenko. A microstructure and electric properties of zinc oxide ceramics with
the B,O; additive. Inorganic materials, 1996, v.32, No3, p. 378 (Russian).

11. P.Kjstic, O.Milosevic, M.M. Ristic. Potential barrier degradation on the grain boundary of ZnO based
nonlinear resistors. Physica B.C. 1990, v.150, N1-2, p.175.

o x>

ZnO DSASINDA VARISTORLARININ BOZI ELEKTROFIZIKI
XARAKTERISTIKALARI

HIKMOT-SOAR M.H., HOSONLI $.M., MEHDIiZADO R.N.

Mbogqalo sink oksidi o@sasinda hazirlanmig varistorlarin voltamper xarakteristikalarina veo
kegiriciliyine temperaturun tosirinin todqiqine hasr olunmusdur.Gosterilmisdir ki, voltamper
xarakteristikasinin  qeyrixotliliyi, elektrik kegiriciliyinin  ve geyrixatlilik emsalinin
eksponensial asililig1 ve klassifikasiya gorginliyinin azalmasi todqiq edilon niimunalarde sink
oksid deneloerinin serhadi ilo miieyyenlesir. Temperaturun biitiin intervalinda voltamper
xarakteristikasinda histerezis miisahide edilmisdir. Temperaturun yiikselmasi histerezis
ayrisinin eninin boylimasine sebab olmusdur. Bu hal daxil olunan Co, Mn asqarlarinin dipol
momentlori ilo baghdir.

HEKOTOPBIE JIEKTPOPU3NYECKHUE XAPAKTEPUCTUKHU BAPUCTOPOB
HA OCHOBE ZnO

XUKMET-IIOAP M.X., TACAHJIA .M., MEXTHU3A/IE P.H.

JanHas paboTa TOCBSIEHA M3YYEHHIO BJIMSHHUS TEMIEparypbl Ha BOJIbTAMIEPHBIE XapaKTEPUCTHKH U
3JIEKTPOIIPOBOTHOCTH BapHCTOPOB HA OCHOBE OKcujaa nuHKa. [Toka3aHo, 4uro HaOiromaeMas HEJIMHEHHOCTD
BOJITAMIICPHON XapaKTEPUCTHKH, OJKCIIOHCHIMAIFHAS 3aBHUCHMOCTh JJICKTPUYECKOH IPOBOIUMOCTH U
KO3 QHIIMEHTa HETUHEHHOCTH, a TaKKe€ YMCHbBIICHHE KIacCH(UKAIMOHHOTO HAIPSDKEHHS — UCCISIYEeMBIX
00pa3IoB OOYCIIOBIICHBI TPaHUIIAMH 3€PEH OKCHIa NWHKAa. Bo BceM HMHTepBane TeMIlepaTyp HaOIlogaeTcs
THCTEPE3KC HA BOJIBTAMIICPHBIX KPHUBBIX, IIPHUYEM C YBEIUUCHUEM TEMIIEPATyphl [IMPUHA TUCTEPE3UCHOM METIN
YBEIMUYMBACTCS, YTO OOBSICHACTCS HAIMYHUEM AUIOJBHBIX MOMEHTOB BBOJHMMBIX MPUMECHBIX OKCHJIOB THIIA
Co,Mn u np.



