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We report here the structural and electrical properties of Zng 95M 950 ceramic varistors, M = Zn, Ni and Fe. The samples
were tested for phase purity and structural morphology by using X-Ray diffraction XRD and scanning electron microscope
SEM techniques. The current-voltage characteristics J-E were obtained by dc electrical measurements in the temperature range
of 300 — 500 K. Addition of doping did not influence the hexagonal wurtzite structure of ZnO ceramics. Furthermore, the
lattice parameters ratio c/a for hexagonal distortion and the length of the bond parallel to the c axis, u were nearly unaffected.
The average grain size was decreased from 1.57 um for ZnO to 1.19 ym for Ni sample and to 1.22 pym for Fe sample. The
breakdown field Ep was decreased as the temperature increased, in the following order: Fe > Zn > Ni. The nonlinear region
was clearly observed for all samples as the temperature increased up to 400 K and completely disappeared with further increase
of temperature up to 500 K. The values of nonlinear coefficient, & were between 1.16 and 42 for all samples, in the following
order: Fe > Zn > Ni. Moreover, the electrical conductivity ¢ was gradually increased as the temperature increased up to 500 K,
in the following order: Ni > Zn > Fe. On the other hand, the activation energies were 0.194 eV, 0.136 and 0.223 eV for all
samples, in the following order: Fe, Zn and Ni. These results have been discussed in terms of valence states, magnetic moment
and thermo-ionic emission, which were produced by the doping, and controlling the potential barrier of ZnO.
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1. Introduction sintering in oxidizing atmosphere [6-9]. The exis-
tence of potential barriers across the grain bound-
aries of ZnO is confirmed by the voltage con-
trast imaging in the scanning electron microscope
(SEM) [10]. However, the energy gap E; = 3.2 eV
and the exciton binding energy = 60 meV for
ZnO [11]. At low applied fields, the barrier height
slightly decreases with the applied field because the
electrons capture some excess of the negative inter-
face charge, above their absolute value, which nor-
mally prevents the sharp barrier lowering. On the
other hand, at high field (3.2 V) per grain bound-
ary, the barrier height is reduced more significantly
due to decreasing the negative interface charge be-
low the absolute value as a result of holes creation.
The appearance of positive charge at low fields can

Zinc oxide varistor is a ceramic semiconduc-
tor device with nonlinear current-voltage charac-
teristics. An increase in applied voltage causes a
decrease of resistance, and therefore the current
increases strongly. This nonlinear characteristics
is symmetrical and it is the same for both volt-
age polarities [1]. A typical ZnO based varistor
is a very complex chemical system and it con-
tains several oxide dopants such as Bi;O3, Cr,03,
Al,O3 , MnO, CoO, and Fe,O3 [2-5]. The nonlin-
ear current-voltage characteristics of ZnO varistors
are directly dependent on the composition and mi-
crostructure such as density, phase purity, grain size
and structural morphology.

It is well known that the charge transfer controls
the electrical conduction in ZnO varistors during
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lead to a strong increase of the leakage current and
helps to explain nonlinear behavior of ZnO varis-
tors [2]. However, the impact of ionization in the
depletion region of the grains of ZnO can give a
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sharp decrease of the barrier height even in the case
of thermionic emission [12]. For this purpose, in
this work a range of ZnO ceramic Zng9sMg 050
samples with different magnetic ions additives at
Zn sites such as M = Zn, Fe, Ni were synthesized
and tested by XRD and SEM techniques. The J-E
characteristics were measured at different tempera-
tures up to 500 K. Furthermore, the electrical con-
ductivity and the activation energies at the consid-
ered temperatures were determined.

2. Experimental details

Zngy.95sMg 0sO samples with M = Zn, Ni, and
Fe were synthesized by using conventional solid-
state reaction method. The powders of ZnO, Fe,; 03
and NiO (Aldrich 99.999 purity) were thoroughly
mixed in required proportions and calcined at
1000 °C in air for a period of 12 hours. The re-
sulting powders were ground, mixed, and pressed
into pellets of 1 cm diameter and 0. 35 cm thick-
ness. The pellets were then sintered at temperature
of 1000 °C for 10 h in air, and then quenched down
to room temperature. The bulk density of the sam-
ples was measured in terms of their weight and vol-
ume. The phase purity of the samples was exam-
ined by using X-Ray diffractometer with Cu—Ko
radiation. The J-E characteristics were obtained
by using dc electrical circuit with an electrometer
(model 6517, Keithley), dc power supply (5 kV),
temperature controller and digital multimeter. The
samples were well polished and sandwiched be-
tween two copper electrodes and the current was
measured relative to the applied voltage at differ-
ent values of temperatures (300 — 500 K). From the
values of currents and voltage, the values of current
density J and electric field E were obtained.

3. Results and discussion

The bulk density of ZnO, listed in Table 1, de-
creases with the doping. It is generally changed to
90 % for Ni and to 87 % for Fe as compared to the
density of ZnO. It is evident from the XRD pattern,
shown in Fig. 1, that the structure of all samples
is of wurtzite type, and the other reacted phases are
not formed. The obtained peaks (100), (002), (111),

(102), (110), (103), (200), (112), (201), (210) and
(211), shown in the XRD patterns can be identi-
fied as the hexagonal wurtzite structure of ZnO.
To further confirm that the dopant has been sub-
stituted for Zn>* in the unit cell, the lattice pa-
rameters were calculated and listed in Table 1. The
change in lattice parameters with the Ni and Fe in-
crease, is probably due to the difference in ionic
size of doping (Ni>t = 0.69 A and Fe*/3+ =
0.78 A) in comparison to Zn>* (0.74 A). However,
in a real ZnO crystal, the wurtzite structure devi-
ates from the ideal arrangement by changing the
c/a ratio for hexagonal distortion or the u value for
the length of the bond parallel to the c axis, in the
units of ¢. u = 0.333 (a/c)®>+ 0.25 [13], and it is
generally equal to 0.375 in an ideal wurtzite struc-
ture in fractional coordinates. The values of a/c ra-
tio and u parameter shown in Table 1 are nearly
unaffected by the doping. The values of a/c ratio
are 0.622, 0.620 and 0.624, and the values of u
parameter are 0.379, 0.378 and 0.380 for Zn, Ni
and Fe, respectively. However, the deviation from
the ideal wurtzite structure has not been obtained
in the present case due to the lattice stability and
iconicity [14]. The microstructure of the samples is
shown in Fig. 2 (a — ¢). Although no second phases
have been formed by the doping at the grain bound-
aries, the average grain size is decreased as com-
pared to ZnO sample. The flake type grains are ab-
sent in all samples, and there is a uniform granu-
lar precipitation on the mother grains. The average
crystalline diameters listed in Table 1 are decreased
from 1.57 um for ZnO to 1.19 pm and 1.22 pym for
Ni and Fe samples, respectively. The average grain
size is in the following order: Zn > Fe > Ni.

Fig. 3 (a — c) shows the J-E characteristics for
all samples at the considered temperatures (300 K,
350 K, 400 K, 450 K and 500 K). It is evident that
the behavior of J-E curves is ohmic in the low field
region and nonohmic in the high field regions. The
J-E curves are gradually shifted to lower values of
the applied fields as the temperature increases up
to 500 K. The upturn region is clearly observed
for all samples as the temperature increases up to
400 K, and it completely disappears with further
increase of temperature up to 500 K. However, the
breakdown field Ep is usually taken as the field
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Fig. 1. XRD patterns of Zng 95Mg 05O samples.

Table 1. Bulk density, lattice parameters, a/c ratio, u pa- :
rameter, grain size and activation energy for ] - R, L £
Zno.9sMg 05O samples with different doping son oz omd WD 3.5m
elements. (b)

Al p a c ac U D E,
content (g/em®) (A) (A) (V) (um) (eV)
Zn  4.82 3.243 5211 0.622 0.379 1.57 0.194
Fe  4.17 3.257 5.217 0.624 0.380 1.22 0.223
Ni 436 3.2255.198 0.620 0.378 1.19 0.138

when the current flowing through the varistor is
1 mA/cm? [15-17]. The variation of Eg against
temperature for all samples is shown in Fig. 4 (a)
and the detailed values of Ep are listed in Table 2. . . C o oos e o= am gmon
It is clear that Ep decreases as the temperature in- B ) '
creases, and it is between 25.8 V/cm and 500 V/cm

for all the samples. The change in Eg values with Fig. 2. SEM micrographs for (a) ZnO, (b)
the doping is in the following order: Fe > Zn > Ni. Zng.95Fe( 050 and (¢) Zng 95Nig osO samples.
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Fig. 3. J-E curves (a) ZnO, (b) Zng 95Feq 95O and (c)
Zl‘lo_95Ni0_05O samples.

The current-voltage relation of a varistor is
given by the following equation [16, 17]:

(o)

where J is the current density, E is the applied
electric field, C is a proportionality constant corre-
sponding to the resistance of ohmic resistor (non-
linear resistance) and « is the nonlinear coefficient.
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Fig. 4. Breakdown field Ep (a) and nonlinear coefficient
a (b), versus temperature for Zng 95 Mg 950 sam-
ples.

Table 2. Breakdown field Eg and nonlinear coefficient
a versus temperature for ZnggsMp 50 sam-
ples with different doping elements.

T Eg Zn Eg Ni Eg Fe o Zn o Ni o Fe
(K) (V/em) (V/cm) (V/cm)

300 3514 340.6 500 40.1 21.82 42
350 200.6 191.2 2333 212 1092 29
400 78.1 65.8 1063 3.82 1.64 104
450 56.7 457 61.7 1.18 1.45 1.36
500 319 258 402 12 135 1.16

The current-voltage curves are plotted on a log-
log scale, from which the slope of the curve gives
the value of o [18]. The variation of o against
temperature in the three different regions is shown
in Fig. 4 (b) whereas the detailed values are given
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in Table 2. It is apparent that the « coefficient
is changing up to temperature of 400 K, and it
stabilizes with further increase of temperature up
to 500 K. The values of ¢ are between 1.16 and
42 for all the samples, in the following order: Fe
> Zn > Co. These results indicate that the in-
crease of temperature up to 400 K deforms the non
ohmic features and shifts the breakdown fields to
the lower values, as reported in [19].

The electrical conductivity ©  against
temperature for all samples can be calculated
from the (J/E) in the ohmic range, considering the
currents and voltages are distributed uniformly
over the cross-section and thickness of the samples.
However, in the second region (nonlinear region),
the current strongly increases due to the decrease
of potential barrier height ¢p, between the grains.
Then, the conductivity in the nonlinear region is
given by [20]:

((X—l)(Eg—El)} )

O) = 0 exp{ 5

where o7 is the conductivity in the low field re-
gion (first region). E| and E, are the applied fields
across the nonlinear region. In Fig. 5 (a — ¢), we
have presented the electrical conductivity ¢ against
temperature through the three different regions for
all the samples.

It is clear that ¢ increases with increasing
temperature up to 500 K, in the following order:
Ni > Zn > Fe. The lower values of conductivity at
low temperature (300 K) can be understood as the
consequence of the high porosity and small grain
size for this type of samples. It is also related to the
shape of the intergranular Schottky barrier, which
is expected to be wider at low temperature. How-
ever, at high temperature up to 500 K, the Schottky
barrier is supposed to be thin as a result of elec-
trically active defects produced during heat treat-
ments. In particular, the samples at 300 K show a
faster response to the presence of oxygen vacan-
cies, while they show a delay in their response at
500 K. The presence of these vacancies may orig-
inate due to the changes in the height and shape
of the barrier and due to adsorption at intergranular
regions. This behavior is consistent with the behav-
iors of breakdown field and nonlinear coefficient
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Fig. 5. Electrical conductivity versus temperature for
Zng 95My 05O samples (a) for the first region, (b)
for the second region and (c) for the third region.

against temperature. However, the conductivity-
temperature dependence is found to obey the well-
known Arrhenius relation;

E,
O = Opexp (KBT> 3)
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where ¢ and o, are the electrical conductivities at
temperatures 7' and 7,, respectively. E, is the ac-
tivation energy over the temperature range. Fig. 6
shows the variation of In o against reciprocal
of temperature, 1000/T. It is clear that the elec-
trical conductivity ¢ gradually increases as the
temperature increases up to 500 K, in the following
order: Ni > Zn > Fe. Anyhow, we have obtained
a saturation in the conductivity curves at 300 K.
By excluding this point, the activation energy can
be calculated from the slope of each plot. The val-
ues of activation energies E,, listed in Table 1, are
0.194 eV, 0.138 eV and 0.223 eV for the tested
samples, in the following order: Zn, Ni and Fe.
Anyhow, a lot of studies have been made on the ef-
fects of 3d transition-metal impurities on the elec-
trical conductivity of ZnO varistor. They postulated
that these metals could enhance the excess oxygen
concentration in the grain boundary region and a
potential barrier is formed preferentially [21-23].
Therefore, the electrical conductivity of the doped
samples is apparently lower than that of the ZnO,
and the grain boundary is more resistive than the
grain itself. Therefore, the doping additives can be
used in ZnO varistor to build up the potential bar-
rier in the grain boundary.

--ZnO

Ln Cond.

-1

2 2.2 24 26 2.8 3 3.2 3.4
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Fig. 6. In o versus 1000/T for Zng.9sMy 950 samples.

Based on the present data, let us now discuss
the effect of the Fe and Ni doping in place of Zn.
The Fe addition to ZnO produces a large amount
of pores, which may be the main reason for the
significant decrease in the conductivity of the Fe
doped sample. Also, the solid solution of Fe in ZnO

samples may become the main factor influencing
the increase in the electrical conductivity against
temperature [24—-26]. It is well known that the triva-
lent ion, dissolved in ZnO, acts as a shallow donor
and is the main reason for the increase of ZnO con-
ductivity [25, 26]. Anyhow, the obtained results of
conductivities show that when Fe is dissolved in
ZnO, it behaves as a deep donor and depresses the
concentrations of the intrinsic donors during sinter-
ing, and consequently, the electrical conductivity at
room temperature is lowered. But with increasing
temperature, the Fe deep donors may start to ionize
due to thermal ionization, resulting in an increase
of the conductivity. Furthermore, the concentration
of native defects, namely the intrinsic donor de-
fects, increases and results in the apparent increase
of the conductivity [27], inconsistent with the ob-
tained results.

Ni2 is considered to be a neutral dopant since
the Ni** ions are substituted for Zn>* ions in the
ZnO lattice, where 2" of Zn is replaced by 2" of
Ni. Therefore the potential barrier and electrical
conductivity should be unaffected, which is not re-
flected in the results. This is because Ni is a mag-
netic ion with a magnetic moment of 3.2 pp [28].
Therefore, the potential barrier may be deformed
by Ni magnetic moment, and consequently, the
electrical conductivity is improved, but remains
higher than that of Fe. However, the d bands result
in energy of roughly 1 eV too low for activation as
compared to the experimental value [29-33]. This
deviation can be attributed to the measured exci-
ton energies influenced by electronic relaxations,
which are expected to be mostly pronounced for the
highly localized cationic semi-core d states, incon-
sistent with the values of E, deduced from the con-
ductivity curves. However, in Schottky-type bar-
rier, the resistivity is related to electron concen-
tration, n in the bulk and to the barrier height, ®p
as, CI)BOC(%B)% [27]. A diminution in the resistivity
could then be ascribed to an increase in the poten-
tial barrier height or to a decrease in the donor con-
centration or to both phenomena occurring simulta-
neously. Therefore, the effective activation energy
as well as the potential barrier height is raised when
the doping is incorporated to the barrier forma-
tion at the grain-grain interface. This is consistent
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with the behavior of potential barrier for Fe sample
rather than that of Zn and Ni samples as discussed
above. So, the Ea is higher for Fe compared to Zn
and Ni, as it has been obtained.

4. Conclusions

Structural and electrical properties of
7Zng9sMposO ceramic varistors, M = Zn, Ni
and Fe is reported. We have shown that addition of
doping does not influence the hexagonal wurtzite
structure of ZnO ceramics, while the grain size
is affected. The breakdown field is gradually
decreased as the temperature increases, in the
following order: Fe > Zn > Co. The nonlinear
region is observed as the temperature increases up
to 400 K, and completely disappears with further
increase of temperature up to 500 K. Moreover, the
electrical conductivity is gradually increased as the
temperature increases up to 500 K, in the following
order: Ni > Zn > Fe. On the other hand, the
activation energies are 0.194, 0.138 and 0.223 eV
for all samples, and in the following order: Fe, Zn
and Ni. We believe that valence states, magnetic
moment and thermo-ionic emission produced by
the doping are responsible for the present behavior.
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