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Nonlinear Conduction in Pure and Doped ZnO
Varistors
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Abstract—We report here structural, mechanical and I-v The existence of the nonlinearity region is the tmos
characteristics of ZnM,O ceramic samples with various x and M.significant property of the varistors due to ithidacting phase

It is found that the considered dopants does rfteince the well-
known peaks related to wurtzite structure of Zn€agecs, while the
shape and size of grains are clearly affected. a@gercrystalline
diameters, deduced from XRD are between 42 nnbdmim, which
are 70 times lower than those obtained from SEMragi@phs.
Interestingly, the potential barrier could be fodr®y adding Cu up
to 0.20, and it is completely deformed by 0.025additions. The
breakdown field could be enhanced up to 4138 V/gn01925 Cu
additions, followed by a decrease with further é&se of Cu . On
the other hand a gradual decrease in VHN is regofte both
dopants and their values are higher in Ni sampesoanpared to Cu
samples. The electrical conductivity is generatiypioved by Ni,
while addition of Cu improved it only in the oveomkd region >
0.10). These results are discussed in terms ofdifierence of
valency and ferromagnetic ordering for both dopasteompared to
undoped sample.

Keywords—Semiconductors, Chemical Synthesis, Impurities an

Electronic Transport

|. INTRODUCTION

INC oxide (ZnO) is well known for its non-stoichietny

due to the Zn atoms interstitial sites. It is comiyo
accepted that the ZnO exhibits an oxygen vacancidied
intrinsic defects [1-4]. With these intrinsic defgcZnO is an
n-type semiconductor. These defects introduce detates in
the forbidden band slightly below the conductiomdaand
reduce the energy gap (~ 3.2 eV) resulting in tvedacting
behavior of ZnO [5-8]. The interstitial neutral Zatom is
supposed to ionize two times respectively, and ypedsome
of the free electrons [9,10]. Such free electrorm/ento the
conducting band and enhance the ZnO conductivityclwcan
also be increased by any extrinsic defects whiehadtained
by dopants additions [11-14]. The donor densitgtisut 16 -
10° / cn? and the grain resistivity is (0.1- X0.cm). While,
the resistivity of grain boundaries is about®:010* Q.cm.
Therefore, the current is mainly limited by the wdrigh
impedance of grain boundaries [1,3].

ZnO is an important in various fields of apptions such as

ceramics and varistors [15-17]. PolycrystallineOZnvith
additives  exhibits  nonlinear current-voltage (I
characteristics because of electrostatic potenkafriers
formed at grain boundaries [18-22].
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in this region. The current increases much moreldyithan

the voltage and at high current density beyoritAcm?), the

I-V curve exhibits an upturn region. The upturn iosg
represents the voltage drop in the grains [1], @stticts ZnO
varistors application. If donor doping reduces thein

resistivity, the voltage increase will be retargedl the upturn
region will be delayed to higher current densifi23]. It is

found that the nonlinear coefficient of ZnO mixedhaseveral
oxide additives may be achieved up to 80, and thakaown
field could be varied up to 5000 (V/cm) [2,25-28{owever,
the nonlinear coefficient of ZnO remained inconeeniand
still left the answer to the foresaid question opiEme question
arises whether nonlinear coefficient can be excepdnore
than 80 or not.

In the use of electronic components such asteas, the
gffects of dopants are very important because teetreal
properties of ZnO are closely related to their cosition and
microstructure [29-35]. It has been reported tlet tloping
has an effect, not only on the upturn region cdleitioby ZnO
grains resistivity, but also on the low current iogg that
determines the leakage current value. However, ltve
current region is mainly controlled by the grainubdaries,
and the current has resistiyg dnd capacitive.lcomponents
such asd << [ [2].

Recently, we studied the current-voltage cheréstic of
ZnO samples with Fe and Mn as the magnetic additive
[25,27]. It is found that addition of these addisv improved
the nonlinear properties of ZnO varistor and thecteical
barriers could be formed, but the electrical cotigitg is
decreased. While the region of nonlinearity of Zo&n be
extended to higher applied fields by Al and thedarivity of
ZnO grains is improved [28]. On the other hand, imasdcal
properties of ceramic materials have important icamation
in most of ceramic applications. It is well knowmat these
materials have relatively weakly hardness, whiotit§ the use
of these materials in most of practical applicagio@ne of the
important methods to improve mechanical properigeshe
doping process. So, maodification of mechanicapprtes of
ZnO by additives will be tested for the first tinelook more
on the impact of these additives on the mechaiicahection
between grains. With this purpose in mind, a compas
study between the effects of magnetic (Ni) and regmetic
(Cu) dopants on structural, electrical and  meatani
properties of ZnO is investigated. Interestinglypms
important parameters such as valance state and atiagn
moments of these dopants will be discussed , pitppdor the
first time in the present study. However, it is rfiduthat the
potential barrier could be formed by adding Cu, ands
completely deformed by Ni addition. Furthermore,e th
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breakdown field could be enhanced up to 4138 V/camd samples with Cu = 0.05 and Cu = 0.10 wheyg iB decreased.
However, the values of J9 are ranges between 42 nm to 54

also the electrical conductivity is improved.

nm for both dopants.

Il. EXPERIMENTAL

Zn;,M, O samples with various x and M (0.00x <0.20
& M = Ni and Cu) are synthesized by using converdio
solid-state reaction method [25-28]. The powdersZaD,
CuO and NiO (Aldrich 99.999 purity) are thoroughtjxed in
required proportions and calcined at 1D@ in air for a
period of 12 hours. The resulting powders are gtounixed,
pressed into pellets and sintered at temperattire208°C for
10 h in air. Finally, the samples are quenched dwroom
temperature. The bulk density of the samples issored in
terms of their weight and volume. The phase puatd
surface morphology of the samples are examinedsbguX-
ray diffractmeter (XRD) using SemsnD-500 with Cul
radiation of 1.541838 A and scanning electron nsicope

JSM 5400 LV (SEM) equipped with energy dispersivea)
microanalysis by resoluton 157 eV (EDAX). |-V
characteristics are obtained with an electrometerdel 6517,
Keithley), 5 kV (300 mA) dc power supply and Ometigital
multimeter. The samples are well polished and saithd
between two cupper electrodes and the current ssuned
relative to the applied voltage. Finally, the mitaodness of
the samples is determined using an MH-6 digita
microhardness tester 0.98 N.

IIl. RESULTSAND DISCUSSION

The bulk densities of the considered samplesdistd able
1, are generally decreased by Ni and Cu additiccoaspared
to undoped sample. The density of pure ZnO samgle
consistent with the reported for ZnO (5.25 — 5.%8ile, the
decrease of density with doping addition may beteel to
some pores produced by dopants, in which the sampl

TABLE |
DENSITY, OF Cu DOPEDZNO VARISTOR
Doping p Ni p
content | (gm/cnT) content (gm/cnt)
0.00 5.37 0.00 5.37
0.025 3.82 0.025 3.61
0.05 3.88 0.05 2.88
0.10 3.53 0.10 2.68
0.20 3.59 0.20 3.70
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became more mass less. It is evident from the XRferns

shown inFigure 1(a,b) that the structure of pure and doped
samples is Wurtzite structure, and no additionakpecould

(a) XRD patterns of pure and Ni doped samples

be formed. The peaks (101) and (210) formed witlremo
increase of Ni addition are also belong to Wurtgtteicture of
ZnO. The unidentified peak denoted by arrowheaddche
seen only in the XRD pattern of 0.20 Cu samplesis Th
confirm that both Ni and Cu dopants are substitfoed@n* in
the unit cell, is the matching of ionic radii ofiQvhich are
mixed from C&" and Cd" (~ 0.72A), and Nf* (0.69A) as
compared to Zfi (0.74A). For a comparison between XRD
and SEM analysis,the average crystalline diameterDis
evaluated in terms of X-ray line broadening desdilby the
following Scherrer's equation [36];

kA
Dy = ——— (1)
A@cosl
Where } is X-ray wavelength)( = 1.5418A), A0 is half

maximum line width§ is Bragg angle and K is constant (K =
0.9 for this type of ceramics). The average valagDyy

Intensity (a.u)

[ |

|
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versus doping content are shown in Figure 1 (@3 d¢tear that
the values of Ly are slightly decreased by the Ni doping
addition up to 0.20, but it isncreased by Cu except the

(b) XRD patterns of pure and Cu doped samples
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Fig. 1 (c) Average crystdline diameter versus doping content for Ni and

Cu samples

The microstructure of pure and doped samples is shown in
Figure 2. Nearly, no second phases are formed at grain
boundaries, but the grains are randomly distributed and
composed over the matrix structure. We are generally select 20
grains with different sizes to determine the average size for
each sample. As shown in Figure 3 (a), both Ni and Cu
increased the average grain size of undoped ZnO sample. The
size of grains for Cu samples is nearly 1.5 times the same for
Ni. The size of grains, deduced from surface SEM
micrographs, are between 2.06 um and 4.8 um, which are 70
times higher than those obtained from XRD analyss.
Although, some of scientists believe that equation (1) is not
applicable to the grains larger than 100 nm, a previous studied
of TEM analysis based on Ni doped ZnO varistors indicate
that most of particles size is around 60 nm [36]. This is
probably support average grain size deduced from XRD
analysis rather than those obtained from SEM micrographs.
The elements ratio, obtained from EDAX anaysis, as a
function of doping content is shown in Figure 3 (b,c). It is
clear that the amount of both Cu and Ni are increase and Zn
decreases.

The oxygen content is increased by doping addition,
indicating a decrease of oxygen vacancies.

¥ ¢

CARDIE &
Ni(0.0.05)

Ni(0.20)
Fig. 2 The microstructure of pure and doped samples

The I-V curves of pure and doped samples are shown in
Figure 4 (ab). It is evident from the figures that there are three
different regions observed in the I-V curves of pure and Cu
doped sample. The first and third regions are nearly ohmic
behavior, while the second region is clearly nonlinear behavior
(upturn region). It is aso noted that the second region
(nonlinear region) is completely absent for Ni doped samples.

—— Ni
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™
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0 0.05 0.1 0.15 0.2 0.25
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Fig. 3 (a) Grain size versus doping content of Zn,.,M, samples
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Fig. 3 (b) Elements ratio for pure and Ni doped samples
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Fig. 3 (c) Elementsratio for pure and Cu doped samples

These results indicate that potential barrier could be formed
by Cu addition, and it is deformed by Ni addition even at low
doping content (0.025). The values of applied fields at the
boundary of the nonlinear region for Cu doped samples are
shifted to lowers values by Cu addition. While, the values of
current density are generaly increased by both dopants as
compared to undoped sample. However, the important
parameter, Eg breakdown field is usualy taken as the field
applied when the current flowing through the varistor is 1
mA/cm? [10,37]. The variation of Eg , obtained from dc
electrical measurements, versus doping content is shown in
Figure 4 (c). However, our facilities could not reach 1 mA/cm?
for Cu = 0.025) sample, and the value of Eg is obtained from
the extension of the third ohmic region which is plotted on a
separate sheet. The breakdown field could be enhanced up to
4138 V/cm by 0.025 Cu doping followed by a decrease with
further Cu addition up to 0.20. While, Eg can not exceeds 15
V/em for Ni doped samples, which is lower than the value of
Eg for pure sample . This of course is consistent with 1-V
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measurements, where nonlinearity is completely absent for Ni
doped samples.
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Fig. 4 (a) I-V characteristics for pure and Ni doped samples
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Fig. 4 (b) |-V characteristics for pure and Cu doped samples
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Fig. 4 (c) Breakdown field versus doping content for Zn,.,M,
samples

The current - voltage relation of a varistor is given by the
following equation [10,37];

E
J=(=2)° (@)

C
Where J is the current density, E is the applied electric field,
C is aproportionality constant corresponding to the resistance

of ohmic resistor (nonlinear resistance), a is the nonlinear
coefficient (o = logV/logl). To obtain the vaue of a, the

current - voltage curves are plotted on a log-log scale, from
which the slope of the curve gives the value of o , as described
inref. [19,33]. The variation of o against doping content in the
nonlinear region is shown in Figure 4 (d). It is apparent that
values of a are decreased from 22.01 for pure sample to 8.25,
11.52, 12.28 and 5.43 with Cu addition, whereasit is remained
closeto 1 for al Ni doped samples. These values still very far
than the achieved value 80 discussed above. From these
results, it is determined that the addition of Cu®”** oxide to
ZnO varistor composition decreased the non-ohmic features
and shift the breakdown fields to higher values. While the
nonlinear behavior disappeared by Ni** and the breakdown
field is shifted to lower values.
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Fig. 4 (d) nonlinear coefficient versus doping content for Zn, .M,
samples

This behavior is consistent with oxygen ration obtained
from EDAX, where the oxygen vacancies controlling the
formation barriers formed in ZnO varistors. On the other hand,
the leakage current I, corresponds to a field equal to half of
breakdown field Eg [1,13,38]. Figure 4 () shows the variation
of I against doping content for both dopaints. Although I is
not systematic with the doping content, it is slightly higher for
Ni samples than that of Cu samples, indicating higher barrier
for Cu samples as compared to Ni samples.
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Fig. 4 (e) Leakage current versus doping content for Zn; M, samples

Since Schottky type grain boundary barriers exist in the
present samples, the current density in the ohmic region of
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varistor is related to the applied electric fieldthe following
formula [25,37];

1
2 _
J = AT? expM 3)
KgT
where A is the Richardson'sonstant {A = (gemk?/ )}, p
is the varistor density, e is the electronic changeis the
electronic mass, k is the Boltzmann constant, thésPlanks

constant(Pg is the interface barrier height afids a constant.
By measuring the current density in the ohmic regand
keeping the temperature constant, for two diffenemts of

applied fields, the values opg could be obtained. The

variation of g against doping content shown in Figure 4 (f)
indicates that(Pg generally decreased by both dopants up to

0.20. This behavior is nearly consistent with tteddior of
nonlinear coefficient, and vice versa with the bebma of
breakdown field. These results supporting the aeftion of
electrical potential barriers by Ni in doped ZnO.
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0.7 |
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0 0.05 0.1 0.15 0.2
Doping content

0.25
Fig. 4 (f) Barrier height versus doping contentZoy_,M, samples

In Zn substitutions with the considered doping, efre

electrons can released and raise the conducti@ityby
increasing the electron density which are consiti¢éoebe the
majority carriers in the considered samples. In phesent
case,O is calculated from the (J/E) in the first and dhir
regions (ohmic regions). While, in the second regio
(nonlinear region), the current strongly increase do the
decrease ofpg. Then, the conductivity in the nonlinear region
is given by [39];

gp=01 exp{%iz_a)} 4)

Where G; is the conductivity in the low field region (first

reg.), B and B are the applied fields across the nonlinear

region. Figure 5 (a-c) shows the dc electrical catigity as a
as a function of doping content across the thrdterdnt

rate of increase is higher in Ni samples than t&tCu

samples. Anyhow, the conductivity curves could lhdded

into two regions as follows ; the first region aiv doping

content (0.00_<M < 0.05), in which the conductivity is
increased by Ni and nearly unchanged by Cu ; vesetke

second region where (0.10 ¥ < 0.2), in which the
conductivity is nearly unchanged by doping contimtboth

dopants.
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Fig. 5 (a):0, versus doping content for ZgM, samples
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Fig. 5 (b)o, versus doping content for ZgM, samples
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Fig. 5 (c)o3 versus doping content for ZiM, samples

The Vickers microhardness (VHN) is estimated adicgy to

regions. It is observed that the conductivity gatigincreased the following relation;

by the doping content as compared to ZnO samplgt tHe
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VHN = 0.189:(d—P2) (5)
where P is the applied load and d is the diagosadith of

acceptors will be compensated by the holes in thang
boundary as a result of very low concentration rafinsic
donors there [43]. Moreover, the Cu dopants alsb ngreat
effect on the grain boundary as a result of intswacwith

indenter impression. The value0.1891 is a constant and 5 mpient oxygen as the other 3-d transition metaLirity. Due

represent a geometrical factor for the diamond mida
Anyhow, the above relation is taken from the mehibl-6

tester. Figure 6 demonstrates the Vickers micraiessl
(VHN) plotted as a function of doping content a®®.N

applied load. An approximately monotonically linetecrease
in VHN with increasing doping content up to 0.2®Isserved
for both dopants. This means that the substitutiprto 0.20
can substantially suppress microcrack of ZnO cersraind
consequently VHN is decreased. This is probabhjated to
weakness of the coupling between the grains amdiration

of pores, which may be occurs by the doping additiaring

to the above reasons, the Cu doped samples areresiséve
than undoped sample. This explanation is in gooeeagent
with our results only in the under doped region (C0.025).
But it is not correct in the over doped region ,ewh the
electrical conductivity is increased by Cu addit{@u> 0.05).
Furthermore, the nonlinear coefficient decreasedOp5 of
Cu , followed by an increase with further Cu aduitas well
as in case of the behavior of breakdown fielg dgainst
doping content . So, we believe that mixed of*€lions are
substituted for Z#i in the ZnO lattice , behave as extrinsic
donor dopants, and consequently the electrical wcthvty

heat treatments. Then, one can say that the meehaniy pe increased. On the other hand, thé*Niopants have a
resistance becomes lower and consequently the meeha great effect on the grain boundary, but it makes ghains

connection is depressed as result of pores disduabove.
These results are consistent with the behavior efsity
against doping content. The question is why thelaslof

nearly non resistive as compared to undoped sarplether
words, Ni is considered as antidopant for the uptegion of
ZnO, because it leads to deformation of the paaébgrrier in

VHN at low doping content{0.05) for Cu remain higher than {he grain boundary formed in the ZnO varistor. Whihe

the values of VHN for Ni, and vice versa for highamping
content. This is may be related to the differencéhe values
of density and grain size between dopants. To wtaled more
about the VHN behavior against breakdown field, aas
obtain a universal behavior between them.
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Fig. 6 Hardness versus doping content for &h, samples

However, it has been reported that the Cu-dape@ is
more resistive, and the electrical conductivityive orders of
magnitude lower than that of ZnO [23]. But in theegent
case, electrical conductivity decreased signifiyaloy the Cu-
doping. However, it is proved that at high tempae over
1000°C , the Cu valence could exist in ZnO asCwhich is
supposed that Cu becomes more stable at high tatoper
So, The Cit ions are substituted for Znions in the ZnO
lattice and behave as an acceptor-type impurity42)0 Since
the extrinsic donor is absent in the Cu-doped Za€istor, the
Cu™ ions has to be compensated by either intrinsicodan
hole doping to keep the electrical neutrality. BAaw, the
acceptors will be compensated by electrons in treng
because there are some intrinsic donors there. tBet

electrical conductivity increased by 0.025 Ni abtdlis,
followed by a decrease with further increase irdbling up to
0.20. But it is remains higher than undoped ZnO Eam
Furthermore, the nonlinear region is completelyeabdy Ni
addition even at 0.025 Ni content. Based on thev@esults,
the question of barrier deformation by Ni additisrstill open
and the answer remains unclear. Anyhow, Ni is dsrsid to
be neutral dopants in ZnO since the¢*Nons are substituted
for Zn?* ions in the ZnO lattice, wheré ®f Zn is replaced by
2+ of Ni. Therefore, both potential barrier and ctlieal
conductivity should be unchanged, which could riatamed.
However, it has been reported that diluted magnetic
semiconductors are formed by partial substitutiom-dype
ZnO with small amount of magnetic transition mesush as
Ni%*. In ZnyeNig.o£O, ferromagnetic behavior at 300 K (0.29
Mg) is observed [36,43]. Ferromagnetism is consideted
originate from the exchange interaction betweene fre
delocalized carriers (holes or electrons from thlence band),
and the localized d spins of Hiions [44]. We believe that
order of ferromagnetism at 30K is the main reason for
deformation of barriers of ZnO varistor by Ni adliit. This
may be occurs as a result of Ni magnetic momentiwban be
evaluated in the absence of extrinsic donors asusted
above. Based on the above, the difference in valstate and
magnetic moment between Ni and Cu is responsibighie
contrast in the behaviors of the two consideredadtg and
also controlling the nonlinearity of ZnO varistors.

IV. CONCLUSION

Structural, mechanical and electrical properties ZoilO
ceramic varistor doped by Ni and Cu transition fsetare
investigated. We have shown that both dopants duoms
influence the well-known peaks related to wurtziteicture of
ZnO ceramics; whereas the shape and size of graénclearly
affected. The potential barrier could be formedadding Cu,
and it is completely deformed by Ni addition. Thedkdown
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field could be enhanced up to 4138 V/cm by 0.0251Gping.
A gradual decrease in VHN is reported for both apabut
its values for Ni doped samples are higher than The
electrical conductivity is generally improved by, Nwhile

addition of Cu improved it only in the over dopezhion &

0.10). We believe that the order of ferromagnetigr800°K

produced by Ni is the main reason for deformatibpaiential
barriers of ZnO varistor. Furthermore, the valestae and
magnetic moment are found to be responsible fotroling

the nonlinearity of ZnO varistors.
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