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Varistor behaviour of Mn-doped ZnO ceramics
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Abstract

Polycrystalline ZnO doped with MnO, from 0.1 to 0.6 mol%, was prepared by conventional ceramic processing. The effect of Mn
doping on the electrical properties of ZnO was investigated. Samples quenched from the sintering temperature show ohmic beha-
viour, while pronounced varistor behaviour is found in Mn-doped ZnO obtained by slow cooling from the sintering temperature or
by annealing at a lower temperature. The origin of the varistor effect in the samples of polycrystalline ZnO with MnO as the only
additive is discussed. The defect equilibrium analysis suggests that the varistor behaviour in these samples is due to the oxidation of
the double ionised zinc interstitial defects present at grain boundaries by ambient oxygen during cooling or annealing, and the
presence of Mn in the ZnO grains induces this process. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A typical ZnO based varistor is a very complex che-
mical system that contains several dopants, such as
Bi,03;, CoO, MnO, Sb,0s, and Cr,O5.!~* It has been
proposed that the dopants responsible for the formation
of the varistor behaviour are cations of large ionic radii,
with low solubility in ZnO at low temperature, like Bi,
Pr, Ba, Sr, or Ca.'* These dopants are often called
“varistor formers”. The other dopants are added for
improving the nonohmic properties, such as CoO and
MnO, or the densification of ceramics and their relia-
bility, such as Sb,O3 and Cr,0s;. Several studies have
been done to investigate the role of the various additives
on the microstructure development and electrical prop-
erties of ZnO varistors.!™ However, the contribution of
each additive has often been considered within the mul-
ticomponent system. Because of the very complex com-
position and microstructure, it is difficult to investigate
the specific role of each dopant in the multicomponent
system. The purpose of the present work is to investigate
the effect of the Mn doping on the electrical properties of
ZnO ceramics in binary system.

* Corresponding author. Tel.: +351-234-370-268; fax: +351-234-
425-300.
E-mail address: pmantas@cv.ua.pt (P.Q. Mantas).

In a previous work,> we have sintered undoped and
Mn-doped ZnO samples (0.1, 0.3 and 0.6 mol% MnO)
at three temperatures (1100, 1200 and 1300 °C), for 2 h
in air, and then quenched them to room temperature.
With this procedure, we tried to avoid any defect diffu-
sion to the grain boundaries or the reaction of grain
boundary (GB) defects with ambient oxygen during
cooling, in order to evaluate the effect of Mn on the
defect chemistry of ZnO. We arrived at the conclusion
that Mn is a deep donor in ZnO with an ionisation
energy of around ~2.0 eV at room temperature, and
that it significantly depresses the concentration of the
intrinsic donors, the interstitial zinc, during sintering.
Consequently, Mn makes ZnO a more resistive material
at room temperature. Up to 0.6 mol% of MnO, we did
not observe any non-linear behaviour on the I-V curves
of these quenched samples at room temperature. We
could then state that Mn plays no direct role on the
conductivity of ZnO at room temperature, since it is a
deep donor, but it controls the carrier density through
the interference on the concentration of the intrinsic
donor defect. A similar conclusion was drawn by Ein-
zinger,% who stated that deep donors shift the con-
centrations of the intrinsic defects at the GBs,
decreasing the donor concentration and increasing the
acceptor one, in such an amount that electrical barriers
can be built up in those regions. In this paper, we pre-
pared samples in the same way as reported before,’ but
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allowing them to slowly cool to room temperature,
instead of being quenched.

2. Experimental procedure

The Reagent grade ZnO powders (Aldrich, Milwau-
kee, WI) with 99.9% purity and mean particle size of
0.26 um was used. To dope with Mn, alcohol solutions
of hydrated manganese nitrate (Mn(NOs3),.4H,0) were
prepared and mixed with ZnO powder in a planetary
milling for 4 h using a plastic container without balls.
The amount of manganese ranged from 0.1 to 0.6
mol%. The slurry was dried at 80 °C, and the obtained
powder was calcined at 450 °C for 1 h. Disk-shaped
specimens of 10 mm diameter and 1-2 mm height were
obtained by uniaxial pressing at 100 MPa, followed by
isostatic pressing at 200 MPa.

Sintering was performed in air. In the case of the
quenched samples, a tube furnace was raise up to
1200 °C, and then the specimens were quickly inserted
in the centre of the furnace. After being sintered for 2 h,
the samples were quenched in air. These samples will be
denoted as quenched samples. Slowly cooled samples were
heated up to 1200 °C at constant heating rate of 5 °C/min.
After 2 h at 1200 °C, the samples were cooled to 600 °C at
the rate of 1 °C/min, and then furnace cooled to room
temperature. These samples will be called slowly cooled
samples. Quenched samples were later annealed at 800 °C
for 2 h in air, and then furnace cooled to room tempera-
ture. These samples will be called annealed samples.

The densities of the specimens were determined by the
Hg-immersion method. X-ray diffractometry (XRD,
Model Geigerflex D, Rigaku Co., Japan) was used for
phase analyses of the sintered specimens. The micro-
structures of the sintered specimens were characterised
by a scanning electron microscope (SEM, Model S-4100,
Hitachi, Japan) after polishing and thermal etching. The
grain sizes were measured from SEM photomicrographs
using an image analysis system (Model Quantimet
500+, Leica Cambridge Ltd, UK). The average grain
sizes were obtained by the Schwartz-Saltykov method.”
Transmission electron microscopy (TEM, Model H-
9000, Hitachi, Japan) was performed at 300 kV to fur-
ther analyse the microstructures of the sintered speci-
mens which were mechanical-polished and ion-thinned.

Specimens for electrical measurement were polished
with 1200-grit SiC on both sides, ultrasonically cleaned,
and then electroded by sputtering gold or covering with
In—-Ga alloy. Electrical current-voltage behaviour were
measured with an electrometer (Model 617, Keithley,
USA) and a current source (Model 220, Keithley, USA),
up to 100 V. For higher voltages, a pulsed voltage source
(AMBO, with 60 ps pulse duration, 13 Hz, up to 1 kV)
and an oscilloscope (Model PM3082, Philips, Nether-
lands) were used.

3. Results

Fig. 1 shows the SEM microstructures of the slowly
cooled samples of undoped and Mn-doped ZnO. In the
case of Mn-doped samples, no second phase is observed
from these micrographs. The X-ray diffraction patterns
of all the samples show that only single ZnO phase is
present. No second phase could also be observed by
TEM. The same feature is also true for the quenched and
annealed samples from SEM, TEM, and XRD analyses.

In Fig. 1, all the slowly cooled samples show uniform
equiaxed grains and no abnormal grain growth. Similar
microstructures are observed in the quenched and
annealed samples. The average grain sizes of all the
samples are between 5 and 10 um, and the sintered rela-
tive densities of the samples range between 95 and 97%.
With the increase in the Mn doping level, the average
grain size increases, but the densities change slightly.
The grain growth and the densification of Mn-doped
ZnO were analysed in previous works.®>? It could be
found that, Mn doping reduces the densification rate of
ZnO in the early stage of sintering,® while in the inter-
mediate and final stages of sintering, it promotes the
grain growth of ZnO.?

As presented in a previous work,> trace element ana-
lysis by inductively coupled plasma emission spectro-
scopy in the sintered samples indicates that the
concentration of each background impurity of Bi, Ba,
Sr, Ca, Pb, Co, Sb, Cu, Al, and Na, is very low (<16
ppm) and much lower than the Mn doping level.

Fig. 2 shows the dc J-E (current density-electric field)
characteristics of undoped and Mn-doped ZnO samples
sintered at 1200 °C for 2 h: (a) slowly cooled, (b) quen-
ched, and (c) annealed samples. Non-linear J-E char-
acteristics are observed in the slowly cooled and
annealed samples with Mn doping, whereas the quen-
ched samples and all undoped ZnO samples show ohmic
behaviour. These J-E characteristics are independent of
the electrode type (either Au or In-Ga alloy electrodes),
and the resistivities of the low voltage region are pro-
portional to the sample thickness. In the breakdown
region of the J-E curves, it is common to define the
curves by an empirical relation of the type!—>

=KW 1)

where K is a proportional factor and o the non-linear
coefficient. « was determined in the window of current
densities of 1073-10~! A/cm?. The leakage current den-
sity was defined as the current density for an electric
field of 1 V/cm. The average grain size, the nonlinear
coefficient, o, and the leakage current density of these
samples are summarised in Table 1. The cooled sample
doped with 0.3 mol% MnO has the largest nonlinearity
coefficient, «=7.5, which is higher than that obtained
by ZnO doped with only Bi,05.'°



J. Han et al. | Journal of the European Ceramic Society 22 (2002) 1653—1660 1655

Fig. 1. Microstructure of undoped and Mn-doped ZnO sintered at 1200 °C for 2 h and then slowly cooled, for (a) undoped ZnO, (b) 0.1 mol%

MnO, (¢) 0.3 mol% MnO, and (d) 0.6 mol% MnO.

Table 1

Average grain size, nonlinear coefficient, and leakage current density
of Mn-doped ZnO samples slowly cooled from the sintering tempera-
ture (1200 °C) or annealed at 800 °C

Composition Average grain Nonlinear Leakage current density
size (um) coefficient (A/cm?) at IV/ecm

0.1% Mn, cooled 6.6 5.3 1.55x1078

0.3% Mn, cooled 7.5 7.5 8.43x10712

0.6% Mn, cooled 8.1 6.5 7.08x10~!1

0.1% Mn, annealed 5.8 2.0 1.10x10~7

0.3% Mn, annealed 6.6 3.1 9.33x107°

0.6% Mn, annealed 7.0 3.9 1.65x10~°

4. Discussion

As discussed in a previous paper,® the amount of
impurities present in ZnO, other than Mn, is not enough
to interfere with the ZnO electrical properties in the case
of quenched samples. In fact, the amount of Mn (2-3
orders of magnitude higher than the others) is so high
that it controls the ZnO defect chemistry at the sintering
temperature. The determination of its energy level
(around 2.0 eV below the conduction band edge at
room temperature), assuming that Mn is a donor in

ZnO, nicely agrees with other types of experiments.!!~!3

Furthermore, the calculation in the previous paper
showed that Mn depresses the concentration of the
intrinsic ZnO donors, assumed to be the zinc interstitials,
at the sintering temperature. At room temperature, Mn-
doped samples become more resistive because the con-
centration of the zinc interstitial was reduced. This is the
case observed in Fig. 2b. When the samples are slowly
cooled (Fig. 2a), they show a varistor behaviour, with
high resistivity at low applied voltage and fairly impor-
tant o values (>6). Since no segregation of Mn was
observed in these samples by TEM, the varistor behaviour
can not be directly assigned to this dopant by itself, and
must be related to the intrinsic defects of ZnO.

This first conclusion agrees with the assumption made
by Einzinger'* that varistor properties should be
observed in undoped ZnO sintered in a very high oxy-
gen partial pressure, providing an oxidation of the grain
boundaries and keeping the bulk as a n-type semi-
conductor. These are difficult experimental conditions to
attain, the reason why Einzinger’s model was not later
explored. The author® later proposed that the oxidation
of the grain boundaries could be done by the presence of
foreign donors in this region, hindering the concentra-
tion of intrinsic donors (assumed to be the oxygen
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Fig. 2. Current density-electric field (dc J-E) characteristics of undoped
and Mn-doped ZnO sintered at 1200 °C for 2 h, for (a) slowly cooled
samples, (b) quenched samples, and (c) annealed samples. The dashed
lines in a) represent the quenched samples for comparison.

vacancies) in such a way that its concentration could be
less than that of the intrinsic acceptors (the zinc vacan-
cies), thereby creating a potential barrier. In this last
model, the intrinsic defects must migrate from the bulk
to the grain boundaries in order to be annihilated during
the cooling process. Mahan'®> showed later that this
defect-migration mechanism could account for only
<0.1 eV for the barrier height in the material, a small
contribution compared with the normally observed
values (>0.7 eV). The same conclusion was drawn by
Baptista et al.,'® although it was demonstrated that this
mechanism could account for the influence of the grain
size on the final electrical characteristics of the material,
provided that the zinc interstitial is the main intrinsic
donor in ZnO. Using the experimental data of Philipp
and Levinson,!” Baptista and Mantas'® showed that the
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Fermi energy level at the grain boundaries in equili-
brium (without an applied voltage) is kept near the
middle of the band gap down to around 700 °C, i.e. the
grain boundary region behaves as an insulating stoi-
chiometric material down to this temperature, probably
due to an oxidation reaction with ambient oxygen. This
process results in a barrier height of ~0.8 eV at room
temperature. The simplicity of the chemical composition
used in this work, and the fact that the dopant (Mn) is
not segregated at grain boundaries, should help us to
better understand this process.

In Fig. 2a, the bulk resistivities of Mn-doped ZnO
samples should be “observed” in the linear upturn region
of the I-V curves. This upturn region is not explicitly seen
in Fig. 2a, and it should be observed for even higher elec-
tric fields, which is not achieved in the present experi-
mental conditions. However, from Fig. 2a, it is reasonable
to estimate that the bulk resistivity of the doped samples
is close to the resistivity of the undoped ZnO. When
samples are slowly cooled from the sintering temperature,
the equilibrium condition in the bulk can be maintained
down to a temperature where it is still kinetically pos-
sible for the defect reactions to take place, below which
only electrons and holes are in equilibrium, i.e. ionic
defects become frozen at this temperature. In other words,
during slow cooling, before arriving at the freezing tem-
perature, the defect concentrations can keep the equi-
librium values which decrease with decreasing the
temperature. In Einzinger’s® and Mahan’s!> models, the
authors assumed that oxygen vacancies were the main
intrinsic donors in ZnO. Therefore, the decrease in the
concentrations of the oxygen vacancies in the bulk dur-
ing slow cooling can only be performed by the migra-
tion of the oxygen vacancies from the bulk to the grain
boundaries in order to be annihilated. However, as dis-
cussed in a previous work,> we assumed that the domi-
nant intrinsic donors are the zinc interstitials coming
from the Frenkel reaction of the Zn sublattice, rather
than the oxygen vacancies. In this way, the zinc inter-
stitials can be annihilated during slow cooling in the bulk
of the material by the following reaction, without the
migration of the zinc interstitials to the grain boundaries:

Zni+Vz, <= Zng, (2)

In this reaction, where Kroger—Vink’s notation is
used, we explicitly omitted the charge of the defects.
Although it can not be ruled out the contribution of the
defect-migration mechanism to the bulk resistivity of
the material, as a first approximation we shall assume
that the defect freezing temperature determines the bulk
resistivities of the samples at room temperature. There-
fore, we can calculate the freezing temperatures for the
bulk of Mn-doped samples. In a previous work,> we
gave a detailed procedure for calculating the bulk elec-
tron concentrations of the samples at room temperature
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from the defect freezing temperature, based on a pro-
posed defect model. In that work, the concentrations of
the bulk electrons and other defects were firstly calculated
at the freezing temperature by solving the electro-
neutrality function with the defect reaction constants in
the model. Then the bulk electron concentrations at
room temperature were obtained by solving the electro-
neutrality function and using the freezing ionic defect
concentrations. In the present work, as mentioned
before, we estimate that for the slowly cooled case, the
bulk resistivities of the doped samples are approxi-
mately equal to the resistivity of the undoped sample
(Fig. 2a). Therefore, the bulk electron concentrations of
the slowly cooled samples can be calculated from the
resistivities, assuming 100 cm? V=1 s~! for the electron
mobility in the bulk at room temperature. Using the
same method previously described,”> for the slowly
cooled samples, we calculated the bulk electron con-
centrations at room temperature from a given freezing
temperature, and then compared these concentrations
with those calculated from the bulk resistivities. If these
two concentrations were not equal, we adjusted the
freezing temperature and re-calculated the bulk electron
concentrations until they became equal. By this way, the
calculations determined the freezing temperatures of
~1090, ~1140 and ~1170 °C, for the 0.1, 0.3 and 0.6
mol% MnO, respectively. Considering the error on the
estimation of the bulk resistivities of the slowly cooled
samples, these results show that the freezing tempera-
tures are close to the sintering one, 1200 °C, which
means that even reaction (2) hardly proceeds during
cooling, not to mention the migration of defects. In fact,
the J-E curves of the quenched samples (Fig. 2a, dashed
lines) are in the same region where one should observe
the upturn regions of the varistors. It means that the
bulk resistivities of the slowly cooled samples are close
to the resistivities of the quenched samples. Thus, it
seems clear there is not any migration of defects to the
grain boundaries during the cooling period, or, if pre-
sent, this process could be neglected in the overall com-
putations for the barrier height formation.

The above conclusions, together with the facts that
there is no segregation of Mn in the grain boundaries
and that Mn is not ionised at room temperature, do not
enable one to assume that varistor properties in this
simple chemical system arise from the ionisation of sur-
face states formed by Mn. As previously reported,'® one
possibility for the growth of a barrier height comes from
the oxidation of the grain boundaries by ambient oxy-
gen. Since we are considering that the main intrinsic
donor is the zinc interstitial, the oxidation can proceed
by the following reaction,

1
Zn; + 3 01(g) <= Zn0O 3)

where again we explicitly omitted the defect charge. The
decrease of the zinc interstitial concentration near the
grain boundaries by reaction (3) will lead to a decrease
of the electron concentration in this region, which results
in a band bending and the appearance of a barrier height.

This very simple process for the formation of the
barrier height must be confronted to the fact that
undoped ZnO does not show varistor behaviour, and by
reaction (3) this behaviour should be present even in
this case. It is then clear that the presence of Mn
enhances reaction (3) to proceed to the right side. However,
varistor behaviour is also observed if ZnO is doped with
Bi,O; or other “varistor forming” elements, and due to
the difference in chemical systems, it is more reasonable
to expect that the process has an “intrinsic’” origin. As
explained before,> Mn changes the defect chemistry of
ZnO, and therefore we should analyse this to found the
possible intrinsic defect responsible for reaction (3) to
proceed. Fig. 2c represents the room temperature J-E
curves of the annealed samples, and it is observed that
only the Mn-doped samples show a varistor behaviour.
It is also observed that the leakage current decreases
with increasing the Mn content in the annealed samples
(Fig. 2c and Table 1), which means that the equilibrium
Fermi level at the interface, Efpg, 1S lower in energy
(relative to the valence band edge). Eppo is equal to
Ergo-e®Ppo, where Ery is the equilibrium Fermi level in
the bulk, and e®p, the equilibrium barrier height. We
stated above that the potential barrier, e®p,, is not
directly related to the presence of Mn. Therefore, the
observed changes of Efy in the annealed samples must
be related to changes in Epg, i.€. Epgo should be lower
as the Mn content is higher. Fig. 3 depicts qualitatively
this situation. The defect chemistry model® allows us to
determine the equilibrium Fermi levels in the bulk at room
temperature of the quenched samples, and we assume
these to be equal to the bulk Fermi levels of the annealed
samples, Erg0, since there is no change of the defect equi-
librium in the bulk after annealing. Using the double
Schottky barrier (DSB) model developed by Blatter and
Greuter,' in the same way as reported before,* we can
calculate the equilibrium Fermi level at the interface,
Eryo, from the experimental I-V curves. In this calcula-
tion, the values of (e®p+e:) were determined by suc-
cessive fittings of the theoretically calculated I-V curves,
ie. Joo=A*T%exp(-(e®p+e:)/kT)(1-exp(-eV/kT)), to
the experimental ones, where ¢: is the Fermi energy in
the bulk from the conduction band edge, J4. the current
density, 4* the Richardson constant, T the absolute
temperature, e the electron charge, k the Boltzmann
constant, and V the applied voltage. Then the values of
Erpo were obtained due to Eppg= E;~(ePp+ee), where
E, is the band gap energy. Finally, the room tempera-
ture barrier heights of the annealed samples were deter-
mined, i.e. e®py= Epg—FErpo. The calculations gave
edpo= ~0.50 eV for all of the Mn-doped samples,
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Fig. 3. Energy band diagram qualitatively describing the situation of the annealed samples doped with (a) 0.1 mol% MnO, (b) 0.3 mol% MnO, and
(c) 0.6 mol% MnO. It is assumed that the barrier height, e®p,, does not depend on the content of Mn. The Fermi energy in the bulk from the
conduction band edge, ez = E,-Eyy, is exaggerated to better show the influence of Mn on this parameter, where E, is the band gap energy.

which quantitatively agrees with the previous qualita-
tively description depicted in Fig. 3. The important point
here is to remark that the same process upon annealing
took place in all the samples, independently on the Mn
content, i.e. this process controls the barrier height.
Our next step is to assign the interstitial zinc species
involved in reaction (3). Fig. 4 shows that the variation
of the concentrations of the different defect species in ZnO
with the Mn content, at room temperature, of the quen-
ched samples. It is observed that in pure ZnO the main
donor is the monoionised zinc interstitial, Zn?, while
upon the addition of MnO its concentration decreases
below that of the double ionised species, Zn$*. There-
fore, it seems reasonable to expect that the last species,
Zn?*, is responsible for the reaction with ambient oxy-
gen, and reaction (3) can then be rewritten as follows

1
Zni* +2¢ +50x(g) = Zn0 (3a)

If this reaction is taking place, the amount of Zn;**. is
even decreasing through

Znt = Zn* +¢ “

i.e. the grain boundary region is being depleted of charges.

We arrived at the conclusion that the same chemical
potential is present in the oxidation process, and that
this potential is related to the Zn?®* species. This means
that reaction (3a) will take place only when the Fermi
level at the interface is below the energy level of this
defect. However, if the amount of shallow donors is
high, there is no oxidation of the grain boundaries dur-

ing cooling because the Fermi level increases above that
energy level. This mechanism explains why pure ZnO
does not show a varistor behaviour, even in a slowly
cooling process. The same is true for heavily Al-doped
7Zn0,%° or other extrinsic shallow donor in ZnO. When
the above mentioned experimental conditions are
found, reaction (3a) proceeds and the material turns a
varistor because the grain boundaries are depleted of
charges. Looking again at Fig. 4, it is observed that the
concentration of Zn?* species that will be oxidised upon
annealing is 10'-10'> cm—3 which is 4-5 orders of
magnitude lower than the added concentration of Mn
(~10'" cm—3), a feature commonly observed in the case
of varistors produced by doping ZnO with Bi.?' Again,
it can thus be concluded that the dopant does not play a
direct role in the formation of the barriers at the grain
boundaries, as one could expect a priori, but instead
promotes the conditions necessary to form the barriers
by controlling the defect chemistry of ZnO.

5. Conclusions

Undoped and Mn-doped ZnO samples were prepared
and sintered at 1200 °C, for 2 h, in air. A set of samples
was slowly cooled from the sintering temperature, and
another set was quenched from that temperature. The
slowly cooled Mn-doped samples showed varistor
behaviour, with fairly pronounced non-linearity, o> 6,
while the quenched and the undoped ones showed
ohmic behaviour.

Using a defect chemistry model presented elsewhere®
in which the main defects are the zinc interstitial species
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Fig. 4. Room temperature concentrations of the different intrinsic
defects of ZnO as a function of the amount of Mn, for the samples
quenched from 1200 °C. (Note: the concentrations of the defects Vo
and Vz,** are too low to be shown in this figure.)

coming from a Frenkel reaction in the Zn sublattice, it
could be concluded that the migration of defects to the
grain boundaries during the cooling period is negligible.
This, together with the experimental fact that Mn is
homogeneously distributed in ZnO, pointed to the pos-
sibility that the varistor behaviour arose from an
“intrinsic”” mechanism.

The quenched samples were then annealed at 800 °C,
for 2 h, in air, a process allowing the oxidation of the
grain boundaries by ambient oxygen, without changes
in the bulk defect chemistry conditions. Only Mn-doped
samples showed varistor behaviour after this treatment,
and it could be computed that the barrier height in
those samples is not dependent on the Mn content. The
result confirmed the assumption that varistor behaviour
is not directly related to the presence of the dopant. The
oxidation of the grain boundaries, proceeded by the
elimination of the zinc interstitial species (the intrinsic
donors in ZnO), and the analysis of the defect chemistry
of undoped and Mn-doped ZnO allowed to conclude that
the oxidation process takes place only when the majority
of these species are double ionised. The amount of these
species in varistor samples is several orders of magni-
tude lower than that of the MnO added, a similar
situation observed in the case of Bi-doped ZnO varistor
systems.2°

As a final remark, one can say that in Mn-doped
samples the varistor behaviour arises mainly by the
oxidation of the double ionised zinc interstitials near the
grain boundaries, and probably the same is true for any
other dopants used to decrease the concentration of
shallow donors below the deeper ones.
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