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Abstract Two similar sets of Zn;_Bi,O ceramic varistors
with various x values (0.00<x<0.20) have been prepared by
using Bi,O5 additions with two different sizes. In the first set,
Bi,05 nanoparticles (=200 nm) were used, while Bi,O3 mi-
croparticles (=5 um) were used in the second set. It was found
that addition of Bi up to 5 % for both sets did not affect the
wurtzite-type hexagonal structure of ZnO, but with increasing
Bi above 5 %, some unknown lines were clearly observed in
XRD spectra. The grain sizes are increased in both sets with
increasing Bi content up to 2.5 %, followed by a decrease with
further increase of Bi up to 20 %, and their values for micro-
particle additions were larger than that of the sets containing
nanoparticle additions. Two nonlinear regions were formed in
the I-V curves of ZnO due to Bi,O3 nanoparticle additions
above 5 %. However, this behavior was completely absent in
the samples containing Bi,O; microparticles. Moreover, the
breakdown field and nonlinear coefficient decreased with
Bi,03 addition up to 5 % for both sets, followed by an increase
with further increase of Bi up to 20 %, and their values were
higher for nanoparticle additions than that of microparticles. A
reverse behavior was recorded for the electrical conductivity.
The results have been discussed in terms of Bi,Oz nanosize
grains which may be localized at the grain boundaries of ZnO
ceramics.
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1 Introduction

Zinc oxide (ZnO) has a wurtzite-type hexagonal structure with
lattice parameters (¢=3.249A and ¢=5.206A). ZnO is an n-
type semiconductor and has a wide band gap of 3.2 eV [1, 2].
ZnO has a wide range of applications in gas sensors, piezo-
electric transducers, solar cells, and varistors [1—4]. This is
because ZnO ceramics is a multiphase structure which ex-
hibits highly nonlinear current—voltage characteristics due to
electrostatic potential barrier formed at grain boundaries
[5-8]. Regarding ZnO varistor, it has high-energy absorption
capability against various surges, and it is extensively used as
a protective device. It has a super fast response to overvoltage
transients and clamp transients at nanosecond speed without
being destroyed [2].

Since the invention of ZnO varistors in 1970 [9], a
considerable number of investigations have been carried
out into the nonlinear behavior obtained in its I-V char-
acteristics. The ZnO varistors are typically fabricated by
sintering of ZnO with other metal oxides as additives.
These additives are the main tools which have been used
to test change the nonlinear response and the stability of
ZnO varistors [10-16]. Several efforts have been carried
out to describe the influence of Bi,O; addition on the
microstructure and electrical properties of ZnO. The au-
thors pointed out that a very low amount of Bi,O; is lost
during sintering at high temperature, but they did not
give its quantity [17-19]. Few reports have been con-
cerned with the assessment of Bi,O; vaporization during
the sintering process. A loss of 19 wt% of Bi,O; has
been recorded for the process conducted at 1,150 °C for
90 min by emission spectroscopy [20-22]. The other
reports found that all interlayers in Bi-doped polycrystal-
line ZnO take on a thin, amorphous and rich nanostruc-
ture phase structure after being annealed above eutectic
temperature [23].
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Nanotechnology is an enabling technology, with high
potential impact on virtually all fields of mankind activity.
The rapid progress of nanoscience creates demands for the
detailed characterization of matter on the nanometer scale,
which provide new capabilities for the analysis of a large
variety of properties related to lower dimensionality and
local structure, reaching down to single atoms and mole-
cules. Nanoparticles are currently the focus of intense
investigations due to their potential for revolutionary tech-
nological applications. The phenomena and properties be-
hind these applications are unique to nanodimensions such
as quantum confinement effects and enhanced surface to
volume ratio.

Normally, the nanostructured materials often show novel
physical properties compared to those of bulk due to their
peculiar characteristics and size effects. In the recent works,
nanoparticles of metal oxides have been a subject of a number
of research efforts due to their expected unusual properties
connected with the nanostructure regime [24, 25]. Moreover,
two nonlinear regions in the -V curves of ZnO with Fe,03
nanoparticles additions above 10 % were reported in [26]. The
breakdown field was increased up to 7,900 V/cm, and the
electrical conductivity was improved by Fe,O3 additions up to
10 %. However, further increase of Fe,O3 up to 50 % resulted
in a decrease in electrical conductivity.

In this paper, we report on the structure and morphology
evolution of two similar sets of Zn; Bi,O ceramic samples
with various x values. The samples were examined using X-
ray diffraction, high-field scanning electron microscope, and
dc electrical measurements.

2 Experimental Details

Two similar sets of Zn;_Bi,O ceramic samples with various x
values (x=0.00, 2.5, 5, 10, and 20 %) were prepared using a
solid-state reaction method with Bi,O3 additions of two dif-
ferent sizes. In the first set, Bi,O; nanoparticles (=200 nm)
were used, while Bi,O; microparticles (=5 um) were used in
the second set. The powders of ZnO and Bi,O3 (Aldrich,
99.999 % purity) were thoroughly ground, mixed in required
proportions, and calcined at 900 °C in air for a period of 12 h
and then quenched in air down to room temperature. The
resulting powders were reground and pressed into pellets of
I-cm diameter and 0.3-cm thickness. Finally, these pellets
were sintered at a temperature of 1,000 °C for 10 h in air
and then quenched in air down to room temperature. The bulk
density of the samples was measured in terms of their weight
and volume. The phase purity of the samples was examined
by using X-ray diffractometer (XRD, Siemens D-500) with
the Cu K« radiation of 1.541838 A. The surface morphology
of the samples was examined using field emission scanning
electron microscope (FESEM). The -V characteristics of the
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samples were obtained with an electrometer (model 6517,
Keithley, 5 kV, 300 mA) dc power supply and digital
multimeter. The samples were thoroughly polished and
sandwiched between two copper electrodes, and the current
was measured as a function of the applied voltage at room
temperature. High quality silver paint was used on the sample
surfaces for electrical contacts.

3 Results and Discussion

The bulk density of the samples, listed in Tables 1 and 2, has
increased with Bi additions up to 0.20 %, and the values for
“nanoparticle samples” are higher than that of “microparti-
cles.” They range from 76.3 to 97.92 % of the theoretical
density for ZnO (5.78 g/em®) [27]. The XRD patterns of the
samples shown in Fig. 1a, b indicate that the addition of Bi up
to 5 % does not influence the well-known peaks related to
hexagonal wurtzite structure of ZnO ceramics. With Bi con-
tent increasing above 5 %, some unknown lines related to BiO
are observed, which may result from the replacement of Zn by
Bi. This is because some amount of Bi is localized at the
interlattice spacings and generates these extra lines. To further
clarify that Bi is substituted for Zn in a unit cell, the lattice
parameters a and ¢ have been calculated and listed in Tables 1
and 2. It has been found that these parameters increase with Bi
addition up to 5 % followed by a decrease with further
increase of Bi up to 20 %. The values of lattice parameters
are between 3.136 and 3.235A for a parameter and between
5.093 and 5.200A for the ¢ parameter in agreement with the
reported data [15, 27]. However, in a real ZnO crystal, the
wurtzite structure deviates from the ideal arrangement by
changing the c/a ratio for hexagonal distortion or the U
parameter. U parameter is defined as a length of a bond
parallel to the c-axis, in units of ¢, and c/a is the deviation
from that of the ideal wurtzite crystal structure. U=0.333
(a/c)*+0.25 [28], and it is equal to 0.375 in an ideal wurtzite
structure in fractional coordinates.

The a/c ratio and u parameter versus Bi content are shown
in Table 1. The a/c values are varying from 0.623 to 0.629 for
nanoparticle samples and from 0.623 to 0.610 for microparti-
cle samples. The u values are between 0.374 and 0.379 for
microparticles and from 0.379 to 0.382 for “nanoparticles.” It
should be pointed out that a strong correlation exists between
the c/a ratio and the u parameter, i.e., when c/a ratio increases,
u parameter decreases in such a way that the four tetrahedral
distances remain nearly constant in spite of distortion of
tetrahedral angles, which may be due to long-range polar
interactions. The deviation from that of the ideal wurtzite
crystal is probably due to lattice stability and iconicity. The
point defects such as zinc sites, oxygen vacancies, and
threading dislocations also cause an increase of the lattice
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Table 1 Density, grain size,

breakdown field, lattice parame- Bi P D Dioi a ¢ u Ep €5 Q4

ter, u parameter, and nonlinear content (%) (gm/cm’) (um) (nm) (A) (A) (V/em)

coefficients for Bi,O3

microadditions 0.00 4.41 221 86.51 3.208 5.145 0.379 1,580 18.7 -
2.5 4.59 2.46 74.22 3.218 5.174 0.378 178 47 -
5 495 224 86.41 3.222 5.200 0.377 330 6.8 -
10 5.11 2.01 89.98 3.187 5.171 0.376 980 8.2 -
20 5.28 1.75 90.84 3.136 5.137 0.376 2,866 10.2 -

constant, albeit to a lesser extent in the hetero-epitaxial layers
[29].

The FESEM images shown in Fig. 2a indicate that the
grains and their boundaries are uniformly distributed over
the matrix structure. The average grain size versus Bi content
shown in Fig. 2b increases with Bi addition up to 2.5 %,
followed by a decrease with further increase of Bi content
up to 20 %. Their values of grain size, listed in Tables 1 and 2,
are lower in nanoparticle samples than that of microparticles.
They have decreased as a result of Bi additions to 1.75 pm for
microparticle samples and to 1.43 um for nanoparticle.

On the other hand, the distribution of nanoparticle size D
is evaluated in terms of X-ray line broadening described by
Scherer’s equation Dyy = A2 [27], where A is the X-ray
wavelength (A=1.5418A), A@ is the half maximum line
width, 6 is the Bragg angle, and K is the constant (K=0.9
for this type of ceramics). Dy versus Bi contents are listed in
Tables 1 and 2, and their values are decreased with Bi addition
up to 2.5 %, followed by an increase with further increase of
Bi content up to 20 %. Although D,y values are lower in
nanoparticle samples than that of microparticles, the behavior
is different with that of SEM microsize data.

Figure 3a, b illustrates the room temperature I-V charac-
teristics for the two sets of Zn;_,Bi,O samples. Three different
regions can be observed in the I-V curves for Bi=0.00; 2.5
and 5 % for both sets. The first and third regions show typical
ohmic behavior, while the second region is nonlinear. With
increasing Bi content above 5 % (10 and 20 %), five different
regions can be observed in the I-V curves of the nanoparticle
samples. This behavior does not exist in the -V curves of
microparticle samples. Moreover, two different nonlinear re-
gions can be observed in the I-V curves of the samples with

higher Bi content: the first in the low field region and the other
in the high-field region. This mechanism is very useful for the
operation of ZnO varistors both in the low and high-field
regions at the same time (i.e., two reversible lines). The
breakdown field Ey is usually considered as a field for which
the current flowing through a varistor is 1 mA/ecm? [30, 31].
Figure 4a shows Eg against Bi content for both sets, and the
corresponding values are listed in Tables 1 and 2. Eg decreases
for 2.5 % of Bi addition, followed by an increase with further
increase of Bi up to 20 %, and its values are higher in
nanoparticle samples than that of microparticles. The addition
of Bi,O3 nanoparticles to ZnO improves the Eg of ZnO
varistor by 2.88 times in comparison to Eg of a varistor made
of pure ZnO. Eg is improved from 1,580 V/cm for ZnO to
2,866 V/cm for microparticle samples and up to 4,536 for
nanoparticle samples. This means that the addition of Bi to a
ZnO varistor shifts the breakdown fields to higher values. This
may be attributed to the creation of point defects due to solid
solution of Bi,O5 in the host lattice of ZnO varistors. The
effective activation energy for the conduction as well as the
potential barrier height is raised. This is because the addition
of Bi,O; contributes to the barrier formation at the grain—grain
interface [32]. A similar behavior has been reported for ZnO
varistors doped by Fe,O3; nanoparticles [26]. Therefore, the
improvement in the values of Eg by Bi addition is expected in
our present samples.

The current-voltage relation of a varistor is given by [30, 31]:

J= (E/C)", (1)

where J is the current density, E is the applied electric field, C
is a proportionality constant corresponding to the resistance of

Table 2 Density, grain size,

breakdown field, lattice parame- Bi P D Dios a ¢ u Ep €5 Qg
ters, u parameter, and nonlinear content (%) (gm/cm’®) (um) (nm) (A) A) (V/em)
coefficients for Bi,O;
nanoadditions 0.00 4.41 221 86.51 3.208 5.145 0.379 1,580 18.7 -
2.5 4.67 232 61.64 3.226 5.160 0.380 1,300 12.3 -
5 5.07 1.83 79.17 3.235 5.165 0.380 1,818 15.2 -
10 532 1.64 86.08 3217 5.118 0.381 3,660 20.1 12.35
20 5.66 1.43 87.72 3.205 5.093 0.382 4,536 234 13.85
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Fig. 1 a XRD patterns for Zn;, Bi,O (Bi,O3 microparticles) samples. b XRD patterns for Zn;_, Bi,O (Bi,O3 nanoparticles) samples

ohmic resistor (nonlinear resistance), and « is the nonlinear
coefficient. The current—voltage curves are plotted on a log—
log scale from which the slope of the curve gives the value of
« [9]. The variation of « versus Bi content across the second
region is shown in Fig. 4b. Corresponding values are listed in
Tables 1 and 2. It is clear that the values of o decrease for
2.5 % Bi additions, followed by an increase with further
increase of Bi up to 20 %, but their values for nanoparticle
samples are higher than that of microparticles [14]. Moreover,
the values of a improved from 18.7 to 23.4 by 50 % Bi
nanoparticle additions.

It is well known that electrical conductivity of ZnO sam-
ples is controlled by the intrinsic defects generated at high
temperature and by the presence of dopants added to ZnO.
During a cooling process, these defects tend to migrate to the
grain boundaries and annihilate (intrinsic defects) or are
exsolved if their solubility limit is attained (extrinsic effects).
This migration process is normally slow and thermally

@ Springer

activated, and at a temperature below a sintering temperature,
only the defects near the grain boundaries are effectively
eliminated [33]. The resulting concentration profiles/
distributions considerably affect the electrical properties of
ZnO varistors [34]. In order to avoid this process, the exam-
ined samples were quenched from sintering temperature down
to room temperature. At room temperature, the defects are
homogeneously distributed in the material, and their concen-
tration is the same as those at the sintering temperature.
However, the electrical conductivity o at room temperature
has been calculated across the first ohmic region by using the
well-known relation, J=c E and is shown in Fig. 5. It is
evident that o increases as a result of Bi additions up to
2.5 %, followed by a decrease with further increase of Bi up
to 20 %, and its values are higher in microparticle samples
than that of nanoparticles. This is similar to the relation of
grain size versus Bi content shown in Fig. 2b (directly pro-
portional) but different from the dependence of breakdown
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Fig.2 a FESEM images for Zn;_

: ; a ZnO pure
x Bi,O samples. b Average grain -
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ples. b I-V characteristics for Zn; x Bi,O (Bi,O3 nanoparticles) samples

1000 10000

field and nonlinear coefficient on Bi content (inversely propor-
tional) [35]. This means that the breakdown field and nonlinear
coefficient could be improved by decreasing the size of ZnO
grains, but in such case, the electrical conductivity is decreased,
which is not desirable in most of ZnO applications. The depen-
dence of the above parameters on the grain size suggests a
beneficial role of Bi nanoadditions into the ZnO, and further
work is required to elucidate the present results.

To understand the mechanism of Bi reaction with Zn in the
ZnO structure, let us now discuss the expected reactions as
follows.

Neutral interstitial Zn atom undergoes ionization first as [15]:

7Zn” — Zn" + e, and secondly is ionized as :
Int— Zn*t +e .

Such free electrons move to the conduction band of ZnO
and enhance the conductivity of ZnO. The conductivity of
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ZnO can be also increased by extrinsic defects such as Bi®" at
Zn sites. In Zn®" substituted by Bi*", some of the free elec-
trons are released and raise the conductivity of ZnO through
increasing the electron density/concentration. Therefore, the
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interaction mechanism between Bi and Zn can be as follows
[31, 34]:

'/ BizO3— /4 02 + Bi” + e + ZnO. (2)

Bi“ is the ionized Bi atom in Zn atom substitution site since
Bi acts as a donor, so Bi** moves to Zn sites, and some
additional free electrons are released. This reaction is consis-
tent with the behavior of conductivity in the under-doped
region (Bi<2.5 %), but with increasing Bi addition above
2.5 %, Bi*" can enter the structure and move to the interstitial
position. At the interstitial position, Bi can undergo the fol-
lowing reaction and absorb an electron [31, 34];

', BigO3 — ¥, O, + Bi* + P. (3)

Bi' is an ionized Bi atom in an interstitial site, and P is the
charge of a positive hole. In this case, Bi behaves as an
acceptor, dominates the donor effect, and decreases the con-
ductivity. This reaction agrees very well with the conductivity
behavior in the over-doped region (Bi>2.5 %). Anyway, the
normal-state conductivity at room temperature o 3o is pro-
portional to 7, where 7 is the carrier concentration and 7is the
relaxation time, so Bi doping primarily has two different
effects: the first is the increase of electron density and the
other is the decrease of 7 due to structural distortion induced
by the doping [36]. In the under-doped region, structural
distortion is very weak, and the change of 7 can be neglected,
so increasing n improves the conductivity. On the other hand,
in the over-doped region, structural distortion may be strong
and 7 decreases markedly. As a result, the conductivity is
decreased.

The potential energy of an electron in vacuum can be taken
as zero. In practice, it represents a potential outside a surface at
a distance smaller than the size of a sample, so we do not
expect any problem due to the air gap between the surface of
the samples and electrodes since we have inserted the samples
in close contact with the electrodes. However, the
disappearance/lack of these two nonlinear regions in the other
samples support that no problem was created for/due to the
contact between the samples and the electrodes [37].

The materials with features on the nanometer scale often
have properties dramatically different from their bulk coun-
terparts. The grain size of nanocrystalline materials is of the
order of few nanometers so that about 40 to 80 % of the atoms
are localized in the grain boundaries [38, 39]. They often have
properties that are different compared to conventional micro-
scale composites and can be synthesized using simple and
inexpensive techniques. Therefore, the probability of BiyO;
nanoparticle substitution into the grain boundaries of ZnO is
very high at the considered sintering temperature. With

increasing Bi content for nanoparticle samples, the nanosized
grains are able to localize at the grain boundaries of ZnO and
take part in producing some other sensitive intergrain conduc-
tion paths [40, 41]. These conduction paths can operate in
parallel to the grain boundary region and slightly participate in
deforming the potential barriers of nanosize grains in the low
field region. With increasing field, the ZnO microsize grains
are working as a varistors in the high-field region. This is in a
good agreement with [-V characteristics where two nonlinear
regions exist.

4 Conclusions

A comparative study of the effects of micro- and nano-Bi,O3
additions on Zn;_Bi,O varistors has been performed. We
have shown that addition of Bi up to 5 % does not influence
the hexagonal wurtizite structure of ZnO, while its grain size is
affected. Furthermore, two nonlinear regions were obtained in
the I-V curves of ZnO as a result of Bi,O3 nanoparticle
additions above 5 %, but this behavior was completely absent
in the samples containing microparticles. Moreover, the
breakdown field and nonlinear coefficient could be increased
up to 4,532 V/ecm and 23.35, respectively, due to the addition
of 20 % Bi,05 nanoparticles. On the other hand, the electrical
conductivity was increased by Bi additions up to 2.5 %,
followed by a decrease with further increase of Bi content
up to 20 %. It is suggested that the nanosized grains of Bi are
localized at the grain boundaries of ZnO ceramics, producing
additional sensitive conduction paths and completely
deforming the potential barriers of ZnO varistors.
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