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a b s t r a c t

Zn1�xAlxO ceramic samples with various x values (0.00rxr0.20) are sintered in air at temperatures of

850 1C for 10 h and then quenched to room temperature. Structural, surface morphology and I–V

characteristics of the samples are investigated using X-ray diffractometer (XRD), scanning electron

microscope (SEM) and dc electrical measurements. It is found that addition of Al up to 0.05 does not

influence the well-known peaks related to wurtzite structure of ZnO ceramics, and other unknown

peaks could be formed above 0.05 of Al. The cell parameters of Al-doped samples are a little shorter than

the undoped ZnO, and also the shape and size of grains are clearly affected. Average crystalline

diameters, deduced from XRD analysis, are between 39.90 and 47.18 nm, which are 25 times lower than

those obtained from SEM micrographs. Although breakdown field, nonlinear coefficient and barrier

height are generally decreased by Al addition, the electrical conductivity is improved. These results are

discussed in terms of the interaction mechanism between atoms of Al and Zn in both under and over-

doped regions.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Electrical conductivity of oxide semiconductors such as ZnO
ceramic varistor depends on the amount and nature of oxygen
vacancies that are generated during its synthesis [1,2]. These
oxygen vacancies are normally controlled by several dopants
added to ZnO such as Bi, Ni, Ga, Mn, Co, Sb, Al, Fe and Cr [3–7].
Therefore, it is very important to understand effects of these
dopants on structural and nonlinear properties of this type of ZnO
varistor. However, the effect of Al doping on the electrical
properties of ZnO varistor has been investigated by several reports
[8–11]. It has been observed that Al increased the current density
in the upturn region and shifted its onset to lower fields, and
consequently the grain conductivity of ZnO is increased. Since the
conductivity in the upturn region depends on the grain con-
ductivity of ZnO, a systematic study of the effect of Al doping on
the conductivity of ZnO is, therefore, necessary.

With this purse in mind, a range of Zn1�xAlxO ceramic samples
with various x values are sintered in air at temperature of 850 1C
for 10 h and then quenched from sintering temperature down to
room temperature. Structural and grain morphology of the
samples are investigated using X-ray diffractometer (XRD) and
scanning electron microscope (SEM) techniques; while I–V

characteristics are obtained using dc electrical measurements.

2. Experimental details

Zn1�xAlxO samples with various x values (0.00rxr0.20) are
synthesized using the conventional solid-state reaction method
[7,12]. The powders of ZnO and Al2O3 (Aldrich 99.999 purity) are
thoroughly mixed in required proportions and calcined at a
temperature of 1000 1C in air for a period of 12 h. The resulting
powders are ground, mixed, pressed into pellets and sintered at
temperatures of 850 1C for 10 h in air. Finally, the samples are
quenched from sintering temperature down to room temperature.
The bulk density of the samples is measured in terms of their
weight and volume. The phase purity and surface morphology of
the samples are examined using X-ray diffractmeter and scanning
electron microscope. I–V characteristics are obtained with an
electrometer (model 6517, Keithley), 5 kV dc power supply and
digital multimeter. The samples are well polished and sandwiched
between two copper electrodes and the current is measured
relative to the applied voltage. High-quality silver paint is used on
the samples surfaces for electrical contact.

3. Results and discussion

It is noted that color of pure ZnO sample is white and it
changed to yellow with Al addition. The bulk density of the
samples, listed in Table 1, is generally decreased by Al. The
structure of Zn1�xAlxO samples, shown in Fig. 1(a), with xr0.05 is
Wurtzite structure, and no additional peaks could be formed.
When Al content is increased above 0.05, some of unidentified
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very low-intensity peaks denoted by arrowhead could be seen in
the XRD pattern. This is because that with increasing Al content
above 0.05, the solubility limit of Al through Zn lattice is reached,
and some of Al atoms could be localized at the interstitial
position. To further confirm that Al3+ has been substituted for Zn2+

in the unit cell, the lattice parameters of the samples are
calculated and listed in Table 1. As shown in Fig. 1(b), the lattice
parameters are decreased by Al addition, probably due the smaller
ionic size of Al3+ (0.51 Å) than that of Zn2+ (0.74 Å). On the other
hand, the average crystalline diameter Dhkl is evaluated in terms

of X-ray line broadening described by the following Scherer’s
equation [13]:

Dhkl ¼
kl

Dy cos y
(1)

where l is X-ray wavelength (l ¼ 1.5418 Å), Dy is half-maximum
line width, y is Bragg angle and K is constant (K ¼ 0.9 for this type
of ceramics). Average crystalline diameter versus Al content is
shown in Fig. 1(c). Similar values are listed in Table 1. It is clear
that values of Dhkl are decreased by Al addition up to 0.05,
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Table 1
r, D, a, c and average crystalline diameter versus Al content for Al-doped ZnO samples.

Al content r (gm/cm3) D (SEM) (nm) a (Å) c (Å) D100 (nm) D002 (nm) D111 (nm) D102 (nm) D110 (nm) Average (nm)

0.00 6.35 1560 3.252 5.208 43.36 40.60 41.53 54.63 55.77 47.18

0.025 4.31 920 3.247 5.201 43.40 44.78 35.32 39.12 48.78 42.28

0.05 5.24 840 3.242 5.196 39.46 44.78 32.71 37.76 44.81 39.90

0.10 5.05 1020 3.231 5.188 36.11 37.22 38.36 49.68 55.84 43.44

0.20 4.31 1120 3.225 5.181 36.11 44.73 38.07 54.69 60.97 46.91
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Fig. 1. (a) X-ray diffraction patterns of pure and Al-doped ZnO samples. (b) Lattice parameters of pure and Al-doped ZnO samples. (c) Average crystalline diameter deduced

from XRD analysis of pure and Al-doped ZnO samples.
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Fig. 2. (a) SEM photograph of pure ZnO varistor. (b) SEM photograph of 0.025 Al-doped ZnO varistor. (c) SEM photograph of 0.05 Al-doped ZnO varistor. (d) SEM photograph

of 0.10 Al-doped ZnO varistor. (e) SEM photograph of 0.2 Al-doped ZnO varistor. (f) Grain size deduced from SEM micrograph of pure and Al-doped ZnO samples.
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followed by an increase with further increase up to 0.20. The
values of Dhkl are ranges between 39.90 and 47.18 nm for all
samples.

The microstructures of pure and Al-doped ZnO samples are
shown in Fig. 2(a)–(e). No second phases are formed at the grain
boundaries, while Al decreased the average grain size as
compared to ZnO sample. In ZnO sample, flake-type grains are
absent, and there is a uniform granular precipitation on the
mother grains. In 0.025 Al sample, the black regions are slightly
increased and randomly distributed in the matrix structure. With
increasing Al content up to 0.2, the flake shape grains appear with
relatively small size and distributed randomly in the matrix
structure, which may be responsible for the impurity phases as
reported in the XRD pattern. The size of black regions is nearly
unchanged, and the shape of grains became unclear. It is also
apparent from Fig. 2(f) that average grain size, decreased with
increasing Al addition up to 0.05, followed by an increase with
further Al up to 0.20. Similar values are listed in Table 1. However,
we obtained a typical behavior against Al content as compared to
those obtained from XRD. But the average grains size of all
samples are between 820 and 1560 nm, which are 25 times higher
than those obtained from XRD analysis. However, it has been
reported that diluted magnetic semiconductors are formed by
partial substitution of n-type ZnO with small amount of magnetic
transition metals such as Ni2+. In Zn0.95Ni0.05O, TEM analysis

indicates that most of the particles size is a round 60 nm [13]. This
probably supports the average grain size deduced from XRD
analysis rather than those obtained from normal SEM micrograph.
The smaller ionic radii of Al3+ (0.51 Å) as compared to Ni2+ (0.69 Å)
may be responsible for the difference of average grain size
between Al and Ni samples. Anyhow, TEM or high-resolution SEM
analysis will be taken into consideration for further research
based on the considered samples.

There are three different regions observed in the I–V curves of
the samples shown in Fig. 3(a). The first and third regions are
nearly ohmic behavior, while the other is clearly nonlinear
behavior (upturn region). However, the breakdown field EB is
usually taken as the field applied when the current density
flowing through the varistor is 1 mA/cm2 [7,14,15]. The variation of
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Fig. 3. (a) I–V characteristics for pure and Al-doped ZnO samples. (b) Breakdown field for pure and Al-doped ZnO samples. (c) Nonlinear coefficient for pure and Al-doped

ZnO samples. (d) Barrier height for pure and Al-doped ZnO samples.

Table 2

a, b and jB versus Al content for Al-doped ZnO samples.

A1 content EB (V/cm) a1 a2 a3 B (eV (cm V)1/2) FB (eV)

0.00 694.44 1.82 31.15 2.38 3.2�10�14 1.163

0.025 98 0.31 25.69 1.56 3.11�10�14 1.118

0.05 12.5 0.30 21.01 1.39 8.41�10�14 0.969

0.10 20.59 0.46 16.25 1.64 14�10�14 1.111

0.20 128.21 1.33 20.79 1.92 4.12�10�14 1.205
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EB against Al content is shown in Fig. 3(b). Similar values are listed
in Table 2. It is clear that EB is generally decreased by Al addition
up to 0.05, followed by an increase with further Al up to 0.20. The
values of EB are ranges between 12.5 and 695 V/cm for all
considered samples.

The current–voltage relation of a varistor is given by the
following equation [14,15]:

J ¼ ðE=CÞa (2)

where J is the current density, E is the applied electric field, C is
proportionality constant corresponding to the resistance of an
ohmic resistor and a 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 a [16]. The variation of a against Al
content in the three different regions is shown in Fig. 3(c). Similar
values are listed in Table 2. It is apparent that values of a are
increased by 0.025 Al additions, followed by a decrease at 0.10,
and then increased at 0.20. The values of a are between 16.25 and
31.15 for all samples. From these results, it is determined that the
addition of low amount of Al3+ oxide to ZnO varistor composition
decreased the non-ohmic features and shifted the breakdown
fields to lower values.

Since Schottky-type grain boundary barriers exist in the
present samples, the current density in the ohmic region of the
varistor is related to the electric field by the following formula
[7,17]:

J ¼ AT2 exp½ðbE1=2
�jBÞ=kT� (3)

where A is the Richardson’s, constant {A ¼ (4remK2/h3)}, r is the
varistor density, e is the electronic charge, m is the electronic
mass, k is the Boltzmann constant, h is the Planks, constant, jB is
the interface barrier height and b is a constant. By measuring
the current density in the ohmic region and keeping the
temperature constant, for two different values of applied
fields, the values of jB and b can be easily obtained. The variation
of jB against Al content shown in Fig. 3(d) indicates that jB

decreased by Al addition up to 0.05, followed by an increase
up to 0.20. This behavior is completely consistent with the
behaviors of both nonlinear coefficient and breakdown field
against Al content.

It is well known that electrical conductivity of ZnO samples at
room temperature is controlled by the intrinsic defects generated
at high temperature and also by the presence of dopants, either
specifically added to the materials or not. In the present case, s is
calculated from the (J/E) curves in the first and third regions
(ohmic regions). While, in the second region (nonlinear region),
the current strongly increases due to the decrease of jB. Then, the
conductivity in the nonlinear region is given by [18]

s2 ¼ s1 exp
ða� 1ÞðE2 � E1Þ

E2

� �
(4)

where s1 is the conductivity in the low field region (first region).
E1 and E2 are the values of applied fields across the nonlinear
region. For simplicity, the carrier mobility of 100 cm2/Vs is taken
at room temperature for the considered samples, irrespective of
the sintering temperature or the chemical composition [19]. With
this value, the density of carriers in the conduction band, n, can be
easily calculated in terms of obtained values of electrical
conductivity, sexp ¼ nem. Fig. 4 shows the dc electrical
conductivity as a function of Al content in the three different
regions. Similar values are listed in Table 3. It is clear that addition
of Al generally enhanced the conductivity of ZnO in the three
considered regions. Similar behavior is reported for electron
density, see Table 3. The point to be noted shown in Fig. 4 is that s
decreased around an optimum value of Al content (0.05) as well as
Tc versus carrier concentration in high Tc superconductors [20].

Therefore, there are two different regions around the optimum
concentration of Al. The first is obtained below 0.05 and it is called
under-doped region, while the other is obtained above 0.05 and it
is called over-doped region.

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

Neutral Zn interstitial zinc atom ionized first as

Zn! Znþ þ e; and secondly ionized as

Znþ ! þZnþþ þ e

Such free electrons moves to the conduction band of ZnO and
enhance the conductivity of ZnO. The conductivity of ZnO can be
also increased by extrinsic defects at Zn site such as Al3+. In Zn2+

substitute with Al3+, some of free electrons are released and raise
the conductivity of ZnO through increasing the electron density n.

Therefore, the interaction mechanism between Al and Zn will
be as follows:

1

2
Al2O3 !

1

4
O2 þ AlZ

þ eþ ZnO (5)

AlZ is the ionized Al atom in Zn atom substitution site since Al
acts as a donor. So, Al3+ goes to Zn sites and some additional free
electrons are released. This reaction is consistent with the
behavior of conductivity in the under-doped region (Alr0.05).
With increasing Al addition above 0.05, Al3+ can enter the
structure and prefer interstitial sites of Zn sites and then moving
to the interstitial position. At interstitial position, Al can follow
the following reaction and absorbs an electron [15,21]:

1

2
Al2O3 !

3

4
O2 þ Al� þ P (6)

where Al* is the ionized Al atom in interstitial sites and P is
the charge of positive hole. In this case, the Al behaves as
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Fig. 4. Electrical conductivity for pure and Al-doped ZnO samples.

Table 3
Conductivity and electron density versus Al content in the three different regions

for Al doped ZnO samples.

Al content s1 (O cm)�1 n1 (cm�3) s2 (O cm)�1 n2 (cm�3) s3 (O cm)�1 n3 (cm�3)

0.00 3.00E�12 1.88E+05 3.85E�05 2.41E+12 5.00E�06 3.13E+11

0.025 3.00E�9 1.88E+08 2.78E�05 1.74E+12 2.00E�05 1.25E+12

0.05 1.00E�08 6.25E+08 1.45E�04 9.06E+12 2.00E�04 1.25E+13

0.10 2.00E�10 1.25E+07 1.51E�06 9.44E+10 2.00E�04 1.25E+13

0.20 2.00E�9 1.25E+08 2.53E�06 1.58E+11 2.00E�05 1.25E+12
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an acceptor, dominates the donor effect and decreases the
conductivity. This reaction agrees very well with the conductivity
behavior in the over-doped region (Al40.05), in agreement with
the extra lines observed in the XRD patterns.

Anyhow, the normal state conductivity s300 ant, where n is
carrier concentration and t is relaxation time. So, Al doping
primarily has two different effects; the first is the increase of
electron density and the other is the decrease of t due to
structural distortion induced by the doping [22]. In the under-
doped region, structural distortion is weak and the change of t is
ignorable. So, increasing n improved conductivity. However, in the
over-doped region, structural distortion becomes strong and t
decreases markedly. As a result, conductivity is decreased, but still
higher than undoped ZnO sample.

4. Conclusion

Structural and electrical properties of Zn1�xAlxO ceramic
samples are well investigated. It is found that Al does not
influence the well-known peaks related to wurtzite structure of
ZnO ceramics, and other unknown peaks could be formed with
further Al addition. Furthermore, average crystalline diameters,
deduced from XRD analysis, are between 39.90 and 47.18 nm,
which are 25 times lower than those obtained from SEM
micrographs. Although, addition of Al generally decreased break-
down field, barrier height nonlinear coefficient and barrier height,
the electrical conductivity is improved. The electron density and
structural distortion, produced by Al doping in both under and
over-doped regions, are found to be the main factors responsible
for the present behavior.
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