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Abstract

Al-doped ZnO (AZO) powders with different Al concentrations were synthesized by coprecipitation method. Crystal structural and dielectric properties
of the powders as a function of aluminum doping concentration as well as annealing temperature were investigated. The XRD results reveal that Al atoms
are doped into ZnO lattice successfully and all the samples are polycrystalline with a hexagonal wurtzite structure. The real part (ε′) and imaginary part (ε″)
of the complex permittivity of the powders were carried out by a vector network analyzer in the microwave frequency range of 8.2–12.4 GHz. The results
show that the ε′ and ε″ of the doped ZnO powders increase with the doping content and both of them are higher than that of the pure one. For the AZO
powder with 7 mol% Al, both ε′ and ε″ increase firstly and then decrease with increasing annealing temperature.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Much attention has been paid to ZnO in recent years due to its
broad applications in UV light-emitters, varistors, transparent high
power electronics, gas-sensing and as a window material for
display and solar cells [1–4]. Doping with other elements can
greatly improve the performance of ZnO [5–13]. Among these
doped ZnO materials, aluminum doped ZnO (AZO) films have
received considerable attention [14–18] because they not only
exhibit excellent optical and electrical properties which are
comparable to those of ITO film [19,20], but also have the
advantage of abundant and cheap raw materials. However, the
application range of AZO materials has been limited by the
limitation of film characteristics.

As the complementation of AZO film material, the AZO
powders show a great power in many applications such as
photocatalyst [21–23], ethanol gas sensor [24], transmitter
[22,25–27], sterilizer [28] and the AZO sputtering target [29].
Furthermore, they can be used as functional filler for anti-static
coatings [30] or microwave absorbing coatings [22,31,32]. Great
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efforts have been made to research the preparation methods and
relevant properties. Unfortunately, the research on the dielectric
properties which has a fundamental effect on its applications in
industrial, commercial and military fields is still lacking. According
to the theoretical calculation made by Huang et al. [33], both the ε′
and ε″ of the doped ZnO powders are higher than those of
undoped one. Al-doped ZnO/ZrSiO4 composite ceramics have
been made by Kong et al. [32]. They found that both dielectric loss
and microwave absorption properties of the composite ceramics are
affected by the Al content. However, to the best of our knowledge
no report has been reported on the effect of annealing temperature
on the dielectric properties of AZO powders, which is crucial for
its potential applications at high temperature.
In this paper, the ZnO powders doped with Al were synthesized

by coprecipitation method and the effects of Al-doped concentra-
tion and annealing temperature on the dielectric properties of AZO
powders were investigated to provide some useful guides to the
high temperature application of this material.

2. Experimental

2.1. Sample preparation

Pure and Al-doped ZnO powders were synthesized by
coprecipitation method and Zn(NO3)2 � 6H2O, Al(NO3)3 � 9H2O
ghts reserved.
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Fig. 1. XRD patterns of AZO with different Al contents.
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and CO(NH2)2 were used as starting material, dopant and
precipitator, respectively. All the chemical reagents were analy-
tical grades and used without further purification.

Firstly, Zn(NO3)2 � 6H2O, Al(NO3)3 � 9H2O and CO(NH2)2
were separately dissolved in de-ionized water. Secondly,
appropriate amounts of Al(NO3)3 � 9H2O solutions were added
into the Zn(NO3)2 � 6H2O solution to obtain desired Al-doping
concentration. In our study, the Al dopant level was defined by
the Al/(Al+Zn) ratio and it varied from 0 to 11 mol%. Finally,
CO(NH2)2 solution was slowly added into these above mixture
solutions. The as-prepared solutions were continually stirred at
80 1C for 1 h to yield precipitates. After filteration, the
precipitates were washed with distilled water and ethanol
several times, dried in air at 120 1C on stove. Pure ZnO and
AZO powders were obtained after the precipitates were
annealed at 500 1C for 1 h.

The following reactions (1)–(5) took place when the mixed
solutions of Zn(NO3)2 � 6H2O, NH3 �H2O and Al(NO3)3 � 9H2O
were heated. The deposition of ZnCO3 � 2Zn(OH)2 �H2O and
Al(OH)(NO3)2 �H2O took place synchronously, which contri-
butes to the coprecipitation of ZnCO3 � 2Zn(OH)2 �H2O and Al
(OH)(NO3)2 �H2O. During the process of annealing, there are
four main chemical reactions described by Eqs. (6)–(9). And the
Al-doped ZnO crystal is formed as the Eq. (9) shows.

COðNH2Þ2 þ 3H2O-CO2↑þ 2NH3H2O ð1Þ

NH3H2O-NHþ
4 þ OH− ð2Þ

2NH3 H2Oþ CO2-2NH4
þ þ CO3

2− ð3Þ

3Zn2þ þ CO2−
3 þ 4OH− þ H2O-ZnCO32Znð OHÞ 2H2O↓

ð4Þ
AlðNO3Þ39H2O-AlðOHÞðNO3Þ2H2O↓þ HNO3 þ 7H2O ð5Þ

ZnCO32Znð OHÞ 2H2O-3ZnOþ 3H2Oþ CO2↑ ð6Þ

2Alð OHÞð NO 3Þ2H2O-Al2O3 þ 2N2O þ 3H2O ð7Þ

Al2O þ ZnO-ZnAl2O4 ð8Þ

Al2O3⟹
ZnO

2AlZn
⋅ þ 2OO þ 1=2O2↑ þ 2e′ ð9Þ

2.2. Sample characterization

X-ray powder diffraction (XRD, X'Pert MPD PRO) with a Cu-
Kα radiation was used to investigate the crystal structures of as-
received powders. For the measurements of complex permittivity,
the as-received powders were firstly dispersed in molten paraffin
wax (the weight ratio of powder to paraffin wax was 80/20), and
then the mixtures were molded into a brass flange to fabricate
rectangular composite samples (22.86 mm(length)� 10.16 mm
(width)� 2 mm(thickness)). The dielectric parameters of the
mixtures were determined by a PNA network analyzer (Agilent
Technologies E8362B, Palo Alto, CA) using wave-guide techni-
que with mode TE10 in the frequency range of 8.2–12.4 GHz.
3. Results and discussions

3.1. Effect of dopant concentration

It is well known that whether atoms or ions added go into
interstitial or substitutional sites mainly depend on the atoms
or ions size and valence difference between guest atoms or
ions and host ions. The radii of Al3+ and Zn2+ are 0.51 and
0.74 Å, respectively. [32,34] When Al dissolves in the ZnO
lattice, there are two kinds of possible site for Al to occupy. Al
atoms may either occupy the sites where Zn atoms would
normally be present or enter the interstitial position of ZnO
lattice [35,36]. In fact, Al atoms prefer to occupy Zn sites in
the form of AlZṅ for two reasons. Firstly, the formation energy
of Al atoms occupying the Zn sites (−5.2168 eV/atom) is
much lower than that of Al atoms going into the interstitial
(−4.7585 eV/atom). [37] Secondly, the interstitial Al would
greatly intensify the lattice distortion of the ZnO crystal lattice.
The X-ray diffraction patterns of Al-doped ZnO powders

with different Al concentrations are shown in Fig. 1. It can be
clearly seen that when the Al concentration ranges from 0 to
7 mol%, the diffraction patterns of the Al-doped ZnO powders
are quite identical to the ZnO figure standard card (Card no.
36-1451) and no diffraction peaks of Al2O3 or other second-
phase inclusions are observed. However, a peak related to
ZnAl2O4 appears when the content of Al is up to 11 mol%.
Except for the characteristics mentioned above, the peaks shift
is also significant (shown in the inset of Fig. 1). The positions
of (100), (002) and (101) diffraction peaks shift to larger angle
as the Al content increases from 0 to 11 mol%, indicating that
the Al atoms have incorporated into the ZnO lattice and
occupied partial Zn sites.
Fig. 2 presents the real part (ε′) and imaginary part (ε″) of

complex permittivity of the prepared AZO powders annealed at
500 1C in air for 1 h. It can be seen that both the ε′ and ε″ of AZO
powders show a general decreasing tendency in the measured
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frequency range, while their absolute values increase significantly
with increasing Al doping content and the real part increase less
rapidly than the imaginary one. When the doped Al content is up
to 11 mol%, the ε′ and ε″ of the sample are 4.3–4.0 and 2.6–2.3,
respectively, with the maximum values in all samples.
Fig. 3. XRD patterns of AZO powders with 7 mol% Al annealed at different
temperatures.

Table 1
The XRD analysis results of the Al-doped ZnO powder annealed at different
temperatures.

Annealing temperature
(1C)

2θ (1) d (nm)

(100) (002) (101) (100) (002) (101)

500 31.708 34.354 36.194 0.28196 0.26083 0.24797
600 31.774 34.421 36.260 0.28139 0.26033 0.24754
700 31.775 34.443 36.261 0.28138 0.26017 0.24753
800 31.702 34.353 36.189 0.28201 0.26083 0.24801
3.2. Effect of annealing temperature

In order to study the effect of annealing temperature on the
dielectric properties of AZO powders, the doped powders with
7 mol% Al were annealed at different temperatures (500 1C,
600 1C, 700 1C and 800 1C). Fig. 3 and Table 1 are the XRD
patterns and XRD analysis results of the doped powders,
respectively. In Fig. 3, it can be observed that the major
diffraction peaks match with the standard powder diffraction
peaks of ZnO and no diffraction peaks of second-phase
inclusions are observed when the annealing temperature is
below 600 1C. When the annealing temperature is higher than
700 1C, the peaks of ZnAl2O4 can be observed and the
intensities of the peaks increase with increasing annealing
temperature. In addition, as displayed in the inset of Fig. 3, the
diffraction angle (2θ) of the peaks first increase and then
decrease dramatically with increasing annealing temperature.
The diffraction angle of AZO powder annealed at 700 1C is the
largest one. This behavior is in good agreement with the XRD
analysis results shown in Table 1. It can be explained by the
position of Al atoms. As mentioned above, the radius of Zn2+

is larger than that of Al3+. When Al atoms occupy Zn sites, the
lattice constants decrease due to the different ion radius, which
makes the diffraction peaks shift in the direction of higher
diffraction angle. However, with increasing annealing tem-
perature, a lot of doping Al atoms that obtained enough
thermal activation energy would react with Zn atoms and O
atoms, which is demonstrated by the formation of ZnAl2O4.
The amount of substitutional Al is reduced, which leads to the
increase of interlayer spacing. According to the Bragg formula,
the diffraction peaks shift to lower diffraction angle.
Fig. 2. Real and imaginary parts of the AZO powders with different Al contents.
From Table 1, it can be observed that when the annealing
temperature is below 700 1C, the interlayer spacing decreases with
increasing annealing temperature, which indicates that the amount
of substitutional Al increases during the annealing process. In
addition, both the diffraction angle and interlayer spacing of the
powder annealed at 600 1C are similar to those of the powder
annealed at 700 1C. This means that the substitution of Zn with Al
has reached the saturation point, which can be further demonstrated
by the formation of second phase ZnAl2O4.
Fig. 4 shows the real and imaginary parts of the permittivity for

the 7 mol% Al-doped powder annealed at different temperatures. It
can be seen that the values of ε′ and ε″ increase firstly and then
decrease with increasing annealing temperature. Additionally, the ε
′ and ε″ of all the AZO powders decrease with increasing
frequency. This phenomenon is favorable to the impedance match
of microwave absorption properties and increasing the bandwidth.
The values of complex permittivity for the sample annealed at
600 1C and 700 1C are very close. The powders annealed at
600 1C and 700 1C have the highest ε″ and ε′, respectively. When
the annealing temperature is up to 800 1C, both the ε′ and ε″
decease rapidly and have the lowest value at all the measured
frequencies.



Fig. 4. Complex permittivity as a function of frequency for 7 mol% Al-doped
powder annealed at different temperatures.
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4. Conclusions

In this study, AZO (Al-doped ZnO) powders prepared by
coprecipitation method have been obtained. The effects of
aluminum doping concentration and annealing temperature on
structural and dielectric properties of the powders were
investigated. The results support the following conclusion:
1.
 The XRD peaks shift to the direction of higher angle with
increasing Al concentration. It proves that the prepared
powders are solid–solutions where Al atoms enter into the
lattice of ZnO at the sites of Zn.
2.
 Both the ε′ and ε″ of AZO powders increase with the
increase of Al dopant concentrations.
3.
 The complex permittivity of the powder is also related to
the annealing temperature. For the 7 mol% Al-doped
powder, the value of ε′ and ε″ are highest when the
annealing temperature is 700 1C and 600 1C, respectively.
Both the lower and higher annealing temperature can lead
to the decrease of complex permittivity.
4.
 These results are important because they show that chan-
ging the doping content or the annealing temperature can
significantly affect the dielectric properties of the AZO powders.
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