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About 300 nm-thick Zn0.87Al0.06Ni0.07O, Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films were deposited on
glass substrates at 300 K by co-sputtering ZnO:Al and Ni targets. The films were annealed in vacuum at 673 K
for 2 h under a magnetic field of 4.8×104 A/m applied along the film plane and then were cooled down to
room temperature without magnetic field. All the films have a wurtzite structure and consist of thin
columnar grains perpendicular to the substrate. The annealing promotes the (002) orientation growth in the
film growing direction for the Zn0.87Al0.06Ni0.07O and Zn0.83Al0.06Ni0.11O films as well as the (100) orientation
growth for the Zn0.81Al0.04Ni0.15O film. The annealing results in a slight increase in the grain size. A weak Ni
diffraction peak was detected for the annealed films with high Ni content. The annealing enhances the
room temperature ferromagnetism of the films. A temperature dependence of magnetization confirms
that the Curie temperature is above 400 K for the annealed films. The films magnetically annealed exhibit
an anisotropic magnetization behavior. The annealed Zn0.87Al0.06Ni0.07O film has the lowest resisti-
vity (8.73×10−3Ω cm), the highest free electron concentration (1.73×1020 cm−3) and Hall mobility (4.16
cm2V−1 s−1). A temperature dependence of the resistivity from 50 K to 300 K reveals that the carrier
transport mechanism is Mott's variable range hopping in the low temperature range and thermally activated
band conduction in the high temperature range.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

ZnO films co-doped with Al and transition metals are important
function materials for optoelectronic and magnetoelectronic applica-
tions. The transition metals generally used are Co and Mn [1–5].
Recently, we have prepared the Ni and Al co-doped ZnO films on glass
substrates by direct current (DC) magnetron co-sputtering [6,7]. The
films had the room temperature ferromagnetism, dependent on the
deposition temperature and the Ni content. Furthermore, the film,
which exhibited the better ferromagnetic behavior, had the relatively
high resistivity. It is a significant work to prepare the Ni and Al co-
doped ZnO films having better electrical and ferromagnetic behaviors
for their potential applications.

Annealing could improve the structural and physical properties of
ZnO films doped with transition metals. Cho et al. [8] heat-treated
CoFe doped ZnO films at 823 K for 10 min by rapid thermal annealing
under vacuum. They found that the rapid thermal annealing led to a
remarked increase in the magnetization and the electron concentra-
tion of the films. Hsu et al. [9] investigated systematically the
annealing effect on structure and magnetism for Co doped ZnO
films under air, Ar and Ar/H2 atmospheres at 523 K. The saturation
magnetization varied drastically for the different annealing processes.
They found that the ferromagnetism of the films was strongly
correlated with the oxygen vacancies in the ZnO lattice. Khare et al.
[10] annealed Zn0.98Co0.02O films in reducing or oxidizing atmosphere
at 673 K. They observed that the magnetization of the film decreased
after every annealing regardless of reducing or oxidizing atmosphere.
Huang et al. [11] reported that for the Co doped ZnO films annealed in
air the saturation magnetization decreased with increasing annealing
temperature. Liu et al. [12] sputter-deposited Ni doped ZnO films and
heat-treated them by rapid thermal annealing at 1073 K for 10 min in
Ar gas environment. They found that the heat-treatment increased
markedly the magnetization of the films and destroyed the ZnO
crystallinity.

Among many techniques to prepare materials, magnetic field
annealing plays an important role on microstructures and magnetic
properties of the magnetic materials. Harada et al. [13] reported an
effect of magnetic field annealing on grain growth in nanocrystalline
Ni produced by electrodeposition. Chung et al. [14] found that Ni tapes
magnetically annealed showed a stronger texture and a better
magnetic domain structure than those annealed without magnetic
field. Coisson et al. [15] prepared 30 nm-thick Co50Fe50 films on glass
substrates by sputtering and annealed the films under amagnetic field of
100 Oe. They found that the magnetic field annealing affected the

http://dx.doi.org/10.1016/j.tsf.2010.07.045
mailto:qiuhong@sas.ustb.edu.cn
http://dx.doi.org/10.1016/j.tsf.2010.07.045
http://www.sciencedirect.com/science/journal/00406090


Fig. 1. XRD patterns of the Ni and Al co-doped ZnO films; (a) Zn0.87Al0.06Ni0.07O film, as-
deposited, (b) Zn0.83Al0.06Ni0.11O film, as-deposited, (c) Zn0.81Al0.04Ni0.15O film, as-
deposited, (d) Zn0.87Al0.06Ni0.07O film, annealed, (e) Zn0.83Al0.06Ni0.11O film, annealed,
(f) Zn0.81Al0.04Ni0.15O film, annealed. The standard diffraction pattern of wurtzite
hexagonal ZnO is also shown.
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ferromagnetic behaviors of the films. It has not been reported how
a vacuum magnetic annealing influences structural and physical
properties of the ZnO-based films doped with transition metals. In
the present work, Zn0.87Al0.06Ni0.07O, Zn0.83Al0.06Ni0.11O and
Zn0.81Al0.04Ni0.15O films are deposited on glass substrates at
300 K by co-sputtering ZnO:Al and Ni targets. Then the films are
annealed in vacuum under a magnetic field applied along the film
plane. The structure of the films is studied using X-ray diffraction
(XRD), atomic force microscopy (AFM) and field emission scanning
electron microscopy (FE-SEM). The magnetic, electrical and
semiconducting properties are measured by using a vibrating
sample magnetometer (VSM) and the van der Pauw method. A
carrier transport mechanism is discussed by measuring the
temperature-dependent resistivity of the films.

2. Experimental procedure

The DC magnetron sputtering system used (KYKY Technology
Development Ltd.), which has two targets inclined at an angle of 45°
to the same substrate, has been described elsewhere in detail [16].
One target was a sintered ceramic ZnO+2 wt.%Al2O3 target (99.99%
in purity) with 50 mm in diameter and the other was a Ni target
(99.99% in purity) with 50 mm in diameter. The distance between the
target and the substrate was about 100 mm. A load-lock chamber was
used to prevent the working chamber from air during changing a
sample. The glass substrates were ultrasonically rinsed in acetone, in
deionized water and in ethanol. About 300 nm-thick Ni and Al co-
doped ZnO films were deposited on glass substrates at 300 K by co-
sputtering under an Ar gas (99.9995% in purity) pressure of 1 Pa.
During the sputter-deposition, the sputtering power applied to the
ZnO+2 wt.%Al2O3 target was fixed at 200 W and that applied to the
Ni target was respectively adjusted to 10 W, 14 W and 18 W in
order to control the Ni content in the films. According to the energy
dispersive X-ray spectroscopy analysis, the Zn0.87Al0.06Ni0.07O,
Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films were obtained.
The deposition rate was about 0.25 nm/s and the deposition time
was 20 min. The substrate holder was rotated using a stepping
motor during deposition in order to obtain a uniformly thick film.
Prior to deposition, the working chamber was evacuated to a
pressure lower than 2×10−4 Pa using a turbo molecular pump.

Magnetic annealing was carried out in vacuum lower than
2×10−3 Pa. After the heat-treatment chamber was evacuated using a
turbo molecular pump, the Ni and Al co-doped ZnO films were heated to
673 K without magnetic field and then were annealed at 673 K for 2 h
under a magnetic field of 4.8×104 A/m applied along the film plane.
Finally, the films were cooled down to room temperature without
magnetic field.

XRD (Rigaku Co.) was used to analyze the crystalline orientation and
the lattice constant of the films. The XRD measurements were
performed in a standard θ–2θ scan using a Cu Kα radiation filtered by
a crystal monochromator (wavelength λ=0.15417 nm). The X-ray
source was operated at a power of 40 kV×200 mA. Scan speed was
0.1 deg/s and scan step was 0.02° . FE-SEM (Zeiss Co.) was used to
observe the crystalline structure of the films. Surface smoothness and
morphology of the films were investigated using AFM of CSPM5000
(Ben Yuan Ltd.).

A magnetization curve of the films was measured at room
temperature using VSM (Quantum Design Co.). The magnetic field
was applied along the film plane during the VSM measurement. The
magnetization data of the film were calibrated by subtracting the
signal of the substrate. A temperature dependence of the magnetiza-
tion for the annealed Ni and Al co-doped films was measured from
50 K to 400 K. First, the film was cooled down to 50 K at zero field.
Then the magnetization data were taken with warming up under a
magnetic field of 8.0×104 A/m applied along the film plane. The
warming rate is approximate to 5 K/min. The resistivity and the Hall
coefficient of the films were measured at room temperature using the
van der Pauwmethod. The carrier concentration and the Hall mobility
were calculated in terms of the resistivity and the Hall coefficient. A
temperature dependence of the resistivity for the films was measured
in the temperature range of 50–300 K (Quantum Design Co.).

3. Results and discussion

3.1. Structure

Fig. 1 shows XRD patterns of the Ni and Al co-doped ZnO films as-
deposited and magnetically annealed. As can be seen from Fig. 1, all the
filmshave awurtzite structure. For the as-depositedfilms, theZnO(100),
ZnO(002), ZnO(101) and ZnO(110) diffraction peaks are observed. For
the annealed films, the Zn0.87Al0.06Ni0.07O and Zn0.83Al0.06Ni0.11O films
mainly show the ZnO(002) peak and the Zn0.81Al0.04Ni0.15O film mainly
exhibits the ZnO(100) peak. It indicates that the annealing promotes c-
axis preferential orientation growth for the Zn0.87Al0.06Ni0.07O and
Zn0.83Al0.06Ni0.11O films as well as the (100) preferential orientation
growth for the Zn0.81Al0.04Ni0.15O film. Using the measured XRD peak
intensity, the texture coefficientY(hkl) of aplane (hkl) for thefilmcanbe
given by

YðhklÞ = IðhklÞ= IbðhklÞ
∑ð1 =NÞ × ½IðhklÞ= IbðhklÞ�

ð1Þ

where I(hkl) is the measured XRD peak intensity of the plane (hkl) of
the film, Ib(hkl) the standard XRD peak intensity of the plane (hkl)
and N the number of the reflection diffraction peak [17]. In this case,
the value of Ib(hkl) comes from that of the ZnO bulk [18]. The Y values
of the as-deposited films are summarized in Table 1. As shown in
Table 1, for the as-deposited films the c-axis preferential orientation
in the film growing direction weakens with increasing the Ni content.
It is consistent with the result reported previously [7]. It is considered
that large amounts of Ni atoms as impurity influence a nucleation at
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Table 1
Texture coefficients Y of the as-deposited films.

Film Y(100) Y(002) Y(101) Y(110)

Zn0.87Al0.06Ni0.07O 0.75 1.97 0.81 0.47
Zn0.83Al0.06Ni0.11O 1.66 0.60 0.72 1.02
Zn0.81Al0.04Ni0.15O 1.57 0.58 0.60 1.25
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the initial stage of the film growth and incorporate in the growing
films, resulting in a deterioration of the c-axis preferential orientation
of the films. No diffraction peaks of Ni, Al and their oxides are detected
for the as-deposited films. However, the Ni(111) diffraction peak is
observed for the Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films
magnetically annealed. The mean crystallite size D of Ni can be
given by Scherrer's equation

D =
0:89λ
βcosθ

ð2Þ

where λ is the X-ray wavelength (0.15417 nm) and β the half-height
width of the X-ray diffraction peak. θ is the Bragg angle. Using Eq. (2),
according to the β value of the Ni(111) peak, the mean crystallite size
of Ni is calculated to be about 20 nm. It is considered that the Ni nano-
clusters exist in the Ni and Al co-doped ZnO films as-deposited and
annealed although they can't be detected by XRD for the as-deposited
films. We do not exclude the possibility forming the Ni nano-clusters
small enough not to be detected by XRD. The Ni nano-clusters could
exist at the grain boundaries in the polycrystalline films consisting of
fine grains. After the films were magnetically annealed, the Ni nano-
clusters grew and could be detected by XRD. In fact, X-ray
photoelectron spectroscopy has also revealed that the metallic Ni
existed in the Ni and Al co-doped ZnO films [19].

According to the XRD measurements, spacings of the (100),
(002), (101) and (110) planes in the Ni and Al co-doped ZnO films
can be obtained. Then the lattice volume of the films as-deposited
and annealed are calculated and summarized in Table 2. As shown in
Table 2, for the as-deposited Zn0.87Al0.06Ni0.07O film, the lattice
volume is smaller than that of the ZnO bulk (47.62×10−3 nm) [18].
Ionic radii of Al3+ (0.57 Å) and Ni2+ (0.69 Å) are smaller than ionic
radius of Zn2+ (0.74 Å). Therefore, the substitution of the Al3+ and/
or Ni2+ ions for the Zn2+ ions results in the decrease in the
lattice volume of the as-deposited Zn0.87Al0.06Ni0.07O film. For the
Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films, their lattice volumes
are larger than that of the ZnO bulk. Furthermore, the lattice volume
increases with increasing the Ni content. It suggests that some Ni
and/or Al atoms enter into the interstitial sites of the ZnO lattice. The
lattice volumes of the annealed films shrink compared with the as-
deposited films and are smaller than that of the ZnO bulk. It means
that the interstitial Ni atoms aggregate forming the Ni clusters
during the magnetic annealing process. The Ni clusters could exist at
the grain boundaries for the polycrystalline films. It should be noted
that the Ni(111) diffraction peak from the Ni nano-clusters has been
observed for the Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films
magnetically annealed.

Fig. 2 shows FE-SEM microphotographs of the Ni and Al co-doped
ZnO films as-deposited and magnetically annealed. As can be seen
Table 2
Lattice volumes of the as-deposited and annealed films.

Film Treatment Lattice volume (×10−3 nm3)

Zn0.87Al0.06Ni0.07O As-deposited 47.53
Zn0.83Al0.06Ni0.11O As-deposited 47.82
Zn0.81Al0.04Ni0.15O As-deposited 48.12
Zn0.87Al0.06Ni0.07O Annealed 47.41
Zn0.83Al0.06Ni0.11O Annealed 46.96
Zn0.81Al0.04Ni0.15O Annealed 47.22
from Fig. 2, all the films growwith thin columnar grains perpendicular
to the substrate. Fig. 3 show AFM images of the Ni and Al co-doped
ZnO films as-deposited andmagnetically annealed. As shown in Fig. 3,
the grain size of the films slightly decreases with increasing the Ni
content. It is attributed to the impurity effect of Ni on the film
structure. Namely, the more Ni atoms as impurity can lead to a high
nucleation density at the initial stage of the film growth, decreasing
the grain size of the film. The magnetic annealing promotes a slight
growth of the grain size. Root mean square (RMS) roughnesses of the
Zn0.87Al0.06Ni0.07O, Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films as-
deposited are 4.6±0.1 nm, 4.3±0.1 nm and 5.0±0.1 nm, respec-
tively. After magnetically annealed, the RMS roughness of the
Zn0.83Al0.06Ni0.11O film doesn't change markedly whereas the rough-
ness of the Zn0.87Al0.06Ni0.07O film decreases to 2.48±0.07 nm and
that of the Zn0.81Al0.04Ni0.15O film increases to 6.0±0.2 nm.

3.2. Magnetic properties

Fig. 4 shows magnetization curves of the Ni and Al co-doped ZnO
films as-deposited and magnetically annealed. For the films as-
deposited, the Zn0.87Al0.06Ni0.07O film doesn't show any magnetic
behavior whereas the Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O
films exhibit magnetic hysteresis loops at room temperature,
meaning that they have the room temperature ferromagnetism.
After magnetically annealed, the Zn0.87Al0.06Ni0.07O film also has the
room temperature ferromagnetism as shown in Fig. 4. Furthermore,
the magnetic annealing markedly increases the saturation magne-
tization and the coercive force of the films. As a comparison, the Ni
and Al co-doped films were annealed in vacuum at 673 K without
magnetic field and their magnetization curves were measured by
VSM. Fig. 5 shows the magnetization curves of the Ni and Al co-
doped ZnO films annealed without magnetic field. Comparing Fig. 4
with Fig. 5, it can be concluded that the magnetic annealing more
effectively enhances the saturation magnetization of the Ni and Al
co-doped ZnO films relative to the annealing without magnetic field.
In the present work, according to the XRD results, it is believed that
the room temperature ferromagnetism of the films is attributed to
the Ni nano-clusters forming in the films. It has been reported that
for the Co doped ZnO films the room temperature ferromagnetism
originates from the nano-sized Co clusters [20]. It has also been
suggested that the ferromagnetism in the Co doped ZnO bulk is
probably due to small clusters of second phase segregation [21]. For
the as-deposited Zn0.87Al0.06Ni0.07O film, the Ni nano-clusters are too
small to exhibit the room temperature ferromagnetism due to a low
Curie temperature. The Curie temperature of the Ni nanocrystals
decreased with decreasing the nanocrystal size and decreased
dramatically when the nanocrystal size decreased below 10 nm
[22]. For the Ni and Al co-doped ZnO films, the high Ni content and
themagnetic annealing increase the size of the Ni nano-clusters. As a
result, the Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O films as well as
all the films annealed exhibit the room temperature ferromagne-
tism. The high saturationmagnetization, residual magnetization and
coercivity of the Zn0.81Al0.04Ni0.15O film magnetically annealed are
attributed to a good crystallinity of the Ni nano-clusters.

Fig. 6 shows a temperature dependence of themagnetization (M–T
curve) for the Ni and Al co-doped ZnO filmsmagnetically annealed. As
can be seen from Fig. 6, the Curie temperature is above 400 K for the
annealed films. Furthermore, the annealed Zn0.81Al0.04Ni0.15O film has
the least variation of magnetization with temperature. It has been
reported that nanostructured Ni films with a porous thin columnar
grains exhibited a faster decrease in the saturation magnetization
with temperature and a lower Curie temperature compared with the
films having a good crystallinity [23]. Therefore, it is considered that
the Ni nano-clusters in the Zn0.81Al0.04Ni0.15O film magnetically
annealed have a good crystallinity, resulting in the least variation of
magnetization with temperature.



Fig. 2. FE-SEMmicrophotographs of the Ni and Al co-doped ZnO films; (a) Zn0.87Al0.06Ni0.07O film, as-deposited, (b) Zn0.83Al0.06Ni0.11O film, as-deposited, (c) Zn0.81Al0.04Ni0.15O film,
as-deposited, (d) Zn0.87Al0.06Ni0.07O film, annealed, (e) Zn0.83Al0.06Ni0.11O film, annealed, (f) Zn0.81Al0.04Ni0.15O film, annealed.
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Fig. 7 shows the magnetization curves of the Ni and Al co-doped
films magnetically annealed, in which the magnetic field is applied
parallel and perpendicular to the direction of the annealing
magnetic field during the VSM measurements, respectively. As
shown in Fig. 7, all the films exhibit an anisotropic magnetization
behavior. The saturation magnetization and residual magnetization
of the film at a measurement field parallel to the annealing field are
larger than those of the film at a measurement field perpendicular to
the annealing field. It indicates that some magnetic moments align
along the direction of the annealing magnetic field. When the
measurement field is applied along the direction of the annealing
field, all the magnetic moments rotate easily to the direction of the
measurement field. However, when the measurement field is
applied perpendicular to the direction of the annealing field, some
magnetic moments such as those along the annealing magnetic field
could not rotate to the direction of the measurement field.
Therefore, the films exhibit the anisotropic magnetization behavior.
It should be noted that the alignment of magnetic moments is
retained to some extent along the direction of the annealing field
although the films are cooled down to room temperature from 673 K
without magnetic field.
3.3. Electrical properties

All the Ni and Al co-doped films are an n-type semiconductor. The
free electron concentrations, the Hall mobilities and the resistivities
are summarized in Table 3. As shown in Table 3, for the as-deposited
films, the Zn0.87Al0.06Ni0.07O film has the highest free electron
concentration. The Hall mobility of the as-deposited films decreases
markedly with increasing the Ni content. The resistivity is propor-
tional to the reciprocal of the product of carrier concentration and Hall
mobility. Therefore, the resistivity of the as-deposited films increases
with increasing the Ni content. The annealing improves mainly the
Hall mobility of the films. Furthermore, the annealing leads to a
remarkable increase in the free electron concentration for the
Zn0.83Al0.06Ni0.11O film. Finally, the annealing decreases the resistivity
of the Ni and Al co-doped films. The Zn0.87Al0.06Ni0.07O film
magnetically annealed has the lowest resistivity (8.73×10−3Ωcm).

For the ZnO:Al films, Al atoms as donors are substitutively
incorporated at the Zn sites in the ZnO lattice. Generally, it is considered
that Ni2+ ions substitute for the Zn2+ ions in the Ni-doped ZnO film
because Ni2+ ions are prone to be formed in the oxygen environment
[12,24]. Therefore, the doping of Ni doesn't contribute to the increase in
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Fig. 3. AFM images of the Ni and Al co-doped ZnO films; (a) Zn0.87Al0.06Ni0.07O film, as-deposited, (b) Zn0.83Al0.06Ni0.11O film, as-deposited, (c) Zn0.81Al0.04Ni0.15O film, as-deposited,
(d) Zn0.87Al0.06Ni0.07O film, annealed, (e) Zn0.83Al0.06Ni0.11O film, annealed, (f) Zn0.81Al0.04Ni0.15O film, annealed.
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the carrier concentration for the Ni-doped ZnO films. For the Ni and Al
co-doped ZnO films, under the assumption that every substitutive Al
atom provides one free electron, the Al doping efficiency η is given by

η =
n
N

N =
n0 × N0ffiffi
3

p
2 × a2 × c

ð3Þ
where n is the free electron concentration measured. N is the Al
actual concentration in the film when all the Al3+ ions substitute for
the Zn2+ ions in the ZnO lattice. n0 is the number of Zn atoms in an
unit cell and is equal to 2. a and c, which are determined by the XRD
measurements, are the lattice constants along a-axis and c-axis. N0 is
the Al actual atomic content. According to Eq. (3), the Al doping
efficiency is calculated. The maximal Al doping efficiency is obtained
to be about 7% for the Zn0.87Al0.06Ni0.07O film magnetically annealed.
In the present work, the Al doping efficiency is very low. The Al
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Fig. 4.Magnetizition curves of the Ni and Al co-doped ZnO films; (a) Zn0.83Al0.06Ni0.11O
film, as-deposited, (b) Zn0.81Al0.04Ni0.15O film, as-deposited, (c) Zn0.87Al0.06Ni0.07O film,
annealed, (d) Zn0.83Al0.06Ni0.11O film, annealed, (e) Zn0.81Al0.04Ni0.15O film, annealed.

Fig. 6. M–T curves of the Ni and Al co-doped ZnO films magnetically annealed.
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doping efficiency can be controlled by the competition of the
substitution of Ni2+ and Al3+ ions for the Zn2+ ions. As the Ni
content in the films increases, many Ni2+ ions occupy the Zn2+ sites,
leading to a decrease in the Al3+ ions substituting for the Zn2+ ions.
Therefore, the high Ni content lowers the Al doping efficiency and
the free electron concentration in the Ni and Al co-doped ZnO films.
Furthermore, the films growwith thin columnar grains. The Al atoms
not substituting for Zn2+ ions in the ZnO lattice can exist at the grain
boundaries and don't play the donor role. On the other hand, for the
films having the high Ni content, some Ni atoms could enter into the
interstitial sites of the ZnO lattice as indicated by the XRD results and
promote a formation of the defects with incomplete atomic bonds.
The Ni interstitial atoms and the defects could form the scattering
centers of free electrons. Therefore, for the as-deposited films the
Hall mobility decreases with increasing the Ni content. When the
films were magnetically annealed, the crystallinity of the films is
improved as indicated by the AFM results and the Ni interstitial
atoms aggregate promoting the growth of the Ni nano-clusters as
indicated by the XRD results. The Ni nano-clusters could exist at the
grain boundaries. It is considered that the annealing decreases the
defects and the Ni interstitial atoms in the films, decreasing the
scattering centers of free electrons. As a result, the annealing enhan-
ces the Hall mobility in the Ni and Al co-doped ZnO films.
Fig. 5.Magnetizition curves of theNi andAl co-dopedZnOfilms annealedwithoutmagnetic
field; (a) Zn0.87Al0.06Ni0.07O film, (b) Zn0.83Al0.06Ni0.11O film, (c) Zn0.81Al0.04Ni0.15O film.
Fig. 8 show a temperature dependence of the resistance for the Ni
and Al co-doped ZnO films as-deposited andmagnetically annealed. In
Fig. 8, the resistance RT at each temperature is normalized to the
resistance R300K at 300 K. As can be seen from Fig. 8, the resistivity of
the films decreases with increasing temperature. It exhibits a
semiconducting behavior. For the Al-doped ZnO films, the Zn
interstitial atoms, the O vacancies and the Al substitutive atoms in
the Zn lattice sites contribute to donors [25]. Generally, it is
considered that Ni2+ ions substitute for the Zn2+ ions in the Ni-
doped ZnO film [12,24] and the doping of Ni doesn't contribute to the
increase in the carrier concentration for the Ni-doped ZnO films.

The scattering mechanism of the carrier might mainly include
ionized impurity scattering, grain boundary scattering and lattice
vibration scattering. The mean free path L of electrons in the films can
be given by [26]

L =
h
2e

� �
3n
π

� �1
3

μ ð4Þ

where n is the free electron concentration and μ is the Hall mobility.
h is the Planck constant and e is the elementary charge. Using the n
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Fig. 7.Magnetization curves of the Ni and Al co-doped ZnO filmsmagnetically annealed.
The magnetic field is applied parallel and perpendicular to the direction of the
annealing magnetic field during the VSM measurements.

Fig. 8. Temperature dependence of the resistance for the Ni and Al co-doped ZnO films as-
deposited and magnetically annealed. □: Zn0.87Al0.06Ni0.07O film, △: Zn0.83Al0.06Ni0.11O
film, ○: Zn0.81Al0.04Ni0.15O film.
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and μ values obtained, themean free path of the electrons is estimated
to be significantly small relative to the grain size of the films.
Therefore, in this case the grain boundary scattering might be
negligible. The carrier mobility μI due to the ionized impurity
scattering for a non-degenerate semiconductor is given by

μI∝T
3
2 ð5Þ

and that μP due to the lattice vibration scattering is expressed as

μP∝T −3
2 ð6Þ

where T is the absolute temperature [27,28]. For the thermally
activated band conduction, the free electron concentration n can be
given by [29]

n = NC exp −ΔEA
kT

� �
ð7Þ

where NC is a constant related to thematerial andΔEA is the activation
energy. k is the Boltzmann constant.
Table 3
Electron concentrations n, Hall mobilities μ and resistivities ρ of the as-deposited and
annealed films.

Film Treatment n (cm−3) μ (cm2/V s) ρ (Ω cm)

Zn0.87Al0.06Ni0.07O As-deposited 1.50×1020 2.70 1.54×10−2

Zn0.83Al0.06Ni0.11O As-deposited 2.4×1018 0.20 15.5
Zn0.81Al0.04Ni0.15O As-deposited 4.26×1018 0.06 18.9
Zn0.87Al0.06Ni0.07O Annealed 1.73×1020 4.16 8.73×10−3

Zn0.83Al0.06Ni0.11O Annealed 1.27×1020 3.18 1.6×10−2

Zn0.81Al0.04Ni0.15O Annealed 2.35×1018 1.20 2.23
The resistivity is proportional to the reciprocal of the product of
carrier concentration and Hall mobility. First, it is considered that the
free electronmobility is dominated by the ionized impurity scattering.
Using Eqs. (5) and (7), the resistivity ρ of the film is expressed as

ρ∝T −3
2 exp

ΔEA
kT

� �
: ð8Þ

On the other hand, it was reported that the conductionmechanism
due to the thermal activation occurred at temperatures over 200 K for
the ZnO: Al films [30] and the ZnO films [28,31]. According to Eq. (8), a
variation of ln(ρT3/2) with T−1 is plotted in Fig. 9. As can be seen from
Fig. 9, for all the films, the plot over 200 K exhibits a well linear
dependence. However, a negative activation energy is obtained in
terms of the slope of the straight line. It indicates that the ionized
impurity scattering could not dominate the free electron transport in
the films. Then, using Eqs. (6) and (7), the resistivity ρ of the film is
given by

ρ∝T
3
2 exp

ΔEA
kT

� �
: ð9Þ

Fig. 10a shows a temperature dependence of the resistivity for the
Ni and Al co-doped ZnO films as-deposited and magnetically
annealed, plotted as ln(ρT−3/2) versus T−1. As can be seen from
Fig. 10a, the plot can't exhibit the linear relationship in the whole
measuring temperature range of 50–300 K, meaning that the free
electron transport is not dominated by the single scattering mechanism.
It is generally considered that the lattice vibration scattering is
predominant at the relatively high temperature. As shown in Fig. 10b, a
good linear dependence having a linearity factor better than 0.995 is
exhibited in the high temperature region. The activation energy is
calculated in terms of the slope of the fitted straight line. The activation

image of Fig.�7
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Fig. 9. Variation of ln(ρT3/2) with T−1 for the Ni and Al co-doped ZnO films.■: Zn0.87-
Al0.06Ni0.07O film, as-deposited, ▲: Zn0.83Al0.06Ni0.11O film, as-deposited, ●: Zn0.81Al0.04-
Ni0.15O film, as-deposited,□: Zn0.87Al0.06Ni0.07O film, annealed,△: Zn0.83Al0.06Ni0.11O
film, annealed, ○: Zn0.81Al0.04Ni0.15O film, annealed.
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energies for Zn0.87Al0.06Ni0.07O, Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O
films as-deposited are 36 meV, 56 meV and 65 meV while those
magnetically annealed are 35 meV, 54 meV and 54meV, respectively.
Considering the change in the free electron concentration, it can be
said that the activation energy for the thermally activated band
conduction depends on the carrier concentration and the impurity
energy level. An increase in the carrier concentration raises the
Fermi energy to a high level in the energy gap, leading to the
decrease in the activation energy [32]. For the low temperature
region, the plot shown in Fig. 10a also exhibits a good linear
Fig. 10. Variation of ln(ρT− 3/2) with T− 1 for the Ni and Al co-doped ZnO
films. ■: Zn0.87Al0.06Ni0.07O film, as-deposited, ▲: Zn0.83Al0.06Ni0.11O film, as-deposited,
●: Zn0.81Al0.04Ni0.15O film, as-deposited, □: Zn0.87Al0.06Ni0.07O film, annealed,
△: Zn0.83Al0.06Ni0.11O film, annealed, ○: Zn0.81Al0.04Ni0.15O film, annealed.
dependence. The fitted activation energies are lower than 9 meV and
are very small. It means that a different carrier transport mechanism,
i.e., not thermally activated band conduction, dominates at the low
temperatures for the Ni and Al co-doped ZnO films.

At low temperatures the carrier transport mechanism can be
explained using the variable range hopping (VRH)model proposed by
Mott. The electrons hop between the localized states. These localized
states exist inside the energy distribution region of the impurity level
in the energy gap. The electron hops from the occupied localized state
to the unoccupied one under the favourable condition. In the Mott's
VRH model, a relationship between the conductivity σ and the
temperature T is given by [28,30–32]

σ = σ0T
−1

2 exp − T0
T

� �1
4

" #
ð10Þ

where σ0 and T0 are expressed as

σ0 =
3e2νPffiffiffiffiffiffi

8π
p ×

NðEFÞ
αkT

� �1
2 ð11Þ

T0 =
16α3

kNðEFÞ
ð12Þ

where νP is the phonon frequency (≈1013 Hz) at Debye temperature.
N(EF) is the density of the localized electron states at Fermi level. α is
the inverse localization length of wave function associated with the
localized state. Fig. 11 shows a temperature dependence of the
conductivity for the Ni and Al co-doped ZnO films as-deposited and
magnetically annealed, plotted as ln(σT1/2) versus T−1/4. As can be
seen from Fig. 11, the plot can't exhibit the linear relationship in the
whole measuring temperature range of 50–300 K. However, it
exhibits a good linear dependence having a linearity factor of 0.998
in the low temperature range. According to Eq. (10), the T0 value is
calculated in terms of the slope of the fitted straight line and the σ0

value is obtained by the intercept of the fitted line and the ln(σT1/2)
axis. The T0 and σ0 values are summarized in Table 4. Using Eqs. (11)
and (12), N(EF) and α are calculated and also listed in Table 4. As
shown in Table 4, the as-deposited Zn0.87Al0.06Ni0.07O film as well as
the Zn0.87Al0.06Ni0.07O and Zn0.83Al0.06Ni0.11O films magnetically
annealed have the high density of the localized electron state and
the narrow localization length of the wave function. For the Ni and Al
co-doped ZnO films, the high crystallinity results in the high density of
the localized state and the narrow localization length of the wave
Fig. 11. Variation of ln(σT1/2) with T− 1/4 for the Ni and Al co-doped ZnO
films. ■: Zn0.87Al0.06Ni0.07O film, as-deposited, ▲: Zn0.83Al0.06Ni0.11O film, as-
deposited, ●: Zn0.81Al0.04Ni0.15O film, as-deposited, □: Zn0.87Al0.06Ni0.07O film,
annealed,△: Zn0.83Al0.06Ni0.11O film, annealed, ○: Zn0.81Al0.04Ni0.15O film, annealed.
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Table 4
σ0 data, T0 data, inverse localization lengths α and the densities of localized states N(EF) of the as-deposited and annealed films.

Film Treatment σ0 (S cm−1 K1/2) T0 (K) α (cm−1) N(EF)

Zn0.87Al0.06Ni0.07O As-deposited 6365.2 3512.8 8.5×106 3.2×1022

Zn0.83Al0.06Ni0.11O As-deposited 6.0 6565.3 1.1×104 3.6×1013

Zn0.81Al0.04Ni0.15O As-deposited 9.7 23388.4 3.3×104 2.9×1014

Zn0.87Al0.06Ni0.07O Annealed 7676.8 2000.7 7.7×106 4.3×1022

Zn0.83Al0.06Ni0.11O Annealed 11140.3 17211.9 3.3×107 3.9×1023

Zn0.81Al0.04Ni0.15O Annealed 84.1 17314.3 2.5×105 1.7×1017
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function. This result is consistent with that reported previously for the
ZnO:Al films [33]. Finally, the carrier transport mechanism in the Ni
and Al co-doped ZnO film is the Mott's variable range hopping in the
low temperature range and the thermally activated band conduction
in the high temperature range.

5. Summary

The Zn0.87Al0.06Ni0.07O, Zn0.83Al0.06Ni0.11O and Zn0.81Al0.04Ni0.15O
films were sputter-deposited on glass substrates at 300 K and then were
annealed in vacuum at 673 K under the magnetic field. All the films have
a wurtzite structure and consist of thin columnar grains perpendicular to
the substrate. The annealing promotes the (002) orientation
growth in the film growing direction for the Zn0.87Al0.06Ni0.07O
and Zn0.83Al0.06Ni0.11O films as well as the (100) orientation
growth for the Zn0.81Al0.04Ni0.15O film. The annealing results in the
slight increase in the grain size. A weak Ni diffraction peak was
detected for the annealed films with high Ni content. The annealing
enhances the room temperature ferromagnetism of the films. The
Curie temperature is above 400 K for the annealed films. The films
magnetically annealed exhibit the anisotropic magnetization
behavior. The annealed Zn0.87Al0.06Ni0.07O film has the lowest
resistivity (8.73×10−3Ωcm), the highest free electron concentra-
tion (1.73×1020 cm−3) and Hall mobility (4.16 cm2V−1 s−1). The
carrier transport mechanism is Mott's variable range hopping in
the low temperature range and thermally activated band conduc-
tion in the high temperature range.
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