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Zng.91Alp7Nip 020 and Zng gpAlg s Nip 050 films of about 250 nm thick were deposited on glass substrates
at 300 K by co-sputtering with ZnO:Al and Ni targets. The films were annealed in vacuum at 673 K for 2 h
and then cooled down to room temperature under a magnetic field of 4.8 x 10* Am~! applied along the
film plane. After this process the films showed room temperature ferromagnetism, a resistivity of about
2 x 1073 Qcm and an average transmittance of 75% in the visible wavelength range. The films have a
wurtzite structure with the c-axis orientation in the film growing direction and consist of thin columnar
grains perpendicular to the substrate. A temperature dependence of the resistivity from 2K to 300K
reveals that the carrier transport mechanism is thermally activated band conduction above 150K and
Mott’s variable range hopping below 70 K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

ZnO films co-doped with Al and transition metal (TM), as func-
tional materials, have been intensively investigated for scientific
and practical interests. Co [1-7], Ni [8-10] and Mn [3] were used as
the transition metal dopants in the Al and TM co-doped ZnO films.
Recently, we have prepared Al and Ni co-doped ZnO films using
direct current (DC) magnetron co-sputtering and have studied their
structural, electrical, optical and magnetic properties [8-10]. The Ni
content in the films ranged from 4 at% to 11 at%. It was found that
for the Al and Ni co-doped ZnO film the ferromagnetic behavior was
enhanced by increasing Ni content. However, the optical transmit-
tance in the visible wavelength range decreased and the resistivity
increased with increasing Ni content. It is desirable to prepare Al
and Ni co-doped ZnO films with high saturation magnetization,
low resistivity and high transparence. While it was reported that
annealing could improve the structural and physical properties of
TM doped ZnO films [11-15], it has not been reported, to our best
knowledge, how vacuum magnetic annealing does to the films. We
report in this paper fabrication of ZnO films with above-mentioned
desirable properties by vacuum annealing under magnetic field.

ZHO.91A10.07Ni0.020 and ZHO.90A10.05Ni0.050 films were deposited
on glass substrates at 300K by co-sputtering ZnO:Al and Ni tar-
gets. The films were annealed in vacuum under a magnetic field
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applied along the film plane and then were cooled down to room
temperature with the magnetic field. The structure of the films
was studied using X-ray diffraction (XRD), atomic force microscopy
(AFM) and field emission scanning electron microscopy (FE-SEM).
The magnetic, electrical, semiconducting and optical properties
were measured by using a vibrating sample magnetometer (VSM),
avan der Pauw method and a spectrophotometer. A magnetoresis-
tance (MR) was measured at room temperature using a four-point
probe technique. A carrier transport mechanism was discussed by
measuring the temperature-dependent resistivity of the films.

2. Experimental

The DC magnetron sputtering system (KYKY Technology Development Ltd.) with
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%Al, 03 target
(99.99% in purity) and the other was a Ni target (99.99% in purity) with 50 mm in
diameter for both targets. The distance between the target and the substrate was
about 100 mm. The glass substrates were ultrasonically rinsed in acetone, in deion-
ized water and in ethanol. The substrate holder was rotated using a stepping motor
during deposition. Prior to deposition, the working chamber was evacuated to a
pressure lower than 2 x 104 Pa using a turbo molecular pump. A load-lock cham-
ber was used to prevent the working chamber from air during sample transfer. About
250 nm thick Ni and Al co-doped ZnO films were deposited on glass substrates at
300K 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%Al, 03 target
was fixed at 200 W and that applied to the Ni target was adjusted between 6 W and
8 W in order to control the Ni content in the films. According to the electron probe
micro—analyzer (JEOL JXA 8100) analysis, Zng.91Alg07Nig020 and Zng goAlp 05 Nig 050
films were obtained. The probe current of 2.0 x 10~ A was applied at an accelerat-
ing voltage of 20 kV with a probe diameter of about 1 wm. The deposition rate was
about 0.2 nms~! and the deposition time was 20 min.
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The Zl’lg,g]Alo_mNio_gzO and an_ggAlo_osNio_oso films were annealed at 673 K,
which is a little higher than the Curie temperature of Ni bulk crystal (627 K), for 2 h
under a vacuum of 2 x 10~3 Pa with a magnetic field of 4.8 x 10* Am~'. The mag-
netic field was applied in the direction parallel to the surface of the films. Finally,
the films were cooled down to room temperature with the magnetic field.

XRD (Rigaku Co.) was used to analyze the crystalline orientation of the films. The
XRD measurements were performed in a standard 6-26 scan using a Cu Ko radiation
filtered by a crystal monochromator (wavelength A = 0.15406 nm). The X-ray source
was operated at a power of 40 kV x 200 mA. Scan speed was 0.1° 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
(Ben Yuan Ltd.).

The magnetic hysteresis loops of the films were measured at room tempera-
ture using VSM (Quantum Design Co.). The magnetic field was applied along the
film plane during the VSM measurement. The magnetization data of the film was
calibrated by subtracting the signal of the substrates. The resistivity and Hall’s coef-
ficient of the films were measured at room temperature using the van der Pauw
method to determine carrier concentration and mobility. Metallic In was used as
electrodes to form the ohmic contact. A temperature dependence of the resistiv-
ity for the films was measured in the temperature range of 2-300K using the
Cryogen-Magnet system of CFM-5T-H3-CFVTI-1.6K-24.5 with the four-point probe
(Cryogenic Inc.). A magnetoresistance (MR) of the films was measured at room
temperature using the Cryogen-Magnet system. During the MR measurement, the
direction of the magnetic field was along the film plane and perpendicular to the
direction of the measuring current. MR is defined as

(H) — R(0)

R
MR = 20 (1)

where R(H) and R(0) are the resistances with and without the applied magnetic field.
The optical transmittance of the films was measured in the wavelength range of
300-800 nm by using the spectrophotometer of CINTRA-10E (GBC Scientific Equip-
ment PTY Ltd.). The optical transmittance was automatically calibrated against a
bare glass as a reference sample.

3. Results and discussion
3.1. Structure
Fig. 1 shows XRD patterns of the ZnggiAlg7Nigo20 and

Zng gpAlg 05Nig 50 films as-deposited and magnetically annealed.
As can be seen from Fig. 1, the XRD patterns show mainly a
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Fig. 1. XRD patterns of the Ni and Al co-doped ZnO films: (a) Zng91Alo.07Nig.020
film, as—deposited, (b) Zng.91Alg7Nio 020 film, annealed, (C) Zng.90Alo05Nig050 film,
as-deposited, and (d) Zng goAlg 05 Nig,50 film, annealed.

Zn0(0 0 2) diffraction peak of hexagonal wurtzite, meaning that the
films have the c-axis orientation perpendicular to the substrate. No
other phases such as Ni, Al and their oxides can be detected in the
films. After magnetically annealing, the intensity of diffraction peak
increases and the peak width narrows, indicating that the crystal
quality of the film is improved by annealing. The peak intensity
weakens and the peak width broadens with increasing Ni content.
Itindicates thatincrease in the Ni content degrades the crystal qual-
ity of the film. It is considered that Ni atoms as an impurity influence
the crystal quality of the Al and Ni co-doped films during film grow-
ing. The average crystallite sizes D can be estimated by Scherrer’s
formula

0.89A
D= posd )

Fig. 2. Cross-sectional FE-SEM microphotographs of the Ni and Al co-doped ZnO films: (a) Zng.91Alg07Nig020 film, as-deposited, (b) Zngg1Alg07Nio 020 film, annealed, (c)

Zno.90Alg05Nio 050 film, as-deposited, and (d) ZnggoAlp.05Nig.050 film, annealed.
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Fig.3. AFM images of the Ni and Al co-doped ZnO films: (a) Zng 91 Alg.07Nio 020 film, as-deposited, (b) Zng 91 Alo.07Nig.02 O film, annealed, (¢) Zng 90 Alp.05 Nig 05O film, as-deposited,

and (d) Zng oAl .05Nig 050 film, annealed.

where A is the X-ray wavelength (0.15406 nm), B is the (002) full-
width at half-maximum intensity and 6 is the Bragg angle. The grain
sizes of the as—deposited Zﬂo.g] A10.07Ni0.020 and Zno.goAlg.osNio_05O
films are calculated to be about 37nm and 23nm. After
magnetic annealing, they increased to 41 nm and 35 nm, respec-
tively. Furthermore, the grain size decreases with increasing the
Ni content.

Fig. 2 shows cross-sectional FE-SEM microphotographs of the
Zl‘lo_91Alo.o7Ni0_020 and 21‘10_90/'\10.05Ni0.050 films as—deposited and
magnetically annealed. As can be seen from Fig. 2, all the films
grow with thin columnar grains perpendicular to the substrate. The
films annealed have a denser structure compared with those as-
deposited. Fig. 3 shows AFM images of the Zng g1 Alp ¢7Nig020 and
Zng 9pAlg o5Nig 050 films as-deposited and magnetically annealed.
As shown in Fig. 3, the films annealed exhibit a larger grain
size relative to those as-deposited. The ZnggiAlgg7Nigg20 film
has a larger grain size compared with the ZngggAlgs5Nigo50
film. These results are consistent with the XRD results. More-
over, the annealing leads to an increase in the film surface
roughness from 6.0nm to 9.2nm for the Zngg;Algg7Nig 20 film
and from 9.3nm to 14.2nm for the ZnggoAlggsNiggs0 film,
respectively.

3.2. Magnetic properties

For the as—deposited ZHO.91A10‘07N10.020 and Zl’lo.goAlo.osNio.oso
films, a ferromagnetic behavior was not observed at room temper-
ature using VSM because of a low Ni content in the films. It was
reported that the Al and Ni co-doped films sputter-deposited at
300K did not exhibit the room temperature ferromagnetism when
the Ni content was lower than 10 at% [8,9].

Fig. 4 shows magnetic hysteresis loops of the Zng g1 Alg 97 Nig,020
and Zng gpAlg o5Nig 050 films magnetically annealed, in which the
magnetic field is applied parallel or perpendicular to the direction
of the annealing magnetic field during the VSM measurements.
As shown in Fig. 4, the films magnetically annealed exhibit room
temperature ferromagnetism. The ZnggoAlgg5Nigo50 film has a
higher saturation magnetization and a larger coercivity compared
with the Zngg1Alg7Nig 020 film. The saturation magnetizations
of the films are smaller than that of the Ni bulk (0.6 ug/Ni).
The magnetic moment per Ni atom at room temperature for
the Zng.goAlgg5Nig.050 film magnetically annealed reaches 0.1 ug,
which is near the best value (0.14 up) of the ZnggsAlgg4Nig.110
film grown at 573K [9,10]. Furthermore, all the films exhibit an
anisotropic magnetization behavior. The saturation magnetization
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Fig. 4. Magnetic hysteresis lOOPS of the Zng o1 A]o_mNio'on and Zl’lg'goAlo‘o5Ni0_gso
films magnetically annealed. H, and H, are the magnetic fields parallel and perpen-
dicular to the direction of the annealing magnetic field.

and residual magnetization at a measuring field parallel to the
annealing field are larger than those at a measuring field per-
pendicular to the annealing field. It indicates that some magnetic
moments align easily along the direction of the annealing magnetic
field. When the magnetic field is applied along the direction of the
annealing field, the magnetic moments rotate easily to the direction
of the measuring field. However, when the magnetic field is applied
perpendicular to the direction of the annealing field, some mag-
netic moments such as those along the annealing magnetic field
could not rotate to the direction of the measuring field. As a result,
the films exhibit the anisotropic magnetization behavior.

Our previous work reported that the metallic Ni clusters con-
tribute mainly to the room temperature ferromagnetism of the
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Fig. 6. Room temperature MR curves for the Al and Ni co-doped films; (O)
Zng91Alp7Nip 020 film, as-deposited, (O) Zng.9oAlp.05Nip,050 film, as-deposited, and
(A) Zng.g1Alg7Nig 020 film, annealed.

Al and Ni co-doped films [10]. Therefore, it is considered that
the room temperature ferromagnetism of the Zngg1Algg7Nig020
and Zng ggAlgo5Nigos50 films magnetically annealed is attributed
to the Ni clusters although they are too small to be detected by
XRD. Fig. 5 shows magnetic force microscope (MFM) images of the
Zng goAlg,05Nig 050 films as-deposited and magnetically annealed.
MFM images were recorded using CSPM5000 (Ben Yuan Ltd.) at
a lift height of 150 nm. As shown in Fig. 5, stripe-like domains
appear for the film magnetically annealed whereas no domain
structure is observed for the film as-deposited. The domain struc-
ture is attributed to the formation of the Ni clusters. Therefore, it is
considered that the magnetic annealing could promote the growth
of Ni clusters in the Al and Ni co-doped ZnO films, resulting in the
room temperature ferromagnetism of the films.

Fig. 6 shows room temperature MR curves for the
Zn0‘91A10'07Ni0,020 and Zno'goAlovosNi0'05O films as—deposited
and magnetically annealed. The ZngggAlposNiggs0 film mag-
netically annealed did not exhibit MR behavior while the other
ones have a positive MR. As it is well known, for a granular film
consisting of ultrafine magnetic clusters in a non-magnetic matrix,
the negative MR is attributed to spin-dependent scattering at the
interface between the magnetic clusters and the non-magnetic

Fig. 5. MFM images of the ZnggoAlg.0sNig 050 films: (a) as-deposited, (b) magnetically annealed.
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Table 1
The resistivities p, the electron concentrations n and the Hall mobilities x of the Al
and Ni co-doped ZnO films.

Film p (2cm) n(cm—3) i (ecm?V-1s1)
As-deposited Zng 91 Alg_07Ni0_020 1.28 x 102 1.13 x 10%° 4.32
As-deposited ZnggoAlg,osNig 050 1.51x1072 1.54x 102 2.74
Annealed Zno.o1 Alg.o7Nig.020 1.98x 103 244x10% 12.94
Annealed aniggAlo_o5Ni0_g5O 2.48 x 1073 2.34 x ]020 10.73

matrix [17,18]. On the other hand, for a diluted magnetic semi-
conductor such as ZnO films doped with transition metals, the
positive MR can be due to the s-d exchange interaction between
the conducting electron and the localized spin of transition metal
ion [19,20]. In the present work, it is considered that the films
contain the metallic Ni (Ni clusters) and the Ni2* ions in the ZnO
lattice [10]. Therefore, the MR is attributed to a total effect of
both the spin-dependent scattering and the s-d exchange inter-
action. A competition between both of them determines whether
the MR is positive or negative. For the Zngg;Algg7Nigg20 and
Zng 9oAlg,o5Nig 50 films as-deposited, the positive MR indicates
that more Ni%* ions exist in the films. As a result, the films could
not exhibit the room temperature ferromagnetism. After the films
are magnetically annealed, the Ni clusters grow and an amount
of the Ni%* ions decreases, leading to a disappearance of the
MR or a decrease in the positive MR. As the Ni clusters grow,
the films magnetically annealed exhibit the room temperature
ferromagnetism as shown in Fig. 4.

3.3. Electrical properties

All the films are n-type semiconductor. The resistivity, free elec-
tron concentration and the Hall mobility are summarized in Table 1.
As shown in Table 1, annealing mainly increases the Hall mobility
in the films. As a result, annealing decreases markedly the resis-
tivity of the films. The films annealed have a resistivity of about
2 x 103 Q cm, which is lower than the resistivity of the Al and Ni
co-doped ZnO films previously reported [8,9]. For the Al-doped ZnO
films, the Zn interstitial atoms, the O vacancies and the Al sub-
stitutional atoms in the Zn lattice sites contribute to donors [21].
Generally, it is considered that Ni2* ions substitute for the Zn?* ions
in the Ni-doped ZnO film [15,22] and the doping of Ni does not con-
tribute to the increase in the carrier concentration for the Ni-doped
ZnO films.

Fig. 7 shows a temperature dependence of the resistivity for the
Zng.91Alg o7Nig020 and Zng ggAlg g5Nig50 films as-deposited and
magnetically annealed. As shown in Fig. 7, the resistivity of the films

20x10°4{ § 4

Resistivity (Q cm)

0 50 100 150 200 250 300
Temperature (K)

Fig. 7. A temperature dependence of the resistivity for the Ni and Al co-doped
ZnO films: (a) Zng91Alpo7Nig020 film, as-deposited, (b) ZnggoAlp.05Nipos0 film, as-
deposited, (C) ZI'lg_g]Al()_(nNio_on ﬁlm, annealed, and (d) Zno_ggAlo_osNio_05o ﬁlm.
annealed.
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Fig. 8. A variation of In(pT3/2) with T-1: () Zng.g1 Alg.07Nip020 film, as-deposited,
(O) Zng 90Alg05Nig 050 film, as-deposited, (A) Zng g1 Alg o7 Nip 020 film, annealed, and
(V) Zl’lg,goAlo_gsNioAgso film, annealed.

decreases with increasing temperature. It exhibits a semiconduct-
ing behavior. Firstly, it is considered that for the ZnO-based films
the free electron mobility is dominated by the ionized impurity
scattering [10,23]. Then the resistivity p of the film is expressed as
[24-26]

%) 3)

-3/2
pxT exp ( T

where T is the absolute temperature. AE, is the activation energy
and k is the Boltzmann constant. According to Eq. (3), for all the
films, a variation of In(pT3/2) with T-! is plotted in Fig. 8. As can
be seen from Fig. 8, a slope at the each point of the plots exhibits
a negative activation energy. It indicates that the ionized impurity
scattering could not dominate the free electron transport in the
films. Secondly, it is considered that the free electron mobility is
dominated by the lattice vibration scattering. The resistivity p of
the film is given by [24-26]

p o« T3 exp (%) (4)

kT

According to Eq. (4), for all the films, a variation of In(pT—3/2)
with T-1 is plotted in Fig. 9. As can be seen from Fig. 9, the plot
cannot exhibit the linear relationship in the temperature range
of 2-300K, meaning that the free electron transport is not domi-
nated by the single scattering mechanism. It is generally considered
that the lattice vibration scattering is predominant at the relatively
high temperature. As shown in the inset of Fig. 9, a good linear
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Fig. 9. A variation of In(pT~3/2) with T-': (O) Zng g1 Alg.07Nio,020 film, as-deposited,

(O) Zng90Alg05Nig 050 film, as-deposited, (A) Zng g1 Alp 07 Nip 020 film, annealed, and
(V) Znp.90Alo.0sNig050 film, annealed. The inset represents the data in the 150-300 K.
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Table 2

The activation energies Ea, Ty data, o data, the densities of localized states N(Er) and the inverse localization lengths « of the Al and Ni co-doped films.
Film Ea (meV) To (K) oo (Scm~1K'2) N(Eg) (cm—3eV-1) a(cm™1)
As-deposited Zng g1 Al.07Nio.020 34 145 970 6.6 x 10%° 3.8x10°
As-deposited an_ggAlg_05Ni0_05O 36 150 880 5.0 x 10" 3.4 x10°
Annealed Zng g1 Alg07Nip020 31 175 7230 3.0 x 10?2 3.1x10°
Annealed Zng.gAlg,05Nio.050 32 185 5730 1.5 x 1022 2.5x 106

dependence having a linearity factor better than 0.990 is exhibited
in the range of 150-300K. The activation energies are calculated
by the slopes of the fitted straight lines and are summarized in
Table 2. They are comparable to the 25-60 meV activation energy
previously reported for shallow donor levels in ZnO and ZnO:Al
[25-29]. For the low temperatures below 70K, the plots shown
in Fig. 9 also exhibit a good linear dependence. The fitted activa-
tion energies are lower than 10 meV, which are smaller than the
data reported. It means that the carrier transport mechanism at
the low temperature is not thermally activated band conduction
for the Zn0.91A10.07Ni0.020 and Zno.goAlo.os Ni0.0SO 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 occu-
pied localized state to the unoccupied one under the favorable
condition. In the Mott’s VRH model, a relationship between the
conductivity o and the temperature T is given by [25,30-32]

To\ /4
o =0T 2 exp _(7) (5)
where o and Ty are expressed as
2 1/2

oo = 3e“vp o |:N(Ep)i| (6)

J8r akT

1603

= WNGE) "

where vp is the phonon frequency (1013 Hz) at Debye’s tem-
perature. N(Eg) is the density of the localized electron states at
Fermi’s level. « is the inverse localization length of wave function
associated with the localized state. Fig. 10 shows a temperature
dependence of the conductivity for the Zngg1Algg7Nigo20 and
Zng 90Alg 05Nig 950 film, plotted as In(oT!/2) versus T-1/4 within
2-70K. As can be seen from Fig. 10, the plots exhibit a good lin-
ear dependence having a linearity factor of 0.990. According to
Eq. (5), the values of Ty are calculated by the slopes of the fitted
straight lines and those of oy are obtained by the intercepts of
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Fig. 10. Avariation of In(6T"/2) with T-/4 within 2-70K; (0) Zng 91 Alp,07Nig02 O film,
as-deposited, (O) Zng.9oAlp.0sNio 050 film, as-deposited, (A)Zngg1Algo7Nip020 film,
annealed, and (V) Zng.goAlo05Nip 050 film, annealed.

the fitted lines and the In(oT!/2) axis. They are listed in Table 2.
Using the data of Ty and o, both N(Eg) and « are calculated using
Egs. (6) and (7) and are also summarized in Table 2. These data are
comparable to those previously reported for the Zng g5Alg 04Nig.110
and ZnO:Al films [10,23]. As shown in Table 2, the films mag-
netically annealed have a higher density of the localized electron
state and a narrower localization length of the wave function com-
pared with those as-deposited. For the annealed Zng g1 Alg g7 Nig 920
and Zng goAlg,05Nig 050 films, the high crystal quality results in the
high free electron concentration and density of the localized state
as well as the narrow localization length of the wave function.
Finally, the carrier transport mechanism in the Zngg1Algg7Nig,020
and Zng ggAlgo5Nigo50 films is Mott’s variable range hopping in
the temperature range below 70K and thermally activated band
conduction above 150 K.

3.4. Optical properties

Fig. 11 shows optical transmittance spectra of the
Zn0_91A10_07Ni0_020 and Zno_90A10_05Ni0_050 films as—deposited
and magnetically annealed. As can be seen from Fig. 11, average
transmittance in the visible wavelength range is around 90%
for the films as-deposited. For the annealed films, the average
transmittance is over 75%, which is better than the transmittance
of the Al and Ni co-doped ZnO films with room temperature
ferromagnetism [9]. The absorption edge of the transmittance for
the films annealed shifts markedly to a short wave length, i.e.,
blueshift. As it is well known, in the direct transition semiconduc-
tor, a relationship between the optical absorption coefficient & and
the optical energy band gap Eg can be given by

o o (hv — Eg)'/? (8)

where h is Planck’s constant and v is the frequency of the incident
photon. Inset of Fig. 11 shows the relationship between « and hv
for the optical absorption edge, plotted as o? versus hv. As can be
seen from the inset of Fig. 11, the linear dependence of o2 on hv
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Fig. 11. Optical transmittance spectra of the Ni and Al co-doped ZnO films: (a)
Zng.91Alg07Nig020 film, as-deposited, (b) ZnggpAlp,05Nip0s0 film, as-deposited, (c)
Zng 91Alpo7Nig 020 film, annealed, and (d) Zng.go Al 05 Nig 05O film, annealed. The inset
represents the plots as a2 versus hv.
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indicates that the Al and Ni co-doped ZnO films are a direct transi-
tion semiconductor. The optical energy band gap Eg is obtained by
extrapolating the straight portion of this plot to the photon energy
axis. The Eg are determined to be about 3.4eV and 3.5eV for the
films as-deposited and magnetically annealed, respectively. The
optical energy band gap widening and the absorption edge blueshift
are attributed to an increase in the carrier concentration based on
the Burstein effect [33-35]. The optical results are consistent with
electrical results.

4. Conclusion

The ZHO.91A10~07Ni0.020 and Zn0.90A10‘05Ni0_050 films were
sputter-deposited on glass substrates and were magnetically
annealed in vacuum at 673K for 2 h. The films have shown room
temperature ferromagnetism, a resistivity of about 2 x 10~3 Qcm
and an average transmittance of 75% in the visible wavelength
range. The films have a wurtzite structure with the c-axis orien-
tation in the film growing direction and consist of thin columnar
grains perpendicular to the substrate. A temperature dependence
of the resistivity from 2 K to 300 K reveals that the carrier transport
mechanism is thermally activated band conduction above 150K
and Mott’s variable range hopping below 70K. The Al and Ni co-
doped ZnO films with the room temperature ferromagnetism, the
low resistivity and the high transparence are successfully obtained.
This functional material has potential applications in the optoelec-
tronic and magneto-electronic devices.
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