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Arrays of Co-doped ZnO nanowires were fabricated by electrodeposition of Zn?* and Co?* into an
anodic aluminum oxide template followed by post-oxidation annealing in an Ar/O, mixed atmosphere.
Transmission electron microscopy showed that the nanowires were uniform with a diameter of about
75 nm. Significant differences in the crystalline structures of samples annealed at different tempera-

tures were observed. Magnetization measurements showed that the Co-doped ZnO nanowires exhibit
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room-temperature ferromagnetism that changed with the annealing temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recent results have shown that ZnO can serve as a host lat-
tice for transition metal ions thus allowing the creation of new
magnetic semiconductor materials [1,2] which may play important
roles in future spintronic devices [3,4]. Very recently, various meth-
ods have been used to synthesize 1-D Co-doped ZnO nanaowires
or nanorods, such as electrochemical process, thermal diffusion
and chemical vapour deposition [5-8]. While the nucleation and
diffusion process of these methods will cause inhomogeneous
distribution of magnetic ions, it is hard to get homogeneous com-
ponent and high doping products. Hence we focused our work
on establishing an easy approach towards the synthesis of homo-
geneous Co-doped ZnO nanowires by a simple electrodeposition
route.

Some researchers have predicted Co-doped ZnO nanaowire is a
most promising candidate for room-temperature ferromagnetism
[5,9]. Several models have been proposed to explain the magnetic
mechanisms, including carrier mediated exchange [10], defect the-
ory [11], and double exchange mechanisms [12].

Compared with bulk and membranous CoxZn;_,O, there have
been less experimental studies for the magnetic properties of
CoxZny_xO nanowires. In this paper, high ordered Co-Zn alloy
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nanowire arrays had been fabricated in AAO membrane via electro-
codeposition process [13,14]. Then the obtained membranes were
annealed in an Ar/O, mixed atmosphere to make sure that zinc
atoms were oxidized to ZnO and the Co?* ions diffused into the
lattice of ZnO. Finally, the Co-doped ZnO nanowire arrays were
obtained. The structural and magnetic properties of the nanowires
were studied in detail.

2. Experimental

Porous anodic aluminum oxide templates were prepared using a two-step
anodizing process. Aluminum foils 0.28 mm thick and with purities of 99.999% were
anodized for 10h at 10°C in 0.3 M oxalic acid solution under a constant poten-
tial of 40V. This process resulted in AAO templates with a pore length of about
40 wm and a nearly uniform diameter of about 75 nm. Afterwards, a 300 nm Cu
layer was sputter-deposited onto one side of the AAO template. This layer served as
the working electrode for the following electrodeposition process.

The electrolytes for depositing Zn-Co alloy nanowires were prepared from
double distilled demineralized water and analytical grade reagents. The sample
name and general electrolyte compositions for the as-deposited and post-annealed
nanowires are shown in Table 1. It should be noted that the atom ratio of Table 1
was chosen strictly to ensure that the as-deposited nanowires were homogeneous,
and does not indicate the Co:Zn ratio in the deposited nanowires. The actual Co:Zn
ratio in the nanowires was determined using energy dispersive X-ray spectroscopy
(EDS) analysis as described below.

The electrodeposition was carried out in an electrobath at —1.35 V (vs. Hg/HgCl).
The temperature of the electrolytes was kept at room temperature and the pH was
held at 5.5. The electrodeposition was kept running until deposited CoZn overflowed
from the nanoholes. After deposition, the samples were thoroughly washed with
demineralized water and ethanol, and dried with hot air. The samples were then
annealed in an Ar/O, mixed atmosphere with flow rates of 10 sccm O, and 240 sccm
Ar. Annealing of the samples listed in Table 1 was performed in a quartz tube, holding
the nanowire sample temperatures at 400, 500, and 600 °C for 4 h, respectively.
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Fig. 1. (a) SEM image of the AAO template with hole diameters of about 75 nm, (b) TEM image of isolated as-deposited Co-Zn nanowires, (c) and (d) isolated nanowire

post-annealed at 400 and 500 °C, respectively.

After deposition, the AAO template containing nanowires was dissolved using
5wt.% NaOH, and washed 3-5 times alternating distilled water and ethanol. The
nanowires were then detached from the substrate by ultrasonic dispersion in 2-3 ml
of ethanol. A drop of the solution was then placed on a Cu grid with a carbon film
and air dried prior to electron microscope analysis.

An Hitachi S-570 field-emission scanning electron microscope (FESEM) and H-
600 transmission electron microscope (TEM) were used to study the morphologies
of the as-deposited and post-annealed nanomaterials. A Philips X'Pert-MPD x-ray
diffractometer (XRD) was employed to determine the different phases and lat-
tice parameters of the nanostructures. The x-ray scan was conducted using Cu-Ka
(A =1.54056 A) radiation over a scan range from 20° to 70°. Magnetic measurements

Table 1
Sample name and corresponding synthesizing parameters.

Sample Annealing temperature (°C) Electrolyte Ingredients

a - ZnCl, 0.2M

b 400 CoCl,6H,0 0.02M

C 500 Na3CgHs5072H,0 03M
KCl 10g/L

d 600 HBO; 40g/L

were carried out with the Quantum Design Model 6000 vibrating sample mag-
netometer (VSM) option for the physical property measurement system (PPMS)
and parameters like specific saturation magnetization (M), coercive force (H.) and
remanence (M;) were evaluated.

3. Results and discussion

The FESEM and TEM images of AAO template, as-deposited
nanowires and post-annealed nanowires are shown in Fig. 1. From
the image of the AAO template (Fig. 1(a)) we can see that the
pores have almost identical diameters of 75nm and spacings of
about 25 nm. Fig. 1(b) is a TEM image of an isolated, as-deposited
Co-Zn nanowire prepared by electrodeposition for 40 min after
removal of the alumina. The diameter of the nanowires is about
75 nm, which corresponds to the pore diameter in the AAO tem-
plate shown in Fig. 1(a). Fig. 1(c) and (d) is TEM image of nanowires
post-annealed at 400 and 500 °C for 4 h with flow rates of 10 sccm
0, and 240 sccm Ar. It may be seen that the nanowire annealed at
400°C had a rough surface. Fig. 1(d) shows an even rougher sur-
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Fig. 2. Typical EDX spectrum taken from individual nanowire of (a) as-deposited
and (b) post-annealed at 500°C.

face on the nanowires annealed at 500 °C. In addition, the lengths
of the nanowires annealed at 500°C are irregular unlike the as-
deposited ones. Which can be due to the large mismatch between
the thermal expansion coefficient of nanowires and alumina. In the
process of annealing, the volume of nanowires can shrink due to the
relaxation structure of as-deposited nanowires, and when cooled
to room temperature, the nanowires with high aspect ratio con-
tract more than the AAO templates in wire axis, which can produce
a break of the originally continuous nanowires.

To precisely define the chemical composition of the nanowires,
energy dispersive X-ray spectroscopy (EDS) was used to get the
composition of a single nanowire separated from the AAO tem-
plate. The results are shown in Fig. 2. The Co peak is clearly shown
in the EDS spectrum, and the ratio of the areas of the peaks is
Zn:Co=96.2:3.8.

Fig. 3 shows the XRD pattern of the as-deposited Co-Zn alloy
nanowires and the nanowires post-annealed in an Ar/O, mixed
atmosphere at 400 and 500 °C for 4 h. The crystalline structures of
the nanowires annealed at different temperatures are significantly
different. Fig. 3(a) shows the XRD patterns of the as-deposited
Co-Zn alloy nanowires embedded in the AAO template. Only peaks
correspondingtoZn(100)and (10 1)orientations (JCPD Card: 001-
1238) were observed, showing the absence of a secondary phases,
such as zinc oxides or cobalt composites. The crystal structure of
the as-deposited Co-Zn alloy nanowires was determined to be a
hexagonal structure of P63mmc symmetry.

Fig. 3(b) shows the XRD patterns of the nanowires post-annealed
in an Ar/O, atmosphere at 400 °C. After annealing, besides the Zn
(101)diffraction peak (denoted by an asterisk in the XRD pattern)
from the Zn wurtzite structure, additional peaks from ZnO can be
seen. The peaks around 31.8°, 36.4° and 47.7°, which correspond to
the peaks of the (100), (101) and (102) planes of the hexagonal
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Fig. 3. XRD patterns of aligned Co-Zn nanowires in the AAO template: (a)
as-deposited; (b) post-annealed at 400 °C; (c¢) post-annealed at 500°C and (d) post-
annealed at 600 °C. (*) denotes the Zn peak and (e) denotes the Co oxides peak.

ZnO structure (JCPD Card: 001-1136), indicate the existence of the
ZnO phase. However, there is a slight right shift (A6=0.2°) of the
peaks compared to the standard pattern. The shift may be attributed
to the smaller radii of the cobalt ion which decreases the lattice size
of the zinc oxide. We can therefore conclude that the Co-Zn alloy of
the nanowire has partially transformed into Co-doped ZnO. Fig. 3(c)
shows the XRD patterns of the nanowires post-annealed in Ar/O,
at 500°C. Compared with the sample annealed at 400 °C, this sam-
ple shows only characteristic peaks of ZnO, which suggests that all
Zn atoms in the nanowires were oxidized to ZnO and that the Co
ions took the place of some of the Zn ions in the ZnO crystal lattice.
We can see from this pattern that two new peaks for the (002)
and (110) planes appear at 260 =34.5° and 57.4° in addition to the
(101)and (102)peaks, which shows that the crystallinity of ZnO is
enhanced at the higher annealing temperature. On the other hand,
no trace of a second phase or peaks of Zn alone were detected in this
pattern. Finally in Fig. 3(d) it may be seen that peaks for CoO (JCPD
Card: 042-1300) have appeared suggesting that at least some of the
Co has separated from the ZnO lattice and oxidized. The effects of
annealing on the structural changes in Co-Zn alloy nanowires may
be understood by considering the thermal dynamics. When the zinc
in the nanowires was oxidized to ZnO, Co ions could diffuse in the
ZnO lattice, resulting in more Co substitution and a more homo-
geneous distribution in the ZnO matrix. This is consistent with the
right shiftin peak position observed using XRD in the post-annealed
sample.

Fig. 4 shows the magnetic hysteresis loops of the as-deposited
and post-annealed nanowires. Measurements were carried out
at room temperature with the magnetic field parallel (||) and
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Fig. 4. Magnetic hysteresis loops for nanowires (a) as-deposited and post-annealed
at different temperatures of (b) 400°C,(c) 500°C and (d) 600 °C, respectively.
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perpendicular (L) to the long axis of nanowires. The correspond-
ing magnetic fields are designated as H, and H,, respectively.
As-deposited Co-Zn alloy nanowires exhibit soft magnetic behav-
ior with H¢=1000e, as shown in Fig. 4(a), which reflects the
intrinsic magnetism of the CoZn alloy nanowires. For the sam-
ples annealed at different temperatures, the coercivity (H¢) and
remanence (M;/M;), which depend on the magnetic anisotropy,
first increases with the increasing annealing temperature, amounts
to a maximum (H¢ =925 Oe and M;/Ms=69%) at 500°C, and then
decreases again with the further increase of annealing temperature.
In the whole temperature range, the coercivity of parallel direction
islarger than that of perpendicular direction, indicating the effect of
shape anisotropy. So the difference of the magnetic hysteresis loops
may be attributed to the competition between shape anisotropy
and magnetocrystalline anisotropy. For the samples annealed at
400°C, cobalt will exist as substitutional ions as the oxidation of
zinc to ZnO, but the absence of (00 2) diffraction peak in Fig. 3(b)
indicates a crossover of the orientation of shape anisotropy and
magnetocrystalline anisotropy, there by leading to a weak excess
coercivity. For the samples annealed at 500°C, however, a rela-
tively stronger (00 2) reflection appears, implying that the primary
hcp phase with magnetocrystalline easy axis parallel to the wire
axis, i.e. the orientation of magnetocrystalline anisotropy is con-
sistent with the one of the shape anisotropy. Then there would
be an improvement of coercivity and an additional increasing in
the squareness at the nanowires. On the other hand, we can con-
clude that high-temperature annealing at 600 °C leads to weakened
magnetic properties and little magnetic anisotropy from Fig. 4(d),
which may be due to the partial of cobalt oxidation to cobalt oxides
at higher annealing temperatures (Fig. 3(d)), and which show anti-
ferromagnetism at room temperature. This is an important factor
which may affect the magnetism of the nanowires.

The effects of annealing on the magnetic properties of Co-doped
ZnO nanowires may be understood by considering the structural
changes after each annealing step. It is very likely that a rearrange-
ment of dopants within the nanowires takes place at 400 °C, which
helps the system reach the conditions necessary for coupling of the
magnetic impurities with a resultant increase in the magnetiza-
tion. When the sample was annealed at a temperature of 500°C,
more zinc reacted to form the oxide and the preferred orientation
changed accordingly, as shown in Fig. 3(c). This enabled the system
to reach its optimum condition for increased magnetization. High-
temperature annealing at 600 °C, however, may lead to oxidation of
cobalt, which is agreement with the XRD result of Fig. 3(d). Hence,
the magnetic properties are weakened.

4. Conclusions

In summary, Co-doped ZnO nanowires with diameters of
75 nm were successfully prepared by post-annealing Co-Zn alloy
nanowires electrodeposited in AAO templates. It was found
that the crystal texture and magnetization of the post-annealed
nanowires strongly depended on the annealing temperature. In
samples annealed at 400°C, the as-deposited Co-Zn alloy was
partially oxidized to Co-doped ZnO, with a resultant coercivity
of H.=590 Oe and squareness M;/Ms =44%. For samples annealed
at 500°C, the as-deposited nanowires completely changed into
Co-doped ZnO, with stronger magnetic properties: H.=925Oe
and squareness M;/Ms=69%. However, samples annealed at
still higher temperatures show weakened magnetic proper-
ties.
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