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Abstract

Antidot nanostructures were fabricated on Ni films by a single-step anodization process of magnetron-sputtered
Al/Ni/W trilayers. Coercivity and saturation magnetization of the Ni layer were tuned by controlling the
anodization time. Transmission electron microscopy was used to investigate the mechanism of the antidot
formation process. The present study provides a simple and direct route for the fabrication of magnetic antidot

nanostructures for device applications.

Highlights

- Anodization of Al/Ni/W films in acidic electrolyte gives antidot Ni layer.

- Coercivity and saturation magnetization behaviour is controlled by anodization time.

- Possible mechanisms of antidot formation in Ni layer suggested.
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1. Introduction

Magnetic nanostructures are of immense interests due to their potential for various applications, ranging from
magnetic storage media [1, 2], memory cells [3], logic operations [4], among many others. For example, magnetic
antidot structures, which are magnetic plain films with holey patterns, have been prepared and investigated for
both memory [5] and magnonic crystal studies [6]. The magnetic properties of the antidot structure, such as
coercivity and magnetoresistance behaviour, can also be controlled by the dimensions of the pores [7, 8]. Such a
structure becomes a promising candidate participating in electronic device research such as transistors, magnetic
field-effect transistor (MAGFET) chipsets and recording media; the continuous nature of antidot array naturally

surpasses the superparamagnetic limit that is otherwise present in dot patterns [2, 9-11].

Various techniques have been employed in the preparation of magnetic antidot structures. Patterns in micrometre
scales can be prepared by photolithography [12]. For nanoscale antidot features, one generally resorts to
techniques such as focused-ion beam lithography and electron-beam lithography [7, 13, 14]. However these
methods of nanoscale pattern fabrication involve expensive equipment and long processing time due to their serial

nature of patterning.

Antidot magnetic nanostructures were reported to be prepared by depositing magnetic films on top of porous
anodic aluminium oxide (AAO) templates [15-17]. An enhancement of coercivity and magnetoresistance was
observed as compared with the plain magnetic films. With the magnetic materials prepared on the top of AAO
pores, however, the effect of AAO template surface roughness on the magnetic properties of the antidot films
cannot be ignored. In addition, the thickness of the magnetic film that can be deposited is limited, as thick films

would seal off the pores and result in continuous film structures.

Here we report the preparation of antidot structure by direct anodization of Al/Ni/W trilayer films. Transmission
electron microscopy confirmed the growth of antidot structures. An enhanced coercivity was observed in samples
with the anodization process extending into the Ni layer. Tunable coercivity was achieved by simply controlling the
anodization time. The technique presented here offers a simple, cost-effective route for the preparation of

magnetic antidot nanopatterns.
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2. Experimental details

Trilayer films of Al (300 nm)/Ni (10 nm)/W (25 nm) were prepared on SiO,/Si substrates by dc magnetron
sputtering. In the trilayer structure, tungsten works as the adhesion layer and to quench the anodization process
[18]. Thin Al layers were used to enhance the uniformity of anodization in Al (and hence Ni), although thick Al
layers are generally used for inducing regular arrangement of pores [19, 20]. Si substrates were cleaned in
ultrasonic baths of acetone and ethanol successively for at least 10 minutes, before they were loaded into the
sputtering chamber and evacuated to a base pressure of 1x10™ Pa or better. Film deposition was carried out at
room temperature. The tungsten layer was deposited with 0.8 Pa Ar, while Ni and Al layers were deposited in an Ar
pressure of 0.2 Pa. All of the layers were prepared with dc power of 70 W. For control purpose, anodization
processes were also performed in Al foils (100 um) and sputter-deposited Al (~1 um)/W (25 nm)/Ti (25 nm) trilayer

samples, using identical anodization conditions.

Constant voltage anodization processes were performed on the samples at 7°C in 0.17M H3PO, solutions [21]. A
LabVIEW programme was used to control the voltage ramping at 1 vs! at the beginning of the anodization process,
and to maintain the constant voltage of 170 V while monitoring the current flow in the circuit for the estimation of
current density. A voltage ramp was used instead of directly applying a high voltage to the samples, in order to
avoid the detachment of the film from the substrate due to the sudden current surge and vigorous reactions. A
constant voltage was maintained once it was ramped to the target value. The acidic electrolyte was stirred
vigorously throughout the process to promote ion diffusion. Magnetic properties of the samples were studied with
vibrating sample magnetometer (VSM) (Lakeshore 7407). Cross-sectional morphologies of the samples were

studied with transmission electron microscope (TEM) (Jeol JEM-2100F).

3. Results and discussions

Fig. 1 (a) to (c) show the current density-time curves for the anodization of Al foil (100 um), Al/W/Ti and Al/Ni/W
samples, respectively; the first two types of samples are control runs for comparison purposes. When the voltage
is ramped up from 0 to 170 V, there is an increase of current because the aluminium oxide formed on the surface

is quickly dissolved by the increasing voltage. Once the constant voltage of 170 V is reached, the current density
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drops due to the continuous formation of aluminium oxide. If there is sufficient Al for sustaining the anodization
process, there is a competition between oxide formation (governed by the strong electric field which drives the
movement of oxygen-containing anions towards Al) and alumina dissolution (field-assisted dissolution and
thermal-assisted dissolution); a dynamic equilibrium of oxide formation process is eventually achieved, during
which a steady current density would be recorded (Fig. 1(a)) [22, 23]. In the cases of Al foil (Fig. 1(a)) and Al film
(Fig. 1(b)), only one current peak can be observed in the corresponding current density-time curves, which is

attributed to the ramping of voltage at the beginning of reaction.

On the other hand, due to the limited thickness of Al layer in our current study, there is insufficient time for the
aluminium anodization process to reach a steady state before the Al layer is completely consumed, as evident from
the current density-time curve that is on the decreasing trend (Fig. 1(b)). It is noted that for the Al/Ni/W trilayer,
two additional current peaks that can be observed at the later part of the reaction apart from the ramping voltage
peak in the Al layer (Fig. 1 (c)); these two peaks correspond to the stages of anodization reaching the Ni and W
layers, respectively. The increase of current indicates the exposure of a conducting (metallic) layer to the
electrolyte, while decreasing current indicates the formation of oxide or the exposure of the insulating substrate
(SiO,) surface. It is therefore the first indication that the Ni layer is oxidized. The increase of current after
consuming the Al film has also been reported in other film structures such as Al/Si and Al/Ti/Si, due to the
oxidation of underlying conductive material [24]. Once the oxidation progresses into these layers, the competing
processes of anodization and oxide dissolution lead to the gradual drop of the recorded current, similar to the case
of Al anodization. We also note here that the sharp spikes in the current-time graphs (e.g. around 1800 s in Fig.
1(c)) arise typically from the exposure of metal layers due to the localized delamination of the film, as a

consequence of gas bubble formation during the reaction.

Anodization of Ni into NiO,, as evident from the current density-time curve, may affect its intrinsic magnetic
properties. To this end, samples with different anodization times were prepared for investigating their magnetic
responses. We assigned the instance at which the reaction reaching the Ni layer and achieving the current peak as

t = 0, with the time before (after) this point assigned as negative (positive). Table 1 summaries the anodization
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time for different Al/Ni/W samples (A to H) prepared in this work, with the accompanying current density-time

curve illustrating the particular moment at which the reaction is terminated for each sample.
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Fig. 1. Current density-time curves of aluminium anodization in 0.17 M H3PO, at 170 V. (a) Anodization of aluminium foil, which shows a
typical peaked behaviour. Inset of (a): voltage profile for anodization of all the samples in this work. (b) Anodization of Al/W/Ti. (c)
Anodization of Al/Ni/W. Inset of (c): magnified current density-time curve in (c), showing the two peaks which appear during the

anodization of Al/Ni/W film apart from the main Al anodization peak.
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Table 1. Al/Ni/W film anodization samples prepared in this work, with the moment at which the reaction terminates for each sample

indicated in the accompanying current density-time curve.

Magnetic properties of the samples in Table 1 were measured by VSM at room temperature, and the results

are shown in Fig. 2. The unanodized trilayer sample shows the narrowest hysteresis loop and the strongest
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magnetization, while the loops widen and show reduced magnetization with increasing anodization time.
Coercivity and magnetization of the samples (normalized against the unanodized trilayer sample’s value)
were extracted from the loops and are shown Fig. 2(b) and (c) respectively, with the black dashed lines in
these figures representing the coercivity and magnetization of the unanodized trilayer sample. It is found
that the coercivity (Fig. 2 (b)) of the samples increases with the anodization time, while the saturation

magnetization decreases (Fig. 2 (c)) upon anodization reaction.
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Fig. 2. (a) Magnetic hysteresis loop of Al/Ni/W films with different anodization time. Plots of coercivity and normalized magnetization,
as a function of anodization time t, are shown in (b) and (c) respectively (t = O correspond to the Ni anodization peak in the current

density-time curve, see Fig. 1(c)).
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The change in the magnetic properties of the samples with anodization time is attributed to the antidot
structure formation in the Ni layer and the formation of NiO,. The 10-nm thick Ni layer is not chemically
inert, and it is possible for ions in the electrolyte to pass through the AAO barrier layer and react with Ni. To
verify this assumption, cross-sectional TEM was prepared for Sample G (Fig. 3(a)). While the AAO pore
structure can be clearly seen, pillars comprising nanocrystals in an amorphous matrix are observed at the
bottom of each pore. Energy-dispersive x-ray spectroscopy (EDX) analysis at the pillar region (Fig. 4(b), to be
discussed in details, shows only the presence of Ni, Al and O, hence eliminating the possibility of W or WO,
in the region. In fact, anodization for WO, exhibits completely different morphology, as evident from cross-
section TEM image of the anodized Al/W/Ti sample (Fig. 3(b)), where no nanocrystal structure can be
observed within the WO,. On the other hand, AlO, formed by anodization process is amorphous, as shown in
the TEM image of the AAO wall in Fig. 3(a) and (b). However, as shown by EDX analysis, the atomic
percentage ratio of oxygen to aluminium obtained from the pillar region (Fig. 4(a), O:Al = 1.14 : 1) is higher
than that obtained from AAO wall (Fig. 4(b), O:Al = 0.46 : 1). Hence, the detected oxygen cannot come solely
from AIO,, meaning that NiO, must be present in the matrix-crystal composite observed in Fig. 3(a). Fig. 3(c)
shows the high resolution TEM image, with d-spacing measured from the nanocrystal structure being 2.064,
which is closer to the reported value for NiO (200) crystal plane [25]. Diffraction pattern obtained from the
pillar region shows both amorphous ring and diffraction spot pattern, the latter of which can be assigned to
NiO (200) plane; we note with caution that although the measured crystal spacings are assigned to those of
NiO, the nickel oxide obtained through the anodization process is likely to be non-stoichiometric. Our TEM
results therefore also support the formation of NiO,. The antidot structure formed is schematically shown in
Fig. 3(d), which consists of the Ni antidot film formed by the sequential anodization of Al and Ni, and the
holey regions are filled with NiO,. A definitive proof of NiO, formation and its exact morphology can be
provided by localized X-ray photoelectron spectroscopy (XPS) or element-specific imaging techniques (such

as electronic-energy loss spectroscopic (EELS) imaging [26]).
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NiO, (200)

Fig. 3. (a) Cross-sectional TEM image of Al/Ni/W film anodized for one hour beyond the Ni peak (Sample G), showing the formation of
NiOy in AAO pore. Inset: close-up of the circled region. (b) TEM image of amorphous WO, formed by anodization of Al/W/Ti film. (c)
High resolution TEM image of nanocrystals embedded in the amorphous matrix within the AAO pore shown in (a). Inset shows the

selected-area diffraction pattern of the region. (d) Schematic diagram illustrating the formation of Ni antidot with the hole filled by NiO,.
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Fig. 4. Energy-dispersive x-ray spectra at (a) the pillar region and (b) at AAO wall. The corresponding peaks for Al, Ni and O are labelled
in the figures. No characteristic peaks for W is observed, and P is detected as residuals of the electrolyte used for the anodization

process.

With the aid of TEM results, the change of magnetic properties is discussed as follows. The formation of
antidot structure in the Ni layer acts as pinning sites that impede the domain wall motion, resulting in the
increase of coercivity [16, 17, 27]. On the other hand, the formation of antiferromagnetic NiO, also can lead
to localized pinning of the Ni/NiO, interface through exchange bias effect [28]. It is well-known that
exchange biased systems can lead to a shift of hysteresis loop, generally accompanied by an enhanced

coercivity [29]. Low temperature VSM was carried at 100 K for sample G, after field cooling from 370 K at 10-
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kOe external field. No shifting of the hysteresis loop centre was observed. This may be due to the small
contact area between NiO, and Ni (edges of antidots) as compared with the volume of the Ni antidot film.
The effect of Ni antidot formation and the NiO, formation both enhanced the coercivity and cannot be
distinguished with the current results. On the other hand, the reduction of measured magnetization is a
result of Ni metal losses by either NiO, formation or dissolving of Ni into the acid electrolyte by prolonged

anodization process.

In our trilayer film structure, it is possible to transfer the Al/Ni film to other substrates and expose the Ni
film by dissolving the WO, layer with buffer solutions (pH = 7.00) [18]. The neutral solution selectively etches
WO, while keeping the structure of AAO and Ni intact. This provides the option of exposing Ni antidot film
for specific applications. Besides, with AAO growing on the top of Ni layer, the dimensions of Ni antidots
such as diameter and spacing of the holes can be tuned by controlling the anodization process [15], which
have been well-studied; this in turn controls the magnetic properties of Ni layer. The anodization of the
proposed film structure thus shows a high tunability and flexibility on the magnetic properties of Ni antidot

layer.

4. Conclusion

Magnetic properties of antidot Ni layer can be tuned by a simple method of single-step anodization on
Al/Ni/W films. Coercivity was increased and saturation magnetization was reduced by increasing the
anodization time. Our study showed a single-step direct patterning of magnetic antidot films. The technique
can be easily extended to the fabrication of regular pore arrays of designated geometries by a simple

prepatterning process [21], thus further increasing the versatility of the technique.
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