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Exposure of an Al substrate to energetic Ga ions is found to result in enhanced growth rate of its
nanochannels during a subsequent anodization process. Depending on the ion dose, the
nanochannels in the pre-irradiated area exhibit different lengths. This interesting phenomenon is
exploited by scanning a Ga focused ion beam over the desired area to facilitate the fabrication of
arrays of anodic alumina nanochannels with custom-designed super-structure, which is based on the
variation of channel length in different areas. © 2008 American Vacuum Society.
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I. INTRODUCTION

Porous anodic aluminum oxide �AAO� film is widely used
as a template for growing various kinds of nanocompopsites
because its nanochannels have special properties including
high aspect ratio, narrow size distribution, and ordered chan-
nel arrangement.1–10 To date, the average interchannel spac-
ing has been successfully adjusted from �10 to �500 nm,
with the corresponding channel average diameter of �4 to
�200 nm, by varying the anodization voltage from 4 to 200
V.11,12 For a given electrolyte, only when the anodization
voltage lies within a small range, the nanochannels self-
organize into hexagonally closed-packed �HCP�
domains.13,14 However, the domain size of such nanochannel
arrays �simply referred to as self-organized nanochannels
hereafter� is limited below a few microns, which presents a
serious constraint on the application of AAO. To overcome
the limit, an ideally ordered array of nanoholes is artificially
patterned on a finely polished Al foil, and the nanoholes act
as pinning points to guide the growth of long-range ordered
nanochannels �referred to as guided nanochannels hereafter�
in the subsequent anodization process.15–20 The size of such
nanochannel arrays can be as large as 1 cm2,21 and many
potential applications are being realized recently.22
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The guiding nanohole arrays are fabricated by methods
that change different physical or chemical properties of the
Al. For example, when a Ga focused ion beam �FIB� is em-
ployed to fabricate the nanoholes by direct-ion writing,16

geometric holes are created by physical sputtering while the
chemistry of the Ga+-irradiated area is also changed due to
accompanying ion implantation. This work reports that uni-
form irradiation of Al by low dose Ga ion, without creating
any significant geometric reliefs on its surface, leads to
growth rate enhancement of AAO nanochannels during a
subsequent anodization process. By controlling the growth
rate variation, nanochannels with different lengths are fabri-
cated on an Al substrate to achieve a super-structured array
with custom-designed geometry.

II. EXPERIMENT

A high purity �99.99%� annealed Al-foil ��1�1 cm2� is
electro-polished in a mixture of 50% HClO4 and C2H5OH
�volume ratio 1:5� until the root mean square �rms� surface
roughness of a typical 10�10 �m2 area is �1 nm. A 50
keV Ga FIB with a beam diameter of 10 nm and current of
1.1 pA is employed to either deliver uniform ion irradiation
or sputter arrays of nanoholes, which have been shown to
guide the growth of nanochannels in the subsequent anodiza-
tion process. The period and depth of the nanoholes arranged
in HCP geometry are 100 and �3 nm �corresponding dose
of 1016 ions /cm2�, respectively. Anodization of samples is
carried out in 0.3 M H2C2O4 at 3 °C with a voltage of 40 V,
which leads to the growth ��3 �m /h� of self-organized
nanochannel arrays with average interchannel spacing of 100

nm. When needed, the underlying Al substrate is removed by
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a saturated HgCl2 solution at room temperature to gain ac-
cess to the back-side of the AAO film, and the barrier layer
�the continuous oxide layer in the bottom of the nanochan-
nels� is etched in a 5% H3PO4 at room temperature to open
the nanochannels.

III. RESULTS AND DISCUSSION

Figure 1�a� shows an atomic-force-microscope �AFM�
image of a 10 �m AAO film with guided �white hexagons�
and self-organized �surrounding area� arrays of nanochan-
nels. The large black and white contrast in the image reflects
the thickness difference between the guided and self-
organized areas. The top and bottom of the guided nanochan-
nels are longer by 65 and 180 nm, respectively, as indicated
in the schematic of Fig. 1�b�. To better understand the growth
rate enhancement of the guided nanochannels, a much thin-
ner film of 400 nm �10 min� is grown and the length differ-
ences are measured. Surprisingly, the results are found to be
almost identical to that of the 10 �m film �3 h�, indicating
the enhanced growth takes place in the first few minutes of
the anodization and the guided and self-organized nanochan-
nels grow with the same speed afterward.

The detailed surface topography of the guided nanochan-
nels, as shown in the inset of Fig. 1�a�, reveals an interesting
effect of the FIB irradiation on the growth of guided
nanochannels, which has never been explicitly addressed be-

FIG. 1. �a� Top-side AFM image of an AAO film with guided �white regions�
and self-organized �dark regions� nanochannels. �Pores are invisible at this
scale.� The inset shows a detailed AFM image of the pores �80° perspective
viewing angle�. �b� Schematics showing the cross-section of the film in
which the guided nanochannels protrude both upward and downward.
fore. Every guided nanochannel looks like a volcano sitting
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on a plateau. Since a guiding nanohole is fabricated by a FIB
with a Gaussian profile, the ion dose starts to decrease mono-
tonically from the circumference of the hole. The volcano-
like morphology of a guided nanochannel strongly suggests
that higher dose of Ga+-irradiation would enhance the rate of
Al anodization.

To verify the postulate, an Al sample is uniformly irradi-
ated with different doses of Ga and its surface morphology

FIG. 2. The top- �Dt� and bottom-side �Db� height differences between the
AAO film grown on Ga+-irradiated and pristine region of an Al sample as a
function of ion dose. Data for anodization times of 3 and 1 h are included.
�b� Schematics showing the cross-sectional profile of the film in the initial
and final steps of anodization. Modified AAO refers to the film grown on the
Ga+-irradiated area. �c� AAO volume expansion factor, �Dt+Db� /Db, as a
function of Ga+ dose.
after anodization is measured by AFM. In Fig. 2�a�, the top
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�Dt� and bottom �Db� height differences between the irradi-
ated and neighboring pristine areas on AAO films of differ-
ent thickness �10 and 3 �m� are plotted as a function of the
ion dose. Both Dt and Db increase monotonically with the
ion dose and become clearly observable for a dose beyond
�1�1015 ions /cm2. For a given ion dose, Dt and Db of the
10 �m film are similar to those of the 3 �m film �difference
�10%�, indicating that the growth rate of the Ga+-irradiated
area is enhanced only in the initial anodization step and it
becomes essentially the same as that of the pristine area af-
terward.

The enhanced oxidation caused by Ga+-irradiation has an
interesting implication on the volume expansion of the
sample during its anodization. As shown by Fig. 2�b�, in the
initial anodization step, a layer of Al with a thickness of Db

is transformed into AAO with a thickness of Dt+Db. The
volume expansion factor, �= �Dt+Db� /Db, is found to exhibit
clear dependence on the ion dose �Fig. 2�c��. For our regular
AAO, �=1.4, the same as the reported value,11 while for Al
irradiated with 5�1016 ions /cm2, �=1.7, which is 21%
larger than that of the regular AAO.

We speculate that the abnormally large � of AAO formed
in a Ga-irradiated area could be related to the Ga-induced
spontaneous amalgamation of Al. Woodall et al. found that
an Al-Ga alloy �Ga atomic percentage �7%� can continu-
ously react with water to produce hydrogen and a muddy
alumina.23 In a related experiment, a drop of molten Ga was
placed on an Al surface and the Ga appeared to penetrate the
native aluminum oxide and continued to diffuse into the Al
to form Al-Ga amalgam, which reacted with water to form a
muddy alumin.24 Similar catalytic effect of Ga could be re-
sponsible for the enhanced oxidation of Ga-irradiated Al ob-
served in our experiment. According to TRIM simulation,25

the longitudinal range of Ga in Al is 35 nm. Exposed to a
dose of 5�1016 ions /cm2, the atomic percentage of Ga in
Al could reach 9%, higher than that used in Woodall’s ex-
periment. Therefore, our speculation is justifiable.

Although the mechanism of AAO growth-enhancement
induced by either uniform Ga+-irradiation or FIB prepattern-
ing of nanoholes is yet to be clearly understood, these tech-
niques can be employed jointly to fabricate an AAO film
consisting of nanochannels with different lengths. For ex-
ample, four kinds of nanochannel array can be grown simul-
taneously on an AAO film, as indicated in its optical micro-
scope image �Fig. 3�a��. Area A is a pristine Al surface and
therefore forms self-organized nanochannels after anodiza-
tion. Area B is exposed to a uniform dose of 1015 ions /cm2

and therefore forms self-organized nanochannels longer than
that in area A. Additional FIB lithography is conducted on
areas C and D to fabricate arrays of guiding nanoholes using
pixel dwell times of 6 and 12 ms, respectively. The guided
nanochannels grown in area C are therefore longer than the
self-organized nanochannels in B. Because of the longer FIB
dwell time, the guided nanochannels in D are the longest, as
shown by the top and bottom AFM line profiles in Fig. 3�b�.
The example clearly demonstrates that the length of both

self-organized and guided nanochannels on an AAO film can
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be locally varied by a combination of uniform ion-irradiation
and FIB prepatterning using different ion doses.

Creation of length difference between two neighboring
arrays of guided nanochannel by uniform ion-irradiation al-
ways leads to the formation of a transitional region with
slanted surface profile, as shown in Fig. 3�b�. The top of the
nanochannels in the transitional region is perfectly ordered
while the bottom is not as ordered, as indicated by the scan-
ning electron microscope �SEM� images in Figs. 3�c� and
3�d�, respectively. Because the boundary area is a slanted
surface, the stress on the each nanochannel in this region is
hard to balance;26 we speculate the unbalanced stress is the
driving force for gradually destroying the order of an array as
it grows longer. The presence of the slanted surface put a
limit on the edge definition of this lithographic method. By
simply measuring the slopes of the line profiles in Fig. 3�b�,
the top and bottom edge definitions, �xt and �xb, are esti-
mated as �xt�9Dt and �xb�6Db.

Given the above limit on edge definition, if �xt of few
channel-spacing �100 nm� is desired, the maximum of Dt is
on the order of a few tens of nanometers. Such a surface
relief is adequate for a stamp used in nano-imprint.27–29 As
an example, Fig. 4 shows a super-structured AAO fabricated
by a combination of guided nanochannel growth and uniform
Ga+-irradiation. Both the longer �orange� and shorter �blue�
nanochannels are guided and therefore ordered. In principle,
two different materials can be loaded into two types of

FIG. 3. �a� Top view optical microscope image of an AAO film �5 min
anodization time� with self-organized �A and B� and guided �C and D�
nanochannels. The thickness differences, �top+bottom�, between the film on
A and B, B and C, and C and D are �50+100� nm, �400+700� nm, and
�500+800� nm, respectively. �b� Top-side and bottom-side AFM line profiles
along the line indicated by arrows in �a�. �c� Top-side and �d� bottom-side
SEM image of nanochannels on the boundary between areas C �left part�
and D �right part�.
nanochannels respectively and printed onto a substrate to
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form a 2D super-lattice of nanodots. It should also be noted
that AAO nanochannel arrays with much more complex
super-structure, such as multi-level of channel length, can be
easily achieved by irradiating different area with different
ion dose; and such an array can be used to form a much more
complicated 2D super-lattice of nanodots. Since the inter-
channel spacing, the size, and the geometry of the
Ga+-irradiated areas can be varied easily in our fabrication
process, it facilitates the fabrication of a new class of stamps
for nano-imprint.

IV. CONCLUSION

Uniform pre-irradiation of Al with Ga ions enhances the
growth rate of anodic alumina nanochannels. In conjunction
with FIB lithography, the growth rate enhancement has been
exploited to fabricate arrays of guided or self-organized
nanochannels with different lengths arranged in a custom-
designed geometry. The technique opens the possibility of
fabricating arrays of super-structured nanochannels, which
may find applications in various nanofabrication technolo-
gies including for nano-imprint lithography.
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