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Focused-Ion-Beam-Based Selective Closing and Opening of
Anodic Alumina Nanochannels for the Growth of Nanowire
Arrays Comprising Multiple Elements™**

By Nai-Wei Liu, Chih-Yi Liu, Huai-Hsien Wang, Chen-Feng Hsu, Ming-Yu Lai,

Tung-Han Chuang, and Yuh-Lin Wang*

Porous anodic aluminum oxide (AAO) films have been
widely used by researchers as templates for growing arrays of
nanowires because their pores comprise self-aligned nano-
channels with extremely high aspect ratios.'~”! Furthermore,
the nanochannels can be laterally self-organized into domains
of hexagonally closed-packed (hcp) ordered arrays under
certain anodization conditions.®®®! The use of lithographic
guiding techniques such as stamp nanoimprinting,[m] focused
ion beam (FIB) sputtering,'! and laser holographic print-
ing[lzl has extended the number of nanochannels self-
organized within a single ordered domain from merely 107
to a tremendous number of 10'°. Hereafter, single-domain
ideally ordered nanochannel arrays fabricated by lithographic
guiding techniques are referred to simply as ordered arrays for
simplicity.m] The availability of large ordered nanochannel
arrays has inspired researchers around the world to design and
fabricate nanocomposites and nanodevices based on AAO
templates.[*!*l One of the key steps towards the realization of
the full potential of these exciting nanomaterials and better
exploitation of the features of these AAO templates is to
develop techniques for growing different materials in different
regions of an ordered array. In previous work, a method for
fabricating custom-designed arrays of nanochannels by
selectively closing specific regions of the nanochannels using
FIB bombardment has been reported.'>! This method
facilitates the selective growth of materials within open
nanochannels, enabling the creation of a nanocomposite
comprising arrays of filled and empty nanochannels. In order
to take full advantage of the potential of AAO templates, the
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ideal situation would involve filling different regions of an
array with different materials. One conceptually simple and
elegant method to achieve this desired objective is to open the
closed nanochannels again and grow a second material into
these reopened channels. Here, we report the development of a
complete resist-free lithographic process for the selective
closing and reopening of AAO nanochannels using FIB direct
writing. We also demonstrate the potential of this method by
fabricating arrays of Ag/Cu nanowires arranged in various
custom-designed geometries.

The ordered nanochannel arrays used in our experiments
have been prepared by a FIB lithographic guiding process, as
described previously in the literature.'®! The exposure of an
ordered nanochannel to a Ga FIB with different beam energies
results in the formation of different surface morphologies. For
example, upon exposure to a flux of 2.0 x 10°cm 2 30keV
ions, the pores of the nanochannels have been significantly
reduced in size, as clearly shown by the right panel of Figure 1a.
This figure shows a field-emission scanning electron micro-
scopy (SEM, JEOL 6700) image of the boundary between a
pristine (left) and bombarded region (right). Pore size
distributions of arrays exposed to different FIB doses have
been obtained by processing SEM images of the arrays using
commercial software, as shown in Figure 1b. The image
analysis results indicate that the average pore diameter (D) of
an ordered array gradually decreases with increasing ion dose,
whereas the standard deviation of the pore diameter (AD)
tends to increase with increasing ion dose. For example, upon
exposure to a 2.0 x 10'®cm =2 ion dose, D has been reduced by
60%, whereas AD/D increases from 3 to 10%. In other words,
the reduction of the pore diameter by FIB bombardment
compromises the uniformity of the pores on an AAO array.

Plane-view transmission electron microscopy (TEM) studies
of the ion-bombarded array, as illustrated in Figure 1c, reveal
that the average pore diameter of the nanochannels has been
indeed reduced to 20nm upon exposure to a dose of
2.0 x10"*cm™2 ions, providing corroboration for the SEM
results. Furthermore, cross-sectional TEM images (Fig. 1d)
demonstrate that the reduction in the pore diameter occurs
only in the top region of the nanochannels. No noticeable
radiation damage or redeposition of particles sputtered from
the top regions has been observed in the remaining sections of
the nanochannels. Therefore, it is reasonable to conclude that
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Figure 1. a) Scanning electron microscopy image of the border between a pristine (left) and
ion-bombarded area (right) of an ordered nanochannel array. b) Dependence of the diameter
distribution on the ion dose showing the systematic reduction of the mean diameter of the
nanochannels from 55 to 20 nm. Below 20 nm, some of the nanochannels are closed because of
the increasing spread in distribution with increasing ion dose. c) Planar and d) cross-sectional
view transmission electron microscopy images of nanochannels after exposure to an ion dose of

2.0x10"%ecm™2.

closure of the nanochannels is likely closely related to the
redistribution of materials on the top layer of the AAO film,
which is certainly a result of the collisional cascade induced by
FIB bombardment.

The reduction in the pore diameter has been found to be
strongly dependant on the energy of the FIB (Fig. 2). For a
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Figure 2. Dependence of the pore diameter on the ion dosage at different
energies. The average diameter of the nanochannels is monotonically
reduced upon exposure to various ion dosages at different energies.
The inset shows the percentage of closed nanochannels plotted versus
the ion energy.
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dose that is required to induce the complete
. closure of an ordered array with a certain
= ] pore diameter (consistently 55nm in this
\h work); the higher the energy, the lower is the
threshold. For example, the threshold doses
for 40 and 20keV ions are 2.0 x 10'® and
1.0 x 10" em™2, respectively. For ions with
energy below 10keV, such a threshold does
not exist because exposure to an ion dose as
high as 5.0 x 10" cm 2 results only in partial
closure of the arrays and also induces the
surface morphology to become extremely
rough. The changes in the surface morphol-
ogy are manifested as extremely large size
variations of the pores, as shown in Figure 2.
The inset of Figure 2 shows that for a given
ion dose of 5.0 x 10" cm™2, the percentage
of closed nanochannels increases with inc-
reasing ion energy; furthermore, the thresh-
old energy for complete closure of an array
with 55nm pores has been found to be
13keV. Indeed, it has been found that the
larger the size of the pores, the higher
the required threshold energy. Interestingly,
the inability of low-energy FIBs to com-
pletely close nanochannels holds the key to
the reopening of an array that has been
closed by a high-energy beam, as described
in detail below.

The inset of Figure 3 shows a cross-sectional TEM image of
nanochannels after exposure to 2.0 x 10'®cm ™2 of 40 keV ions.
The bombarded nanochannels have been observed to be closed
and capped by a 40nm thick layer of materials that are
somewhat granular in appearance. The thickness of the
capping layer remains the same even after exposure to several
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Figure 3. Capping layer thickness and simulated ion range plotted versus
the Ga* beam energy. The thickness of the capping layer increases with
increasing beam energy; the longitudinal range of Ga™ in alumina (simu-
lated using the TRIM code) exhibits a similar dependence. The inset shows
a cross-sectional TEM image of nanochannels closed using a 40keV FIB,
indicating that the thickness of the capping layer is 40 nm.
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Figure 4. Reopening of closed AAO nanochannels using FIBs of different
energies. The inset shows the cross-sectional TEM image of a capping
layer. Capping layers as thin as 5 nm have been fabricated in the reopening
process upon exposure to a dose of 2.8 x 10" cm™2 of 5 keV ions.

doses of ions, indicating that the capping layer reaches a certain
dynamic equilibrium thickness when the ion dose is larger than
the threshold. The establishment of a dynamic equilibrium
implies that the material sputtered away from the surface of the
capping layer is constantly replenished by the material
relocated by ion bombardment. The replenishment comes
from either the redeposition of particles ejected from the
sidewall of the nanochannels onto the bottom of the capping
layer or the ion-induced migration of material in the capping
layer.[”’ls]

To shed some light into the origin of the capping layer, its
thickness (d.) has been measured as a function of the ion
energy, and the results have been correlated with the simulated
range (R},) of ions in alumina,['*! as shown in Figure 3. For ion
energies between 20 and 40keV, both d. and R, have been
found to be linearly proportional to the ion energy, and their
values are essentially identical within the uncertainties of
experiment and simulation. This observation strongly suggests
that materials within the range of R, are relocated by
ion bombardment to maintain the equilibrium thickness of
the capping layer. For ion energies below 20keV, the average
thickness of the non-uniform capping layer starts to deviate
from Ry, Further reduction of the ion energy to 10keV does
not lead to any observable formation of a capping layer on the
nanochannels, as indicated by the zero average thickness
shown in Figure 3. The deviation of d. from R, at lower ion
energies suggests that the materials relocated by ion
bombardment are not sufficient to replenish the atoms
removed from the nanochannels via sputtering. Clearly, a
detailed mechanism for the ion-induced formation of the
capping layer remains to be clarified by further theoretical
studies, which may rely on important clues provided by the
correlation between d. and Ry, as shown in Figure 3. Since the
low-energy (<10keV) ion bombardment of an array does not
lead to the formation of a capping layer, it is interesting to ask if
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nanochannels that have been closed by a higher energy beam
can be reopened by low-energy beam. To answer this question,
an array has been first exposed to 7.0 x 10'°cm™? of 30keV
ions to form a 35 nm capping layer; subsequently, the array has
been exposed to ions of lower energies. Figure 4 shows the
dependence of the capping layer thickness on the ion dosage
for different beam energies. For 20keV ions, the thickness
decreases with increasing ion dose, finally reaching an
equilibrium thickness of 21 nm, which is almost the same as
achieved by bombarding a pristine array (Fig. 3). For 10keV
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Figure 5. SEM images showing FIB-induced selective closing/opening of
AAO nanochannels: a) the array before ion bombardment, b) complete
closing of the array after exposure to a 30 keV FIB, c) reopening of part of
the array upon 5keV FIB bombardment, and d) closing of part of the
reopened array using a 30keV FIB. e) Plot of the average diameter of a
nanochannel array as a function of the ion dose during the FIB-induced
selective closing/opening process from (a) to (d).
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novel process to precisely fabricate an
ultra-thin alumina film. The inset of
Figure 4 shows a TEM image of the
capping layer after exposure to 2.8 x
107 cm ™2 of 5keV ions. This image
clearly indicates that the capping layer
created by high-energy ion bombardment
has been precisely thinned from 35 to
5Snm. Notably, the fabrication of such a
thin continuous layer can not be achieved
by the high-energy ion-beam-induced
formation of a capping layer. Access to
such an ultra-thin alumina film holds
great promise for many potential appli-
cations./20-21]

The successful reopening of closed
nanochannels has enabled the develop-
ment of an FIB-induced opening and clos-
ing process, as demonstrated in Figure 5.

Figure 6. Selective growth of two types of nanowires within a gated nanochannel array: a) SEM image
of the top region of a partially closed array. b) Top-view image of the array after growing Ag within the
open nanochannels and reopening of the closed nanochannels. c) Back-view image of the array after
growing Cu into the reopened nanochannels. d) Energy dispersive spectra acquired from areas

containing Ag and Cu nanowires indicated in (c).

ions, the thickness also decreases with increasing ion dose and
the equilibrium thickness is 17 nm. Indeed, this observation
goes starkly against expectations, and is qualitatively very
different from the results of bombarding a pristine array with
ions of the same energy, which results in the partial rather than
complete closure of the array. However, bombardment of a
closed nanochannel array with 5keV ions results in the
complete removal of the capping layer for ion dosages higher
than 3.0 x 10" cm 2. The observation that 10keV ions can
neither close a pristine array nor open a closed array indicates
that the balance between beam-induced material relocation
and sputtering is very critical for ions of this particular energy.
Tons possessing this energy do not have sufficient driving force
to tip the balance and change the status quo. In other words,
bombardment by 10keV ions corresponds to a bistable point
for the closing or opening of nanochannels depending on the
initial conditions, whereas bombardment by 5 and 20keV ions
corresponds to the exclusive opening and closing of nano-
channels, respectively.

An interesting by-product of the reopening of capping layers
by 5keV ion bombardment is that this essentially provides a
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o i i A long-range ordered nanochannel array
1“0_“ kev 4 " (Fig. 5a) has been first closed (Fig. 5b) by
=y subjecting it to a dose of 30keV ions;
E Ag subsequently, part of the closed array is
Fobed Al reopened by 5SkeV ion bombardment, as
z shown by the two square regions in
£ 3 Figure 5Sc. Finally, some of the reopened
n-u 2 oy 4 & nanochannels (diamond- and sandglass-

shaped regions in Fig. 5d) have been
closed again by 30keV ion bombard-
ment. Figure Se plots the average pore
diameter of the nanochannels inside
the diamond-shaped area (Fig. 5d) as a
function of the cumulative ion dose to
illustrate the effects of a complete cycle
of FIB-induced selective nanopore closing
and opening. It is worth noting that the FIB direct-write
method does not require the use of an ion-beam resistive layer.
This represents an important advantage over both photo- and
electron-beam-lithography processes, which always require the
application of a resistive layer to the sample surface prior to
exposure. Such a layer is expected to be extremely hard to
remove upon application on high-aspect-ratio nanochannels.

To demonstrate that the selective closing/opening process
can be a technology platform for the growth of nanowire arrays
comprising different materials, we have used a partially closed
nanochannel array as a template (Fig. 6a) for growing
Ag nanowires using ac electrodeposition. The growth of Ag
nanowires only takes place within the open nanochannels, and
no deposition of Ag has been found to occur in the closed
nanochannels (Fig. 6b), indicating the effectiveness of the
capping layer in blocking the growth of Ag in the closed
nanochannels. After reopening of the closed nanochannels by
5keV FIB bombardment, Cu has been electrodeposited into
these nanochannels. The end product is a composite Ag—Cu
nanowire array. The SEM image (Fig. 6c) and corresponding
energy dispersive spectrum (Fig. 6d) of the array, measured
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from the back side of the nanochannels after removal of the
barrier layer, clearly show the uniformity and chemical
composition of the Ag and Cu nanowires. This example
demonstrates the versatility of the FIB-induced closing/
opening process for the selective deposition of different
materials into nanochannels arranged in a custom-designed
geometry on an AAO template.

In summary, we have demonstrated a novel process to close
and reopen nanochannels on an AAO film by simply
bombarding its surface using FIBs with different energies.
This FIB-induced closing/opening technique provides a
technological platform for the selective growth of different
materials in different regions of a nanochannel array upon the
subsequent use of electrochemical deposition. This method
thus facilitates the fabrication of nanowire arrays composed of
multiple elements, which may constitute a new class of
metamaterials. The small beam diameter (<10nm) of the FIB
suggests that it should be possible to selectively close an
entire macroscopic array of nanochannels, leaving only a single
nanochannel or a small part of the array open.[lsl Such unique
AAO templates may be useful as platforms for the construc-
tion of devices on the nanometer scale that can be readily
connected to the macroscopic world or studied by optical
probes with micrometer-scale resolution.

Experimental

High-purity (99.99%) annealed aluminum foils were electropol-
ished in a mixed solution of 50 wt% 1:1 (v/v) HCIO4/C,HsOH at 5°C
under constant stirring until the root mean square (rms) roughness of a
typical 10 pm x 10 wm area was ca. 1 nm, as measured by an atomic
force microscope operated in contact mode. In order to fabricate AAO
nanochannels with long-range ordering, a 50keV Ga FIB with a
diameter of ca. 10nm and beam current of 1.1 pA was employed to
create a hcp array of guiding concaves on the finely polished
polycrystalline Al surface. The lattice constant was set to 100nm in
order to match the average channel spacing of a self-organized array.
The array was then anodized in a 0.3 M oxalic acid solution at 3°C at a
constant voltage of 40 V. After anodization, the nanochannels were
opened using a 5 wt% solution of H;PO, at room temperature to obtain
AAQO substrates with arrays of nanochannels having the specific pore
diameter and spacing required for this study.

Ion bombardments were conducted in a dual-beam FIB system
(Nova 600) equipped with a SEM, which allowed for the in situ
monitoring of the surface morphology of the arrays at different stages
of ion exposure. The custom-designed patterns of the closed
nanochannel arrays were closed at 30keV and reopened at SkeV
FIB energies. The nanochannels in the AAO array were alternately
closed or opened by changing the beam energy of the FIB.

For the growth of Ag nanowires within the AAO nanochannels,
an ac (9V) electrochemical plating procedure was employed using a
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mixture of silver nitrate (0.006 M) and magnesium sulfate (0.165 M) as
the electrolyte. The solution had a pH value of 2, established by the
addition of sulfuric acid. Cu deposition was also performed using an ac
(9V) electrochemical plating process. The electrolyte was a mixture of
copper sulphate (0.2 M) and magnesium sulfate (0.08 M), and the pH
value of the solution was set at 1.2.
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