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Abstract

We demonstrate a process to selectively tune the pore size of an individual nanochannel in an
array of high-aspect-ratio anodic aluminum oxide (AAO) nanochannels in which the pore sizes
were originally uniform. This novel process enables us to fabricate arrays of AAO nanochannels
of variable sizes arranged in any custom-designed geometry. The process is based on our ability
to selectively close an individual nanochannel in an array by using focused ion beam (FIB)
sputtering, which leads to redeposition of the sputtered material and closure of the nanochannel
with a capping layer of a thickness depending on the energy of the FIB. When such a partially
capped array is etched in acid, the capping layers are dissolved after different time delays due to
their different thicknesses, which results in differences in the time required for the following
pore-widening etching processes and therefore creates an array of nanochannels with variable
pore sizes. The ability to fabricate such AAO templates with high-aspect-ratio nanochannels of
tunable sizes arranged in a custom-designed geometry paves the way for the creation of
nanophotonic and nanoelectronic devices.
S Online supplementary data available from stacks.iop.org/NANO/25/335301/mmedia
Keywords: focused ion beam, lithography, anodic aluminum oxide, high-aspect-ratio
nanochannel, tunable pore size, template-assisted synthesis
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1. Introduction

fabrications [1–6] for use in a variety of applications ranging
from photovoltatics [4, 6], photonic crystal [7], biosensing
[8–10], nanophotonics, and nanodevices [5, 11] to metamaterials [9, 12–19]. Such high-aspect-ratio nanochannel arrays
are unique and inaccessible by conventional lithographic
methods, making them promising as templates for the construction of metamaterial with controllable nanocomposite
over the entire structure. For example, AAO templates have

Porous anodic aluminum oxide (AAO) templates with arrays
of self-organized nanochannels that have extremely uniform
pore sizes and channel lengths and channel aspect ratios that
can easily reach as high as 100 ∼ 1000 have been widely used
as templates for the synthesis of nanocomposites [1–17] and
as masks or stamps for nanolithography and device
0957-4484/14/335301+05$33.00
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2. Experimental details

been used to grow arrays of parallel silver nanowires via
electrochemical deposition, creating metamaterial with negative refraction [12, 16]. These templates have also been used
to grow metamaterial slab lenses for focusing visible light
[14] and superlenses for use in high-resolution imaging [19].
To further broaden the applications of AAO templates for
the fabrication of nanocomposites with more stringent precision in their physical properties, many attempts have been
made to control the initial position and pore conﬁguration of
the nanochannels formed on AAO templates as a means of
enriching the variety of pattern conﬁgurations. In this effort,
lithographic guiding methods have been used; these includenanoimprint lithography [20, 21], three-beam interference
lithography [22], focued ion beam (FIB) lithography [23–26],
and template molding [27]. Pulse anodization has also been
used [28, 29]. Nanochannel arrays with square lattices
[20, 30], triagular lattices [20], moiré patterns [31, 32], and
modulation of pore diameters along the pore axes [28, 29]
have been fabricated, and pore geometries with square
[20, 30], triangular [20] and other shapes [33] as well as
gradient diameters [26] have also been achieved. However, it
is notable that only nanochannel arrays with hexagonally
close-packed (HCP) lattices are likely to reach an aspect ratio
of larger than 10 without channel branching or termination.
The intrinsic dendritic nature of an isolated AAO nanochannel [20, 26, 34] is more likely to be effectively suppressed by
the precise conﬁnement from its surrounding nanochannels
arranged in an HCP lattice.
Such AAO templates with HCP lattices can be made
even more ﬂexible for the design and construction of
sophisticated nanocomposites with local variation in their
physical properties. These new kinds of AAO template could
be made if the diameter of an individual nanochannel in an
array could be selectively controlled and if nanochannels of
different sizes could be arranged in a custom-designed conﬁguration. Such a fabrication process would greatly enhance
the potential to use porous AAO templates as technological
platforms for the creation of nanophotonic devices and
metamaterials.
Here, we demonstrate a two-step process capable of
forming complex conﬁgurations comprising nanochannels
with tunable pore sizes as well as maintaining their highaspect-ratio architectures in arrays of AAO nanochannels. In
this process, FIB lithography is employed to selectively create
a capping layer of desired thickness on an individual nanochannel. The capping layer is then used to delay the start of
the pore-widening etching process when the entire array is
subsequently immersed in an etchant. Capping layers of different thicknesses create different delays in the start of the
etching processes and therefore create nanochannels of different pore sizes at the end of the process.
The development of this unique combination of FIB
lithography and selective pore-widening of individual nanochannels in an array constitutes an important step towards
broadening the applications of AAO templates in the creation
of nanocomposites and metamaterials.

High-purity aluminum substrate was ﬁrst polished in a mixture of 50% HClO4 and C2H5OH (1:5 v v−1). A 50 keV FIB
system was then used to create an array of HCP lattice in a
concave shape on the substrate to initial the growth of
nanochannels with an ‘ideally-matched’ [35] lattice of 100 nm
having an HCP arrangement during anodization by 0.3 M
oxalic acid at a constant voltage of 40 V. The pore-widening
process was carried out by immersing the sample in a 6 wt%
H3PO4 solution at 38 °C. The pore size of ∼46 nm on the
nanochannel arrays was set to be the initial condition
(uncapped substrate) in all cases for the experimental
demonstrations of creating the AAO nanochannels arrays
with various pore sizes.
Closure of the nanochannels was carried out and monitored in situ in a 30 keV dual beam FIB system (FEI, NOVA
600). More details about the fabrication of the capping layers
can be found elsewhere [24, 25] and in ﬁgure S1 (as shown in
schematics of supplementary ﬁgures S1(a)–(c) and in the
transmission electron microscope image of the capped nanochannel arrays of supplementary ﬁgure S1(d) available at
stacks.iop.org/NANO/25/335301/mmedia).

3. Results and discussion
Figure 1 depicts schematically the two-step process we used
to create an array of high-aspect-ratio nanochannels with
different pore sizes on AAO templates. First, a thin capping
layer that delays the etching on the side wall of the nanochannels formed spontaneously on top of the nanochannels on
the AAO templates in response to FIB sputtering
(ﬁgures 1(a), (b)). Second, the capping layers delayed chemical etching on the side wall of the nanochannels and
resulted in nanochannels of different pore sizes on the AAO
template, as shown in ﬁgures 1(b), (c).
To demonstrate the feasibility of delayed chemical
etching, the nanochannels were selectively closed (in the right
regions) and kept opened (in the left regions) as shown in the
scanning electron microscopy (SEM) image in ﬁgure 1(d)
(corresponding to the schematic in ﬁgure 1(b)). We closed the
nanochannels by covering them with a thin capping layer
created by using FIB irradiation with a beam energy of
20 keV and a dose of 5 × 1016 ion cm−2. Immersing the samples in an etchant of H3PO4 for 15 min yielded arrays of
nanochannels with two different pore sizes, as shown in
ﬁgure 1(e) (corresponding to the schematic in ﬁgure 1(c)).
The side walls of nanochannels without a capping layer were
directly etched, leading to nanochannels of larger diameter,
whereas the etching process for nanochannels with a capping
layer was delayed until the capping layer was etched.
Therefore, nanochannels with different pore sizes were
obtained; the pore sizes of the nanochannels with and without
delayed chemical etching were ∼50 nm and ∼80 nm,
respectively.
This result veriﬁes that the nanochannel pore size is
tunable via the delayed chemical etching process by using a
2
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Figure 1. Schematics of fabrication processes (a)–(c) and experi-

mental demonstration using FIB induced channel closing and
delayed chemical etching (d), (e) to create nanochannels with
different pore sizes on AAO templates. (a) FIB sputtering for
selectively closing nanochannels, (b) selective formation of thick
capping layer after ion irradiation, (c) chemical etching for
removing/thinning capping layer and thus forming nanochannels
with different pore sizes, (d) SEM images of nanochannel arrays on
AAO templates with and without thin capping layer at right and left
regions, respectively, and (e) SEM images of nanochannels with
different pore sizes after chemical etching. Scale bars in (d) and (e)
are 100 nm.

Figure 2. SEM images of (a) closed nanochannels arranged in a

single line, and nanochannels with two different pore sizes arranged
in (b) a single line, (c) single line arrays, (d) double line arrays, (e)
star, and (f) a hexagonal array with a nanochannel of larger pore size
at its center (scale bars are 200 nm).

capping layer as a protecting layer. The result also shows that
the pore size of nanochannels remains uniform after etching,
which indicates that the present technique is promising for the
design of nanoscale device arrays.
Since our proposed process is readily able to create nanochannels with different pore sizes, we took another signiﬁcant
step towards the creation of the patterns used to construct
nanodevices by focusing on spatial resolution of the lithography.
To determine the usefulness of this technique, we used a 20 keV
Ga ion beam with a dose of 5 × 1016 ion cm−2 to create patterns
of closed nanochannel arrays on the AAO templates, as shown
in ﬁgure 2(a). The SEM image of nanochannel arrays reopened
after the etching is shown in ﬁgure 2(b).
These results show the possibility of having an individually addressable resolution on both closing and reopening
the nanochannel, which is unprecedented. Repeating the
patterns creates a line array (grating-like), as shown in
ﬁgure 2(c). Nanochannels arranged in more complicated
geometries such as double-line arrays and star-shape arrays
can also be fabricated (ﬁgures 2(d) and (e)). Figure 2(f) shows
a single nanochannel with large pore sizes surrounded by
nanochannels with small diameters (i.e., introduction of a
defect) arranged in a hexagonal geometry (photonic crystallike). We are investigating whether we can ﬁll the

nanochannels with metals to serve as a plasmonic waveguide
[36] that will conﬁne the light in this nanostructure.
The success of the delayed chemical etching process
hinges on the capping layer’s serving as a self-organized
masking layer that is extremely uniform and therefore can be
etched uniformly even at the single-pore level. The mechanism
of forming a thin capping layer is associated with dynamic
equilibrium between the materials that are sputtered away from
the surface and the replenishment either from re-deposition of
material ejected from the side wall of the nanochannels or from
ion-induced material migration. Accordingly, the thickness of
the capping layer is determined primarily by beam energy and
an applied dose of FIB irradiation [24, 25]. When an AAO
nanochannel is irradiated by higher-energy ions, more materials are replenished and a thicker capping layer is formed. By
using this interesting mechanism for forming the self-organized
capping layer, it is possible to fabricate capping layers of different thicknesses that result in different delays in the subsequent pore-widening process.
Figure 3 shows the pore size as a function of etching time
for nanochannels covered by capping layers created by using
3
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be readily tuned by simply varying the beam energy of the
FIB employed to form the capping layer.
The process just described enables us to lithographically
deﬁne the patterns on selective areas by using different beam
energies to construct the arrays of nanochannels with multiple
pore sizes on AAO templates, as shown by the schematics
illustrated in ﬁgure 4(a). For example, ﬁgures 4(b) and (c)
show SEM images of an AAO nanochannel array before and
after its different areas have been exposed to FIB of different
energies (15 keV to 30 keV respectively). After immersion in
the H3PO4 for 17.5 min, the pores are fully (partially) opened
on the patterned area deﬁned by beam energies of 15 keV and
20 keV (25 keV) as shown in ﬁgure 4(d), clearly demonstrating the differences in the pore sizes. At longer etching
times, all the pores are opened and pore sizes ranging from
48 nm to 80 nm are created. The ability to fabricate highaspect-ratio nanochannels of certain pore sizes in a speciﬁc
area makes possible many applications such as creaton of ﬂat
sub-micron graded-index lenses and templates ﬁlled with
metallic nanowires for the creation of metallic microlenses
[37], which are very challenging to fabricate owing to the
necessary high aspect ratio of the nanowires.
Instead of using several beam energies to fabricate a
capping layer with the desired thickness, an alternative method
is to form a thicker layer by using the higher energy beam ﬁrst
and then reducing the thickness of the capping layer by using a
relatively low beam energy with different doses (as shown in
the schematics of supplementary ﬁgures S2(a)–(d) available at
stacks.iop.org/NANO/25/335301/mmedia). This approach has
the advantage of controling the thickness of the capping layer
simply by changing the dose of the lower energy beam. Here,
the high beam energy (30 kV, for example) was ﬁrst used to

Figure 3. Pore size as a function of etching time for nanochannels

covered by capping layers created by FIB of different energies.

FIB of different energies. The ﬁgure clearly shows our ability
to precisely control the thickness of the capping layer and
therefore the delay in the subsequent pore-widening process.
For example, the time required for removing the capping
layers created at beam energies of 10 keV, 20 keV, and
30 keV are 7.5 min, 15 min, and 20 min 30 keV, respectively.
Notably, capping layers created by different beam energies
are etched at similar rates, which implies that the chemical
composition and microstructure of the capping layers created
within a variety of ion-beam energy ranges are almost identical. In addition, the rates at which the capping layer and the
side wall of an AAO nanochannel are etched is on the same
order of ∼1 nm min−1. Therefore, pores of different sizes can

Figure 4. (a) Schematics showing the fabrication process to create the AAO template with nanochannels of different pore sizes. (b) and (c)

SEM images of an ordered array of AAO nanochannels before and after being covered by capping layers created by FIB of different energies.
(d) Nanochannel arrays with graded pore sizes created after etching (scale bars are 100 nm).
4
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form a capping layer of ∼30 nm thickness; then low-beam
energy (10 kV, for example) was used to reduce the thickness
of the capping layer. The duration of the etching time and the
corresponding pore sizes are summarized in ﬁgure S3 (see the
supplementary data available at stacks.iop.org/NANO/25/
335301/mmedia). The area that received more doses is thinner and the pores are reopened ﬁrst. Both approaches provide
exciting opportunities to create meso/macroporous AAO
templates with tunable pore sizes, which are otherwise difﬁcult
to fabricate by conventional lithography techniques.
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4. Conclusion
In summary, we have developed a process to create arrays of
high-aspect-ratio AAO nanochannels with tunable pore sizes.
Pore size differences of 5–40 nm are readily created by using
capping layers with different thicknesses formed by FIB
sputtering. Using the process to provide spatial resolution
down to the single-pore level is feasible, which indicates that
the technique shows promise as a means of creating the
patterns needed for nanodevice applications. Such templates
are very hard to fabricate by conventional lithographical
techniques, and the methods used here offer a new way to
provide meso/macroporous materials with designable pore
size (porosity) arranged in any custom-designed geometry.
Our process can be easily applied to customize AAO templates with high-aspect-ratio nanochannels, the channel diameters of which are very hard to change selectively with other
lithographical techniques. This unique combination of FIB
lithography and delayed chemical etching of AAO nanochannel arrays facilitates the fabrication of templates needed
for constructing novel nanophotonic devices, such as plasmonic waveguides and metallic lenses.
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