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In recent years, nanoporous anodic aluminum oxide (AAO)
has been intensively exploited as a template material for the
preparation of multifunctional nanostructures, which have
applications in various scientific and technological fields.[1]
In template-based materials synthesis, it is desirable to use a
template with long-range order, so that structurally well-defined materials can be subsequently produced. In a typical
anodization process, a self-ordered close-packed array of
oxide nanopores forms with domain size (ordering length)
on a scale of a few micrometers.[2] To achieve a long-rangeordered pore arrangement over a larger area, Masuda and
co-workers first developed a pretexturing process that uses
a SiC mold to produce ordered arrays of dimples on the Al
substrate by nanoindentation prior to anodization.[3] Shallow
indentations on an Al substrate initiate pore nucleation
during anodization and lead to a long-range-ordered pore
arrangement within the stamped area (e.g., 4 , 4 mm). This
work has sparked considerable interest within the growing
community of research groups using porous alumina, which
is evident from the several hundred citations of these publications within a few years. However, few groups have been
able to fabricate large-area, long-range-ordered alumina
membranes due to the high processing costs of the imprint
stamps, which can be a few thousand US$ for a cm2 pattern.
Recently, alternative methods based on focused ion
beams (FIB),[4] optical diffraction gratings,[5] and microACHTUNGREbeads[6] were also used to achieve prepatterning of Al substrates, thus avoiding fabrication of the expensive SiC imprint stamp. More recently, Masuda and co-workers demonstrated the fabrication of ideally ordered AAO films with a

sub-50-nm pore interval by employing metal molds, which
were fabricated by replication from a resist pattern prepared by electron-beam lithography (EBL).[7] While each of
these methods have their own advantages, most of them
have limitations in scalability. Consequently, the simple and
economic realization of long-range-ordered AAO over very
large areas (cm2 to wafer size) still presents challenges.
Herein, we propose two inexpensive approaches for the
development of large-scale metallic stamps, which can then
be used to imprint Al (see Figure 1). The processes consist
of two steps: the replication of Ni imprint stamps from a
master pattern, and the subsequent fabrication of longrange-ordered AAO by anodization of Al prepatterned
using the Ni stamps. In method I, the imprint stamp is replicated once by electrodeposition onto a large-scale periodic
photoresist pattern, similar to the method described in
ref. [7]. However, instead of using EBL, the periodic photoresist patterns in the present work were fabricated by laser
interference lithography (LIL), which allows the production
of periodic nanostructures with a high throughput.[8] Pattern
transfer by imprint lithography onto metallic substrates such
as Al requires 50 to 2000 times higher pressures in comparison to imprint lithography on polymer layers.[9] Due to the
high mechanical stresses, damage to the imprint stamp often
occurs after several uses, so it is advantageous to be able to
make multiple imprint stamps from a single master. This
has motivated the development of an alternative approach
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Figure 1. Schematic diagram of the fabrication of ideally ordered
anodic alumina using Ni imprint stamps that can be replicated from
a) a resist pattern (method I) and b) a silicon pattern (method II).
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sure of about 25 kN cm 2 for 10 s using an oil press. The
present Ni imprint stamps have a sufficiently high mechanical strength for nanoindentation of Al, and AFM investigations revealed that there was no apparent structural deformation of the surface features of the Ni imprint stamp even
after it had been used five times.
After nanoindentation, anodization was conducted
under a constant voltage of 156 V in 5 wt % H3PO4 at 0.5 8C.
Each of the shallow indentations created by imprinting
serves as a nucleation site for the development of a pore in
the early stages of anodization, and results in the eventual
growth of a pore channel. The anodization voltage was
chosen to satisfy the linear relationship between interpore
distance and anodization potential (2.5 nm V 1).[11] Figure 3
shows representative SEM images of the as-prepared anodic
alumina with hexagonal (Figure 3 a) and square (Figure 3 b)
arrangements of pores, together with an oblique view of the
cross sections of the respective samples (Figure 3 c and d).
Straight oxide nanochannels with uniform-sized pores were
obtained. However, as the oxide thickness increased, the initial periodic arrangement of the pores eventually became
perturbed. Samples with a hexagonal arrangement of pores
maintained a well-ordered pore lattice up to a pore aspect
ratio (length/inner diameter) typically over 120, but samples
with a square lattice of pores maintained long-range order
only up to an oxide thickness of about 3 mm, which corresponds to an aspect ratio of 15.
In addition, the geometrical shape of the pore channels
was governed by the symmetry of the imprint stamp. The
as-prepared AAO with a hexagonal arrangement of holes
(Figure 3 a) has circular openings at the pore mouth surface.
In contrast, the pores of the sample with a square lattice
(Figure 3 b) have rectangular cross
sections. These differences became
more apparent when the pores of
the as-prepared AAO were enlarged by wet-chemical etching with
5 wt % H3PO4 at 45 8C. These observations are in line with the experimental findings of Masuda et al.,[12]
in which the initial shape of the
openings in an as-prepared AAO
changes from circular to square
through an etching treatment, due
to the slower etching rate of the
anion-free inner wall of the cells
compared to the anion-incorporated
outer wall.[11a, 13]
Additionally, this imprint stamp
has been successfully used for the
growth of long-range-ordered alumina membranes with smaller interpore distances than the stamp periodicity via a templated self-assembly strategy during the anodization
process (see Supporting Information).[14]
The photoresist patterns used in
Figure 2. Representative SEM images of resist patterns with a) hexagonal and b) square arrangements of
holes, and of Ni imprint stamps with an array of imprint tips in c) hexagonal and d) square lattices.
method I served as an excellent
(termed method II), in which a strategy for making the imprint stamp commonly used in soft-imprint lithography is
applied.[10] A robust Si master with an array of inverted pyramid etch pits (see Experimental Section) was created by
interference lithography, reactive ion etching, and wetchemical etching. The Si master pattern itself is not employed in the imprint process, but a large number of imprint
stamps can be replicated from it.
In method I, after double exposure and development of
the resist, the resist patterns were used for the replication of
Ni imprint stamps via electrodeposition (see Experimental
Section). Figure 2 shows representative SEM images of
resist patterns with hexagonal (Figure 2 a) and square (Figure 2 b) symmetry, together with micrographs of the respective free-standing Ni replicas (Figure 2 c and d). LIL produced arrays of uniform-sized holes in the resist over the
entire sample area (typically 4 in. in diameter). The periodicity of the pattern was adjusted by controlling the incident
angle of exposure, and the symmetry of the lattice by controlling the angle between the two successive LIL exposures
(608 for hexagonal, 908 for square symmetry). The holes on
the resist patterns with a hexagonal lattice show a slightly
elongated shape along the [210] direction of the 2D lattice
due to the intensity distribution of the double exposure of
the laser interference fringes. The surface of the replicated
Ni films consists of an array of bumps with elliptical (in the
hexagonal array) or circular (in the square array) shapes
and rounded tops, which match the geometry of the holes in
the resist.
The replicated Ni films were used as imprint stamps for
the prepatterning of electropolished Al substrates. Typically,
nanoindentation of the Al was achieved by applying a pres-
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master Si pattern, with two
different lattice constants
of 180 and 207 nm. The
sharp Ni pyramids provide
a more efficient shape for
nanoindentation of an Al
substrate compared to the
rounded tips of the Ni imprint stamp of method I,
and this allows a reduced
stamping pressure of 5 to
14 kN cm 2 to be used,
which is about half of the
pressure needed for the Ni
imprint stamps of method I.
Figure 5 shows representative
SEM
micrographs
of
nanoporous
AAO prepared from Al
substrates which were prepatterned using a sharptipped imprint stamp by
applying 5 kN cm 2 (FigFigure 3. SEM micrographs of long-range-ordered anodic alumina with a) hexagonal and b) square arrangements of nanopores. c, d) Oblique views of the cross sections.
ure 5 a) and 14 kN cm 2
(Figure 5 b). Anodizations
were conducted at 84 V in
0.05 m H2C2O4 (oxalic acid) at 1 8C. It is apparent that the
master for the replication of Ni imprint stamps by electrochemical deposition. However, the resist patterns have a
pressure applied during imprinting influences not only the
disadvantage in terms of reusability for the replication progeometrical shape but also the size of the pores of the
cess, due to the poor mechanical durability of the resist and
AAO. Anodization of Al imprinted at a low pressure results
its weak adhesion to the substrate. In method II, a process
in relatively small circular pore openings (Figure 5 a), while
to fabricate reusable master patterns with good mechanical
high-pressure imprinting results in a rectangular shape.
durability was developed. The lithographic patterning is also
In comparison with our previous approach using Si3N4
based on the LIL technique, but in this case the 2D arrangeimprint stamps with pyramidal tips,[14] both approaches prement of holes in the resist is transferred into the SiACHTUNGRE(100)
sented herein are inexpensive and require fewer process
substrate using a combination of reactive ion etching (RIE)
steps, without the need for wafer bonding and mechanical
and anisotropic wet-chemical etching to generate an array
polishing. Method I does not require RIE and is suitable for
of well-defined etch pits with inverted pyramid structures
high-throughput lithography techniques such as LIL or pho(see Experimental Section).
tolithography. Due to the ability to fabricate multiple copies
Figure 4 a shows a typical SEM micrograph of a silicon
from a single master, method II is also attractive for costly
master with a rectangular arrangement of etch pits with an
masters made, for example, by electron or focused ion beam
average interval of 180 nm in one direction and 207 nm in
techniques. For our previous Si3N4 imprint stamp,[14] a patthe other direction. The Ni imprint stamps were replicated
terned Si3N4 film a few micrometers in thickness was
according to the procedure shown schematically in Figbonded to a Si wafer. However, microcracks occurred in the
ACHTUNGREure 1 b. This procedure is similar to that of method I, except
Si3N4 layer due to the different mechanical properties of Si
for an additional step involving the modification of the surand Si3N4. In comparison with SiC or Si3N4 stamps, the Ni
face of the Si master with organosilane molecules just prior
imprint stamps exhibit a lower mechanical hardness but do
to Au sputtering. Surface modification was achieved by
not form microcracks during use, thus allowing multiple
treating the Si master with 3-aminopropyltriethoxysilane (3uses.
APTES; 1.0 vol % in CH3CH2OH) at 65 8C. The self-assemHere we have demonstrated imprint stamps with sub200-nm periodicity generated by LIL with a He/Cd laser
bled organosilane layer facilitates the stripping of the Ni
(l = 325 nm), but smaller structures are possible based on
replica from the surface of the Si master after the electrorecent advances in LIL techniques. Achromatic interference
ACHTUNGREdeposition of Ni by acting as an anti-sticking film.[15] As a
lithography can generate sub-100-nm patterns on a cm2
result, the Si master could be reused 5 to 25 times to produce further imprint stamps.
scale,[16] immersion interference lithography is currently
Figure 4 b shows a surface view of a Ni imprint stamp
under development,[17] new lasers with shorter wavelengths
repACHTUNGRElicated from the Si master shown in Figure 4 a. The Ni
and higher coherence length have become commercially
replica has the complementary topography to that of the
available for LIL,[18] and 2D patterns with 50-nm periodicity
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Figure 4. SEM micrographs of a) a silicon master pattern with an
array of inverted pyramid etch pits arranged in a square lattice and
b) a Ni imprint stamp replicated from the silicon master shown in
(a). Magnified SEM images of the respective samples are shown as
insets.

Figure 5. SEM images of anodic alumina films prepared by anodizing
Al substrates. The Al surfaces were prepatterned by applying a pressure of a) 5 and b) 14 kN cm 2 using a Ni imprint stamp replicated
from an etched Si master. Magnified views of the respective samples
are shown as insets.

have been made by using synchrotron radiation.[19] We
expect that our two approaches for making large-area imprint stamps can be scaled toward smaller structures by
using these advanced LIL approaches.
In summary, the fabrication of wafer-scale, long-rangeordered, nanoporous anodic aluminum oxide has been demonstrated by using large-area Ni imprint stamps with arrays
of imprint tips in a hexagonal or square lattice. An electrodeposition technique was employed to replicate Ni imprint
stamps from substrates that were patterned by laser interference lithography. The Ni imprint stamps could be successfully used up to ten times for the surface prepatterning of Al
with a high fidelity in pattern transfer. Anodization of nanoindented Al substrates produced long-range-ordered arrays
of oxide pores in hexagonal, square, and rectangular lattices.
It is expected that the resulting nanoporous alumina membranes could be used as templates for developing advanced
functional nanostructures over areas as large as a whole
wafer.

Experimental Section
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Preparation of photoresist patterns: For method I, a bilayer
stack of a negative-type resist (OHKA TSMR-iN027) with a thickness of 180 nm and an antireflection coating (Wide–8B) with a
thickness of 70 nm was used. Exposure dose profiles of laser
light were recorded on the resist using a LIL system with a
Lloyd’s mirror interferometer and a He/Cd laser (l = 325 nm) as
light source. The periodicity of the pattern could be adjusted
from 180 nm up to 2 mm by controlling the incident angle of the
laser. Hexagonal or square patterns were made by double exposure and rotation of the sample by 608 or 908 between the two
exposures, respectively. The exposed resist was developed using
Ohka NMD-W 2.38 %.
Preparation of silicon master patterns: For method II, a trilayer stack of a negative resist (Ohka THMR-iN PS-4) 200 nm in
thickness, a sputter-deposited SiO2 interlayer 20 nm in thickness, and an antireflection coating (BARLi) 185 nm in thickness
was deposited on a SiACHTUNGRE(100) wafer coated with 40 nm of thermal
oxide. After exposure and development of the resist, the pattern
was transferred through the SiO2 interlayer, the antireflection
coating, and the layer of thermal SiO2 by four RIE steps with
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CHF3, O2, CHF3, and O2 gases, respectively. The final RIE step
with O2 stripped the remaining resist. The patterned SiACHTUNGRE(100)
wafer was then anisotropically etched using a short HF dip followed by immersion in a KOH solution. The surface of the resulting Si master was derivatized with organosilane molecules. To
optimize the silanization procedures, the surface of the Si was
cleaned to remove any contamination and thereafter activated to
increase the density of reacting OH groups. The Si surface was
cleaned by immersing the sample in Piranha solution (H2SO4/
H2O2 ; 3:1) for 30 min with intermediate ultrasonication. Surface
modification was achieved by treating the resulting Si with 3aminopropyltriethoxysilane (3-APTES; 1.0 vol % in CH3CH2OH) at
65 8C.
Electrodeposition of Ni: A thin Au film was plasma-sputtered
onto the resist pattern using a conventional sputter coater for
SEM to make the surface of the polymer pattern electrically conductive. This Au layer served as a working electrode in the subsequent electrodeposition of the metal. Ni was electrodeposited
on the resist pattern using a Ni plating solution comprising
NiCl2·6 H2O (8.41 C 10 2 m), NiACHTUNGRE(H2NSO3)2·4 H2O (1.59 m), and
H3BO3 (0.33 m). The typical current density was 7 mA cm 2. The
thickness of the nickel film could be conveniently controlled by
changing the amount of total integrated charge involved in the
electrochemical reaction. After the electrodeposition, Ni imprint
stamps with a thickness of  5 mm were obtained by stripping
the metal film from the resist pattern.

Keywords:
alumina · anodization · electrodeposition · lithography ·
templates
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