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Highly-ordered, single-domain~cn?), alumina nanopore arrays with controlled symmetry were
obtained by anodizing prepatterned aluminum films that were deposited on silica substrates.
Holographic lithography, in conjunction with a conformal deposition process, was utilized to form
nanoscale corrugations on aluminum film surface prior to anodization. Both the order and symmetry
of pore arrays were found to be well controlled and guided by the periodic surface corrugations from
the initial stage of pore growth. Ordered nanopore arrays grown on foreign substrates are promising
as a host or template for forming various nanodevices and their on-chip integrati@®0®
American Institute of Physics[DOI: 10.1063/1.1517719

Fabrication of ordered nanostructures has recently rearea (~cnv or greatey by nanoscale surface corrugations of
ceived a great deal of attention due to their potential applialuminum films. First, we briefly describe the method to
cations in various fields such as in electronic, photonic, magform ordered nanopore arrays with aluminum films. Photo-
netic, biochemical devices, etc. The methods currently beingesist grating patterns were developed on silica substrates
used in nanoscale patterning include electron-beam lithograssing a holographic lithography procéésThe grating pe-
phy, focused ion-beam etching, and scanning-probe-basethd was designed to be in the range of 300-400 nm. The
writing. While these methods offer flexibility and controlla- thickness of photoresist layers was controlled to be 100—-150
bility in generating arbitrary patterns, they have intrinsicnm, and the exposure dosage and developing time were
drawbacks of low throughput and high equipment cost. Asproperly adjusted such that substrate surface is fully revealed
such, these methods are not considered practical for larger approximately half of the grating peridd.For two-
area(i.e., chip or wafer scajepatterning. An alternative ap- dimensional (2D) grating patterns, the photoresist was
proach has been investigated utilizing the self-organizatiojouble-exposed with 60° or 90° of rotation between expo-
(or self-assemblyphenomena that are observed in some masure for triangular or square symmetry, respectively. Figure
terials system$-3 Anodic alumina is known as a typical na- 1(a) shows a scanning electron microscdS&€M) image of
noporous material that shows a tendency to form selfa square-symmetry, photoresist-grating pattern developed on
organized pore arrays of triangular symmetry, and has beeg silica substrate. Circular holédiameter of~250 nm) are
extensively studied, especially with bulk aluminum f(?ﬂg revealed in the peak intensity region of the 2D exposure
Highly regular arrangement of pores, however, occurs onlyyattern. Aluminum films with thickness of 350—400 nm were
for a small process window, and the domain size is usuallfhen deposited on the grating patterned substrates, using a
limited to a micrometer scale on bulk fofts™ Alumina  thermal evaporation method with SN-purity aluminum
pores grown with aluminum films that are deposited on for-soyrce. The deposited film surface conformed to the corru-
eign substratessuch as silicon or siligawould potentially  gation profile of the photoresist-patterned substrate with
offer much broader application than those on bulk aluminurrhea”y the same amount of corrugation depth100 nm)
foils. Any attempt to grow ordered pore arrays with alumi- [gig_ 1(b)]. (The interface region around the photoresist grat-
num films, however, has not been successful so far, since jq |ayer is not clearly resolved in this cross-sectional image
usually results in amorphous-like arrangement of pdfed. e to the poor cleavage property of aluminpAnodic oxi-

The difficulty stems basically from the fact that aluminum yation was then carried out on the as-deposited aluminum
films usually have much smaller grain sizes compared Withjims in dilute electrolyte (HPO,+H,O in 1:800 volume

polycrystalline or crystalline bulk foils, and any order devel- y4tig) at room temperature using a Pt wire as a counter elec-
opment is disrupted by the randomly-distributed, denselyyode. The anodization was conducted under a constant volt-
;paced grain boundaries from the initial stage qf pore ermaage mode for 40 min. The anodic voltage was chosen such
tion. As such, growth of ordered pore arrays with aluminuma¢ the expected pore distance matches the grating period,
films has remained as a major challenge from the science ang, example, 140 V for 350 nm grating perid¥After anod-

technology point of view. _ _ization, the samples were treated with short-tithe2 min
We have investigated the behavior of pore growth withe(ching in a phosphoric acid solutigdiluted with water in
prepatterned aluminum films and discovered that the arj.3 \olume ratio.

rangement of poregboth the order an_d symmetry of pore Figure Za) shows an SEM micrograph of alumina pores
arrays can be well controlled and guided over macroscale(‘;lrown with a 1D grating-patterned aluminum film. The pores
grew highly ordered along the grating vector direction, that
dElectronic mail: kim@ee.pitt.edu is, aligned regularly at each concave bottom of the periodi-
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FIG. 1. SEM micrographs showing periodically corrugated surfaces of phof|g. 2. SEM micrographs of alumina pores obtained from aluminum films
toresist and aluminum films deposited on silica substrasgop view of a that were deposited on silica substrates Alumina pores grown with a 1D
square-symmetry, 2D photoresist gratiti. A 350-nm-thick aluminum film grating-patterned aluminum filn(b) Alumina pores grown with a plain,
deposited on a 1D grating-patterned silica using a thermal evaporatiofnpatterned aluminum film(The inset shows the as-grown alumina pores
method. without any post-anodization etching.

cally corrugated surface. In contrast, the pore arrangemetiulk aluminum foils, the pore arrangement is limited to a
along the grating line direction shows a significantly lowertriangular lattice due to the tendency to form the closest
degree of order. The pores in each row are irregularly spaceplacking. The result in this study also demonstrates that this
along the grating line directio(some pores merged together limitation can be overcome by introducing corrugation pat-
and do not show any coherency in their alignment betweeterns of different symmetry to the surface of aluminum films.
rows. The effect of surface prepatterning is further elucidated  Oxide dissolution in an anodic process is basically a
by comparing this image with that of an alumina pore sampldield-assisted process, and occurs preferably on the concave
that was prepared on a plain, unpatterned aluminum filnsurface region where the electric field is stronger than that in
[Fig. 2(b)], under the same anodization condition as the prethe flat or convex surfackPores thus nucleate and grow at
patterned case. The pore arrangement in the plain film’s cagbese concave sites that are initially provided by the periodic
looks amorphous without any order, and the pore shape and
size are also irregular. Even more serious irregularity is ob-l 500
served from the pores that are as-grown without any post-, )
anodization etchinfthe inset to Fig. )], and this indicates &
that pore nucleation was completely random in the unpat-
terned film case. »
Pore growth was studied on the square-lattice 2D &
grating-patterned aluminum filn{&ig. 3). Single-domain or- i
dered arrangement of square-shaped pores was obseth()
across the entire grating-patterned area (Xdnem). The w
domain size is currently limited by the grating pattern sizej 5
and is scalable to larger values with proper change in optics, =
Pores show uniform depi#00 nm and the pore bottom has
a concave, hemispherical shape with barrier layer thicknes
of ~100 nm[Fig. 3(c)]. The pores grew well aligned to the
center of corrugation bottom region. The result demonstrates ) ) _
that the nanoscale periodic corrugation of aluminum film surf'g' 3 SEM m'C_mgraphs of alumina pore arrays obtained from square-
attice 2D grating-patterned aluminum films that were deposited on silica
face can fully compensate the randomizing effect of grainsubstrates(a) and(b) Top-view images showing square-lattice arrangement
boundaries in aluminum films from the beginning of pore of square-shaped pore&) Cross-sectional image showing that the pores
formation, and can control/guide development of orderd€W Well aligned to the center of the corrugation bottorfth. Cross-
. sectional image showing unanodized aluminum regions of a sample pre-
throughout the pore growth process across the entire pattefieq with a two-step anodization process anodized first at 140 V. for 30
area. In the case of seli-organized pores formed on piairin, and then at 70 V for 10 min.
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surface corrugation. Oxide growth is also field-dependent,
basically involving field-assisted migration of anio(sich

as @) and cations (Al") and reaction between thehi.
Once pores are seeded at the corrugation bottoms, oxide
grows faster at the pore bottom regions than surrounding
area, due to the minimum thickness of oxide, and therefore,
to the maximum field strength in this bottom region. When
aluminum becomes oxidized, the volume expands by ap-
proximately a factor of 2 due to the density difference be-
tween aluminum and alumina. The volume expansion at pore
bottoms occurs mostly along the directions parallel to the
hemispherical interface between metal and oxide, since the
oxide in a concave region would be more constricted if itFIG. 4. SEM micrographs of alumina pores obtained from a triangular-
tries to expand along the thickness direction. The grOWindsattice 2D grating-patterned aluminum film that was deposited on a silica
oxide is then pushed upward at the cross-poinés, cusps ubstrate.

of the neighboring hemispherical metal/oxide interfaces, K lliotical sh o I thi dv d h
This tendency is revealed in an SEM microgrdpiy. 3d)] take an elliptical shape. Overall, this study demonstrates that

of a sample that was prepared with a two-step anodizatiofndization of surface-corrugated aluminum films is a viable
processi.e., anodized first at 140 V for 30 min, then at 70 V method to grow highly-ordered, single-domain, alumina na-
for 10 min). The hemispherical profile of the aluminum/ nopore arrays of controlled symmetry on large area of for-

alumina boundary is clearly resolved. Elongated aluminunfign substrates. The process developed in this work offers an
columns are also observed at some cijgips region marked efficient approach to integrating various nanostructured ma-

with an arrow in Fig. 8)]. This elongation is attributed to terials and devices on a single chip.

the reduction of the radius of hemispherical boundaries with  This work was supported in part by the Office of Naval
the decrease in anodization voltdg@his image was ob- Research under Grant No. 00014-99-0663.
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