Ideally ordered 10 nm channel arrays grown by anodization
of focused-ion-beam patterned aluminum
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Arrays of ideally ordered alumina nanochannels with unprecedeni€inm pore size, 40-50 nm
interpore spacing, and improved channel uniformity have been fabricated by anodizing an aluminum
substrate with a guiding pattern on its surface. The pattern is an array of hexagonally close-packed
concaves fabricated by focused ion beam direct sputtering; and its lattice constant is carefully
matched to the conditions of the subsequent anodization process in order to achieve effective
guiding in the growth of the nanochannels and therefore the ordering of an @ 20805 American
Vacuum Society.DOI: 10.1116/1.1884123

Porous anodic aluminum oxid@AO) films have been size is not only an important challenge by itself but also an
exploited as templates for the growth of nanomaterials witressential measure for improving the size uniformity of
special magneti&,electronic, and/or optical propertf‘ebe- nanochannel arrays on AAO films.
cause the pores formed spontaneously during anodization are To date, four approaches have been developed to fabricate
straight and parallel channels on the nanometer scale. Fideally ordered nanochannel arrai@me researchers prefer
example, AAO films with different average interpore spacingto use the term “single-domain” or “long-range ordered”
(S and pore diamete(D) were used to grow carbon rather than “ideally ordered” to describe an array grown with
nanotubeand metals such as Cu and NiTo fully explore  the help of some guiding technique€n AAO film: imprint
the potential quantum properties of these nanomaterials, it ifghography with a SiC-mold:'® direct focused ion beam
de_sirable to further reduce the size and improve the unifor(F|B) Iithography,ll holographic Iithographﬂﬁ and resist-
mity as well as order of the nanochann®Ehe current status _ assisted FIB Iithographjs?. These lithographic methods first
of the growth technology for the AAO nanochannel array iSqreate an ordered array of concaves on the Al surface and
that, using certain electrolyte solutions and corresponding)nen use these concaves as “pinning points” to fix the posi-
anodization voltages, the nanochanne]s can self-organize inm)ns of the nanochannels and therefore eliminate the mis-
hexagonally close-packe(HCP) domains with an average alignment between different domains of nanochannels

size of a few micrometers® For example, using 0.3 M ox- : . .
! . o ' formed in a self-organized channel formation process. Al-
alic acid and an anodization voltage of 40 V, the best self- 9 P

; . though the mechanism of pinning remains an issue to be
organized order was achieved on arrays V@100 nm. Al- 9 P 9 . .
. clarified and may well be slightly different for different litho-
though the nanochannels of such self-organized arrays also_ , - L oo .
I : . . . graphic guiding method, it relies most likely on the fact that
exhibit improved size uniformity, the presence of |rregulart i th front in the bott f th
channels on the domain boundaries sets a severe Iimitatiopne oxI tﬁ grg:/vtf rondln et 0 oml ° tﬁ c;lor:cavesdar_e
on its further improvement. Therefore, increasing the domai eeper than that formed spontaneously on the flat area during
the initial phase of oxidation. Such head start in the oxide
5 growth front allows the lateral positions of nanochannels to
Present address: Department of Physics, Netaji Nagar Day Colleg ;
170/436 N.S.C. Bose Road, Regent Estate, Kolkata 700092. Gbe p.lnne.d down on th.e .Cemers of the concaves. TO date, the
imprint-lithography guiding method has produced ideally or-

DAuthor to whom correspondence should be addressed; electronic mai i 10
ylwang@pub.iams.sinica.edu.tw dered nanochannel arrays with the smalesf 63 nm:~ To
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Fic. 1. Schematic diagram showing the process for fabricating anodic alu-
mina film with ideally ordered nanochannels.

further explore the potential applications of such AAO film

with ideally ordered array of nanochannels as templates for

high-density memories, quantum devices, and novel nano-

composites, it is desirable to further reduce &&f an array.

In this paper, we report the achievement of ideally ordered

nanochannel arrays with unprecedengdf 40-50 nm and , o _
Fic. 2. SEM images of a typical ideally ordered nanochannel array with

D in the 10 nm range by using a FIB-lithography guided lattice constant of 50 nn{g) top view, and(b) bottom view. The inset iffa)

growth method. shows the corresponding pore size distribution; mdross sectional view
As shown schematically in Fig. 1, the fabrication processf the array demonstrating its aspect ratio~e£00.

starts from electropolishing a piece of high puri89.99%
annealed Al foil (thickness of~200 um) in a mixture of
50% HCIQ, and GHsOH (volume ratio 1:3 under a con- mum (pore centerand maximum(far away from the pone
stant voltage of 5 V. After polishing, the root-mean-squareSince the curve is not an exact circle usually, the nominal
surface roughness of the sample is typical 1 nm on a 1@ore size is then defined &,= (4A/m)'2. The size unifor-
X 10 um? area, as measured by a contact mode atomic forc8lity of the pores is expressed by the radD,/(D,), where
microscope(AFM) in air. A 50 keV Ga FIB with a beam AD, and(D,) are the standard deviation and average of the
diameter of~10 nm and current of 1.1 pA is then employed nominal pore size, respectively.
to create ordered HCP arrays of 3 nm deep concaves on the Provided the guiding process is effective, thef an array
Al surface. The patterned sample is anodized in 0.3 M sulcan be selected in principle by setting tBeof the HCP
furic acid at 5 °C for 5 min using an anodization voltage thatguiding pattern. Figure(2) shows the top view SEM image
is derived from the empirical relationship:S  of a guided nanochannel array wii* 50 nm, while its inset
=2.5 nm per volt When needed, the surface morphology ofplots the size distribution of the pores before post-
anodized samples is inspected by a scanning electron micranodization etching treatment. The distribution peaks at
scope(SEM) with beam energy and diameter of 15 keV and11-12 nm whilgD,) andAD,, are 11 nm and 1 nm, respec-
~3 nm, respectively. tively. The small pore size and very narrow size distribution,
To quantify the dimensions of the nanochannels, we adops compared to that of the unguided nanochantiedt
the following procedure to measure the pore size of ashowrn), clearly demonstrate the merits of guided growth by
nanochannel from its SEM image derived from secondaryFIB-lithographic patterning. Figuregtd and Zc) show the
electron signals. First, the total cross sectional &ao0f a  bottom and cross-sectional view of the array respectively.
pore is defined as the region within a closed curve whos@hese images indicate that the nanochannels with an aspect
secondary electron intensity is mid-way between the minitatio (length/D,,) of ~100 remain straight and parallel across
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Fic. 3. (8 AFM image of an HCP array of concavdfattice constant
=40 nm created by FIB on an aluminum surface. Top-view SEM image of I \ , \ \ , ,
(b) an area with guiding pattern after 5 min of anodizatiam,a boundary 00 5 10 15 20 25 30 35 a0
area between unguidddpper righf and guided(lower left) nanochannels Pore Diameter (nm)
after etching treatment.

Fic. 4. Pore size distribution of ideally ordered nanochannel arrays with
channel spacing 40 nita) before andb) after etching treatment.

the entire AAO film of 1um thick. Such a high aspect ratio

ideally ordered nanochannel array wigh 50 nm is already a

very attractive template for the growth of ordered array of

one-dimensional nanowires and nanocomposites. Closed up increase with the reduction & Such a somewhat larger

view (not shown of Fig. 2(c) indicates that the sizes of the nanochannel uniformityAD,/(D,), can be reduced from

pores open only slightl(<10%) in the initial (few tens g 15 to 0.07 by etching the array in a 5% phosphoric acid for

nanometersgrowth of the AAO film, further confirming the 5 min [Fig. 4(b)], but the improvement is at the expense of

unif(_)rmity of the nanochannels_ along the grov_vth direction. increasing(D,) from 10 to 27 nm. In other words, chemical
Figure 3a) shows an AFM image of a typical array of q-hing does not decreasd,. The apparent improvement

concaves created on an Al surface by FIB lithography. $he in the uniformity of guided nanochannels shown in Figg)3
of the guiding lattice is 40 nm and concaves are 3 nm deepS only relative rather than absolute

(ion dose of 18° ions/cnf¥). After anodization, the top view o .
: . L To push the limit in the smallest size of the nanohannels
SEM image of the samplg-ig. 3(b)] shows a similar struc- . : .
) . that can be fabricated by the FIB-lithography guided growth
ture as Fig. 8a), which clearly demonstrates that the shallow thod le with iding lattice 6&30
concaves act as effective pinning points to fix the lateral N d'o ,da ts?;nsef W:;B a g:i' ng 'a 'ﬁe h ?m was
positions of nanochannels in the anodization process even odized & gr min. Figure(& shows the top view
image of an AAO film at the boundary of the FIB-patterned

this unprecedented smalof 40 nm. To further illustrate the . X |
precision in the order and uniformity of the array, Fig)a ~aréa The image demonstrates that the right guagterned
gion is ordered while the left sidéunguided regiohis

shows a large scale SEM image of a boundary betweeff k _ )
guided and unguided nanochannels after the sample is etch&ffgular, and the guided growth method remains effective

in a 5% phosphoric acid for 5 min to open the pores. Thdnitially even at such a small scale. Figurébbshows the
apparent morphological difference between the guidedparrier layer structure of the patterned region of Figa)5
(lower left) and unguidedupper right region clearly shows The array appears to maintain a good degree of orientational
the guided growth improves not only the order of an arrayorder, as supported by the six well-defined peaks in the two-
but also its size uniformity. dimensional Fourier transform of the imag@set of Fig.
Figure 4a) plots the distribution oD, of the nanochannel 5(b)]. However, local distortion in the order of the array can
array with S=40 nm, indicating that théD,) and AD,, of  be clearly observed in Fig.(B). For comparison, Fig. (6)
these nanochannels with an aspect ratio of 20 are 10 nm arshows the barrier layer of the array in the unguided region.
1.5 nm, respectively, both of which are rather close to that offhe complete loss of orientational order in the unguided ar-
the array withS=50 nm(Fig. 2). The results clearly indicate rays is clearly demonstrated by ringlike structure in the two-
that, asS is further reduced from the unprecedented lowdimensional Fourier transforfiinset of Fig. %c)] of the im-
values of 50 nm to 40 nm, there is a reduction in¢Bg) of  age. The results of this effort suggest that, although the
such ordered nanochannel arrays. HoweverAibg appears  guiding lattice does not entirely dominate the growth of
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.".'0; "f:..-: ‘-:f f;:g':’; pattern diminishes very quickly as the channels grow. A pos-
.’ NFaT ,:;;.:?}‘;"Z-; sible secondary cause of the imperfection in the guiding can
7 .’:‘;‘:ﬂ' ,.!: “Ses ’;a be attributed to the reduction in the relative accuracy of the
.?'.'_;-:::;:'C:iff;u;ﬁ guiding pattern as it§ is reduced. Since the FIB has finite
f;';-"o_,:;,:::?::';"v}',}f beam diameter of-10 nm, the corresponding uncertainty in
,.‘.-T";-:f;:: -f”.j,’t-; the positions of each guiding concave may not be negligible
% ¢"v;.'_' .:; ::_::-:-..: whenSapproaches 30 nm. The primary cause is intrinsic and
L el '.'-.16 el can only be overcome by the use of another electrolyte that is
¥ T L DY yet to be found, while the secondary cause is extrinsic and

can be solved by the use a better focused FIB.

In summary, we have successfully fabricated ideally or-
dered HCP arrays of nanochannels on AAO film with un-
precedented small pore size 6f10 nm and lattice constant
between 40-50 nm. Focused ion beam lithography is used to
pattern a highly ordered array of shallow concaves on an
electro-polished Al sample surface, which act as pinning
points for guiding the channel-growth in the latter anodiza-
tion process. The uniformity in the size of the ideally ordered
nanochannels shows significant improvement. The attempt to
fabricate an ideally ordered array with an even sm&aief
30 nm is only partially successful primarily because of the
lack of an acid that can produce a self-organized array with
S=30 nm. The success in the fabrication of ideally ordered
array of nanochannels with such unprecedented small pore
size and separation could open up many novel potential ap-
plications of this unique porous AAO template. For example,
arrays with small pore size could be exploited for applica-
tions that rely on the properties derived from the confinement
Fic. 5. SEM images of a nanochannel array grown by anodizing an aumi€ffect of material inside individual nanochannels; while ar-
num with a guiding lattice 05=30 nm on its surfacéa) top view of a  rays with small pore separation might be used to take advan-
boundary between unguided and guided regibhand(c) show the barrier tage of the collective interference effect originated from

layer of guided and unguided region, respectively. The insetb)iand(c) - . .
show the corresponding two-dimensional Fourier transform of the images.prox'm'ty effect between nelghborlng nanochannels.
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