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ABSTRACT: Large-area nanoporous anodic aluminum oxide
(AAO) films with well-controlled pore ordering are highly
desirable for making nanotechnological devices with consistent
performance. We report here a novel method to precisely
control the ordering of the AAO pores over unprecedented
large areas in the square millimeter to square centimeter range.
Our experiments show that AAO films grown on large [001]-
oriented Al grains in oxalic acid exhibit ideal close packing,
whereas those grown on [101] grains do not show any
resemblance to close packing. Other orientations give rise to
intermediate pore ordering. Thus, through careful condition-
ing of the orientation of the Al substrate, the AAO pore
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ordering can be actively controlled, and this method should enable systematic and industrial-scale exploitation of the AAO

properties versus pore ordering.
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Bl INTRODUCTION

Anodic aluminum oxide (AAO) films with a self-ordered,
nanoporous honeycomb structure can be formed by controlled
electrochemical oxidation of aluminum (Al) surfaces."™ AAO
is an important material for a variety of nanotechnological
applications because its unique nanoporous honeycomb
structure can act as a ternlplate for the fabrication of other
nanostructured materials.””"" Other suggested applications of
AAO include electrode support for supercapacitors,
reactors for the catalytic production of hydrogen from
ammonia,"® membranes for high-flow-rate electroosmotic
pumps,'* and gas and environment sensors.">'® The recent
discovery of a “hard anodization” approach'” to fabricate AAO
at a rate of about 25-30 times faster than that used
conventionally should also enhance the industrial-scale
exploitation of this structure. However, systematic utilization
of AAO would require the spatial ordering of the pore channels
to be controllable and homogeneous over large areas. Although
the dependence of the AAO pore-channel ordering on the
various processing conditions has been widely studied,*>'***
undesirable variations in the pore ordering between AAO films
produced under similar conditions, or within the same film,
often remain."'?*"**72¢ Surprisingly, in these previous
attempts, the grain size and crystallographic orientation of the
Al substrate were not explored as potential factors, or have been
concluded to be insignificant,”” in affecting the quality of the
AAO films, despite the fact that mature techniques for the grain
size and orientation control of Al have long been
established.”® 3 In this report, we demonstrate that under
identical electrolyte—voltage—temperature anodizing condi-
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tions, the grain size and crystallographic orientation of the
underlying Al substrate have overriding effects on the quality of
the AAO film grown on top. Our results show that, by careful
conditioning of the Al substrate, the ordering of the AAO pore
channels can be controlled over very large film areas.

B EXPERIMENTAL SECTION

AAO films thicker than 100 gm were grown using a procedure based
on the conventional two-step oxalic acid anodization (0.3 M, 40 V at
17 °C).>"?® The key difference from the conventional protocol,
however, is that before anodization the Al substrate was purposely
treated thermomechanically [see Section S1 in the Supporting
Information (SI) for details] to achieve grains millimeters to
centimeters in size by recrystallization. A number of thermomechanical
treatment routes were used to produce different Al substrates for
anodization (details are given in the SI), and it was found that
recrystallized and electropolished Al substrates with large, equiaxed
grains can enable the relationship between the crystallographic
orientation of the substrate and the quality of the AAO film grown
on top to be clearly elucidated. The results presented here were
obtained on Al substrates produced from route C in the SI, and the
experimental details can also be found there. On such an Al substrate,
the AAO film grown using the two-step anodization method appears
as a smooth and transparent film through which the grain structure of
the underlying substrate can be seen clearly under an optical
microscope (Figure 1a), or even by the naked eye. The darker regions
in Figure la were found to be lower basins and the brighter regions
higher plateaus, implying that the anodizing rate on different Al grains
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Figure 1. Overall view of the AAO structures: (a) Optical image showing an overview of the as-grown AAO film on the recrystallized, coarse-grained
Al substrate. The AAO grown on different Al grains shows different optical contrast, as can be seen more clearly from the magnified view on the
right. (b) SEM micrograph of the plane-view AAO structure grown on top of two neighboring Al grains separated by a grain boundary. The AAO on
top of the Al grain on the left exhibits very poor spatial ordering of the pores, whereas that on the grain on the right shows high ordering. Subsequent
analysis (see the text and Figure 2) shows that the Al grain on the left had a [101] ND, while that on the right had [001]. The 3D morphology of the
AAO structure here is illustrated by the schematic diagram on the right.

was different. A scanning electron microscopy (SEM) investigation
(Figure 1b) revealed that the AAO structures on neighboring Al grains
were very different in terms of the spatial ordering of the pore
channels: the pore channels on the left (plateau) grain were poorly
ordered, whereas those on the right (basin) grain were highly ordered.

B RESULTS AND DISCUSSION

In order to determine quantitatively the degree of spatial
ordering of the AAO structures, their radial distribution
functions (RDFs) [see Section S2 in the SI] were computed
based on the pore-channel positions in their SEM images, and
Figure 2a shows five examples in descending order of pore-
channel ordering. The leftmost situation in Figure 2a is a highly
ordered AAO structure exhibiting a series of distinctive sharp
RDF peaks corresponding well to those in an ideal close-packed
(ICP) situation. In this situation, the first 10 nearest-neighbor
(N—N) separations in the ICP structure can be identified from
the experimental RDF, and in the SEM image, the pores are
seen to organize into crystalline domains on the order of a few
tens of pore spacings. On the other hand, the rightmost
situation in Figure 2a is a poorly ordered structure, and its RDF
attenuates rapidly to a smooth background beyond the third
peak. In this case, even the second or third ICP N—N cannot
be unambiguously identified, and in the SEM image, the pore
arrangement is random without any resemblance to the ICP.
The other cases shown in Figure 2a exhibit intermediate pore
ordering. To obtain a quantitative measure of the degree of
ordering, the area between the RDF and a background curve
fitted to join the troughs of the RDF was computed (see Figure
S3 in the SI). This area, termed the “RDF peak intensity”
hereafter, was found to vary by about § times from 6.38 X 107
to 3.01 X 10™* for all of the structures studied. (The unit here is
arbitrary but is a constant for all of the results presented.) In
the following, the RDF peak intensities are expressed as
normalized values based on the maximum value of 3.01 X 107*.
The RDF peak intensity correlates well with the visually
observed spatial ordering of the different AAO structures in
Figure 2a.

The substrate grain orientation was measured by electron
backscattered diffraction (EBSD) after dissolving the top AAO
layer by a phosphochromic acid solution, as shown in Figure 2b
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(see Section S2 and Figure S4 in the SI). As shown in the
example in Figure 2b, the underlying Al grain in a basin region
on which highly ordered AAO was formed (cf. Figure 1a) had a
normal direction (ND) close to [001], whereas another grain in
a plateau region corresponding to poorly ordered AAO had a
normal direction close to [101]. Altogether 101 grains were
analyzed, and their normalized RDF peak intensities are plotted
against the substrate orientation in Figure 2c. The results
indicate that AAO grown on Al grains close to [001]
consistently has the highest spatial ordering, whereas that
grown on Al close to [101] shows the worst ordering. It is
worth noting that AAO grown on orientations near [111]
showed surprisingly intermediate ordering, which implies that
the planar density of the substrate atoms is not a major
determining factor for ordering of the AAO films. The
difference in height between the basin and plateau regions of
the metal surface after removal of the AAO film was measured
by a profiler to be around 12—16 pm after 10 + 10 h of
anodization, whereas the thickness of the AAO film was around
150—200 pm. This indicates that the migration speed of the
oxide—metal interface depends on the metal orientation.
Figure 3a shows a cross-sectional transmission electron
microscopy (TEM) image illustrating the longitudinal view of
the top part of the AAO pore-channel structure grown on two
neighboring Al grains with [001] and [101] orientations (see
Section S3 and Figure S5 in the SI for details of specimen
preparation). Selected-area electron diffraction on the AAO
structures on the two grains indicates that they are amorphous
in nature. Tallying with the plane-view observations in Figure
2¢, the corresponding cross-sectional AAO structures on the
two grains in Figure 3a had very different ordering: In the AAO
structure on the left [101] grain, the pore channels have a high
tendency to tilt, merge, and branch as they grow into the
underlying metal. In the oxide structure on the right [001]
grain, the pore channels tend to grow straight along the film
ND (the z direction), without merging or branching. Similar
observations are also seen near the metal—oxide interface in
Figure 3b, indicating that the pore-channel morphology was
essentially the same at an equilibrium state over a growth
process of more than 100 pm thick. Thus, any theory that
describes the initial regularity of the oxide pits or the
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Figure 2. Relationship between pore-channel ordering and Al substrate orientation: (a) SEM images of representative AAO structures and the
corresponding RDFs of their pores. The scale bars in the SEM images represent 1 gm. The example on the left has high spatial ordering of the pore
channels, and the example on the right has poor spatial ordering. The vertical gray lines in the background of the RDFs represent the structure of an
ICP structure for direct comparison. (b) Typical EBSD results of the orientation of the underlying Al metal substrate, after removal of the covering
AAO layer. The lower, basinlike grain shown was underneath a highly ordered AAO structure, and its ND is close to [001]. The higher, plateaulike
grain shown was underneath a poorly ordered AAO structure, and its ND is close to [045]. The basins and plateaus in the topography of the metal
substrate after removal of the covering AAO also corresponded closely to those of the AAO before its removal. (c) Plot of the normalized RDF peak
intensities (see the text) of various AAO structures versus their substrate ND in the [001]—[101]—[111] unit triangle of the stereographic
projection. The data of 101 grains are shown, and their normalized RDF peak intensities are binned into five categories: 81—100% (red), 61—80%
(orange), 41—60% (green), 21—40% (blue), and 0—20% (purple). Representative AAO structures in these five categories are shown in the insets:
the specific cases shown have normalized RDF peak intensities of 98% [001] (red), 63% [216] (orange), 48% [113] (green), 29% [045] (blue), and
20% [506] (purple).

undulation of the oxide surface in the early stage of oxidation®' substrates (cf. Figure la) and so the difference in the AAO
cannot explain the eventual regularity of the oxide pattern for ordering cannot be explained by variations in the overall
oxide films that are >100 pgm thick. Note that, in the two-step anodizing conditions, in terms of the acid medium, applied
anodizing procedure used here, the initial oxidation pits do not voltage, or temperature, between experiments. Clearly, the only
necessarily bear any relation to the plane-view pore channels of factor that is substantially different between the very different
the eventual oxide product because an initially grown oxide AAO ordering observed is the orientation of the Al substrate
layer was dissolved away, leaving only the dimples at the metal grain. The substrate orientation effect was studied in a previous
surface as seeds for the second anodizing step. The fact that the report,”” but that study focused on the effects of misorienta-
initial pits are more regularly or irregularly arranged on the x—y tions between a few grains rather than on how the orientation
plane sheds little light on explaining why these pits eventually of the substrate grains determines the AAO ordering in a
develop into >100-ym-long pore channels, which in some cases quantitative way. Nevertheless, it is interesting to note that the
are straight but in other cases are tilted with frequent merging grain orientations encountered in ref 27, namely, [—111],
and branching. [203], and [011] and [—317], [031], and [021], correspond to

It is important to realize that the present observations were the poor-to-intermediate AAO ordering regime according to
made on single anodizing experiments of polycrystalline Al our present findings; therefore, the orientation effects in that
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Figure 3. Cross-sectional TEM micrographs showing the longitudinal
morphology of the AAO: (a) Cross section near the top surface of the
AAO film. (b) Cross section at the metal—oxide junction. The
structure shown is grown on top of a grain-boundary region in the Al
substrate. The two Al grains on either side of the grain boundary had
[001] and [101] orientation, respectively.

case may not be discernible visually, and unfortunately no
quantitative measure of the AAO ordering was provided in that
study.

It is known that upon oxidization Al undergoes a volume
expansion that is believed to be relieved primarily by oxide flow,
and this has been suggested as a reason for self-ordering of the
AAO structure.”** The elastic anisotropy of the substrate can
unlikely explain the observed dependence of the AAO ordering
on substrate orientation by affecting the oxide flow, as a simple
analysis will show. Because the ND (denoted as the z direction
hereafter) is less constrained during the film growth process,
the constraints by the substrate are mainly due to Al’s elastic
constants along the in-plane x and y directions, i.e., the sum
ciint’ + Ca220 where the elastic constants ;' refer to the x—y—z
coordinate system of the oxide film. For z along [001], [101],
or [111], ¢j111 + 62 equals 2¢yy, 2¢1; + H/2, or 2¢y; + SH/6,
respectively, where c; here refer to the cubic axes of the Al unit
cell and H = 2¢y, + ¢, — ¢y is the anisotropy factor (ref 33, p
434). Thus, if elastic anisotropy plays a significant role, one
would expect the order of the oxide pattern to change along the
sequence [001], [101], and [111]. However, the regularity of
the oxide pattern is observed to decrease in a different
sequence, [001] > [111] > [101]. Moreover, Al is actually a
very isotropic material elastically, with H/2¢;; equal to only
~5% (ref 33, p 837). Such a small anisotropy in the in-plane
elasticity of the underlying metal is unlikely to be important in
affecting the growth of the oxide pore channels at the metal—
oxide interface. However, the density of the oxide formed on
differently oriented grains may not be the same, and this may
be a factor for the observed dependence of pore ordering on
substrate orientation. Finally, electropolishing25’26 is known to
produce different surface conditions on different crystal
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orientations, but we have also carried out control experiments
using vibratory polishing instead of electropolishing to produce
mirror-finished Al substrates. AAO ordering and quality after
the two-step anodization were found to be identical with
electropolishing for the same grain orientation. This shows that
the surface pretexture prior to two-step anodization is unlikely a
controlling factor for AAO ordering, but the substrate grain
orientation is.

B CONCLUSION

In summary, the present work illustrates a method, namely,
conditioning of the underlying Al substrate, to produce large
areas of AAO with homogeneous and controlled spatial
ordering. The recrystallized Al substrates of purity >99.99%
in Figures 1—3 had grain sizes of a few millimeters, and as
described in the SI, recrystallization of ultrahigh-purity
(>99.9999%) Al can result in grain sizes up to a few
centimeters, and again the AAO grown on top was still
homogeneous in structure. If specially grown single crystals of
Al are used as substrates, a further increase in the AAO film
area with homogeneous pore ordering is possible. This should
open up opportunities for systematic exploitation into the
various properties of AAO as a function of pore ordering. As an
indication, the hardness of two AAQ structures on [001] and
[101] AL with RDF peak intensities of 89% and 27%,
respectively, was found to be very different at 1300 + 100
and 800 + 100 MPa, respectively (see Section S4 and Figure S6
in the SI for details). This is not unexpected because, in a
poorly ordered structure, local stresses exhibit big variations
about their mean-field values, and so the probability of
encountering extremely large stresses that trigger damage
increases.>**> It is very likely that other physical or chemical
properties of AAO can also change significantly with respect to
the spatial ordering. Future research should also focus on the
mechanism of the present observed substrate dependence of
the pore ordering. It is known that Al undergoes a volume
expansion upon oxide formation, and this has been su%gested as
a reason for self-ordering of the AAO structure.””** The
density of the oxide may change on different oriented
substrates, and this may be an important factor for variation
of the self-ordering tendency of the AAO.

B ASSOCIATED CONTENT
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Materials and methods in this work, substrate treatment and
anodizing procedures, quantitative determination of the spatial
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