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ABSTRACT: Wet-chemical etching of the barrier oxide layer of
anodic aluminum oxide (AAO) was systematically investigated by
using scanning electron microscopy (SEM), secondary ion mass
spectrometry (SIMS), and a newly devised experimental setup that
allows accurate in situ determination of the pore opening point during
chemical etching of the barrier oxide layer. We found that opening of
the barrier oxide layer by wet-chemical etching can be significantly
influenced by anodization time (tanodi). According to secondary ion
mass spectrometry (SIMS) analysis, porous anodic aluminum oxide
(AAO) samples formed by long-term anodization contained a lower
level of anionic impurity in the barrier oxide layer compared to the
short-term anodized one and consequently exhibited retarded
opening of the barrier oxide layer during the wet-chemical etching.
The observed compositional dependence on the anodization time (tanodi) in the barrier oxide layer is attributed to the progressive
decrease of the electrolyte concentration upon anodization. The etching rate of the outer pore wall at the bottom part is lower
than that of the one at the top part due to the lower level of impurity content in that region. This indicates that a concentration
gradient of anionic impurity in the outer pore wall oxide may be established along both the vertical and radial directions of
cylindrical pores. Apart from the effect of electrolyte concentration on the chemical composition of the barrier oxide layer,
significantly decreased current density arising from the lowered concentration of electrolyte during the long-term anodization
(∼120 h) was found to cause disordering of pores. The results of the present work are expected to provide viable information not
only for practical applications of nanoporous AAO in nanotechnology but also for thorough understanding of the self-organized
formation of oxide nanopores during anodization.
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■ INTRODUCTION

Anodization is an electrochemical oxidation process of metals
or semiconductors under either galvanostatic or potentiostatic
conditions. Two types of anodic aluminum oxide (AAO) are
formed depending on the electrolyte: one is a nonporous
barrier-type oxide from a neutral electrolyte and the other is a
porous-type oxide from an acidic electrolyte.1−4 Technological
interest has been focused particularly on the porous-type AAO
due to the practical use for the fabrication of nanostructured
materials5−9 and the membranes for molecule separations.10−13

Recently, substantial development of diverse anodization
techniques such as hard anodization (HA),14,15 pulse
anodization (PA),16−19 and cyclic anodization (CA)20 has
facilitated a tailoring of various structural parameters: pore size
(Dp = 20−400 nm), interpore distance (Dint = 60−500 nm),
pore density (ρ = 108−1010 cm−2), channel length (hundreds of

nanometers to hundreds of micrometers), and internal pore
shape.
Figure 1 (part a) shows a schematic of the typical structure of

porous-type AAO and (part b) the cross-section transmission
electron microscope (TEM) image of the barrier oxide layer
(BL). Cylindrical nanopores aligned perpendicular to the metal
surface are self-ordered in the form of a close-packed hexagonal
structure. The bottom of each nanopore is closed by a thin
barrier oxide layer of hemispherical geometry. The pore wall of
AAO has a bilayer structure in terms of chemical composition:
relatively pure inner pore wall (light-gray in Figure 1a) and
anion contaminated outer pore wall (dark-gray in Figure 1a).4
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For the most of practical uses of the porous AAO, removal of
the barrier oxide layer is required. A lot of research has been
intensively carried out in an attempt to develop an efficient way
of opening the barrier oxide layer.21−24 Dry etching processes
employing an ion or neutral beam can provide precise control
of the aperture size down to ∼10 nm at the barrier oxide layer.
However, complicated processing steps requiring expensive
equipment dilute the distinct advantages of the dry-etching
methods. Wet-chemical etching, on the other hand, can be
employed to remove the barrier oxide layer of a large area
sample in a cheap and easy way. Despite the development of
various techniques for the barrier oxide opening, there has been
less attention to the oxide etching behavior depending on
anodization conditions. In fact, the chemical composition of
anodic oxide can be influenced by anodization conditions, such
as type of electrolyte, voltage, current density (j), and etc.4,16,25

It was reported that, for a given anodization voltage and
electrolyte system, anodic oxide formed at high current density
conditions (e.g., HA conditions) contains a higher level of
anionic impurity compared to those formed at a lower current
density one (e.g., MA conditions) and thus is labile against wet-
chemical etching.16

In this article, we report the effect of electrolyte
concentration on the barrier oxide etching behavior. The
barrier oxide opening time was found to be increased with
increasing the thickness of porous AAO, viz., anodization time
(tanodi). According to secondary ion mass spectrometry (SIMS)
analysis, a lower level of anion impurity content (carbon-based
species in the present work) was incorporated into the barrier

oxide layer of AAO formed by long-term anodization,
compared to those formed by short-term anodization. We
attribute the observed compositional change of the barrier
oxide layer to the decreased electrolyte concentration during
the anodization process. The etching rate of the outer pore wall
at the top part of porous AAO was found to be higher,
compared to that at the bottom part of AAO, indicating the
gradual variation of anionic impurity content (i.e., establish-
ment of gradient of impurity concentration) along the pore
growth direction. Besides the change of oxide composition
caused by progressively decreasing the electrolyte concen-
tration, it was also observed that disordering of pores occurs
due to the decreased current density (j) during long-term
anodization. On the basis of our experimental results, it is
suggested that barrier oxide layer etching process should be
carefully controlled depending on the anodization conditions
for making the use of porous AAO more reliable and
reproducible.

■ EXPERIMENTAL SECTION
Preparation of Porous Anodic Aluminum Oxide

(AAO). As-received Al discs (Goodfellow, 99.999%, typical
diameter = 2 cm) were electropolished in a vigorously stirred
mixture solution of 65% HClO4 and 95% ethanol (1:3−1:4 in
volume ratio) to rule out the effect of locally enhanced
anodization coming from the surface roughness. Self-ordered
AAO was prepared by two-step anodization of the electro-
polished Al disc. The first anodization was performed by using
0.3 M H2C2O4 (7 °C) as an electrolyte at 40 V for 24 h. The
resulting AAO layer was completely removed by immersing the
sample in a mixture solution of 1.8 wt % H2CrO4 and 6 wt %
H3PO4 at 45 °C for more than 12 h to remove the oxide layer
with a disordered pore structure. Next, the resulting Al
substrate with highly ordered arrays of approximately hemi-
spherical concaves was anodized under the same conditions as
the first anodization. Each concavity on the surface of the Al
substrate serves as a pore initiation site during the second
anodization. In the present work, the duration of the second
anodization was varied from 0.5 to 24 h in order to investigate
the effect of anodization time (tanodi) on the wet-etching
behavior of the barrier oxide layer. After anodization, Al
substrate was removed by using an aqueous mixture solution
containing 3.4 g of CuCl2·2H2O, 50 mL of 38 wt % HCl, and
100 mL of deionized water (DI water) in order to expose the
surface of the barrier oxide layer.

In Situ Detection of Opening of Barrier Layer (BL). For
accurate in situ determination of the pore opening point during
wet-chemical etching of the barrier oxide layer, we devised an
H-cell consisting of two Teflon half cells (see the inset of
Figure 3 and Figure S1 in the Supporting Information). As-
prepared AAO was sandwiched between the two half-cells by
using a pair of O-rings (i.d. = 8 mm). After that, the half-cell
that faces the bottom surface (i.e., BL side) of the porous AAO
was filled with 5 wt % H3PO4 for wet-chemical etching of the
barrier oxide layer, while the other half-cell was filled with DI
water. The assembled H-cell was immersed in a thermostatted
water-bath (29.0 ± 0.2 °C). A pair of Pt electrodes (wire
thickness = 0.5 mm) was placed just in front of the top surface
of porous AAO (i.e., pore mouth, PM, side), which was in
contact with DI water. Current between two Pt electrodes was
monitored by using a two-channel source-measure unit
(Keithley 2612A) under a voltage bias of 2 V. Previously,
Lillo and Losic immersed two Pt electrodes into the respective

Figure 1. (a) Schematic showing an idealized structure of porous
anodic aluminum oxide (AAO) with a self-organized array of hexagon
cells and convex-shaped geometry of the barrier layer (BL) at the base
of the pores. The two different regions of anion contaminated (dark
gray) and relatively pure oxide (light gray) are also presented. (b)
Cross-section TEM image of the bottom part of porous AAO.
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half-cells (i.e., across the porous AAO) to monitor the current
signal during the etching process and continuously stirred
solutions by using a magnetic stirrer (ref 22). We found,
however, that such an electrode configuration can affect the
opening of the barrier oxide layer due to field-assisted
dissolution of the barrier oxide by the etchant solution. Apart
from the electrode configuration, we also found that mechanical
agitation of the etchant solution can influence the barrier oxide
etching; the faster the stirring of the solution, the faster the
opening of the barrier oxide layer. Therefore, we carried out all
of our experiments without stirring of the solutions. During
wet-chemical etching, temperature stability of the experimental
setup was monitored by using a 24-bit universal analog input
module (National Instrument, NI9219) with a Pt-resistance
temperature detector (Pt-RTD) immersed in the etchant
solution.
Determination of Pore Wall Etching Rate. Porous AAO

sample was cut into several pieces to prepare two different
kinds of specimens, AAOs with and without a residual Al layer
for oxide etching at the top and bottom part of AAO,
respectively. The Al layer was removed by dipping the samples
into the aqueous mixture solution containing 3.4 g of
CuCl2·2H2O, 50 mL of 38 wt % HCl, and 100 mL of DI
water. The pore mouth surface of the resulting free-standing
AAO was tightly glued on the Si substrates, so that the
undesired wet-chemical etching of the barrier layer from the
base of pores can be completely prevented. After that, the
samples were immersed into 5 wt % H3PO4 solution (29 °C)
for various etching times (tetch) for the investigation of the
etching behavior of both the top and bottom parts of the AAO.
Microscopic Characterization. A Hitachi S-4800 field

emission scanning electron microscope (FE-SEM) was used to
characterize the morphology of the samples. The transmission
electron microscope (TEM, Tecnai G2, FEI) operated at a
primary beam energy of 300 kV with a resolution of 2.0 nm was
employed to characterize the cross-sectional morphology of the
barrier oxide layer. The samples for TEM investigations were
prepared by the standard method. An as-prepared free-standing
AAO was glued on a piece of silicon substrate by using an
epoxy resin, then mechanically polished to a thickness of about
100 μm, dimpled from one side to get a thickness of about 20
μm at the center, and followed by argon ion milling under an
acceleration voltage of 3 kV by using a Gatan precision ion
polishing system.
Characterization of Chemical Composition of Barrier Oxide

Layer. The amount of carbon incorporated into the barrier oxide layer
in the form of anionic impurity was analyzed through secondary ion
mass spectrometry (SIMS, Cameca IMS-7f, France) depth profiling
with a Cs+ ion beam of 6 keV.

■ RESULTS AND DISCUSSION

In a typical anodization of aluminum, the thickness of the
resulting AAO (i.e., the length of nanopores) is linearly
proportional to the total amount of charge involved in the
electrochemical oxidation reaction (i.e., anodization time, tanodi,
Figure S2 in the Supporting Information). For our anodization
condition, the growth rate of AAO turned out to be 3.44 μm/h.
The representative SEM images in Figure 2 shows the

evolution of the bottom surface morphologies upon wet-
chemical etching of AAOs formed by anodization for different
periods of time (tanodi) ranging from 0.5 to 24 h. Upon 30 min
of etching, the barrier layer of AAOs prepared by 0.5 h- and 8
h-anodization were opened (see the first column of Figure 2).

On the other hand, opening of the barrier layer did not take
place in the case of AAO samples formed by a longer period of
time (i.e., tanodi > 16 h). This experimental observation clearly
indicates that the opening of the barrier oxide layer is
influenced by anodization time (tanodi), that is the thickness
of AAO. After opening of the barrier layer, the size of the pores
was systematically increased due to the etching of pore-wall
oxide by the etchant solution, which will be discussed later in
detail (Figure 8, vide inf ra). For the same period of etching time
(tetch), pores of AAO formed by short-term anodization
appeared to be widened to a larger extent, compared to those
of long-term anodized samples (see the second and third
columns of Figure 2).
In order to determine the accurate onset of barrier oxide

layer opening depending on the anodization time (tanodi), we
devised an in situ method of pore opening detection, by
improving the experimental setup employed by Lillo and Losic
(see the Experimental Section).22 Figure 3 shows current−time
curves measured during the wet-chemical etching of barrier
oxide layer of porous AAO samples prepared by anodization of
aluminum for different periods of time (tanodi = 1, 8, 16, and 24
h). The curves are characterized (1) by a small and steady
current flow at the early stage of etching, of which the amount
is determined by the conductivity of DI water, (2) by an abrupt
increase at the onset of the barrier layer opening due to the
influx of an acidic etchant solution (i.e., H3PO4) toward the
half-cell containing DI water through the opened nanopores,
and (3) by fluctuation of current after passing through an
overshoot due to convective flow of etchant solution across
through-hole AAO membrane under unstirred solution
conditions. As evident from the curves, opening of the barrier
layer exhibited clear dependence on the anodization time
(tanodi) from tetch = 30 min for 1 h-anodized AAO (i.e., tanodi = 1
h) to tetch = 43 min for 24 h-anodized AAO (i.e., tanodi = 24 h),

Figure 2. Field emission scanning electron microscopy (FE-SEM)
images of the bottom surface of porous AAOs, showing the
anodization time (tanodi) dependence of opening of the barrier oxide
layers (BL) upon wet-chemical etching in 5 wt % H3PO4 at 29 ± 0.2
°C. Scale bar is 200 nm.
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although the dependence is rather weak for short-term
anodized samples (i.e., tanodi = 1 and 8 h).
It is assumed that the reasons responsible for the marked

difference in the pore opening time would be either the
different thicknesses or chemical composition of the barrier
oxide. According to the high field conduction theory,26 the
barrier layer thickness (tb) is inversely proportional to the
logarithm of the current density (j):

β β= = Δj j E j U texp( ) exp( / )0 0 b (1)

where j0 and β are the material-related constants, E is the
effective electric field strength (ΔU/tb), and tb is the barrier
layer thickness. In our typical long-term anodization experi-
ments, current density (j) was observed to be decreased about
0.2 mA/cm2 over tanodi = 24 h, which would cause only about
0.025% (equivalent to 0.1 Å) increase of the barrier layer
thickness (tb). From TEM investigation, it was also confirmed
that the thicknesses of 1 h- and 24 h-anodized AAOs were
almost the same (i.e., ∼40 nm, see Figure S3 in the Supporting
Information). Therefore, we may ignore the contribution of the
thickness increase of the barrier layer to the retarded opening of
the pores. All the experimental conditions were kept constant
during the anodization process except tanodi. One may assume
that a change in pH or conductivity of the electrolyte used for
different anodization time (tanodi) affects the chemical proper-
ties of the barrier oxide. In fact, we found that pH does not
show a meaningful change, but only the conductivity of
electrolyte gradually increases with tanodi, possibly due to the
increased amount of Al3+ cations during anodization (see
Figure S4 in the Supporting Information). It has been reported
that the pH of the electrolyte may affect the pore size or pore
ordering of AAO.26 However, to the best of our knowledge,
there have been no reports on the change of pH upon tanodi or
on the pH dependence of the chemical composition of anodic
oxide. Thus we believed that the only reason for the difference
in the barrier oxide layer opening onset is the change in the
chemical composition of the barrier oxide (i.e., material-related
constant, β in eq 1) due possibly either to the reduced
concentration of the electrolyte (i.e., H2C2O4) or to the large
concentration gradient of the electrolyte established along the
extended nanochannels in the case of long-term anodization.
We further investigated the barrier oxide layer etching

behavior by using porous AAO fabricated by anodization for 23

h followed by an additional 1 h of anodization (total tanodi = 24
h) by using fresh 0.3 M H2C2O4 solution (see Figure S5 in the
Supporting Information). The barrier oxide layer was observed
to be opened at a much shorter time (tetch ∼30 min) than that
of 24 h-anodized AAO (tetch ∼43 min) despite the same total
anodizaiton time (i.e., tanodi = 24 h). This result indicates clearly
that the pore opening time is highly correlated with the
concentration of bulk anodization electrolyte, ruling out the
effect of the concentration gradient established along the long
nanochannels.
Since current in anodization is related to the mass transport

of oxygen-containing anions from the electrolyte to the oxide/
metal interface through the barrier oxide layer,27 a progressive
decrease of current during anodization over an extended period
of time implies a decrease of the amount of anionic impurities
(C2O4

2− in the present study) incorporated into the barrier
oxide (see Figure S6 in the Supporting Information). In other
words, the concentration gradient of the anionic impurity in the
pore wall oxide exists along the pore growth direction. In
general, anodic oxide containing a larger amount of anionic
impurity is highly labile against wet-chemical etching due to the
less dense nature.16 Accordingly, the time required for opening
of the barrier oxide layer upon wet-chemical etching decreases
with a decrease in the anodization time (tanodi).
For the investigation of the compositional change of the

barrier oxide layer with tanodi, secondary ion mass spectrometry
(SIMS) depth profiling was performed on the barrier oxide
layers of porous AAO fabricated by anodization for different
periods of time (tanodi). Figure 4 shows relative intensities of Al
(blue), C (red), and O (black) obtained from 1 h-anodized
(upper panel) and 24 h-anodized porous AAO (lower panel),
and the amount of C incorporated into the barrier oxide was

Figure 3. Current−time transient during wet-chemical etching of the
barrier layer of porous AAO fabricated by 1 h- (black), 8 h- (blue), 16
h- (green), and 24 h-anodization (pink). The inset shows a schematic
of the experimental setup used for detecting the barrier layer opening
point.

Figure 4. SIMS depth profiles of the bottom sides of porous AAOs
fabricated by 1 h- (upper) and 24 h-anodization (lower). Al, O, and C
elements are indicated as blue, black, and red symbols, respectively.
The insets are schematic cross-sections of the respective samples.
Arrows in the insets indicate an incident ion beam. The gray-shaded
regions (i.e., below 530 s) were considered for compositional analysis.
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qualitatively analyzed with a relative ratio of the SIMS
intensities. The insets of the upper and lower panels are
schematic cross sections of porous AAOs with different
thicknesses. To prevent the brittle AAOs from breaking during
the specimen preparation for SIMS measurements, the pore
mouth side of AAO was coated with nail-polish, which
contributed to the increase of the C intensity when barrier
oxide layer was opened by a sputtered ion beam during SIMS
measurement. For this reason, SIMS profiles below 530 s (i.e.,
shaded region of the graphs) were considered in compositional
analysis. From the relative ratio of intensities of C to Al, it was
found that the relative amount of C in the barrier oxide layer is
about 13.8% higher for 1 h-anodized AAO than that of 24 h-
anodized AAO. This analytical result manifests from the AAOs
formed by short-term anodization are contaminated by an
anionic impurity to a larger extent, compared to the long-term
counterparts.
The effect of electrolyte concentration on the barrier oxide

layer etching could be further explored by performing a set of
etching experiments with porous AAOs formed in H2C2O4
solutions of different concentrations. We carried out additional
anodizations at 40 V on the 24 h-preanodized AAO samples by
using fresh H2C2O4 solutions of two different concentrations,
i.e., 0.03 and 0.3 M. In order to ensure the same thickness of
the newly formed anodic oxide by the additional anodization,
we employed a charge controlled anodization technique, in
which the anodization was terminated when the total integrated
charge reached 1.5 C/cm2 (see Figure S7 in the Supporting
Information). Figure 5 shows the current−time transients

obtained during the barrier layer etching of the samples. In the
case of AAO prepared by using fresh 0.3 M H2C2O4, opening of
the barrier layer started at 33 min, which is almost the same as
that of the 0.5 h-anodized sample (tetch = 30 min) in Figure 2.
On the other hand, AAO fabricated by 0.03 M H2C2O4
exhibited a significantly retarded opening of the barrier layer
(tetch = 53 min), which is even longer than that (tetch = 43 min)
of the 24 h-anodized sample.
Figure 6 shows SIMS depth profiles of the corresponding

samples. It is clear from the figure that the amount of C for the
sample fabricated using 0.3 M H2C2O4 was 2.17 times higher
than that for one fabricated using 0.03 M H2C2O4, indicating

that a larger amount of anionic impurities from anodizing
electrolyte was incorporated into the barrier oxide of the
former, thus resulting in the poor chemical stability against the
etchant. This observation undoubtedly confirms again that the
anodization time (tanodi) dependence of the barrier opening
time (as shown in Figure 2) is the consequence of the decrease
of the electrolyte concentration upon anodization for an
extended period of time.
The morphological change of the bottom surface of AAO

with etching time (tetch) was investigated in more detail by SEM
investigation, which would provide useful information for the
practical use of porous AAO (Figure 7). Porous AAO samples
were prepared by performing anodization for 24 h at 40 V using
0.3 M H2C2O4. Opening of the barrier layer was carried out by
using 5 wt % H3PO4 (29 °C) as an etchant. As depicted in the
SEM micrographs, the bottom surface of as-prepared AAO (i.e.,
tetch = 0 min sample in Figure 7) is characterized by hexagonally
close-packed arrays of hemispherical domes. Consistently with
the results reported in ref 21, barrier oxide was gradually etched
from the entire surface of each dome, exposing the relatively
pure hexagonal cell boundaries. The pore bottom of AAO was
still closed at tetch = 40 min, which is in line with the results
shown in Figures 1 and 2. Opening of the barrier layer occurs at
the very center of the hemispherical dome. The barrier oxide
layer was completely removed upon tetch = 50 min of the wet-
chemical etching, accompanied with pore widening.
Figure 8 shows the increase of pore diameter (Dp) of the

pores at the top (filled circle) and bottom (open circle) part of
the 24 h-anodized porous AAO upon wet-chemical etching. For
the determination of the mean diameters of the pores, SEM
micrographs obtained from the bottom (Figure 7) and top
parts (Figure S8 in the Supporting Information) of the AAO
membranes were processed by using standard image processing
software (i.e., Image J).28 Pore diameter (Dp) of the top and

Figure 5. Current−time curves obtained during wet-chemical etching
of the barrier oxide layers of AAOs formed in 0.3 M (blue filled
square) and 0.03 M H2C2O4 (black open circle). The insets show
typical SEM images of the bottom surface of the respective AAO
samples after removal of the barrier oxide layer by wet-chemical
etching for tetch = 55 min. Scale bars are 200 nm.

Figure 6. SIMS depth profiles of the bottom sides of AAOs prepared
by using 0.03 M (upper) and 0.3 M H2C2O4 (lower). Concentration
profiles of Al, O, and C are presented as blue, black, and red symbols,
respectively. The insets are schematic cross-sections of the respective
samples. Arrows in the insets indicate an incident ion beam.
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bottom parts of the AAO membrane increased linearly with
etching time (tetch). As manifested in the Figure 8, the curves
can be characterized with two characteristic regions depending
on the pore wall etching rate; one is the fast etching region
stemming from the etching of the anion-contaminated outer
pore wall of AAO and the other is the slow etching region
originating from the etching of the relatively pure inner pore
wall. It is worth noting that the etching rate of the outer pore
wall at the top part of the AAO (1.04 nm/min) is higher than
that at the bottom part (0.48 nm/min), whereas almost the
same etching rate for the inner pore wall (0.36 and 0.30 nm/
min for the top and bottom parts, respectively). This result can

be also ascribed to the lowered impurity contents in the outer
pore wall oxide at the bottom part of the AAO as a result of a
progressive decrease in electrolyte. In order to verify the
difference in the amount of anionic impurity content at the top
and bottom parts of the AAO, SIMS analysis was carried out
(see Figure S9 in the Supporting Information). The amount of
C at the top part was observed to be about 3 times higher than
that at bottom part. Upon closer inspection of the present
results, we could deduce that the outer pore wall at the top part
of AAO is about 2.3 times thicker than that at the bottom part:
the thickness of the outer pore wall at the top and bottom parts
of AAO is estimated to be 67.7% and 29.0% of the thickness of
the pore wall, respectively. This implies that the thickness ratio
of the relatively pure inner pore wall to the anion-contaminated
outer pore wall is gradually varied along the pore axis during
anodization of aluminum (see Figure S10 in the Supporting
Information). It was reported that anodization current is closely
correlated with the relative extents of the inner and outer pore
walls in the anodic oxide.4 Thus, the observed variation of the
thickness of the outer pore wall would be ascribed to the
decrease of current density (j) due to the decreased electrolyte
concentration.
Anodic oxidation of aluminum is a volume expansion

process, causing mechanical stress at the metal/oxide interface.
The resulting mechanical stress has been regarded as a driving
force for the self-organized formation of oxide nanopore during
steady-state anodization of aluminum.29 On the other hand, the
degree of impurity incorporation into anodic oxide is positively
correlated with the volume expansion during anodic oxidation
of aluminum, in a way that the inverse volume expansion factor
is linearly dependent on the logarithm of the current density

Figure 7. SEM micrographs showing the morphological evolution of the bottom surface of AAO depending on different etching times (tetch) in 5 wt
% H3PO4 at 29 ± 0.2 °C. Scale bars are 200 nm.

Figure 8. Variation of pore diameter (Dp) at the top (filled circles) and
bottom (open circle) part of the AAO membranes with their linear fits
as a function of etching time (tetch).
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(j).30 Accordingly, for a given anodization condition, it is
expected that the degree of pore ordering increases with the
level of anion incorporation (i.e., mechanical stress); the more
the impurity incorporation into anodic oxide, the higher the
degree of pore ordering due to a higher level of repulsive stress
between pores. In fact, we found that anodization for over a
certain period of time (e.g., tanodi = 120 h) results in disordering
of pores (see Figure S11 in the Supporting Information) due to
a decreased level of anionic impurity that is associated with
decreased electrolyte concentration. For thorough under-
standing on the steady-state growth of anodic oxide, we are
currently performing a systematic investigation on the effect of
anodization time (tanodi) and electrolyte concentration on the
ordering of nanopores. The results will be reported elsewhere.
Incorporation of anionic impurity also has profound
implication to the steady-state growth of porous alumina.
Recent experimental and theoretical studies suggested that
incorporated anionic species play an important role in the
viscous flow of oxide materials from the pore base toward the
cell boundary region.31,32 Therefore, our finding on nonuni-
form distribution of anionic impurity may provide important
information for thorough understanding of steady-state growth
of self-organized nanopores during anodization of aluminum.

■ CONCLUSION
The effect of anodization time (tanodi) and electrolyte
concentration on the chemical composition and thus wet-

chemical etching behavior of the barrier oxide layer of AAO was
systematically investigated by using SEM, SIMS, and a newly
devised experimental setup that allows accurate in situ
determination of the pore opening point during wet-chemical
etching of the barrier oxide layer. AAO samples formed by
long-term anodization exhibited significantly retarded opening
of the barrier oxide layer compared to the short-term anodized
samples due to the lower level of anionic impurity incorporated
into the anodic oxide during anodization. On the basis of our
control anodization experiments and SIMS analysis on the
resulting AAO samples, the observed compositional depend-
ence of the barrier oxide on the anodization time (tanodi) was
attributed to the progressive decrease of the electrolyte
concentration during anodization. Our extensive pore widening
experiments indicated that the decrease of the electrolyte
concentration also causes a decrease of the relative thickness of
the anion contaminated outer pore wall to the pure inner pore
wall. All of our results revealed the presence of the nonuniform
distribution of impurity in AAO along both the vertical and
radial direction of cylindrical nanopores, as schematically

illustrated in Figure 9. We found that electrolyte concentration
plays an important role in ordering of pores, especially during
long-term anodization of aluminum. Our results are expected to
provide viable information not only for practical applications of
nanoporous AAO in nanotechnology but also for thorough
understanding of the self-organized formation of oxide
nanopores during anodization.
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