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In this work, it has been shown that, through a highly controlled process, the chemical etching of the anodic
aluminum oxide membrane barrier layer can be performed in such a way as to achieve nanometer-scale control of
the pore opening. As the barrier layer is etched away, subtle differences revealed through AFM phase imaging in the
alumina composition in the barrier layer give rise to a unique pattern of hexagonal walls surrounding each of the barrier
layer domes. These nanostructures observed in both topography and phase images can be understood as differences
in the oxalate anion contaminated alumina versus pure alumina. This information bears significant implication for
catalysis, template synthesis, and chemical sensing applications. From the pore opening etching studies, the etching
rate of the barrier layer (1.3 nm/min) is higher than that of the inner cell wall (0.93 nm/min), both of which are higher
than the etching rate of pure alumina layer (60617 nm/min). The established etching rates together with the etching
temperature allow one to control the pore diameter systematically from 10 to 95 nm.

Introduction AAO nanopores by utilizing a chemical vapor deposition
Porous anodic aluminum oxide (AAO) membranes have technique. Highly ordered antidot arrays have also been produced

attracted significant interest during recent years due to the factPY coa‘qr;g the surfaces of porous AAO membranes with
that they are readily synthesized through a simple procedure and™agnetié” or superconductin§ materials.
extremely useful in nanoscience studies. Pore diameter320 A hemispherical shell with homogeneous thickness known as
nm) and pore-pore distance (25500 nm) can be controlled the barru_erla_yerdevelops atthe bot.tom of_every nanopore during
over a narrow distribution range through proper selection of the the anodlzat!on process. Todate, this barrier layer has not.attrgcted
type and concentration of electrolyte, applied anodization much attention in the literature, even though many applications
potential, and temperatute? Highly ordered, straight nanopores ~ réquire its removal to create through-hole membranes. Examples
in hexagonally close-packed arrays with domain sizes of for such applications include energy-efficient gas separation and
approximately 2.5¢ 2.5m? and aspect ratios as high as 1000 Pattern-transfer masks for e-beam evaporatforgactive ion
can be readily achieved. The pengore distance and barrier ~ €tching?® or molecular-beam epitaxial growth.Through a
oxide layer thickness are mainly determined by the applied carefully controlled barrier layer etching process, one can
anodization potential, while the electrolyte pH determines the Systematically prepare a tunable pore opening. Three methods
dissolution rate of aluminum oxide, which directly affects the Nhad been used to open the barrier oxide layer: wet chemical
resulting pore diameter. etching!~2ion milling,22and plasma etchin®f.Of these, the wet
The nanopores within the AAO membranes can be used asetching has been regarded as difficult to control and only ion
templates for fabricating various nanoscale structures. NanowiresMilling has received more detailed analysis in the literatére.
of a variety of materials, including NiBi,% Au,”~° Ag,’°Co ! Both ion milling and plasma etching have the advantage of
ZnO 12 Fe 13 and SB*with diameters of 66200 nm, have been ~ maintaining intact pores after barrier layer removal, but require
fabricated by electrodeposition into the nanopores. Carbon €xpensive equipment, and a typical setup allows only a small
nanotube® and boron nanowird& have been created in the area around k 1 mn? to be removed at any given time and,
thus, they are cost- and time-intensive. Wet chemical etching,
* To whom correspondence should be addressed. E-mail: hau.wang@ when properly controlled, can be used to etch samples with large
a”'T-?EOV- | buti dimensions (for example, 2 2 cn?) and is fast, convenient,
¢Cﬂlr‘rin?°;c}gr;£nh_l Daley College, Chicago, IL. inexpensive, and reliable. It has been used routinely in our
§ Current address: Department of Chemical Engvineering, University of laboratory for opening the barrier layers of AAO membranes.
Louisville, Louisville, KY.
I'Current address: Department of Physics, Northern Illinois University, (12) Li, Y.; Meng, G. W.; Zhang, L. DAppl. Phys. Lett200Q 76 (15),

DeKalb, IL, and ANL/MSD. 2011.
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While there seems to be a number of researchers utilizing
chemical etching for opening the barrier layer, very little detailed
study has been made in the past to reveal the barrier layer opening
process. As such, there is a lack of knowledge concerning the
dynamics of this process. The most common remark upon this
process that can be found in the literature is “...the barrier layer
is removed in 5% PO, at 30°C for 60 min.”> Our experimental
results show that if the chemical etching is done with proper
control, 16-95 nm openings in the barrier layer can be obtained
systematically for AAO membranes made in oxalic acid. In
addition, very interesting double hexagon nanostructures were
observed for the first time through AFM imaging before complete
removal of the barrier layer. These nanostructures reveal the

impurity distribution in the membranes that bear significant ) ) )
implication for catalysis and sensing applications. Figure 1. Schematic drawing of the cross section of a nanopore.
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Experimental Section aluminum to aluminum cation (At Al®*), and the inner one
Anodic aluminum oxide (AAO) membranes with hexagonally is associated with & migra_tion th_at leads to thg _formation pf
ordered arrays of nanopores were prepared by a two-step anodizatior"fIlumlna (AbOs), as We.” as dlss_olutlon and deposition of glum_lna
procedure as described previouskluminum sheets (Alfa Aesar,  © @nd from the etching solution. The whole process is driven
99.998% pure, 0.5 mm thick) were degreased in acetone and therPY the local electric field &), which is defined by the current
annealed at 50%C for 4 h under an argon atmosphere. The Al sheets applied () over conductivity ¢) and the surface area of the
were then electropolished in a solution of HGl&hd ethanol (1:8, spherical bottomd/4r x 4nb? = wh?wherew is the solid angle

v/v) at a current density of 200 mA/éfor 10 min or until a mirror- of the active barrier area ardradius of curvature).
like surface smoothness was achieved.
The first anodization step was carried out in a 0.3 M oxalic acid J |
solution at 3’C for 24 h. The 7@m thick porous alumina layer was E= o = 2
then stripped away from the Al substrate by etching the sample in owb

a solution containing 6 wt % phosphoric acid and 1.8 wt % chromic . ) . o
acid at 60°C for 12 h. This step not only removes the disordered ~ Under a constant applied potential and during equilibrium
AAO membrane but also leaves a highly ordered dimple array on growth, each nanopore will reach an optimized solid ang@d

the aluminum surface. Each dimple initiates new pore formation radius of curvaturb, which will lead to a consistent pore diameter
during the second anodization step, which was carried out under theand result in a two-dimensional hexagonally close-packed pore
same conditions as the first step. A freestanding AAO membrane grray.

with highly ordered arrays of nanopores was then obtained by  AAQ Barrier Layer Opening This study utilizes a freestand-
selectively etching away the unreacted Al in a saturated KHgCl ing AAO film with a protective polymer layer made of a mixture

solution. ; : :
A U-shaped aluminum oxide layer or barrier layer with a thickness ?"fn:“ggo_?ﬁ”um?er:nrdl polyr/(?ster rgstln gln tfllethporours S|d§d0:‘hthe
of 30—40 nm forms at the bottom of every nanopore during ) € polymer layer IS Used to block the pores a us

anodization. A protective polymer layer made of a mixture of Préventuneven etching of the AAO barrier layer from inside,

nitrocellulose and polyester resin was coated on the top surface ofWhich may be caused by the uneven acid diffusion through the
the AAO membrane that is opposite to the barrier layer to prevent AAO pores. The presence of the protective layer also focuses
overetching of the surface structure and uneven diffusion of acid the etching process on the bottom side of the barrier layer, which
into the nanopore®. The membrane was then immersed in 200 mL  is comprised of a hexagonally close packed array of hemispherical
of 5.00 wt % phosphoric acid at 30°C for different periods oftime,  domes that are 120 nm in diameter and 27 nm in height (Figure
rinsed with distilled water, and dried under ambient conditions. The 23). The domes begin to shrink both in diameter and height once
barrier layer removal and pore widening process was then studiedpo etching process starts. After 18 min of etching, the domes
with use of AFM (Digital Instruments, Dimension 3000 with atype e qecreased in size to approximately 100 nm in diameter and

Illa controller and TESP Si cantilevers) and SEM (Hitachi S-4700- - . . S . .
I). Effective pore diameters were determined by analyzing the total 24 nm in height (Figure 2b). Itis interesting to note that, at this

pore area of each image using Scion Image based on NIH |mageearly stage of the etching process, the wals of each individual
to ascertain the average area per pore and, hence, the average pofé€ll are becoming more pronounced, which suggests that the

diameter. area in-between individual domes is not etched as quickly as the
domesthemselves. This trend continues through 30 min of etching
Results and Discussion with the domes continuing to decrease in size (85 nm in diam-
The model of an AAO nanopore is shown in Figure 1 by eter'and 16 nm ip height) and the hexagonal cell walls be-
following a literature referenc®.As indicated in the figureC coming clearly visible to form a double hexagon nanostructure
is the cell dimension (pore-to-pore distance) with cell wall (Figure 2c). _ _ o
thicknessv, Pis the pore diameter, ards the center of curvature After 40 min of etching, the barrier layer is finally breached

that moves continuously during anodization toward the bottom. PY the acid (Figure 2d). Note that the initial opening is uneven
The active layer during nanopore growth is the barrier layer with cross the surface. The majority of the cells have an opening of

thicknessd). There are two active interfaces associated with the ~10 nm, while some of the cells remain closed. While the
barrier layer. The outer one is associated with oxidation of @luminum surface used to create the AAO membrane was

annealed and electropolished before anodization, the surface still
(23) Masuda, H.; Abe, A.; Nakao, M.; Yokoo, A.; Tamamura, T.; Nishio, K. maintains a certain degree of roughness. This roughness translates

Ady.zgllegﬁr.Zog?? F1e5 ), 16\1/\-/ F1. Electrochem. S0d996 143 619 into a subtle variation in the thickness of the barrier I&er.
5253 O'Sullivan 3. .- Wood. G. (roc. R. Soc. London 2070 317 511, Those domes that are thinner would obviously be etched through

(26) Xu, T. T.; Piner, R. D.; Ruoff, R. S.angmuir2003 19, 1443. earlier. It should also be noted that the walls of each individual
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Figure 3. AFM topography and phase images of the AAO membrane
after (a and b) 70 min and (c and d) 90 min of etching.
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Figure 2. Stages of chemical etching process of the anodic aluminum @ g E':"
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oxide barrier layer. Etching progress after (a) 0 min, (b) 18 min, (c)
30 min, (d) 40 min, (e) 50 min, and (f) 60 min.
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cell have become distinct enough to completely encircle each
dome. Once the domes have been breached initially, the openings 20 40 60 80 100 120 140
begin to widen to generate a unique surface topography which Etching Time (min)

combines a hexagonal cell wall surrounding each opened dome'Figure 4. Etching of the barrier side®, SEM;O, AFM) and front

This process can be used to create membranes with a wide ranggjge ¢, SEM) of AAO membranes in 5.00 wt %3RO, at 30.0°C.
of pore diameters with fixed pore-to-pore distance, from sub-10

nm, to 34 nm, to 48 nm, and to 70 nm just by terminating the diameter at each time step is obtained from the average pore area
etching process at 40, 50, 60, and 70 min, respectively (Figuresmeasured over a large number of pores across several sample
2d—2f and Figure 3a). The pronounced hexagonal walls persist membranes. Note that the two techniques give fairly consistent
through the entire procedure, even after the barrier layer hasresults, especially before the complete removal of the barrier
been completely removed at 70 min of etching. layer. From 40 to 90 min of etching, the pore opening rate is
As can be seen from the images, the pores become more circulaabout 1.3 nm/min, but the following pore expansion rate is much
as etching progresses. This is similar to other techniques, like slower, at about 0.5 nm/min. A variation in the diffusion rate of
ion milling, where the pore shape is fairly circular at larger pore acid across the surface can be ruled out as a cause of this etching
diameters (ca. 45 nm) but some distortion is still obsef?ed. rate difference as there is very little height variation initially
While these images may represent the true shape of the holefrom the top of the dome to the bottom of the crevice, as can
especially at the smaller diameters, there is also the possibility be seen in Figure 5a. This means the barrier layer must consist
that there is a convolution between the AFM tip and hole that of materials that are more susceptible to chemical etching than
is distorting the image. We suspect that this is partially the case the materials building the inner cell wall of the AAO pore. We
as there were some changes in the image depending on the scaattribute this to the fact that the barrier layer is the growth front
direction, which is a clear indication that tip shape is affecting of the anodization proceg;it is constantly building up and
the image. Even if this is the case though, these results suggestedissolving. This action allows the oxalate anion (O£,
that applications that require a very uniform shape should utilize and HO to be mixed with the alumina within the barrier layer,
membranes that have been etched for longer periods of time toleading to a less dense composite materiajQAlmixed with
ensure a more uniform pore shape. Al 2(OX)s.
Two Regions of Different Etching Rated~igure 4 shows the To further verify that there is a material difference between
rate of pore opening as a plot of pore diameter with respect to the domes and the cell walls, we carried out an etching experiment
time measured by AFMJ) and SEM @) imaging. The effective onthe front side of an AAO membrane under the same conditions.
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layer consists of oxalate 042~ anion contaminated alumina
while the outer layer consists of relatively pure alumih@he
ion mobility, «, is the limiting velocity of an ion) in an electric
field (E) of unit strength. The force from the field to the ion is
|zleE which is balanced by the frictional drag that can be
approximated by Stokes lawgst§rv, wherez is the charge on
the ion,e the electronic chargey, the viscosity of the medium,
andr the radius of the ioA? Combining the two formulas gives

, ; \ The mobility ratio of oxygen anion to oxalate anion can be
0 250 300 estimated from their radii:uo?/uc,02 = rc02/ror ~ 1.8.
nm Therefore, only the inner layer of the cell wall is contaminated
with the oxalate anions due to their much slower mobility and
it is reasonable that the anion contaminated alumina is easier to
be etched away by 0, than the purer alumina, as shown by
our etching rate studies.
Underlying Structure and Impurity Distribution. Knowing
about the presence of pure alumina and oxalate contaminated
L/ alumina and identifying two different etching rates, the double
o- hexagon nanostructures observed between 18 min (Figure 2b)
and 60 min (Figure 2f) etching time can now be analyzed in
more detail. These unique nanostructures can only be observed
- during this~40 min window and have never been reported
o7 previously. Figures 5a and 5b show the section analyses of the
v i 1 AAO membranes just before (30 min etching) and after (50 min)
0 E:rg 200 the barrier layer was breached, respectively. The double-dip
¢ features with 25 nm separation and 2.5 nm height at the 30 min
Yy etching (Figure 5a) and 31 nm separation and 2.9 nm height at
the 50 min etching (marked in Figure 5b) are clearly observed
in both figures and indicate the boundary of pure alumina between
\/ \/ the cells as depicted schematically in Figure 5c. In addition, the
two types of alumina as indicated in the cell wall of Figure 5¢
can be observed from the AFM phase imaging technique, which
is sensitive to changes in elastic modulus and surface hardness
of the AAO membrane. The cell wall nanostructures can be
Figure 5. (a) Section analysis of AAO membrane at 30 min etching Observed from both topography (Figure-22f) and phase imaging
(same sample as Figure 2c¢) showing a cross section of the barrienot shown here). At the early etching stage (18 min, Figure 2b)
layer and the double-dip feature. (b) Section analysis of AAO and just after the barrier layer has been removed (70 min, Figure
membrane at 50 min etching (same as Figure 2e) showing the3a), while topography imaging simply showed the actual cell

collapsed dome and the double-dip feature (marked with red arrows). ;¢ ang shape, phase imaging continued to reveal the underlying
(c) Schematic drawing of the bilayered cell wall (gray area, oxalate cell wall nanostructures. As shown in pseudo color (Figure 3b
contaminated alumina; white, pure alumina), the barrier layer (shown : p g '

with thicker oxalate contaminated layer), and the double-dip feature 70 mMin), the contaminated alumina is indicated with light blue
observed during etching. next to the dark blue pore, while the pure alumina of the cell

- wall, which is harder than the alumina near the pore, is indicated
The results, as seen in Figure 4 (*, measured by SEM), show thatas pink. As the pores are etched further (90 min etching, Figure

]Eheref(;i ale'ssg two dlf;erenttrr]eg|mesa]'he f|trst .reglme,.whlcth runts 3c), this contaminated layer is quickly removed, leaving behind
r]?r(];gg 0 / min, i Or\]NS N potrt:e |ar“e er”mcreasT%ada rta eonIy the pure alumina wall indicated as blue walls in Figure 3d
of 0.93 nm/min, which means the cell walls are etched at a 4 empty pores in green.

slower rate than the domes of the barrier layer (1.3 nm/min). As Implications of the Barrier Layer. If the barrier layer was

can .be seen from Figure 4, th? change n dla}meter Versus t'memade of concentric layers of the same material throughout the
is fairly linear. The second regime, which begins at 60 min, has

an etching rate of only 0.17 nm/min. The two different etching whole curvature, the whole barrier layer should be etched away

rates clearly indicate that the cell wall is comprised of two different all at once under homogeneous etching without diffusion limit,

. . . which is not supported by the aforementioned observation. It is
material layers. Earlier studies of AAO have suggested that there _ . . . . o
is a meaSI)JlrabIe difference in the alumina ofg?hese two areasqur[e obvious from Figure 2d2f that the barier layer is first

= . . . breached at the very top or center of the domes, and then the
arising from the entrapment of conjugated base anions in the

. . o small opening is gradually enlarged and eventually the whole
alumina near the po® During our recent qualitative UV-Raman P 9159 y 9 y
stud]es pure alumina povyders, AAO membra}ne prepared from (27) Thompson, G. E.. Wood, G. Glature 1981, 290, 230.
oxalic acid, and commercial dehydrated aluminum oxalate were  (28) xiong, G.; Elam, J. W.; Feng, H.; Han, C. Y.; Wang, H. H; Iton, L. E.;
compared® While pure amorphous alumina gave no Raman ggglsibL- ﬁozgllrl, M. J.; Kung, M.; Kung, H.; Stair, P. @. Phys. Chem. B
band in the 6081900 cnT? region, the AAO membrane and 5 109 )

. (29) Bard, A. J.; Faulkner, L. REElectrochemical Methods Fundamentals and
Al»(Ox)srevealed nearly the same UV-Raman spectra. The inner Applications John Wiley & Sons: New York, 1980; p 65.
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Figure 6. Reaction rates befor©j and after @) breaching of the
barrier layer at four different temperatures (20, 25, 30, ane335 nm dot diameter and 125 nm dot-to-dot distance). The missing Au
dots may be the results of pore blockage or loss during the mask
dome is etched away as the chemical etching process proceedsift-off process.
Based on our etching results, the barrier layer cannot consist ofy4te at any given temperature and thus can be used to predict the
simple concentric layers with different purity. The barrier layer gpproximate etching time to achieve a desired pore diameter.
is more complex than the composition of the bilayer cell wall. Demonstration as a Nanomask.AAO membranes with
From the breaching pattern, the impure inner layer is thicker yarious pore diameters are useful for mask applications. As a
around the center of each barrier layer. This is possibly due to simple demonstration, we prepared a thin AAO membrane (750
the fact that anodization is a dynamic process. Since the effectiveym thick) with the pore (90 nm) completely open and placed the
center of curvature is continuously moving forward during anodi- AAO mask over a Si wafer. Through thermal evaporation, a 50
zation, the center area of each cell barrier always remains redoXam Au thin film was deposited on the AAO membrane. The
active while the boundary between the bottom barrier and cell gjymina membrane was then removed with chemical etching
wallis gradually becoming redox inactive. There are tworesulting gnd the resulting 50 nm Au nanodot array on Si is shown in
effects from this transition. First, the barrier layer will contain Figure 7. These Au nanodots are deposited in a hexagonally
more oxalate anions than that of the cell wall as evidenced by close-packed pattern exactly mirroring the AAO pore arrange-
the faster etching rate (Figure 4 barrier vs front etching). Second, ment. The whole process, which demonstrates the proof of
will stop after the boundary area becomes inactive, diffusion of lithographic tools were required. The missing regions of dots are
oxalate from the barrier layer to the cell wall due to higher con- st Jikely due to the fact that the masking process has not been
centration will continue. This process would leave the boundary optimized and as such, some areas of the gold did not fully
of the barrier with a lower oxalate concentration and the center gqhere to the Si substrate prior to removal of the AAO mask.
ofthe barrier layer a slightly higher oxalate concentration. While gy rther studies into the masking process should improve the
this hypothesis explains the phenomenological observation of ayje|d and uniformity of the nanodot array. These metallic nanodot
pore opening, quantitative explanation must rely on detailed rrays can be used in the future for chemical sensing and localized

Temperature Dependency of the Etching RatelThe reaction

rates before and after the breaching of the barrier layer were Summary
measured at four different temperatures (20, 25, 30, arfdC35
in 5.00 wt % HPO4. Assuming that the rate constaktobeys
the Arrhenius temperature dependence, the rRteedéds to

Inthis work, it has been shown that through a highly controlled
process the chemical etching of the AAO barrier layer can be
performed in such a way as to achieve nanometer scale control
= Ae_':JRT[H+] of the pore opening. Such .control can be extremely useful in

membrane technology and lithographic mask applications. Also,

This equation assumes that the reaction rate is first order with @ the barrier layer is etched away, subtle differences revealed

respect to the hydrogen ion concentration. While this would not through AFM phase imaging in the alumina composition in the
seem obvious from the equation for the etching reaction, barrier layer give rise to a unique pattern of hexagonal walls
surrounding each of the barrier layer domes. In addition, the

AlLO, + 6H" — 2A1** 4+ 3H,0 oxalate anion contaminated alumina and pure alumina in these
membranes have been directly imaged with AFM techniques.
prior work has shown that the rate law is first-or@&Plotting This information bears significant implication for future catalysis,

In r versus 1T (Figure 6) gives the relationship of reaction rate template synthesis, and chemical sensing applications.

and etching temperature as . .
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