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ABSTRACT: We present a systematic study of membrane structure (pore diameter and
arrangement) in anodized aluminum oxide (AAO) layers obtained by anodization voltages
8−20 V in sulfuric and 15−40 V in oxalic acid electrolyte solutions. Anodization of bulk
aluminum in sulfuric acid at 10 V potential was found to be optimal for production or
ultrathin freestanding membranes with pore diameter in sub-20 nm range. The developed
process with slow electrochemical reaction results in AAO membranes with thickness
below 70 nm. The minimum required time for formation of continuous AAO membrane
was determined and influence of electrolyte concentration on pore diameter in membrane
after barrier layer removal analyzed. Finally, we demonstrate a method of membrane
transfer onto a different surface and using it for masked deposition of dense nanoparticle
arrays with diameters below 20 nm.

■ INTRODUCTION

Nanoporous anodized aluminum oxide (AAO) membranes
persist to attract much attention due to their highly ordered
porous structure, variable range of pore diameter and high
density1−3 although these surface features of AAO have been
known for more than six decades.4 AAO membranes are widely
used for synthesis of nanowire and nanotube arrays, for
filtration, as sensors, catalysts, patterning (evaporation and
etching masks), and other applications.1,5 Ultrathin AAO
membranes were recently used as masks for production of
nanoparticle arrays on different surfaces.
The membrane morphology can be controlled by anodiza-

tion voltage and the type of electrolyte used. The pore diameter
decreases nearly linearly with decreased anodization volt-
age.2−4,6 However, this generally accepted rule breaks down at
voltages below 5 V and the pore diameter may actually increase
after further reduction of anodization voltage.7 This suggests
that the processes of membrane growth at low voltages (∼10
V) are different from regular cell formation at higher potentials.
In the case of electrically conductive substrates, for example,

silicon or indium tin oxide, a thin layer of Al can be deposited
and subsequently anodized.3,8 Use of ultrathin AAO masks on
other surfaces requires fabrication of free-standing mem-
branes.9−11 Various techniques of mask transfer, including
coverage with a polymer transport substrate, which is afterward
dissolved, have been developed.9,10 AAO masks with pore
diameters of 60−100 nm and thickness of 200−700 nm
prepared in oxalic acid electrolyte solution at anodization
voltage of 40 V yield nanoparticles with diameters of 50−80
nm.12,13 Production of smaller nanoparticles, for example, for
quantum dot applications, is more complicated and requires
manipulation of ultrathin AAO masks with pore diameters
below 20 nm and membrane-thickness to pore-width aspect

ratio 10 or smaller.14 Membranes with higher aspect ratio are
less suitable for masked deposition because the sputtered
material accumulates on membrane and does not reach the
target surface. The limiting factor from the other end is the
mechanical strength of porous AAO and membranes thinner
than ∼100 nm are difficult to handle.
In a recent work by Wu et al., ultrathin AAO membranes

with pore diameter below 20 nm and thickness 80 nm have
been fabricated by Al anodization in sulfuric acid at a potential
of 25−40 V.10 This was achieved only after decreasing the
reaction speed by cooling the electrolyte to −20 °C and adding
modulators to the solution. For relatively thick AAO
membranes the pores can be grown to a well-ordered
honeycomb structure. However, the process parameter
(electrolyte concentration, anodization voltage, and so forth)
influence on pore structure in limiting cases of ultrathin masks
has been much less studied.
In this work, low-anodization voltages and consequently low

reaction speeds were used for reproducible synthesis of AAO
membranes with thickness below 70 nm and pore diameters
below 20 nm. Here we extend the initial study by our group15

and systematically analyze the influence of electrolyte
concentration and anodization voltages on membrane
morphology. We have significantly improved the ultrathin
membrane transfer method and found optimal parameters for
nanoparticle deposition mask production. We demonstrate this
by creating dense Cr nanoparticle arrays with 16 nm particle
diameter on a Si surface. To our knowledge the reported
smallest nanoparticles produced by masked deposition
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technique through AAO membrane have 17 nm average
diameter.10 The presented recipe fills the gap in 10−20 nm
range where top-down (lithography) and bottom-up (colloid
synthesis) methods become increasingly difficult. Moreover, the
change of nanoparticle material for particular applications is
straightforward, for example, in a recent work by our group
similar size Ag nanoparticles were used on glass surface for
plasmonic applications.16

■ EXPERIMENTAL SECTION
Ultrathin AAO membranes were prepared by two-stage
anodization of high-purity 0.35 mm thick aluminum foil
(99.999% GoodFellow, Cambridge) in sulfuric (0.3−1.3 mol/
L) acid or oxalic (0.3 mol/L) acid by applying direct current
(dc) voltage. After degreasing in acetone, aluminum sheets (18
mm × 9 mm × 0.35 mm) were annealed in vacuum at a 450 °C
for 2 h and slowly cooled to room temperature. Annealed
aluminum sheets were electropolished under a constant voltage
of 10 V at room temperature in a mixed solution of perchloric
acid (60% HClO4) and ethanol (96% EtOH) in a volume ratio
of 1:4.17 The electropolished aluminum sheets were first
anodized at room temperature for 2 h in sulfuric acid or oxalic
acid under a constant voltage in a two-electrode cell with a
platinum cathode. The resulting oxide layer was removed with a
3.5% (vol) solution of H3PO4 and 4.5% CrO3 at 70 °C.18 A
second anodization step was performed at room temperature
under the same conditions as the first anodization. The
anodization time minimum 25−30 s was predetermined for
each sample type where stabilization of anodization current
occurs (Figure 1), which corresponds to beginning of steady
state growth of porous alumina.19

The ultrathin AAO surface formed during the second
anodization was coated with a layer of poly(methyl
methacrylate) PMMA 950k in 6% anisole solution (Micro-
Chem). The sample was left for 14 h to allow the solvent to
evaporate. Thereafter the PMMA layer was reinforced by a 1−2
mm coating of paraffin.
The aluminum substrate was then removed by floating the

sample on the surface of a mixture solution of 0.37 M CuCl2/1
M HCl and 10 wt % FeCl3 in volume ratio 1:3. A tiny amount
(0.1%) nonionic surfactant Triton X-100 was added to the
above etching mixture. The barrier layer was selectively
removed by placing the composite membrane on the surface
of a 5 wt % H3PO4 solution at room temperature. The ultrathin
AAO membrane was then transferred onto plasma cleaned
cover glass or Si surface and left to dry for 14 h (overnight).
Paraffin was blown away with hot air and PMMA layer was
removed by a flow of oxygen at 500 °C.

Chrome (Ag, Au, and other materials not shown here)
nanoparticles were deposited on substrate surfaces using ion
beam-based GATAN Precision Etching and Coating System
(Model 682 PECS). After 20−30 nm thick metal layer
deposition, AAO mask was removed using adhesive thermal
release tape.
Thickness of the transferred AAO was measured with atomic

force microscope (Asylum Research MFP-3D Bio, AC mode).
Field-emission scanning electron microscope (SEM, Hitachi
4800 or Carl Zeiss SUPRA 60 VP) was used for observation of
the ultrathin AAO and metal nanoparticles. For pore
characterization the SEM images were processed (brightness
and contrast correction) and analyzed (Voronoi diagrams) with
ImageJ software.20 The pore diameter was determined by
averaging measurements from 100 pores obtained by analysis of
intensity in SEM images with the intensity threshold values set
to visually match the structure of full pores (excluding
incomplete, double and branched ones).

■ RESULTS AND DISCUSSION
Anodization at Low Voltages. With the initial goal of

finding process parameters for production of membranes with
smallest pores and highest densities while maintaining suitable
thickness-diameter aspect ratio for mask deposition, anodiza-
tion was done at lower potentials (8−12 and 15 V sulfuric and
oxalic acid electrolyte solution, respectively) compared to 40
and 25 V typically reported in literature.2,9 We found that these
values did indeed yield ultrathin masks, which could be
produced at room temperature. However, they lack the
prominent honeycomb structure one typically expects from
AAO masks. To illustrate this, AAO layers were synthesized
using two-step anodization process of Al sheets in a 0.3 M
oxalic acid under different anodization voltages with 45 s
anodization time.
In contrast to “typical” medium anodization voltage samples,

where large areas are covered by nearly periodic structure
(Figure 2a,b), the arrangement of pores in low anodization
voltage samples (Figure 2d) has a short-range ordered nature.
The pore diameter and cell size at the initial stage of AAO layer
formation, which is of interest in present study, decreases with
lower anodization voltage, which is in good agreement with
earlier observations for steady growth of thick membranes.6,21

Pore diameter of AAO decreased from 39 to 16 nm and cell
size from 102 nm (standard deviation 5%) to 43 nm (standard
deviation 23%). Moreover, pores of AAO, prepared at 15 V
were more variable in shape, some pores were branched or
paired (distance between pores were equal or smaller than pore
diameter). To establish the degree of ordering of pores,
Voronoi diagrams22,23 were constructed and superimposed on
SEM images (Figure 2c,e). Pores prepared under 40 V have six
neighbors (are hexagonally ordered) in ∼1 μm2 large domains
(Figure 2b). Pores prepared under 15 V have 5, 6, or 7
neighbors (only 42% of pores have 6 neighbors) and obtained
polygons are not symmetric (Figure 2e).
A similar tendency of pore ordering at low voltages can be

observed for AAO layers obtained by anodization in sulfuric
acid electrolyte. We analyze these in more detail for production
of pores and nanoparticles with diameters below 20 nm.
AAO was produced in 0.3 M sulfuric acid at room

temperature with anodization voltages of 20, 12, 10, and 8 V
(Figure 3). The corresponding average pore diameter values are
19, 16, 13, and 11 nm, and the fraction of hexagonal cells in
Voronoi diagrams were 80, 38, 45, and 44%.

Figure 1. Current−time curve obtained during second anodization
using 10 V potential in 0.7 M sulfuric acid.
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By comparison of AAO layers made using sulfuric and oxalic
acid electrolytes, it can be clearly seen that in both cases
lowering the anodization voltage decreases the regularity of

pore arrangement. A similar observation was done in a recent
work24 where temperature dependence for best hexagonal
arrangement of pores was determined using sulfuric acid
electrolyte and anodization voltages between 15 and 25 V. This
can be explained by two competing processes during
anodization, namely, anodic oxide formation, which is directed
by electric field, and oxide field-assisted dissolution that is less
directional and strongly influenced by local perturbations near
the substrate interface.

Influence of Electrolyte Concentration. Several works
have addressed the role of electrolyte concentration on pore
structure during anodization process.2,6,25 In these studies the
anodization time was relatively long compared to what is used
in present work. It has been observed that at higher
concentrations smaller pore diameters can be achieved. In
search of membranes with smallest achievable pores suitable for
masked deposition we produced a series of AAO layers at room
temperature under constant anodization voltage of 10 V in six
different sulfuric acid concentrations (Figure 4). As expected,

pore diameters slightly decrease for higher electrolyte
concentration (from 13 nm in 0.3 M sulfuric acid to 11 nm
in 1.3 M sulfuric acid) (Figure 4g). However, the highest
electrolyte concentrations are not best suited for membrane
production for masked deposition as will be discussed shortly.

Transfer of Freestanding Ultrathin AAO Membranes.
On the basis of methods reported in literature,9,10 in order to
prevent etching, folding and ripping of the obtained thin AAO
layer during transfer process the pore surface can be covered
with polymer PMMA solution after the second anodization
step. Unfortunately, for the case of ultrathin membranes
studied in this work such composite PMMA/AAO membrane

Figure 2. Top view SEM images of AAO after 45 s second anodization
in 0.3 M oxalic acid using (a) 40 V (low magnification), (b) 40 V (high
magnification), and (d) 15 V (anodization potential). Corresponding
Voronoi diagrams (c,e) where sites surrounded by exactly six
neighbors are marked by darker intensity polygons.

Figure 3. Top view SEM images with superimposed Voronoi diagrams
of AAO layers after 45 s second anodization in 0.3 M sulfuric acid
using various anodization potentials.

Figure 4. Top view SEM images of anodized aluminum oxide after
second anodization at 10 V in different H2SO4 concentrations: (a) 0.3,
(b) 0.5, (c) 0.7, (d) 0.9, (e) 1.1, and (f) 1.3 M.
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is too flexible during residual aluminum removal in CuCl2/HCl
solution. Moreover, during reaction of residual Al with CuCl2/
HCl solution, intensive gas (H2) production and Cu
precipitation onto sample surface was observed, which causes
uncontrolled local membrane movements. To reduce such local
damage of membrane, we reinforced the PMMA/AAO
membrane covering it with a thick layer of paraffin. Resulting
paraffin/PMMA/AAO structure is more resistant to folding
forces (capillary and thermal expansion) in etching liquid. As a
next improvement to existing methods, we decreased Al
dissolution speed by adding 10 wt % FeCl3 to CuCl2/HCl
etching solution in ratio 3:1. Using this mixed etching solution,
the length of the residual Al etching process was about 3 h for a
0.35 mm thick Al sheet. During above reaction the surface
tension was reduced adding nonionic surfactant Triton X-100
to etching mixture.
The next critical step in production of ultrathin AAO

membranes for masked deposition is barrier layer removal and
pore opening. The composite paraffin/PMMA/AAO mem-
brane was floated onto the surface of the 5 wt % H3PO4
solution. The porous structure of the thin AAO can be
damaged during extended etching times because H3PO4
solution enters the pores and dissolves the pore walls. Our
rule of thumb is to use pore opening time in minutes equal to
value applied anodization voltage, for example, if anodization
was done at 10 V potential then the required time to etch the
barrier layer should be 10 min.
Using above-described method, we could transfer 50−100

nm thick AAO membranes prepared in sulfuric acid electrolyte.
Although initial membrane area extended over 1 cm2,
inspection of surface in optical microscope revealed uniform
areas without cracks or folds up to ∼100 μm across.
Membranes as thin as 35 nm could be transferred but a
covered area consists of small pieces (few square micrometers)
of membrane. Figure 5 shows SEM images of transferred AAO
membranes on a glass surface. After barrier layer etching and
PMMA layer removal, pore diameters increase by 28−45%
(Table 1). Moreover, membranes obtained by anodization at
highest concentrations with smallest initial pore diameters did
lose much of the pore wall material during barrier layer
removal. This can be explained by increased concentration of
sulfate ions inside pore walls that facilitate faster dissolution
rate in H3PO4 solution. In addition, branched and paired cells
with thin pore walls obtained at low anodization voltages may
merge and form larger apertures during barrier layer removal.
The resulting pore diameters are nearly invariant to electrolyte
concentration. However, we find that the relative change in
pore diameter during barrier layer removal is smallest for
samples obtained using 0.7 M sulfuric acid electrolyte.
Considering above, 0.7 M electrolyte concentration yields

the most stable membrane structure. Despite significant scatter
in experimental data (Table 1), these membranes also have the
smallest pore diameters and are considered as optimal for
masked deposition of nanoparticles.
Deposition of Nanoparticle Arrays. Finally we demon-

strate how AAO membranes, produced with the above method
and transferred to a Si substrate, can be used as evaporation
masks for nanoparticle deposition. The pore diameter 18 nm to
membrane thickness 55 nm (determined by atomic force
microscope) ratio is 1:3. Example of formation of Cr
nanoparticles with average diameter 16 nm (standard deviation
3) and 32 nm mean distance prepared in 0.7 M sulfuric acid

electrolyte under anodization voltages of 10 V is shown in
Figure 6.
The substrate and deposited material is not limited to Si and

Cr. We have used the same technique to produce Ag and Au
nanoparticles on glass for plasmonic applications.16 The
limiting factor for substrate material is the ability to withstand
500 °C in oxygen atmosphere during PMMA removal.

■ CONCLUSIONS
We have studied the diameter, arrangement, and applicability
for masked deposition of AAO membranes produced in
electrochemical process near lowest usable anodization voltage
limit. The pore diameter on bulk Al sheet could be tuned from
11 to 19 nm using sulfuric acid electrolyte at anodization
voltages 8−20 V and 16− 39 nm using oxalic acid solution at
15−40 V. Pores obtained at low-voltage anodization lose their
periodic hexagonal arrangement.

Figure 5. Top view SEM images of the AAO layer after barrier layer
removal and transfer on a glass surface. Anodization of aluminum was
done 10 V in different H2SO4 concentrations: (a) 0.3 M, (b) 0.5 M,
(c) 0.7 M, (d) 0.9 M, (e) 1.1 M, and (f) 1.3 M.

Table 1. Pore Diameter after Second Anodization (D1) and
after Transfer to a Glass Surface with Removed Barrier Layer
(D2) Obtained at Various Concentrations of H2SO4
Electrolyte

concentration D1 (nm) D2 (nm) rel. increase of pore diam.

0.3 M 13 ± 2 19 ± 2 32%
0.5 M 13 ± 2 19 ± 3 32%
0.7 M 13 ± 2 18 ± 2 28%
0.9 M 12 ± 2 19 ± 2 37%
1.1 M 11 ± 2 18 ± 2 39%
1.3 M 11 ± 2 20 ± 3 45%
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We have demonstrated an improved AAO membrane
transfer method of exceptionally thin AAO masks with pore
diameter to membrane thickness aspect ratio 1:3−1:5. Even
lower aspect ratio (1:2) membranes could be transferred at a
cost of significantly reduced usable area.
As an application example, we used a transferred AAO

membrane as evaporation mask and produced, metal nano-
particle arrays with average particle diameter 16 nm and average
center separation 32 nm. The arrays are not periodic. However,
there is a characteristic distance between nearest neighbors.
This type of short-range ordered arrays has interesting optical
properties16,26 with possible applications for broad band solar
energy conversion27 or novel sensor devices.28 The presented
method allows production of exceptionally small nanoparticle
arrays with high density of various materials suitable for
conductive and nonconductive substrates. The particle size and
shape could be further tuned by angled sputtering.
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sur les Paralleĺloed̀res Primitifs. J. Reine Angew. Math. 1908, 1908,
198−287.
(23) Borba, J. R.; Brito, C.; Migowski, P.; Vale, T. B.; Stariolo, D. A.;
Teixeira, S. R.; Feil, A. F. Quantitative Characterization of Hexagonal
Packings in Nanoporous Alumina Arrays: A Case Study. J. Phys. Chem.
C 2013, 117, 246−251.
(24) Sulka, G.; Parkoła, K. Temperature Influence on Well-Ordered
Nanopore Structures Grown by Anodization of Aluminium in
Sulphuric Acid. Electrochim. Acta 2007, 52, 1880−1888.
(25) Huang, Y.; Zeng, H.-y.; Zhao, C.; Qu, Y.-q.; Zhang, P. Kinetic
Models of Controllable Pore Growth of Anodic Aluminum Oxide
Membrane. Met. Mater. Int. 2012, 18, 433−438.
(26) Schwind, M.; Miljkovic,́ V. D.; Zac̈h, M.; Gusak, V.; Kal̈l, M.;
Zoric,́ I.; Johansson, P. Diffraction From Arrays of Plasmonic
Nanoparticles With Short-Range Lateral Order. ACS Nano 2012, 6,
9455−65.
(27) Atwater, H. A.; Polman, A. Plasmonics for Improved
Photovoltaic Devices. Nat. Mater. 2010, 9, 205−13.
(28) Stewart, M. E.; Anderton, C. R.; Thompson, L. B.; Maria, J.;
Gray, S. K.; Rogers, J. A.; Nuzzo, R. G. Nanostructured Plasmonic
Sensors. Chem. Rev. 2008, 108, 494−521.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp412689y | J. Phys. Chem. C XXXX, XXX, XXX−XXXF


