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Abstract Anodization of Al foil under low voltages of
1-10 V was conducted to obtain porous anodic aluminas
(PAAs) with ultrasmall nanopores. Regular nanopore
arrays with pore diameter 6-10 nm were realized in four
different electrolytes under 0-30°C according to the AFM,
FESEM, TEM images and current evolution curves. It is
found that the pore diameter and interpore distance, as well
as the barrier layer thickness, are not sensitive to the
applied potentials and electrolytes, which is totally differ-
ent from the rules of general PAA fabrication. The brand-
new formation mechanism has been revealed by the AFM
study on the samples anodized for very short durations of
2-60 s. It is discovered for the first time that the regular
nanoparticles come into being under 1-10 V at the begin-
ning of the anodization and then serve as a template layer
dominating the formation of ultrasmall nanopores. Under
higher potentials from 10 to 40 V, the surface nanoparticles
will be less and less and nanopores transform into general
PAAs.
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Introduction

Self-ordered porous anodic alumina (PAA) has attracted
considerable attention due to its utilization as a host or
template to fabricate diverse nanostructures for different
applications, such as electronic, magnetic and optoelec-
tronic nanodevices [1-3]. The performance of related
nanodevices relies on the dimensions of basic nanounits,
such as nanodots, nanorods, nanowires and nanotubes.
Generally, the performance will be significantly improved
due to quantum effects when the nanounit’s size is less than
10 nm [4, 5]. However, both the reported and commer-
cialized PAAs have pore diameter ranging from 20 to
500 nm and corresponding interpore distance from 50 to
1000 nm [3, 6, 7], which is too large to fabricate nanounits
with quantum effects. Consequently, it is necessary to
fabricate PAAs with ultrasmall nanopores (pore diameter
less than 10 nm). Furthermore, PAAs with ultrasmall
nanopores have advantages over other methods to fabricate
quantum dots and wires due to its low cost, high regularity,
high sheet density and less requirements on depositing
materials and methods [1, 3]. Conventional electron-beam
lithography is workable, but expensive and impractical for
large-scale fabrication [8]. Heteroepitaxial growth of
quantum dots yields a sparse packing density and achieves
only partial ordering with a broad distribution of dot sizes
on some particular materials [9].

PAA Researchers have realized the value of ultrasmall
nanopores and have tried to fabricate them. Some studies
just obtained very thin layers (thickness 10-100 nm) of
ultrasmall nanopores. Lira et al. claimed 5 nm pore size by
applying electrical pulses at end of general PAA fabrica-
tion process [10]. According to the related SEM images,
the claimed PAA layer is around 100 nm in thickness and
the nanopores are not parallel to each other. Actually, itis a
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new approach or a necessary step to open or remove the
barrier layer. Kokonou et al. presented the fabrication of
ultrasmall nanopores (5-10 nm) within ultrathin PAA
layers (20-30 nm) in 6% (v/v) sulfuric acid at 20 V and in
6 wt% oxalic acid at 30 V for just few minutes of anod-
ization [11]. Xu et al. proposed an expensive way of
ion-milling the U-shaped bottom cap of the alumina
nanochannel to obtain nanopore with a diameter as 10 nm
[12], but the barrier layer was only 40 nm in thickness.
Some researchers employed pretexturing techniques to
obtain ultrasmall nanopores. Masuda et al. used a 2D Fe,O3
monodisperse nanoparticles as a template to leave a con-
cave array on aluminum foil to obtain PAA with 13-nm
pore intervals [13]. Asoh et al. fabricated highly ordered
PAA films with 15 nm pore diameter by pretexturing Al
with SiC mold and anodizing in 0.3 M sulfuric acid under a
constant voltage of 25 V at 17°C [14]. Kim et al. employed
much lower temperature of —15°C under 25 V in 0.3 M
sulfuric acid to get PAAs with the pore diameter ~ 14 nm
[15]. Ono et al. reported PAAs fabricated in different
electrolytes at 2-40 V, and the pore diameter was claimed
to be less than 10 nm by calculations according to the
relationship between porosity and pore diameter [16]. In
summary, pretexturing by metal, oxide or polymer [17]
molds is workable to guide the growth the PAAs, but it is a
complicated process, and it is also very difficult to get
ultrasmall nanopores since it is hard to prepattern the sur-
face with <10 nm textures. And so far, there is no direct
evidence to confirm the formation of 1-10 nm ultrasmall
nanopores by simple two-step anodization.

In this report, we present the simple two-step anodizing
process to fabricate PAAs with ultrasmall nanopores.
Atomic force microscopy (AFM), field emission scanning
electron microscope (FESEM) and transmission electron
microscopy (TEM) observations directly confirm the for-
mation of ultrasmall nanopores (6—10 nm). Current evo-
lution curves verify that these ultrasmall nanopores can be
obtained in different electrolytes (oxalic acid and sulfuric
acid with other additives) under wide potentials (1-10 V)
and broad temperatures (0-30°C). The brand-new forma-
tion mechanism has been revealed according to the
observation and analysis on the evolution of nanoparticles
formed at the very beginning of the anodization.

Experimental Section

The samples were fabricated through a typical two-step
electrochemical procedure with high-purity (99.999%)
aluminum foil [2]. Prior to the anodization, the as-rolled
foil was degreased in acetone and washed in deionized
water. First anodization was carried out in different elec-
trolytes for 30 min under the constant voltage of 1-10 V
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versus a graphite cathode. The specimens were then
immersed in a mixture of 6.0 wt% Hs;PO, and 1.8 wt%
H,CrO,4 at 60°C for 1 h to remove the oxide layers. The
samples were then re-anodized under the same conditions
for various durations. In order to obverse the ultrasmall
nanopores from the bottom of PAA layer, we removed un-
anodized aluminum in a mixture of CuSO4/HCI, and dis-
solved barrier layer in 5 wt% H3PO, under 30°C
for ~10 min to realize throughout free-standing mem-
brane [17]. The surface and cross-sectional morphology of
PAAs were characterized by AFM (Veeco, Nanoman VS
system with TRESP probe), FESEM (Philips XL30FEG
with a spatial resolution of 2 nm) and TEM (JEM-2010
with point resolution of 0.25 nm). The sample preparation
and microscopy characterization skills have been detailedly
presented in our previous work [18]. In addition, the cur-
rent evolution curves were recorded by using a Keithley
2400 sourcemeter.

Results and Discussion

Figure 1 shows typical AFM bottom view of ultrasmall
nanopores, which was obtained in 0.3 M oxalic acid under
15°C and 2 V for 30 min. Both the surface (Fig. 1a) and
the 3D (Fig. 1b) morphology confirm the successful for-
mation of ultrasmall nanopores. The pore diameter is about
4.4-10.0 nm with an average of 6.5 nm, and the average
interpore distance is about 22.0 nm. As shown in Fig. la,
these ultrasmall nanopores are not ordered circular holes,
and the arrangement of the nanopores is not as good as
general reported PAAs with highly ordered hexagonal cells
[1, 3]. However, the growth rate of these nanopores should
be the same since the height fluctuation is less than 10 nm
in an area of 500 nm x 500 nm, as shown in Fig. 1c where
the X and Y axes are combined [18]. Another typical PAA
with ultrasmall nanopores was fabricated in the mixture of
20 wt% H,SO,4, 1 wt% citric acid and 1 wt% Al,(SOy);
under 15°C and 10 V for 30 min. Both citric acid and
Al>(SQy4); were added in order to avoid burning effect and
stabilize the anodizing process [19]. After removing un-
anodized aluminum, the half-sphere barrier layer with an
average diameter 24.2 nm is revealed, as shown in Fig. 1d.
After dissolving the barrier layer, the ultrasmall nanopores
can be characterized by AFM. Although the potential
increased five times, the pore diameter (about 6.6—10.5 nm
with an average 7.9 nm) and interpore distance of 26.2 nm
do not significantly changed (Fig. le). It is very interesting
that all the samples fabricated under 1-10 V have similar
barrier layer thickness according to the same minimum
erosion duration in H3zPO, for throughout membranes.
Figure 1f verifies that only partial barrier layer is removed
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Fig. 1 AFM images of
ultrasmall nanopores fabricated
under 15°C and 2 V for 30 min
in 0.3 M oxalic acid: a surface,
b 3D image and ¢ height profile
by combining the x- and y- axis
in (b). AFM images of
ultrasmall nanopores prepared
in the mixture of 20 wt%
H,S04, 1 wt% citric acid and 1
wt% Aly(SO4)3 under 15°C and
10 V for 30 min: d as-prepared
barrier layer, e immersed in 5
wt% H3PO, for 10 min. f The
barrier layer AFM image of
PAA anodized in 0.3 M oxalic
acid for 30 min under 1 V and
immersed in 5 wt% H3;PO, for
6 min. The area of the AFM
image in (a) is 1 pm x 1 pm,
and the area of other images is
500 nm x 500 nm

after immersing the sample (anodized in 0.3 M oxalic acid
at 1 V) in 5 wt% H3PO, at 30°C for 6 min.

In order to further confirm the formation of ultrasmall
nanopores, we used FESEM and TEM to characterize the
PAA samples anodized at 10 V in 0.3 M oxalic acid.
However, we could not see any nanopores on the surfaces
of as-prepared samples under FESEM after a layer of gold
was sputtered. So, the pore widening treatment was carried
out at 30°C in 5 wt% phosphoric acid to facilitate the
observation of nanopores’ configuration. Figure 2a shows
FESEM image of the sample immersed in phosphoric acid
for 5 min. There are some ultrasmall nanopores and many
ball-like nanoparticles well distributed on the surface with
the average size of ~25 nm, which is obviously different
from the flat porous surfaces of general reported PAAs.
After pore widening in phosphoric acid for another 5 min,
there are more ultrasmall nanopores observed, as shown in
Fig. 2b. The cross-sectional view FESEM image of Fig. 2c
verifies that the nanopores are parallel to each other. TEM
image of Fig. 2d exhibits the morphology of the free-
standing ultrathin PAA after both the aluminum base and
the half-spherical barrier layer were removed, and the pore
diameter was widened in phosphoric acid for 10 min.

The above AFM, FESEM and TEM images are typical
ones to verify the formation of ultrasmall nanopores. In
fact, we have fabricated many PAAs with ultrasmall
nanopores in four different electrolytes (0.3 M H,C,04/

10.0 nm

0.0 nm |

500 nmA D0 DO

TIEO0 nm

H,SO4 + 1 wt% citric acid + 1 wt% Al,(SO,4);) at various
temperature from O to 30°C and different potentials from 1
to 10 V. The sulfuric acid itself with different concentra-
tions was generally used to get PAAs with small nanopores
[20, 21]. Al ions and citric acid can be the stabilizer to
avoid burning effect. Oxalic acid is the mostly reported
electrolyte for highly ordered PAA fabrication, especially
for 40 V mild anodization [2, 17]. Current evolution curves
were tracked to confirm whether steady-state anodization
can be obtained and how the current density varied during
the anodization. Figure 3 shows the current-time curves
under anodizing potentials from 1 to 10 V and broad
temperature of 0-30°C in 0.3 M oxalic acid. The current
density decreases rapidly at the beginning and then main-
tains at a steady-state current, while the typical current
evolution firstly experiences a rapid drop to lowest point
and then increases slowly to a constant value [17].
According to these curves, the stable anodizing process can
be achieved under various conditions and that the growth
rate of the PAA can be increased by raising the electrolyte
temperature and applied potential.

It is well known that there are some general rules for the
PAA fabrications, but the fabrication of ultrasmall nanop-
ores breaks these rules including:

1. For general PAAs, both the pore diameter (1 nm/V)
and interpore distance (2.0-2.5 nm/V) are proportional
to the applied potential. However, for ultrasmall
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Fig. 2 FESEM frop view images
of ultrasmall nanopores
prepared in 0.3 M oxalic acid
under 10 V for 30 min and
pore-widened in 5 wt% H;PO,
for 5 min (a) and 10 min (b),
respectively, ¢ oblique view of
(b) and d TEM image of free-
standing ultrasmall nanopores
prepared in 0.3 M oxalic acid
under 10 V for 5 min and pore-
widened in 5 wt% H3;PO, for : b O
10 min after removing the un-
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Fig. 3 Current evolution curves during the second-time anodization in 0.3 M oxalic acid: a under 10 V with different temperature, b 15°C with
different potentials and ¢ the current density-potential relationship under different temperature

nanopores, the average pore diameter and interpore
distance remain 6-10 and 20-30 nm, respectively,
when the potentials varies from 1 to 10 V.

2. The thickness of barrier layer is linear with the applied
potential for general PAAs, while it is around 10 nm
no matter how the potentials changes from 1-10 V for
ultrasmall nanopores.

3. [Itis well known that 0.3 M H,C>O, is used under 40 V
or higher and that HSOy, is used under 25 V or higher.
We can obtain ultrasmall nanopores in both oxalic and
sulfuric acids with or without other additives. The
anodization process is not sensitive to the electrolytes,
and the electrolyte composition is not a key factor for
the formation of ultrasmall nanopores although it is
very important for the growth rate.

In addition to rule-breaking behaviors, the current evo-
lution curves during fabricating ultrasmall nanopore are
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also different from general ones. So, the formation mech-
anism under 1-10 V should be different. In order to reveal
the real formation process, we prepared the samples in
0.3 M oxalic acid at 1-10 V with short second-anodizing
durations (2, 5, 10, 20 and 60 s) and conducted AFM tests to
figure out the nucleation and growth process of ultrasmall
nanopores. Figure 4a is the AFM image of the sample
anodized at 2 V for 5 s. It is clear that some nanoparticles
come into being on the surface, and these nanoparticles
grow up and cover the whole surface after 20 s (Fig. 4b). As
the potential increases to 10 V, the nanoparticles have
uniform shape and cover the whole surface after just 10 s
(Fig. 4c). Under the potentials of 1-10 V, these nanoparti-
cles remain its size and shape even after long-time anodi-
zations (30 min, 2 and 10 h), which was conformed by
AFM tests. It is discovered for the first time that the regular
nanoparticles come into being under 1-10 V at the begin-
ning of the anodization.
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Fig. 4 AFM images with an area of 250 nm x 250 nm of PAAs fabricated under a 2 V for 5s, b 2 V for 20 s and ¢ 10 V for 10 s in 0.3 M
oxalic acid, AFM images with an area of 500 nm x 500 nm under d 15 V, e 20 V and f 35 V for 10 s in 0.3 M oxalic acid, respectively

Since both the formation rate and size of these nano-
particles should depend on the applied potentials, we fur-
ther study the PAA samples anodized under 10-40 V in
0.3 M oxalic acid. Figure 4d is the AFM image of PAA
fabricated at 15 V, and the nanopores come into being
although there are still lots of nanoparticles about 27.1 nm
in diameter on the surface. Under higher potentials of 20
and 35V, the nanopores grow up and transform into
ordered hexagonal cell structure with less nanoparticles, as
shown in Fig. 4e and f. In order to make a comparison with
the general PAA, we fabricated PAA in 0.3 M oxalic acid
under 40 V for 10 h and tested the surface. There are also
some nanoparticles on its surface although its sheet density
is very low (5 per pm?), as shown in Fig. 5a. Generally,
under 1-10 V, the nanoparticles (20-30 nm) can cover the
sample surface as a mask or template, and ultrasmall
nanopores (<10 nm) can be obtained. As the potential
increases from 10 to 40 V, the regularity of nanopores is
gradually improved while the nanoparticles become less
and less. The sheet density of the nanoparticles on the PAA
surface is estimated to be 1.4 — 2.4 x 10" per cm? when
the anodizing potential varies from 1 to 10 V, and it
decreases to ~5 x 10% per cm® when the potential is
30-40 V. The relationship between pore diameter/nano-
particle size and anodizing potential is given in Fig. 5b
based on the AFM results.

According to above results, the most important differ-
ence between general and the obtained ultrasmall

nanoporous PAAs is the formation of nanoparticles on the
surface at the very beginning of the anodization. When
these nanoparticles grow up to about 20-30 nm and cover
the whole surface, they become stable in shape and size
and remain until the end of the anodization. It is these
nanoparticles that dominate the forming process of ultra-
small nanopores since the ultrasmall nanopores can only
nuclear and grow up at the gaps between these nanoparti-
cles. The ultrasmall nanopores have similar pore diameter
under 1-10 V because both the shape and size of these
nanoparticles do not vary much after their formation. This
nanoparticle layer acts as a template for the formation of
ultrasmall nanopores, which is similar to the nanoscale
prepatterns on the aluminum surface before anodization by
Fe,05 [13], SiC [14], PMMA [22] and metal molds [23].

To further confirm that the nanoparticle’s functionality
is a template during the formation of ultrasmall nanopores,
we first conducted the second anodization at 5 V for 20 s to
form a layer of uniform nanoparticles, then anodized the
sample at 20 V for 1 h (Fig. 5¢), or increased the potential
to 40 V with a speed of 15 V per minute and maintained at
40 V for 1 h (Fig. 5d). Obviously, these samples have
totally different surfaces with their counterparts without
pretexturing nanoparticle layers as shown in Figs. 4e and
Sa. Although the potentials increase to 20 and 40 V and the
corresponding current densities increase to 20 and 50 A/
m?, these nanoparticles cannot be removed after 1 h
anodization. Similar template effect was utilized by
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Fig. 5 a5 pm x 5 um AFM
images PAA fabricated in 0.3 M
oxalic acid under 40 V for 10 h,
b the relationship between
nanoparticle size/pore diameter
and anodizing potentials,

500 nm x 500 nm AFM
images of PAAs re-anodized
under ¢ 20 Vandd 40 V for 1 h
after 20-s anodization at 5 V
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pretexturing the aluminum surface to obtain different pore
arrangement or different pore shapes since prepatterns will
restrict the distribution of electric field [22, 23].

For fabricating PAA with ultrasmall nanopores, the
growth rate is also very critical. According to our study
[17], the growth rate in oxalic acid can be improved by
raising the electrolyte temperature and applied potential.
For example, at 0°C and 3 V, the growth rate is about
0.5 pm/h, and it can be improved to be 3 pm/h under 30°C
and 10 V. But in the case of sulfuric-acid-based electrolyte,
the theoretical estimation is very difficult since as the
electrolyte temperature and applied potential increase, the
chemical erosion on the PAA membrane is also signifi-
cantly enhanced. According to FESEM measurements,
typical growth rate is estimated to be 0.2-1 um/h under
0-30°C in 1-20 wt% sulfuric acid. Generally, the highest
growth rate of 3 pm/h in oxalic acid is still too low for
manufacture when compared to the reported hard anod-
ization [24] and high field anodization [25-27] under
higher potentials. A fast fabricating method of PAAs with
ultrasmall nanopores in oxalic acid has been developed by
improving the anodizing potential to 60-70 V after short-
time anodization under 1-10 V, and the growth rate can be
enhanced to be as high as 30 pm/h while pore diameter
remains unchanged. The detailed experimental information
and results will be given in another report.
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Conclusions

In summary, PAAs with ultrasmall nanopores of 6-10 nm
were fabricated in various electrolytes under 1-10 V and
0-30°C according to the AFM, FESEM, TEM images and
current evolution curves. The pore diameter (6—10 nm),
interpore distance (20-30 nm) and the barrier layer thick-
ness (~ 10 nm) do not vary significantly when the applied
potential varies in the range of 1-10 V. The regular
nanoparticles (20-30 nm) form at the very beginning of the
anodization, cover the whole surface, remain their shape
and size and act as a template layer dominating the for-
mation of ultrasmall nanopores during the rest of the
anodization. The nanoparticles will be less and less, and the
nanopores transform into general PAAs when the potential
is increased from 10 to 40 V.
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