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Two-dimensional (2-D) periodic arrays of metal or semi-
conductor nanostructures have attracted a lot of research
interest due to their potential applications, e.g., for high-
density magnetic media,1 electronic/optoelectronic devices,2

or bio-sensors.3 The most convenient and economic approach
for the large-scale fabrication of periodic nanostructures in
the submicrometer range is the shadow mask technique. This
approach involves naturally occurring self-organized struc-
tures as a shadow mask in reactive ion-beam etching (RIE),4

X-ray lithography,5 or sputter deposition.6 Self-assembled
microbeads (such as polystyrene or SiO2) and nanoporous
anodic aluminum oxide (AAO) have been used as a mask
for generating large-area hexagonal arrays of nanostructured
semiconductors,6a metals,6b-d and oxides.7 In fact, several
groups have demonstrated that thin AAO membranes can
be used as sputter masks for obtaining metal nanodot arrays
with short-range ordering. However, this approach has two
major disadvantages for practical applications. (1) The
preparation of the through-hole membrane requires the
removal of the barrier oxide layer by chemical etching. This
step is inevitably accompanied by a significant enlargement
of the pore diameter (Dp) from an initial pore diameter from
DP ∼ 0.3DInt up to DP > 0.8DInt (DInt ) the interpore
distance).8 Therefore previous attempts have failed on the
tunability of the dot diameter (DDot). Nanodot arrays whose
DDot e DP ≈ 0.3DInt (DP of an as-prepared alumina
membrane) could not be fabricated. (2) The extremely brittle,
ultrathin, and transparent nature of the AAO membrane

makes it difficult to transfer oxide membranes larger than a
few mm2 onto an appropriate substrate. Due to the stiffness
of the AAO membranes, large areas of the oxide shadow
masks are not in contact with the substrate and voids with
an area size of a few mm2 occur between the membrane and
the substrate surface which leads to an inhomogeneous
pattern transfer. Alternatively, Pearson and Tonucci have
used metallic antidot arrays as sputter masks for the
fabrication of nanodot arrays.9 They obtained the metallic
masks with a thickness of 40 nm by means of sputter
deposition onto nanochannel glass (NCG) materials. Since
the glass masters are based on optical fibers for telecom-
munication applications, the size of these metallic mem-
branes is limited to one mm2. Here we report a novel
method for fabricating hierarchically organized arrays of
Au nanotubes in the form of membranes, which can be
used as shadow masks for generating spatially well-resolved
2-D periodic dot array with a perfect arrangement on a cm2

scale.
Electrochemical deposition is used to replicate a master

pattern of perfectly ordered AAO membrane based on imprint
lithography.10 The fabrication process is outlined in Scheme
1. A thin metallic gold film was sputtered onto the surface
of the AAO template at a deposition rate of 1 nm/min for 3
min. This process resulted in a thin conducting metal layer
on the top part of the inner nanochannel surface as well as
on the top surface of the AAO template. Subsequent
electrochemical deposition (current density≈ 1.5 mA/cm2)
of Au from a commercial electrolyte (Umicore, Auruna 5000)
homogeneously thickens the metal layer, resulting in a
tubular metallic nanostructure inside the alumina nano-
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Scheme 1. Schematic Outline of the Experimental Procedure
Used to Fabricate Free-Standing Au Nanotube Membranea

a SEM micrographs of the corresponding sample structure are presented
on the right side (scale bar) 2 µm).
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channels. The resulting gold membrane was floated on the
surface of an etching solution (30 wt. % H3PO4, 80 °C) to
release it from the alumina template. Subsequently solution

neutralization was carried out by replacing the etching
solution (H3PO4) with deionized water. The Au nanotube
membrane remained floating on the surface of the etch-
ing solution and could be easily transferred onto any
substrate.

The two different sides of the Au nanotube membranes
are shown in Figure 1. The front side (a) is characterized by
a close-packed hexagonal arrangement of nanopores with a
center-to-center distance of 500 nm, in which each pore is
surrounded by six distinct bumps (b). This unique surface
topography is similar to that of the as-anodized AAO
template, revealing homogeneous electrodeposition of Au on
the pre-deposited conducting metal layer. The backside image
of the Au nanotube membrane shows a uniform array of
interconnected Au nanotubes (c and d). Figure 1c shows a
top view of the Au nanotube arrays, illustrating the open
ends of the individual nanotubes. It should be noted that the
channel diameter of the porous alumina template determines
the outer tube diameter of the metal nanotube membrane.
Meanwhile, the electrodeposition time determines the inner
tube diameter of the resulting nanotubes (see Supporting
Information). Accordingly, the fabrication of metal nanotube
membranes with different tube diameters can be realized by
using AAO templates with different channel diameters
and/or by varying the electrochemical deposition time. As
demonstrated in Figure 2a-c, we successfully fabricated Au
nanotube membranes with different inner tube diameters
(average diameter) 83 nm (0.16DInt), 126 nm (0.25DInt),
and 230 nm (0.46DInt) for a-c, respectively) from nano-
porous AAO templates by taking advantage of the easy
control over the channel diameters via wet-chemical etching
of AAO. The fabricated Au nanotube membranes were used
as shadow masks for generating extended 2-D arrays
(typically 1 cm2) of metal nanodots via sputter deposition.11

Figure 2d-f show typical SEM images of Pt nanodot arrays
sputtered on a silicon substrate using the Au nanotube
membranes shown in Figure 2a-c as shadow masks. As
evident from the presented SEM images, each nanodot is
spatially well resolved with perfect hexagonal arrangement.
According to SEM analyses, the average diameter of Pt
nanodots of each sample is in good agreement with the inner-
tube diameter of the respective shadow masks. Since the
thickness of Pt is much smaller than the inner-tube diameter
of Au nanotube, the deposited Pt nanodots have disklike
structures. The inner-tube diameter of the gold nanotubes
can be varied over a large range. Therefore, the size of the
deposited metallic nanodots can be tuned over the same size
range, irrespective of the interdot distances. It is expected
that such a unique capability of tailoring the dot sizes inde-
pendent of the interdot distance will enable us to, e.g., sys-
tematically investigate the magnetic coupling between neigh-
boring magnetic nanodots. Due to the nanotube architecture
and the thin film interconnections between the tubes, the gold
membranes are extremely flexible and show an excellent
adjustment to the substrate topography. In comparison with
photoresist-based nanopatterning, where organic solvents are
required for the lift-off processes, the present process is free
of cross-contaminations or structural failures, which is often
an important issue when the solvents are not compatible with
the nanodot material and the substrate. In addition, the gold
masks are very suitable for lift-off processes, where high
temperatures are required for the substrate during deposition,
or for nanopattering within ultrahigh vacuum systems
because metal masks have much better thermal stability

Figure 2. (a-c) SEM images of Au nanotube membranes fabricated from
nanoporous AAO templates with different pore diameters (182, 222, and
326 nm for a, b, and c, respectively). Electrodeposition was carried out at
a current density of 1.5 mA/cm2 for 50 s at 17°C. (d-f) SEM images of
2-D arrays of Pt nanodots sputtered on Si substrate by using respective
membranes a-c. The high magnification views of each micrograph are
presented as inset.

Figure 1. Representative SEM images of the Au nanotube membranes:
(a) front surface view; (b) magnified view of (a); (c) back surface view
with a magnified image in insert; and (d) back surface view of a bent
membrane forming a ridge along the diagonal illustrating the 3-D structure
of the membrane.
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compared to most polymeric photoresists. These merits make
the present technique very competitive with e-beam lithog-
raphy, if large area periodic patterns are to be fabricated.

For more practical applications, we have demonstrated the
fabrication of ferroelectric nanodot arrays that are suitable
for nonvolatile data storage media with ultrahigh density.
Figure 3a shows a SEM image of a vast array of ferroelectric
Pb(Zr0.40Ti0.60)O3 (PZT) nanostructures on a Nb-doped
SrTiO3 single-crystal substrate with (100)-orientation. The
ferroelectric nanodot arrays were fabricated by pulsed laser
deposition (PLD) of PZT using an Au nanotube membrane
as shadow mask. A typical ferroelectric hysteresis curve
measured from a single ferroelectric nanodot is presented in
Figure 3b. The dots show well-developed ferroelectric
hysteresis curves as determined by piezoresponse-scanning
force microscopy (PFM) with a coercive voltage of about

1 V and an effective remanent piezoelectric constant of 60
pm/V, which is about half of the values usually obtained on
thick films.12,13 These observations demonstrate that each
PZT nanodot has good switching properties and can act as
a memory element in nonvolatile ferroelectric random access
memory (NV-FRAM) devices.

Our approach is not limited to anodic alumina and provides
a generalized way for the replication of metal nanotube
membranes from various patterned substrates. We have
successfully replicated, e.g., patterns from macroporous
silicon with 2-µm interpore distance (see Supporting Infor-
mation). Moreover, the nanofabrication method can be
readily extended to other metallic or even semiconducting
materials that can be electrodeposited. Therefore, it is
expected that the metal nanotube membranes can have
potential applications in near-field optics, nanophotonics,
plasmonic nanolithography, nanohole-enhanced Raman spec-
troscopy, and biological sensing, by taking advantage of both
the extraordinary optical properties (preliminary optical data,
see Supporting Information) expected from subwavelength
metal hole arrays14 and the ease of modification of metal
surfaces with various functional molecules (e.g., proteins,
DNAs, dyes) via self-assembly.
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Figure 3. (a) SEM image of a large array of ferroelectric
Pb(Zr0.40Ti0.60)O3 (PZT) nanodots on a Nb-doped SrTiO3 single-crystal
substrate with (111)-orientation, together with (b) a typical piezoelectric
hysteresis loop obtained from a single PZT nanodot. Schematic of a
piezoresponse-scanning force microscopy (PFM) measurement is presented
as an inset in (b).
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