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ABSTRACT This paper describes a simple technique for fabricating uniform arrays of metal and metal oxide
nanotubes with controlled heights and diameters. The technique involves depositing material onto an anodized
aluminum oxide (AAO) membrane template using a collimated electron beam evaporation source. The evaporating
material enters the porous openings of the AAO membrane and deposits onto the walls of the pores. The
membrane is tilted with respect to the column of evaporating material, so the shadows cast by the openings of
the pores onto the inside walls of the pores define the geometry of the tubes. Rotation of the membrane during
evaporation ensures uniform deposition inside the pores. After evaporation, dissolution of the AAO in base easily
removes the template to yield an array of nanotubes connected by a thin backing of the same metal or metal oxide.
The diameter of the pores dictates the diameter of the tubes, and the incident angle of evaporation determines
the height of the tubes. Tubes up to ⬃1.5 m in height and 20 –200 nm in diameter were fabricated. This method
is adaptable to any material that can be vapor-deposited, including indiumⴚtin oxide (ITO), a conductive,
transparent material that is useful for many opto-electronic applications. An array of gold nanotubes produced
by this technique served as a substrate for surface-enhanced Raman spectroscopy: the Raman signal (per molecule)
from a monolayer of benzenethiolate was a factor of ⬃5 ⴛ 105 greater than that obtained using bulk liquid
benzenethiol.
KEYWORDS: shadow evaporation · nanotube arrays · SERS (surface-enhanced Raman
spectroscopy) · templated fabrication · ITO (indiumⴚtin oxide) · AAO (anodized
aluminum oxide) · nanofabrication · line-of-sight deposition
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his paper describes a simple
method for the fabrication of
electrically continuous arrays of
nanotubes of platinum, gold, and indiumdoped tin oxide (ITO) with controllable dimensions (height and outer diameter). The
two steps in the procedure (Figure 1) are (i)
electron-beam (e-beam) evaporation of the
metal or metal oxide onto rotating, nanoporous anodized aluminum oxide (AAO)
membranes (also used in the electrochemical template synthesis method developed
by Martin1) oriented at an angle (␣) of 0 –90°
between the axis of rotation and the direction of evaporation (where ␣ determines
the height of the tubes) and (ii) dissolution
of the membrane. The method presented
here is more convenient than several other
multistep procedures for fabricating arrays
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of nanotubes,2–5 enables better control
over the dimensions of the nanotubes than
do conventional6 sputtering methods,7–9
chemical vapor deposition,10 and sol– gel
processing,11 and, unlike
electrodeposition,1,12,13 is generally applicable to any material that can be vapordeposited. We demonstrate the utility of
an array of Au nanotubes as a substrate for
surface-enhanced Raman spectroscopy
(SERS); without optimization, it provided
an enhancement in the Raman signal of
benzenethiolate that is competitive with
that of substrates specifically designed for
SERS applications. Furthermore, arrays of
uniform nanotubes are potentially useful
as electrodes for three-dimensional, nanostructured versions of devices such as solar
cells, light-emitting diodes (LEDs), electrochromics, and batteries because they provide (i) a high ratio of surface area to volume for interfacial charge collection/
separation/ion transport across liquid/solid
interfaces (i.e., for mass-transport-limited
processes in general) and (ii) a template for
depositing nanostructured films of small
molecules or polymers that serve as optically and electronically active layers for
these devices.14–17 There have been many
efforts to fabricate nanostructures of ITO
(the most popular transparent conducting
oxide for use in such devices);18–26 this work
is the first to produce uniform, freestanding ordered arrays of electrically connected ITO nanotubes with controllable
dimensions.
EXPERIMENTAL DESIGN
Materials. We chose AAO membranes
(Whatman Anodisc, 60 m thick, 200-nmdiameter pores) as templates because they
are commercially available, dissolve easily in
www.acsnano.org
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aqueous base, and have a high density
(⬃109⫺1011/cm2, depending on the pore
size) of straight pores with monodisperse diameters (see the Results and Discussion section for quantitative analysis of the dispersity
of the diameters). Alumina membranes with
regular, cylindrical pores with diameters from
10 nm to micrometers can also be fabricated through established anodic processing techniques.3,27–31
In principle, the technique we describe is
compatible with any material that can be
vapor-deposited. To illustrate the method, we
focused on three materials: gold, platinum, and
ITO. Gold and platinum are useful as electrodes for analytical electrochemistry and for
electrodeposition of conducting polymers, because these metals do not oxidize within the
electrochemical window of common solvent/
electrolyte systems. ITO, unlike nanostructures
of titania32–37 and metals,38–44 has both high
electrical conductivity and transparency
throughout much of the UV and visible regions of the spectrum. These properties make
ITO useful in many commercial applications, including flat panel displays, LEDs, and solar
cells. Although many of these applications
would benefit from high-surface-area electrodes, few techniques exist for creating welldefined nanostructures of ITO.
Electron-Beam Evaporation. In contrast to
Figure 1. Procedure for the fabrication of nanotube arrays. We (i) mounted an anodother deposition techniques (e.g., sputterized alumina (AAO) membrane onto a stage, (ii),(iii) centered the stage directly above
the evaporation source at an incident angle ␣ (defined as the angle between the axis of
ing), the evaporating material produced by
an electron beam has a long mean free path rotation and a line drawn from the source to the AAO membrane), and (iv) evaporated
metal onto the membrane. The edges of the pores of the membrane cast shadows into
due to the low pressure in the chamber (⬍1 the pores. (v) We immersed the coated membrane in 1 M NaOH for 1 h to completely
⫻ 10⫺6 Torr), and, thus, is approximately col- etch the AAO membrane and yield an array of nanotubes connected by a continuous
backing of the same material.
limated after traveling from the source to
the substrate (⬃30 cm total distance). The
tubes. We mounted the AAO membranes flush against
collimated beam is critical for this application because
the shadows cast by the AAO membrane into its pores a rotating plate driven by a battery-powered DC motor
(⬃30 rpm) and e-beam evaporated ⬃150 nm of metal
define the geometry of the tubes. There do exist specialized line-of-sight sputtering techniques that use ion (Au or Pt) or ITO onto the membranes. We fixed the
evaporation incident angle (␣) between 0 and 90° to
beam sources45,46 or collimator screens,9 but these
control the height of the nanotubes. We define ␣ as the
techniques are not commonly used because of their
low rates of deposition and need for specialized equip- angle between the axis of rotation and a hypothetical
ment. Sputter redeposition has also been used to form line between the source and the AAO membrane. After deposition, we removed the AAO membrane from
arrays of nanotubes, but this multistep process rethe rotating support. We annealed the ITO⫺AAO comquires ion beam sputtering plus the use of a delicate
posite in an oven at 350 °C for 1 h to convert the as(300-nm-thick) AAO stencil mask.47 Electron-beam
deposited, opaque ITO into a transparent and electrievaporation is appealing because it is a straightforcally conductive form.48 We performed no annealing
ward technique that is capable of depositing a wide
steps on the deposited metal structures. The alumina
range of high-purity materials with high rates of depodissolved when the AAO⫺metal (or ITO) composite was
sition (as much as several micrometers per minute9).
immersed in 1 M NaOH(aq) for 1 h. This procedure
yielded an array of nanotubes supported by an electriRESULTS AND DISCUSSION
cally continuous backing of the same material. The
Fabrication of the Arrays of Nanotubes. Figure 1 shows
thickness of this backing layer depended on the angle
the general procedure for fabricating arrays of nano-
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Figure 3. Top-down SEM image of ITO nanotubes prepared
by evaporation at an incident angle ␣ ⴝ 45° onto the
branched side of an AAO membrane with nominal 20-nm
pores. Inset: Close-up of tubes (scale bar, 100 nm). All membranes have 200-nm-diameter cylindrical pores that span
the thickness of the membrane. Each of these cylindrical
pores branches into smaller pores on the “branched side”
of the membrane; the average width of these pores is described by the advertised diameter for the membrane (here,
20 nm).

Figure 2. SEM images (with increasing magnification from
(a) to (c)) of the Pt nanostructures prepared by evaporation
at an incident angle ␣ ⴝ 45°. The walls of these tubes are
⬃200 nm tall and ⬃10 nm thick. The average diameter of
the tubes (over an area of 100 m2) is 193 ⴞ 29 nm.

of evaporation and the amount of deposited material,
which was monitored by a quartz crystal microbalance.
Microscopic Characterization of the Nanotubes. Figure 2
shows three scanning electron microscopy (SEM) images, with increasing magnification from (a) to (c), of Pt
nanotubes evaporated at ␣ ⫽ 45°, after the dissolution
of the AAO membrane. The nanotubes are close-packed
and are uniform in diameter, height (⬃200 nm), and
wall thickness. We estimate that the walls of the tubes
are ⬃10 nm thick, on the basis of the SEM images. The
nanotubes in Figure 2a have an average inner diameter
of 193 ⫾ 29 nm. We determined this value by measuring the cross-sectional area of the opening in each tube
from the top-down SEM image in Figure 2a using ImageJ image analysis software (see Supporting Information), calculating the inner diameter of each tube from
its area, and analyzing the distribution of diameters
over the area of the representative image (9.3 m ⫻
11.3 m, ⬃1000 tubes). The pristine AAO membrane
802
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had an average diameter of 215 ⫾ 26 nm over an identical area; our method, therefore, effectively replicated
the pore diameters of the bare AAO membranes.
Scalability of the Technique. The accurate replication of the
AAO pore structure implies that the array of tubes
formed when the collimated, vaporized material penetrated the opening of the pores and deposited on the
walls of the cylindrical pores. Based on this mechanism, the shadow evaporation technique should extend to pores with diameters smaller than 200 nm. The
AAO membranes are commercially available with pores
as small as 20 nm in diameter (Whatman Anodisc), although these dimensions are defined by a web-like
mesh of branched tubes rather than regular, cylindrical
pores extending across the thickness of the membrane.
Figure 3 is a top-down SEM image of a web-like array
of ITO tubes formed by evaporating into the 20-nm
pores of the AAO membrane at ␣ ⫽ 45°. We were able
to form arrays of nanotubes that effectively replicated
pores with 20-, 100-, and 200-nm diameters (see Supporting Information, Figure S1) and the 50-nm pores of
a polycarbonate membrane (for which the pore density, ⬃4 ⫻ 108/cm2, is much lower than that of an AAO
membrane with similarly sized pores, ⬃1010⫺1011/
cm2). Regardless of the irregularity of the arrays formed
with the “branched” side of the AAO membrane and
the polycarbonate membrane, these experiments suggest that this evaporation technique is capable of replicating templates of almost arbitrarily small dimensions, shape, and composition (including AAO
membranes with regular, cylindrical pores as small as
20 nm, which are not commercially available but have
been produced using established anodization
methods).3,27–31
Control of the Heights of the Nanotubes. The heights of the
structures depended on the angle of evaporation (␣, the
angle between the axis of rotation and a line between the
www.acsnano.org
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Figure 4. (a) SEM image of ITO nanostructures evaporated
at ␣ ⴝ 45°. The heights and diameters of the tubes are ⬃200
nm. (b) Plot of the measured height of the tubes versus the
theoretical height of the tubes (calculated from eq 1). Each
data point corresponds to an average of 10 height measurements (by inspection of cross-sectional SEM images) of tubes
formed at an evaporation incident angle ␣ as labeled on
the plot. The error bars represent the standard deviation of
these measurements (we assume a height of zero for ␣ ⴝ
90°, see Figure 5a). The measurements were made on tubes
formed in membranes whose pores were ⬃215 nm in diameter. The line represents the least-squares fit of the data
forced through the origin (slope ⴝ 0.996, R2 ⴝ 0.995). Insets: Side-view SEM images of tubes formed at ␣ ⴝ 30° and
␣ ⴝ 15°. The tubes were cleaved upon preparing the cross
section of the sample.

source and the AAO membrane). Figure 4a shows structures formed by evaporating ITO at ␣ ⫽ 45°. Figure 4b is
a plot of the measured heights of the tubes versus the
theoretical heights of the tubes for various angles of
evaporation (as labeled on the data) onto membranes
with nominal 200-nm-diameter pores (we omitted the
data obtained at a glancing angle because the theoretical height approaches infinity). We measured the heights
of the tubes using cross-sectional SEM images, which we
acquired by mounting a cleaved membrane on a 45° SEM
sample stub and rotating the stub within the SEM chamber such that the field of view was normal to the exposed,
cleaved edge of the membrane. The data in Figure 4 represent the averages of 10 height measurements taken
over three or four SEM images. The theoretical height of
the tubes, h, is given by eq 1,
h)
www.acsnano.org

d
tan ( R)

(1)

Figure 5. SEM images (top-view) of Au nanostructures
formed at various incident angles ␣ (insets: corresponding
oblique-angle diagrams illustrating the dependence of the
ideal geometry of the nanotube on ␣ for a given amount of
deposited material). (a) At ␣ ⬇ 90° (glancing), an array of
small rings formed with a minimal backing layer. The collimated evaporation source resulted in negligible penetration
into the pores and a thin backing layer. (b) At ␣ ⬇ 45°, an array of short tubes formed. (c) At ␣ ⬇ 0° (normal), an array
of tall, thin-walled tubes formed with a thick backing layer.
The penetration was deep into the pores, but the walls of the
tube were thin because the collimation of the vaporized material was parallel to the pores.

where d is the diameter of the pores of the membrane
(i.e., ⬃215 nm). A linear least-squares fit of the data (for
which the y-intercept was fixed at 0) had a slope of 0.996
(R2 value of 0.995); this result shows that the measured
and theoretical heights in Figure 4b are in close
agreement.
Figure 5 shows micrographic evidence of the dependence of the height of Au tubes on the incident angle
of evaporation for the two most extreme angles (0°, 90°)
and an intermediate angle (45°). At a glancing angle
(Figure 5a, ␣ ⬇ 90°), the Au structures formed a loosely
connected array of rings, because the collimated beam
did not penetrate the pores, and only a small amount of
VOL. 2 ▪ NO. 4 ▪ 800–808 ▪ 2008
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deposited material adhered to the membrane. The diameter of the rings was 200 nm (the diameter of the
pores of the AAO membrane). At ␣ ⬇ 45° (Figure 5b),
the tubes formed structures with the height approximately the same as the diameter (⬃200 nm), as predicted by eq 1. At a normal angle (Figure 5c, ␣ ⬇ 0°),
the structures formed an array of long nanotubes (⬃1.5
m tall). These are the highest aspect ratio nanotubes
formed using a one-step physical vapor deposition process on AAO membranes. The walls of the tubes, however, were thin since the collimated beam projected
parallel to the walls of the pores. Many of the tubes in
Figure 5c therefore mechanically separated from the
substrate or collapsed during sample preparation. In an
attempt to minimize collapse of the tubes, we rinsed
the samples with methanolOa low surface tension
liquidOafter rinsing off the NaOH solution with water
and prior to drying; this additional rinsing step did not
improve the structural stability of the tubes. We observed that the tubes were susceptible to this type of
capillary-induced collapse at values of ␣ ⬍ 20° (aspect
ratios ⬎3:1).
As is characteristic of evaporated Au films,49 the surfaces of the walls of the Au tubes were grainier than
those of the Pt tubes (Figure 2). After the Au was annealed at 200 °C for 2 h, the walls of the tubes became
visually smoother in the SEM, but the tubes deformed
from their original dimensions.
Electrical and Optical Properties of the Arrays of ITO
Nanotubes. The arrays of ITO nanotubes had a continuous, highly conductive backing of ITO. We measured
the sheet resistance using a four-point probe (Creative
Design Engineering, ResMap 178) with 1 mm spacing
between the tips. The ITO nanotube film (Figure 3, ⬃1
cm2) had a sheet resistance of 259.4 ⫾ 32.1 ⍀/sq; a film
of ITO evaporated onto a featureless glass slide (⬃40
cm2) had a sheet resistance of 108.6 ⫾ 8.9 ⍀/sq. The difference between these two values may be due to differences in the size of the sample (the ITO more nearly approximates an infinite plane, which is assumed to be
present in the measurement of sheet resistance50). As
has been observed previously for ITO formed by
e-beam evaporation,51 both of the e-beam evaporated
films were approximately a factor of 10 less conductive
than commercially available ITO (Delta Technologies,
CB-50IN; advertised sheet resistance ⫽ 5–15 ⍀/sq)
formed by sputtering (7.8 ⫾ 0.1 ⍀/sq).
Ultraviolet–visible absorption measurements (using
a Hewlett-Packard 8453 UV–vis spectrometer) showed
that the absorbance spectra (300 –1100 nm) of the
nanostructured films of ITO were indistinguishable from
the spectrum of a featureless thin film of evaporated
ITO on a glass slide: in both cases, the average transmission was 80% between 400 and 1100 nm. We prepared samples for absorption measurements by gluing
the ITO-coated AAO membrane onto a glass slide using
Norland Optical Adhesive (NOA 65, transparent at
VOL. 2 ▪ NO. 4 ▪ DICKEY ET AL.

wavelengths ⬎300 nm) and dissolving the AAO. Scanning electron microscope images of the ITO surface
confirmed that the nanotubes were present and that
the glue did not penetrate the pores.
Application of Arrays of Metal Nanotubes as Substrates for
Surface-Enhanced Raman Spectroscopy. Surface-enhanced Raman spectroscopy (SERS) is a technique for the detection of small concentrations (potentially single
molecules)52,53 of analyte that are in close proximity of
the intense electric fields generated by nanostructured
metallic substrates upon photoexcitation at the wavelength of the metal’s surface plasmon. The resulting signal enhancement is quantified by the enhancement factor, which is the ratio of the SERS signal (per molecule)
to the signal (per molecule) of the bulk liquid. The total
signal is maximized by maximizing the enhancement
factor (a “per molecule” factor) and maximizing the
number of molecules interrogated within the spot of
the beam. An ideal SERS substrate would therefore have
a high density of SERS-active sites. In addition, it is desirable to have a substrate that is simple and inexpensive to fabricate, significantly larger than the spot size of
the interrogating optical beam, and uniform such that
the signal across the entire substrate does not vary. We
hypothesized that arrays of nanotubes would be wellsuited as SERS substrates because they have a dense
number of nanostructures. Thus, we sought to study
the SERS characteristics of arrays of Au nanotubes. Although there are many approaches for fabricating SERS
substrates (e.g., embossing, colloidal lithography,
e-beam lithography, electrochemical surface
roughening),54–59 the fabrication method presented
here is advantageous because it provides a simple route
to producing dense arrays of uniform, thin-walled (⬃10
nm thick), metallic nanostructures over a large area
(cm2).
We acquired Raman spectra of a self-assembled
monolayer56,60,61 (SAM) of benzenethiolate on an array
of Au nanotubes (Au-BT, in which the nanotubes were
⬃200 nm high and ⬃200 nm in diameter) and compared the intensity of the Raman signal to that of a
spectrum acquired using liquid-phase, neat benzenethiol (BT). For information on the preparation of these
samples, see the Supporting Information.
We obtained Raman spectra using a confocal microprobe Raman system (LabRam 1) based on an Olympus BX40 microscope. Light from a HeNe laser ( ⫽
632.8nm with 3 mW of power at the focal plane of the
sample) was focused onto the sample using a 50⫻
Olympus MPlan objective (working distance 0.38 mm,
NA ⫽ 0.75). The confocal microscope pinhole had a diameter of 500 m. The microscope objective collected
the light scattered off the sample and directed it to a
CCD camera with an entrance slit width of 250 m. We
calibrated the detector using the 520 cm⫺1 peak of a Si/
SiO2 wafer. For each measurement, we averaged 10
spectra, where each spectrum was integrated for 10 s.
www.acsnano.org

ARTICLE

Figure 6 shows the SERS spectrum of the Au-BT
sample (an average of spectra acquired over seven different locations). The characteristic Raman-active vibrational modes of benzenethiolate have energies 998
and 1021 (in-plane bending modes of the phenyl ring),
1072 (C⫺H in-plane bending and stretching mode), and
1571 cm⫺1 (C⫺C stretching mode).62
Equation 2 defines the surface enhancement factor,
EF.
EF )

( )( )
Isurf
Istd

Nstd
Nsurf

(2)

In eq 2, Isurf is the integrated intensity of a surfaceenhanced Raman peak for the Au-BT, Istd is the integrated intensity of the same Raman peak for the BT
standard, Nsurf is the number of BT molecules that contribute to the SERS signal on the Au-BT sample, and Nstd
is the number of molecules that contribute to the Raman signal in the scattering volume of the BT standard.
We calculated EF for the peaks at 1072 and 1571
cm⫺1 by following the rigorous calculation method outlined by Le Ru et al.63 (further details in the Supporting
Information). We have chosen this method because it
explicitly defines the input parameters used to calculate EF; there are no “black-box” elements in this calculation. Equations 3a and 3b define Nstd and Nsurf.
Nstd⁄Aeff ) CstdHeff

(3a)

Nsurf⁄Aeff ) µsurfFsurf

(3b)

In eq 3a, Cstd (molecules/cm3) is the concentration of
BT in the standard and Heff (cm) is the effective height
of the scattering volume of the standard. The parameter
Aeff (cm2) is the effective cross-sectional area of the scattering volume (for the standard) or the scattering area
for the sample. The value of Aeff is the effective spot size
of the microscope and is, therefore, the same for the
standard and the sample.63 The product of Heff and Aeff
is Veff, the effective scattering volume (of the standard),
within which the Raman signal is uniform and equal to
the signal originating from the center of the focal plane.
The effective volume accounts for the threedimensional spatial distributions of both the intensity
of the excitation beam and the efficiency with which
the scattered light is collected; these distributions are
characteristic of the excitation source and the optics of
the microscope. Using established methods,58 we empirically determined (see Supporting Information) the
value of Heff such that, within the volume Veff, each molecule contributes equally to the Raman signalOthat is,
the “per volume Raman signal” is uniform. In eq 3b, surf
(molecules/cm2) is the molecular packing density of
benzenthiolate on the Au substrate and Fsurf is the fraction of the surface area of the substrate that contributes to the SERS.
www.acsnano.org

Figure 6. Raman spectrum of a monolayer of benzenethiolate on an array of Au nanotubes (200 nm diameter, 200
nm height, ␣ ⴝ 45°) The peaks occur at 998 and 1021 (inplane bending modes of the phenyl ring), 1072 (CⴚH in-plane
bending and stretching mode), and 1571 cmⴚ1 (CⴚC stretching mode) The enhancement factors for the 1072 and 1571
cmⴚ1 peaks are 4 ⴛ 105 and 5 ⴛ 105, respectively.

The ratio Nstd/Aeff is the product of the concentration of BT molecules (Cstd ⫽ 5.9 ⫻ 1021 molecules/
cm3) and the effective height of the scattering volume
(Heff ⫽19 ⫻ 10⫺4 cm) of the standard: Nstd/Aeff ⫽ 1.1 ⫻
1019 cm⫺2.
To determine the ratio Nsurf/Aeff (eq 3b), we assumed that only the molecules at the rims of the nanotubes contributed significantly to the surface-enhanced
Raman signalOthat is, we considered the “enhancing”
surface to be composed of an array of close-packed
(⬃2.9 ⫻ 109 tubes/cm2) rings with outer diameter 200
nm and inner diameter 190 nm. The area of this surface
is ⬃6.3 ⫻ 10⫺11 cm2 per tube. We believe this assumption is reasonable because the large majority of the Raman enhancement arises from large electric fields that
are generated at the edges of nanoscale features. This
assumption was justified further since the Raman signal
from a monolayer of benzenethiolate on a smooth
gold film (i.e., one without any nanoscale edges and a
root-mean-square roughness of ⬃1 nm over 25 m2)
was undetectable using the same experimental setup
as was used to collect the spectra of BT and Au-BT. The
fractional surface coverage Fsurf in eq 3b is the product
of the area per nanotube and the number of nanotubes
per unit area (Fsurf ⫽ 0.18).64 For surf, we used the largest reported65 packing density of benzenethiolate on
Au (6.8 ⫻ 1014 molecules/cm2; lower packing densities
would only increase our calculated value of EF). The
product of surf and Fsurf is NSurf/Aeff ⫽ 1.2 ⫻ 1014 cm⫺2
(eq 3b).
Finally, we calculated EF using eq 2. We note that,
since Aeff is the same for both the sample and the standard, then (Nsurf/Aeff)/(Nstd/Aeff) ⫽ Nsurf/Nstd. The enhancement factor, EF, is 5.3 ⫻ 105 at 1072 cm⫺1 and
3.6 ⫻ 105 at 1571 cm⫺1. The SERS literature has a wide
range of reported EFs (104⫺1014), but a recent review
VOL. 2 ▪ NO. 4 ▪ 800–808 ▪ 2008
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CONCLUSIONS
We demonstrated a method to produce electrically
continuous arrays of metal and ITO nanotubes, based
on shadow evaporation into the pores of AAO membranes. This technique is attractive because (i) it is
simple, (ii) it provides control over the heights and the
diameters of the tubes by varying the incident angle of
evaporation and the dimensions of the template, respectively, and (iii) it is adaptable to any material that

can be vapor-deposited. We have demonstrated, for
the first time, the controlled fabrication of ordered arrays of nanotubes of ITO, a particularly important material because it is both conductive and transparent. We
also showed that an array of Au nanotubes produced
using this method gives a SERS enhancement factor of
⬃5 ⫻ 105 for a monolayer of benzenethiolate. We believe that simple nanofabrication techniques, such as
the one described here, that provide large (⬃cm2) homogeneous areas of well-defined structure may serve
as reliable, effective strategies for producing SERS substrates for applications such as chemical sensors.59
The arrays of metal and ITO nanotubes formed using this technique could also serve as high-surface area
electrodesOas well as templates for electrochemical
growth or conformal deposition of additional
materialsOfor electro-optical applications such as sensors and photovoltaics.

METHODS

REFERENCES AND NOTES

on EF calculations suggests that “average SERS EFs”Oin
which “average” refers to the SERS signal averaged
over the entire area of interrogation, not isolated “hot
spots” on the surfaceOshould be ⬃104⫺106.63 Our EF
value, ⬃5 ⫻ 105, is effectively indistinguishable from
that obtained by Jung (6 ⫻ 105), who also used the Le
Ru approach to calculate the SERS EF from monolayers
of benzenethiol on nanostructured surfaces.54

Arrays of Nanotubes. We mounted the AAO membranes
(Whatman Anodisc) flush against a rotating plate driven by
a battery-powered DC motor (⬃30 rpm, Hankscraft). We centered the motor directly over the source and fixed the evaporation incident angle (␣) between 0 and 90° to control the
height of the nanotubes. After e-beam evaporating ⬃150 nm
of metal (Au or Pt) or ITO (ACI Alloys) onto the membranes,
we dissolved the alumina by immersing the coated membrane into 1 M NaOH(aq) for 1 h. This procedure yielded an
array of nanotubes supported by an electrically continuous
backing of the same material.
Preparation of Samples for SERS Measurement. We shadowevaporated Au (␣ ⫽ 45°) onto an AAO membrane with 200nm-wide pores. We pressed the gold-coated side of the
membrane onto a tacky thin film of poly(methyl methacrylate) (PMMA) spin-coated on a Si/SiO2 wafer and heated the
film to ⬃130 °C on a hot plate. This film served as a mechanical support for the arrays of tubes, but did not contribute
to the SERS signal. After cooling the substrate, we submersed
the Si/SiO2/PMMA/Au/AAO composite sample in 1 M NaOH(aq) for 40 min to remove the AAO, rinsed the sample with
deionized water and ethanol, and allowed it to dry in air. We
placed the sample in a 1 M solution of benzenethiol (Aldrich, filtered through alumina to remove oxidized species) in
ethanol for 8 h. After removing the sample from the solution,
we gently rinsed it with ethanol, allowed it to dry in air, and
used it within 1 h of its removal from solution.
Preparation of Reference Samples for SERS Measurements. We sealed
a drop (⬃0.1 mL) of benzenethiol between a glass slide (2 in. ⫻
3 in. ⫻ ⬃1 mm) and a glass coverslip (22 ⫻ 22 ⫻ 0.15 mm) using rubber gasket as a spacer (Invitrogen Press and Seal, 0.5 mm
thick).
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