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Fabrication of Arrays of Metal and Metal
Oxide Nanotubes by Shadow

Evaporation

Michael D. Dickey," Emily A. Weiss," Elizabeth J. Smythe,* Ryan C. Chiechi,” Federico Capasso,* and

George M. Whitesides™*

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, and *School of Engineering and Applied Sciences,

Harvard University, 29 Oxford Street, Cambridge, Massachusetts 02138

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 AAQ 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 pum in height and 20 200 nm in diameter were fabricated. This method
is adaptable to any material that can be vapor-deposited, including indium—tin oxide (IT0), 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 X 10° greater than that obtained using bulk liquid
benzenethiol.

KEYWORDS: shadow evaporation - nanotube arrays - SERS (surface-enhanced Raman
spectroscopy) - templated fabrication - ITO (indium—tin oxide) - AAO (anodized
aluminum oxide) - nanofabrication - line-of-sight deposition

his paper describes a simple

method for the fabrication of

electrically continuous arrays of
nanotubes of platinum, gold, and indium-
doped tin oxide (ITO) with controllable di-
mensions (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, nano-
porous anodized aluminum oxide (AAO)
membranes (also used in the electrochemi-
cal template synthesis method developed
by Martin') oriented at an angle («) of 0-90°
between the axis of rotation and the direc-
tion of evaporation (where a 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,?™ enables better control
over the dimensions of the nanotubes than
do conventional® sputtering methods,”~®
chemical vapor deposition,’® and sol-gel
processing,'! and, unlike
electrodeposition,’'>'3 is generally appli-
cable to any material that can be vapor-
deposited. 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, nano-
structured versions of devices such as solar
cells, light-emitting diodes (LEDs), electro-
chromics, and batteries because they pro-
vide (i) a high ratio of surface area to vol-
ume 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 opti-
cally and electronically active layers for
these devices."*"” There have been many
efforts to fabricate nanostructures of ITO
(the most popular transparent conducting
oxide for use in such devices);'® this work
is the first to produce uniform, free-
standing ordered arrays of electrically con-
nected ITO nanotubes with controllable
dimensions.

EXPERIMENTAL DESIGN

Materials. We chose AAO membranes
(Whatman Anodisc, 60 pm thick, 200-nm-
diameter pores) as templates because they
are commercially available, dissolve easily in
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aqueous base, and have a high density

20-200 nm

(~10°—10""/cm?, depending on the pore
size) of straight pores with monodisperse di-
ameters (see the Results and Discussion sec-
tion 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 fabri-
cated through established anodic process-
ing techniques.>?”3'

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 elec-
trodes for analytical electrochemistry and for
electrodeposition of conducting polymers, be-
cause these metals do not oxidize within the
electrochemical window of common solvent/
electrolyte systems. ITO, unlike nanostructures
of titania®*—” and metals,*®~** has both high
electrical conductivity and transparency
throughout much of the UV and visible re-
gions of the spectrum. These properties make
ITO useful in many commercial applications, in-
cluding flat panel displays, LEDs, and solar
cells. Although many of these applications
would benefit from high-surface-area elec-
trodes, few techniques exist for creating well-
defined nanostructures of ITO.

Electron-Beam Evaporation. In contrast to
other deposition techniques (e.g., sputter-
ing), the evaporating material produced by
an electron beam has a long mean free path
due to the low pressure in the chamber (<1
X 107 ° Torr), and, thus, is approximately col-
limated after traveling from the source to
the substrate (~30 cm total distance). The
collimated beam is critical for this application because
the shadows cast by the AAO membrane into its pores
define the geometry of the tubes. There do exist spe-
cialized line-of-sight sputtering techniques that use ion
beam sources*>*¢ or collimator screens,” but these
techniques are not commonly used because of their
low rates of deposition and need for specialized equip-
ment. Sputter redeposition has also been used to form
arrays of nanotubes, but this multistep process re-
quires ion beam sputtering plus the use of a delicate
(300-nm-thick) AAO stencil mask.*” Electron-beam
evaporation is appealing because it is a straightfor-
ward technique that is capable of depositing a wide
range of high-purity materials with high rates of depo-
sition (as much as several micrometers per minute®).

RESULTS AND DISCUSSION
Fabrication of the Arrays of Nanotubes. Figure 1 shows
the general procedure for fabricating arrays of nano-
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Figure 1. Procedure for the fabrication of nanotube arrays. We (i) mounted an anod-
ized 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
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
the pores. (v) We immersed the coated membrane in 1 M NaOH for 1 h to completely
etch the AAO membrane and yield an array of nanotubes connected by a continuous
backing of the same material.

tubes. We mounted the AAO membranes flush against
a rotating plate driven by a battery-powered DC motor
(~30 rpm) and e-beam evaporated ~150 nm of metal
(Au or Pt) or ITO onto the membranes. We fixed the
evaporation incident angle («) between 0 and 90° to
control the height of the nanotubes. We define « as the
angle between the axis of rotation and a hypothetical
line between the source and the AAO membrane. Af-
ter deposition, we removed the AAO membrane from
the rotating support. We annealed the ITO—AAO com-
posite in an oven at 350 °C for 1 h to convert the as-
deposited, opaque ITO into a transparent and electri-
cally conductive form.*® We performed no annealing
steps on the deposited metal structures. The alumina
dissolved when the AAO—metal (or ITO) composite was
immersed in 1 M NaOH(aq) for 1 h. This procedure
yielded an array of nanotubes supported by an electri-
cally continuous backing of the same material. The
thickness of this backing layer depended on the angle
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Figure 2. SEM images (with increasing magnification from
(a) to (c)) of the Pt nanostructures prepared by evaporation
at an incident angle a = 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 pm?) is 193 * 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) im-
ages, with increasing magnification from (a) to (c), of Pt
nanotubes evaporated at a = 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 measur-
ing the cross-sectional area of the opening in each tube
from the top-down SEM image in Figure 2a using Im-
ageJ image analysis software (see Supporting Informa-
tion), 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 pm X
11.3 wm, ~1000 tubes). The pristine AAO membrane
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Figure 3. Top-down SEM image of ITO nanotubes prepared
by evaporation at an incident angle o = 45° onto the
branched side of an AAO membrane with nominal 20-nm
pores. Inset: Close-up of tubes (scale bar, 100 nm). All mem-
branes 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 de-
scribed by the advertised diameter for the membrane (here,
20nm).

had an average diameter of 215 + 26 nm over an iden-
tical 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 pen-
etrated the opening of the pores and deposited on the
walls of the cylindrical pores. Based on this mecha-
nism, the shadow evaporation technique should ex-
tend 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), al-
though 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 a = 45°. We were able
to form arrays of nanotubes that effectively replicated
pores with 20-, 100-, and 200-nm diameters (see Sup-
porting Information, Figure S1) and the 50-nm pores of
a polycarbonate membrane (for which the pore den-
sity, ~4 X 108/cm?, is much lower than that of an AAO
membrane with similarly sized pores, ~10'°—10""/
cm?). Regardless of the irregularity of the arrays formed
with the “branched” side of the AAO membrane and
the polycarbonate membrane, these experiments sug-
gest that this evaporation technique is capable of repli-
cating templates of almost arbitrarily small dimen-
sions, 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).>?7~3"

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 « = 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 measure-
ments (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 a =
90°, see Figure 5a). The measurements were made on tubes
formed in membranes whose pores were ~215 nm in diam-
eter. The line represents the least-squares fit of the data
forced through the origin (slope = 0.996, R* = 0.995). In-
sets: Side-view SEM images of tubes formed at « = 30° and
a = 15°. The tubes were cleaved upon preparing the cross
section of the sample.

source and the AAO membrane). Figure 4a shows struc-
tures 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 theoreti-
cal 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 cham-
ber such that the field of view was normal to the exposed,
cleaved edge of the membrane. The data in Figure 4 rep-
resent 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,

_d
h_tan(a) (1)
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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 colli-
mated evaporation source resulted in negligible penetration
into the pores and a thin backing layer. (b) At « ~ 45°, an ar-
ray 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 ma-
terial 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
(R? 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 depen-
dence 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, a = 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
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deposited material adhered to the membrane. The di-
ameter of the rings was 200 nm (the diameter of the
pores of the AAO membrane). At a =~ 45° (Figure 5b),
the tubes formed structures with the height approxi-
mately the same as the diameter (~200 nm), as pre-
dicted by eq 1. At a normal angle (Figure 5¢, « ~ 0°),
the structures formed an array of long nanotubes (~1.5
pm tall). These are the highest aspect ratio nanotubes
formed using a one-step physical vapor deposition pro-
cess on AAO membranes. The walls of the tubes, how-
ever, 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 methanol—a low surface tension
liquid—after 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 ob-
served 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,*® the sur-
faces of the walls of the Au tubes were grainier than
those of the Pt tubes (Figure 2). After the Au was an-
nealed 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 continu-
ous, 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
cm?) had a sheet resistance of 259.4 + 32.1 ()/sq; a film
of ITO evaporated onto a featureless glass slide (~40
cm?) had a sheet resistance of 108.6 = 8.9 ()/sq. The dif-
ference between these two values may be due to differ-
ences in the size of the sample (the ITO more nearly ap-
proximates an infinite plane, which is assumed to be
present in the measurement of sheet resistance®°). As
has been observed previously for ITO formed by
e-beam evaporation,® 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 Q/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 transmis-
sion was 80% between 400 and 1100 nm. We pre-
pared samples for absorption measurements by gluing
the ITO-coated AAO membrane onto a glass slide using
Norland Optical Adhesive (NOA 65, transparent at

NANC) voL 2 = No.4 = DICKEY ET AL

wavelengths >300 nm) and dissolving the AAO. Scan-
ning 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 Ra-
man spectroscopy (SERS) is a technique for the detec-
tion of small concentrations (potentially single
molecules)>*>3 of analyte that are in close proximity of
the intense electric fields generated by nanostructured
metallic substrates upon photoexcitation at the wave-
length of the metal’s surface plasmon. The resulting sig-
nal enhancement is quantified by the enhancement fac-
tor, 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 de-
sirable to have a substrate that is simple and inexpen-
sive 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 well-
suited as SERS substrates because they have a dense
number of nanostructures. Thus, we sought to study
the SERS characteristics of arrays of Au nanotubes. Al-
though there are many approaches for fabricating SERS
substrates (e.g., embossing, colloidal lithography,
e-beam lithography, electrochemical surface
roughening),>*>° 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
(cm?).

We acquired Raman spectra of a self-assembled
monolayer®®¢%¢! (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 com-
pared the intensity of the Raman signal to that of a
spectrum acquired using liquid-phase, neat benzene-
thiol (BT). For information on the preparation of these
samples, see the Supporting Information.

We obtained Raman spectra using a confocal micro-
probe Raman system (LabRam 1) based on an Olym-
pus 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 50X
Olympus MPlan objective (working distance 0.38 mm,
NA = 0.75). The confocal microscope pinhole had a di-
ameter of 500 wm. The microscope objective collected
the light scattered off the sample and directed it to a
CCD camera with an entrance slit width of 250 pm. We
calibrated the detector using the 520 cm ™' peak of a Si/
SiO, wafer. For each measurement, we averaged 10
spectra, where each spectrum was integrated for 10 s.
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Figure 6 shows the SERS spectrum of the Au-BT
sample (an average of spectra acquired over seven dif-
ferent locations). The characteristic Raman-active vibra-
tional 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™ ' (C—C stretching mode).%?

Equation 2 defines the surface enhancement factor,

EF.
(k)
lstd Nsurf

In eq 2, I, is the integrated intensity of a surface-
enhanced Raman peak for the Au-BT, /.4 is the inte-
grated intensity of the same Raman peak for the BT
standard, N, is the number of BT molecules that con-
tribute to the SERS signal on the Au-BT sample, and N4
is the number of molecules that contribute to the Ra-
man signal in the scattering volume of the BT standard.

We calculated EF for the peaks at 1072 and 1571
cm™ ! by following the rigorous calculation method out-
lined by Le Ru et al.®® (further details in the Supporting
Information). We have chosen this method because it
explicitly defines the input parameters used to calcu-
late EF; there are no “black-box” elements in this calcu-
lation. Equations 3a and 3b define N4 and N,

Nstd/Aeff = Cstheff (33)
Nsurf/Aeff = l‘Lsursturf (3b)

In eq 3a, C,.q (Molecules/cm?) is the concentration of
BT in the standard and H. (cm) is the effective height
of the scattering volume of the standard. The parameter
As (cm?) is the effective cross-sectional area of the scat-
tering volume (for the standard) or the scattering area
for the sample. The value of A is the effective spot size
of the microscope and is, therefore, the same for the
standard and the sample.®® The product of H., and A ¢
is V¢ 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 three-
dimensional 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,”® we em-
pirically determined (see Supporting Information) the
value of H ¢ such that, within the volume Vg, each mol-
ecule contributes equally to the Raman signal—that is,
the “per volume Raman signal” is uniform. In eq 3b, pug,¢
(molecules/cm?) is the molecular packing density of
benzenthiolate on the Au substrate and F_ is the frac-
tion of the surface area of the substrate that contrib-
utes to the SERS.

www.acsnano.org
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Figure 6. Raman spectrum of a monolayer of benzenethi-
olate on an array of Au nanotubes (200 nm diameter, 200
nm height, @ = 45°) The peaks occur at 998 and 1021 (in-
plane bending modes of the phenyl ring), 1072 (C—H in-plane
bending and stretching mode), and 1571 cm~" (C—C stretch-
ing mode) The enhancement factors for the 1072 and 1571
cm~" peaks are 4 x 10° and 5 x 10°, respectively.

600 800

The ratio N,,4/A is the product of the concentra-
tion of BT molecules (C,.4 = 5.9 X 10*" molecules/
cm?) and the effective height of the scattering volume
(Hee =19 X 10~ * cm) of the standard: Ny, /Ao = 1.1 X
10" ecm ™2

To determine the ratio N, /A (€q 3b), we as-
sumed that only the molecules at the rims of the nano-
tubes contributed significantly to the surface-enhanced
Raman signal—that is, we considered the “enhancing”
surface to be composed of an array of close-packed
(~2.9 X 10° tubes/cm?) rings with outer diameter 200
nm and inner diameter 190 nm. The area of this surface
is ~6.3 X 10~ "' cm? per tube. We believe this assump-
tion is reasonable because the large majority of the Ra-
man 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 pm?)
was undetectable using the same experimental setup
as was used to collect the spectra of BT and Au-BT. The
fractional surface coverage F, ¢ in eq 3b is the product
of the area per nanotube and the number of nanotubes
per unit area (F,+ = 0.18).%* For ., we used the larg-
est reported®® packing density of benzenethiolate on
Au (6.8 X 10" molecules/cm?; lower packing densities
would only increase our calculated value of EF). The
product of . and Fy ¢ is Ney/Aegr = 1.2 X 10" cm ™
(eq 3b).

Finally, we calculated EF using eq 2. We note that,
since A« is the same for both the sample and the stan-
dard, then (N #/Act)/(Ngra/Act) = Neure/Ngeg. The en-
hancement factor, EF, is 5.3 X 10° at 1072 cm™ ' and
3.6 X 10° at 1571 cm™ . The SERS literature has a wide
range of reported EFs (10*—10'?), but a recent review

2
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on EF calculations suggests that “average SERS EFs"—in
which “average” refers to the SERS signal averaged
over the entire area of interrogation, not isolated “hot
spots” on the surface—should be ~10*—10°.%® Our EF
value, ~5 X 10, is effectively indistinguishable from
that obtained by Jung (6 X 10°), who also used the Le
Ru approach to calculate the SERS EF from monolayers
of benzenethiol on nanostructured surfaces.>*

CONCLUSIONS

We demonstrated a method to produce electrically
continuous arrays of metal and ITO nanotubes, based
on shadow evaporation into the pores of AAO mem-
branes. 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, re-
spectively, and (iii) it is adaptable to any material that

METHODS

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 cen-
tered the motor directly over the source and fixed the evapo-
ration incident angle (a) 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 mem-
brane 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 shadow-
evaporated Au (e = 45°) onto an AAO membrane with 200-
nm-wide pores. We pressed the gold-coated side of the
membrane onto a tacky thin film of poly(methyl methacry-
late) (PMMA) spin-coated on a Si/SiO, wafer and heated the
film to ~130 °C on a hot plate. This film served as a mechan-
ical support for the arrays of tubes, but did not contribute
to the SERS signal. After cooling the substrate, we submersed
the Si/SiO,/PMMA/Au/AAO composite sample in 1 M NaO-
H(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 wM solution of benzenethiol (Ald-
rich, 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. X
3in. X ~1 mm) and a glass coverslip (22 X 22 X 0.15 mm) us-
ing rubber gasket as a spacer (Invitrogen Press and Seal, 0.5 mm
thick).
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can be vapor-deposited. We have demonstrated, for
the first time, the controlled fabrication of ordered ar-
rays of nanotubes of ITO, a particularly important mate-
rial 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 X 10° for a monolayer of benzenethiolate. We be-
lieve that simple nanofabrication techniques, such as
the one described here, that provide large (~cm?) ho-
mogeneous areas of well-defined structure may serve
as reliable, effective strategies for producing SERS sub-
strates for applications such as chemical sensors.>®

The arrays of metal and ITO nanotubes formed us-
ing this technique could also serve as high-surface area
electrodes—as well as templates for electrochemical
growth or conformal deposition of additional
materials—for electro-optical applications such as sen-
sors and photovoltaics.
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