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oble metal nanostructures can in-

teract strongly with the visible light

through the resonant excitation of
the collective oscillations of their conduction
electrons, namely surface plasmon reso-
nance."? Surface plasmons have been used
to enhance the surface sensitivity of several
spectroscopic techniques including fluores-
cence spectroscopy,”® Raman scattering,’
and second harmonic generation.®” Surface
plasmons can also be usefully exploited for
subwavelength optical waveguides®® bio-
labeling,"® and chemical and biological sens-
ing."""2 It has been demonstrated theoreti-
cally and experimentally that the strength and
wavelength of the surface plasmon resonance
strongly depend on the geometry, size, and
surrounding environment of a metal nano-
structure."'*~'® Therefore, the ability to tailor
and tune these parameters is of essential im-
portance to adjust the plasmonic behavior to
meet the desired application. Recently, several
groups reported on the preparation of cres-
cent-shaped Au nanostructures, which exhibit
attractive optical properties and lead to local
electromagnetic field enhancement resulting
from their sharp corners.'”” 2! The applied
synthetic methods were mostly based on
electron beam lithography (EBL), focused
ion beam (FIB), and sphere lithography. EBL
and FIB are costly processes with limited
yields 59?23 Nanosphere lithography?*~2°
and shadow-based nanofabrication?’*® have
demonstrated a promising potential to
alleviate some of the challenges facing
large-scale synthesis of thin crescent-
shaped nanostructures.

In this work, we demonstrate a flexible
template-based approach for the synthesis
of sharp-edged (below 5 nm curvature
radius) crescent-shaped half-nanotubes
(HNTSs). Their plasmonic properties are also
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ABSTRACT This paper reports on a novel and versatile method to synthesize sharp-edged

crescent-shaped half-nanotubes (HNTs) using a flexible template-based nanofabrication method

assisted by atomic layer deposition. This was achieved by electrodeposition inside crescent-shaped

nanochannels created by a controlled removal of a sacrificial layer, which was deposited by atomic

layer deposition onto the pore walls of an anodic aluminum oxide template. This method provides a

high degree of freedom in the manipulation of the morphological properties of HNTs such as the

edge sharpness, opening, gap size, and the wall thickness. Initial optical investigations of the HNTs

reveal distinct surface plasmon resonance by dark field scattering spectra and surface enhanced

Raman spectrum.
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investigated by dark field scattering and
surface enhanced Raman scattering. Our
method relies initially on the creation of
crescent-shaped nanochannels in an anodic
aluminum oxide (AAO) template by removal
of a sacrificial layer coated onto the pore
walls by atomic layer deposition (ALD). Sub-
sequent electrodeposition of metal into the
nanochannels produces the desired metal
nanostructures. This method provides a
precise, convenient, flexible size and shape
control. A schematic illustration of the pre-
paration process is displayed in Figure 1. At
first, a ZnO layer is deposited onto the pore
walls of an AAO template by ALD. Subse-
quently, the remaining space of these pores
is completely filled with Al,O5 also depos-
ited by ALD. In this work we have selected
ZnO and Al,Os as sacrificial and filling ma-
terials, respectively, because their deposi-
tion processes are well-established and
show high deposition rates and good qual-
ity. In addition, ZnO can be selectively re-
moved by wet-chemical etching. After ion
milling removal of ZnO and Al,Os layers
from both the top and bottom sides of the
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Figure 1. A schematic diagram illustrating the fabrication process of Au crescent-shaped half-nanotubes.

AAO template, dissolved polystyrene is poured onto
one side of the template to stabilize the filled Al,Os.
Subsequently, the remaining ZnO layer covering the
pore walls is removed by etching in HNOs. This proce-
dure leads to a spacing between the Al,O3 nanowire-
like filling and the pore walls. A template with crescent-
shaped nanochannels is created after the removal of
polystyrene by annealing the template in air. A thin film
of gold is coated on one side of the template by ion
sputtering to produce an electrode. Subsequently,
electrodeposition is performed to fill the nanochan-
nels with Au, thereby yielding crescent-shaped HNTs.
Finally, these HNTs are released by dissolving the
template and the Al,Os filling in an aqueous solution
of NaOH.

RESULTS AND DISCUSSION

Figure 2a shows the cross-sectional scanning elec-
tron microscope (SEM) image of an AAO template with
pores of 25 um in depth having their sidewalls coated
by a ZnO layer with 40 nm thickness and subsequently
filled with Al,O5 (500 cycles). The number of ALD cycles
needed for Al,Os to ensure an efficient filling depends
sensitively on the pore diameter (180 nm) as well as on
the thickness of ZnO layers. In this image the ZnO
layers show a brighter contrast (thin bright line) when
compared to the AAO pore wall and the Al,Os filling at
the center. The ZnO is conformally coated onto the
entire length of the pore walls, exhibiting one advan-
tage of ALD.?° The conformal thickness plays an im-
portant role in the subsequent production of HNTs
with a uniform size and adjustable opening. In addi-
tion, it can be seen that both the top and bottom sides
of the template are also covered by ZnO and Al,Os,
which will be removed by ion milling in the subsequent
steps of the fabrication process (Figure 1). Figure 2b
displays a top-view SEM image of the template after
ion milling. The ZnO layers in the pores exhibit circular
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bright lines after the surface ZnO and Al,Os layers are
effectively removed. Figure 2c shows a top-view SEM
image of the templates after etching of the ZnO in the
pores and removal of the fixing polystyrene by anneal-
ing. In this way, instead of circular nanochannels,
crescent-shaped nanochannels are successfully pro-
duced, resulting from the displacement of the Al,Os
nanowires and their attachment to the pore walls as a
result of the absence of the support. A cross-sectional
SEM image of a cleaved template with nanochannels is
shown in Figure 2d. The Al,O5; nanowires and also the
spacing between the nanowires and the pore walls are
clearly observed.

After the electrodeposition of Au into the nanochan-
nels, a cross-sectional sample of the template was pre-
pared by ion beam milling, as shown in Figure 3a. Au
shows an apparently brighter contrast compared to their
surroundings, clearly revealing a crescent-shaped cross-
section. The nanostructures display sharp edges, consis-
tent with the starting nanochannels. Figure 3b shows the
freestanding crescent-shaped HNT arrays released by
dissolving the template and the Al,Os filling (nanowires)
in an aqueous NaOH solution. These HNTs have a typical
length of up to 10 um, depending on the electrodeposi-
tion time. Figure 3c is a top view SEM image of the HNT
arrays at a higher magnification, while Figure 3d is a close-
up SEM image of the body of the HNTs. Their external
diameters are about 180 nm, consistent with the initial
pore sizes of the template. Both the outer and inner
surfaces appear to be relatively smooth. The crescent-
shaped profile and opening along the entire length of the
HNTs could clearly be observed. This indicates that the
resulting HNTs mimic the shape of the initial nanochan-
nels very well.

The opening of the HNTSs relies on the thickness of the
initial sacrificial ZnO layer and can thus be conveniently
controlled by varying the number of ZnO ALD cycles,
as schematically shown in Figure 4a. Expectedly, the

VOL.5 = NO.2 = 788-794 = 2011 A_bL

www.acsnano.org

—~
ANO

11D L¢

789



Figure 2. (a) Cross-sectional SEM image of an AAO template after ALD of ZnO (250 cycles, 40 nm), followed by Al,O; filling
(500 cycles). (b) Top-view SEM image of the template after ion milling. (c, d) Top-view and cross-sectional SEM images of the

template after etching of ZnO and removal of polystyrene.

Figure 3. (a) Cross-sectional SEM image of an AAO template after electrodeposition of Au into the crescent-shaped
nanochannels created with a 40 nm-thick ZnO sacrificial layer. (b, c) Top-view SEM images of the HNT arrays released by
dissolving the template and Al,Os filling materials in a NaOH aqueous solution. (d) A close-up of the HNTs.

maximum thickness of the HNTSs is twice that of the initial
ZnO layer. Figure 4b shows a SEM image of Au HNTs
obtained by electrodeposition of Au within the nano-
channels created with a 60 nm ZnO layer. The maximum
thickness of the tube walls is about 120 nm and the gap
between the two edges is about 80 nm. By decreasing
the thickness of the ZnO layer to 40 nm, crescent-shaped
HNTs are also obtained (Figure 4c), as depicted in Figure 3.
They have a wall thickness of about 80 nm, in addition to
lager opening, wider gap, and sharper edges. However,
their external diameter remains the same (~180 nm) as
restricted by the pore diameter of the template. When
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the thickness of the ZnO layer is further reduced to 15 nm,
HNTs with much thinner thickness (30 nm), wider gap
size, and larger opening are produced as shown in
Figure 4d. The curvature radius of their edges can be
below 5 nm. It should be mentioned that HNTs with
tunable external diameters could also be conveniently
fabricated by depositing an Al,O3 layer onto the pore
walls of the templates before the deposition of ZnO to
reduce the pore diameters or using AAO templates with
different initial pore sizes.

To investigate the surface plasmon behavior of the
obtained nanostructures, optical scattering spectra
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Figure 4. (a) Schematicillustration showing tunable opening, thickness, gap size, and edge sharpness of the crescent-shaped
HNTs depending on the thickness (h) of the initial sacrificial ZnO. (b—d) High-magnification SEM images of HNTs obtained

from ZnO thicknesses of 60, 40, and 15 nm, respectively.

were measured by dark field confocal microscopy.
When the epi-illumination works on the dark field
mode, the scattering light is coupled into a visible
and near-infrared (Vis-NIR) spectrometer equipped
with a liquid nitrogen cooled CCD detector. A small
aperture is placed at the intermediate image plane to
spatially filter the collected light to an area of 20 um
diameter on the sample plane. This dark field illumina-
tion maximizes the scattering from the nanostructures,
and minimizes the background scattering from the
substrate.?>3" The scattering efficiency is corrected for
wavelength dependence of the lamp emission and the
system response by replacing the sample with a silver
mirror and collecting the reflected light in the bright
field illumination mode.

The typical scattering spectra of HNTs are shown in
Figure 5. For the HNT having a length of 5.6 um and a
thickness of 80 nm, two resonance peaks at 575 and
860 nm are present in its spectrum. For comparison,
the scattering spectrum of HNTs with 80 nm thickness
embedded in the Al,O; matrix was also determined.
Unlike the single HNT spectrum, there is only one
distinct resonance peak at 810 nm in the long wave-
length range from this spectrum. By comparing these
spectra, it can be inferred that for the released HNTs
two different resonance modes are excited by the two
electrical field components of the incident electrical
field projected along the long and short axes of the
HNT, respectively. The right peak at 860 nm corre-
sponds to the long axis (longitudinal) mode, while the
left peak at 575 nm corresponds to the short axis
(transverse) mode.* >3 However, for these embedded
HNTs, the resonance excitation in the short axis mode
is highly suppressed, showing a very weak shoulder
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Figure 5. Measured scattering spectra of HNTs having a
thickness of 80 nm embedded in AAO as exampled in
Figure 3a (red) or distributed on a Si substrate (blue) and
having a thickness of 30 nm distributed on a Si substrate
(black). Insets show the optical microscopic pictures of
these single HNTs distributed on Si substrates taken with
a digital camera. These HNTs are prepared by using a
template with 180 nm pore diameter.
peak in the short wavelength side as indicated by the
arrow. This is not surprising given the fact that both
their outer and inner surfaces and especially their sharp
edges are covered by Al,O; with only the ends ex-
posed in the air. The blue-shift of the long axis reso-
nance peak from 860 to 810 nm can possibly be
ascribed to the high dielectric background of the
surrounding Al,Os. In addition, the surface plasmon
coupling between the HNTs should also be taken into
consideration for the blue-shift since the distance
between these HNTs is only about 200 nm (Figure 3a)
and therefore much smaller than the excitation
wavelength.>*%

The scattering spectrum of a HNT with a thickness of
30 nm and a length of 4.2 um is also shown in Figure 5.
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Two resonance peaks significantly overlap, unlike the
clearly separated resonance peaks in the spectrum of
single HNTs with thicknesses of 80 nm. By comparing
the spectra of HNTs with different thicknesses, it can be
derived that the plasmon resonance is sensitive to their
geometry. Therefore, it is possible to tailor their optical
properties for specific applications by controlling their
geometry including diameter, length, opening, gap
size, thickness, and edge sharpness. This can be rea-
lized by changing the pore diameter of the template,
electrodeposition time, or the thickness of the sacrifi-
cial ZnO layers as mentioned above. Further near-field
optical characterizations and theoretical calculations
are necessary to obtain more detailed and complete
information on the optical properties of these HNTs,
including possible Fabry—Pérot resonance.>®

The sharpness of the edges along the whole HNT is
one of the interesting features displayed by the struc-
tures demonstrated in this work. When exposed to a
laser having the appropriate wavelength, this mor-
phology should induce a strong enhancement in the
local electromagnetic field due to the surface plasmon
resonance.” The uniformity as well as the high density
of these structures makes the exploitation of this
phenomenon suitable for molecular spectroscopy. As
a prototypical system, we demonstrate here the influ-
ence of the enhancement near the sharp edges on
Raman vibrational modes of crystal violet (CV) mole-
cules adsorbed on the released HNT sample with a
thickness of 80 nm (Figure 3b). Figure 6 displays a
typical Raman spectrum in the wavenumber region of
~1500—1675 cm” . In the investigated wavenumber
region, the CV spectrum is characterized by three main
peaks centered at ~1528, ~1589, and 1618 cm™~'. The
peak positions are determined by voigt function fits.
Independent of the frequency, a strong enhancement
of the Raman spectra of CV is observed. For the sake of
comparison, spectra recorded for CV molecules ad-
sorbed on the cross-section of Au HNTSs still buried in
an AAO template (Figure 3a) and Au-sputtered Si
substrate are also shown. Note that no peak is detect-
able for the sample with CV molecules adsorbed on Au-
sputtered substrate. While still buried in the AAO
template, the emerging corners of HNTs (Figure 3a)
induce a clear enhancement comparable to what can
be achieved by using Au nanoparticles with a compar-
able density and size. To highlight the unique plasmo-
nic behavior of the HNTs, we prepared an additional set
of samples. CV molecules were adsorbed on solid Au
nanowires (NWs) having a diameter and length com-
parable to those of Au-HNTSs. Aside the omitted filling
step of the template, the NWs were produced with
identical experimental conditions. A representative
Raman spectrum recorded for this set of specimens is
also displayed in Figure 6. Interestingly, in contrast to
the spectrum recorded using released Au HNTs exhi-
biting a substantial increase in the intensity of CV
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Figure 6. Surface enhanced Raman scattering spectra of CV
molecules adsorbed on Au HNTs (red line), on Au HNTs still
buried in AAO (blue line), on Au-sputtered Si substrate (black
line), and on Au NWs (violet line). Inset: 50 um x 50 um optical
image of the surface of the HNT sample exposed to a 633 nm
laser during micro-Raman analysis. Bottom: The 200—2000
cm™ ' range of CV molecule Raman spectrum recorded on Au
HNTs. For comparison, the signal obtained with Au HNTs still
embedded in AAO is amplified by a factor of 600.

Raman peaks, no clear Raman signal is, however,
observed for CV molecules adsorbed on the Au NW
samples. Obviously, the strong Raman signal obtained
from released HNTs is a direct manifestation of the
excitation of surface plasmons on the sharp edges of
Au HNTs. In the present case, the enhancement ob-
tained with HNTs is ~600x larger than what it is
typically obtained from the cross-sectional samples of
HNTs still buried in AAO (i.e., a two-dimensional SERS
substrate). Note, however, that the larger enhance-
ment using released HNTs compared to HNTs still
buried in the AAO should not only be associated with
the increase in the exposed area of Au HNTSs. In fact, the
increase in the exposed area per se has no large effect
on SERS signal since the field enhancement drops as a
function of r ", where r is the distance from the sharp
edge. In the simple and well-investigated case of
plasmonic nanoparticles N amounts to 10.3” However,
it is well-known that the electromagnetic mechanisms
of SERS are strongly sensitive to size, shape, and spatial
distribution of the scattering nanoobjects.®® A clear
description of the power law governing the field
enhancement for our HNTs is still missing, but one
may expect N to be ~1 in analogy to recent SERS
studies in one-dimensional nanostructures.>*~** Thus
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the larger enhancement of the Raman signal for the
released HNT sample is due to the increase in plasmo-
nic hot spots (i.e., sharp edges) associated with the
geometry of HNTSs.

CONCLUSIONS

In summary, we have demonstrated a flexible and
versatile method for producing aligned crescent-shaped
HNTs. This was achieved by electrodeposition inside
crescent-shaped nanochannels created by removal of a
sacrificial layer, which was deposited by ALD onto the
pore walls of an AAO template. This method allows
convenient control over the edge sharpness, opening,
gap size, diameter, and the wall thickness of the HNTs.
Initial investigations of the dark field scattering and sur-
face enhanced Raman scattering reveal distinct surface

EXPERIMENTAL SECTION

Self-ordered AAO templates with a pore diameter of 180 nm
and a pore depth of 25 um were prepared by electrochemical
anodization.** ALD was carried out in a commercial hot-wall
flow-type ALD reactor (SUNALE R75, Picosun, Finland) utilizing
N, as a precursor carrier and purge gas at a pressure of 10 Torr.
Deposition of Al,05 was performed with Al(CHs); and deionized
H,0 as precursors at a growth rate of 1.0 A per cycle and 150 °C.
Zn(C,Hs), and deionized water were used as precursors for ZnO
deposition at a deposition rate of 1.6 A per cycle at 100 °C.

After ALD, ion milling was performed for sufficient time by
an argon-ion-beam milling system (Duo mill 600 DIF, GATAN)
to remove ZnO and Al,O3 layers on both sides of the coated
AAO templates. Polystyrene solution in chloroform (20%) was
dropped onto one side of the milled template for fixation. After
evaporation of the solvent, the sacrificial ZnO layers in the pores
were removed by etching with concentrated HNOs (60 wt %) for
20 min at room temperature. Then the templates were washed
with H,0. To remove the polystyrene, annealing was performed
at 550 °C for 1 h in air using a tube furnace.

The gold HNTs were electrodeposited at a constant current
density of 1 mA/cm? with a commercial gold plating solution
(Orotemp, Technic Inc.) as the electrolyte. The electrodeposition
was carried out at room temperature and the typical deposition
time was 20 min. To release the HNTs from the templates, the
Al,Os filling and also the AAO templates were removed with 4 M
NaOH at 45 °C for 6 h. For the scattering spectra analysis, the
released HNTs were dispersed in ethanol by ultrasonication for
10 s. Several drops of the suspension were dropped onto a Si
wafer, which was allowed to dry at ambient temperature.

Raman analysis was carried out in backscattering geometry
using a Horiba Jobin Yvon LabRam HR 800 nm high-resolution
Raman microscope. In this setup, the Raman signal was ac-
quired by a thermoelectrically cooled CCD array detector. A
HeNe laser line operating at 633 nm was used as the excitation
source. The laser spot on the sample surface was ~1 um in
diameter. To avoid any local heating effects, the laser power was
kept below 0.3 mW. The accumulation time was 10 s. About
1024 spectra were recorded from a 50 um x 50 um region (inset
in Figure 6) for each sample. The collected spectra were
processed using the LabSpec program. Surface-enhanced Ra-
man scattering CV specimens were prepared by exposing the
samples to 10> molar aqueous CV for 15 min after wet
chemical cleaning, and then rinsed with deionized water.

Solid Au NWs with a diameter and length comparable to
those of AuHNTs were also prepared by electrodeposition using
an AAO template with a similar pore diameter (180 nm). For
comparison, released Au NWs were used for Raman scattering
investigations.
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plasmon resonance on the sharp edge of the Au HNTs in
the visible and infrared regions. Our method creates a
wealth of opportunities to generate HNTs of a variety
polymers and other inorganic materials, provided that
they can be electrodeposited. Moreover modulated HNTs
could be synthesized by alternating the electrodeposition
of different materials within the crescent-shaped nano-
channels. The HNTs promise application potential in
chemical and biological sensing, as optical antennas, ultra
sensitive Raman, or further emerging fields. Finally, it is
important to mention that HNTSs still embedded in AAO
(corresponding to Au nanocrescents) could be potentially
employed in the fields of metamaterials provided a
precise control of their orientation can be achieved,
which remains a formidable challenge but not insur-
mountable.
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