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I — Nanosphere Lithography

Parallel Fabrication of Plasmonic Nanocone

Sensing Arrays

Andreas Horrer, Christian Schdfer, Katharina Broch, Dominik A. Gollmer,
Jan Rogalski, Julia Fulmes, Dai Zhang, Alfred J. Meixner, Frank Schreiber,

Dieter P. Kern, and Monika Fleischer*

A fully parallel approach for the fabrication of arrays of metallic nanocones and
triangular nanopyramids is presented. Different processes utilizing nanosphere
lithography for the creation of etch masks are developed. Monolayers of spheres are
reduced in size and directly used as masks, or mono- and double layers are employed
as templates for the deposition of aluminum oxide masks. The masks are transferred
into an underlying gold or silver layer by argon ion milling, which leads to nanocones
or nanopyramids with very sharp tips. Near the tips the enhancement of an external
electromagnetic field is particularly strong. This fact is confirmed by numerical
simulations and by luminescence imaging in a confocal microscope. Such localized
strong fields can amongst others be utilized for high-resolution, high-sensitivity
spectroscopy and sensing of molecules near the tip. Arrays of such plasmonic
nanostructures thus constitute controllable platforms for surface-enhanced Raman
spectroscopy. A thin film of pentacene molecules is evaporated onto both nanocone

and nanopyramid substrates, and the observed Raman enhancement is evaluated.

1. Introduction

Sensing platforms with sensitivities down to the level of a few
molecules and high chemical specificity play a major role in
medicine, biology, and environmental or safety monitoring.
Plasmonic nanostructures are under intense investigation
as the basic elements for optical sensors, the functionality
of which is based on localized surface plasmon polaritons.!!
Strongly enhanced local near-fields can be employed for high
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sensitivity sensing of analytes in thin films, fluidic or gaseous
test volumes by employing surface-enhanced Raman spectro-
scopy (SERS).[ZI Apart from rough metal films or assemblies
of colloidal particles, arrangements of top-down fabricated
metallic nanostructures in a variety of well-defined shapes
have been prepared to focus light down to sub-diffraction
limited volumes with local high near-field enhancement.!
Metallic nanocones present an advantageous geometry for
sensing that has been explored very little so far due to their
nontrivial fabrication. Sharp cone tips lead to well-defined
highly localized areas of excitation and high field intensity.
They are well accessible for analyte molecules or for selec-
tive functionalization. By fabricating cones with a defined
height and aspect ratio, their plasmon resonance frequency
can be pre-determined according to the application. Accord-
ingly, nanocones present an attractive geometry for applica-
tions such as plasmonic photovoltaics, nanoscale point light
sources, or near-field microscopy.*! Recently, some strate-
gies for metallic nanocone fabrication were presented.l’) The
authors established a method using metallization, local dep-
osition of etch masks, and subsequent ion milling to obtain
regular arrays of smooth metallic cones.l’) Compared to other
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methods, these cones exhibit very sharp tips, while the proce-
dure enables good control over size and shape. The process
however is semi-serial, which limits the possibilities of large-
scale fabrication for applications such as sensing platforms.

One general approach for parallel nanostructure fabrica-
tion is nanosphere lithography (NSL).I”l Under suitable con-
ditions monodisperse colloidal polystyrene spheres assemble
into hexagonally close-packed mono- or bilayers over large
areas with good crystal order. Examples of plasmonic struc-
tures created by NSL include honeycomb arrays of nanotri-
angles or nanoparticles, bow-ties, discs, nanocrescents, and
nanorings.®! Metal cones made by NSL, hole etching, and
subsequent evaporation were exemplarily shown.5ed]

Here, a different scheme for the parallel fabrication of
extended ordered arrays of nanocones based on NSL is intro-
duced. The principle follows the general fabrication scheme
previously established by the authors.! In this case, how-
ever, the etch masks are created in a parallel fashion using
NSL. Two different modes of application are pursued in this
work. In the first case, nanospheres are modified such that
they can directly be employed as a well-ordered etch mask.
In the second case, single or double layers of nanospheres are
used as templates for the evaporation of an etch mask on the
underlying metal layer. Either process leads to ordered arrays
of sharp-tipped metal cones or triangular pyramids. Their
three-dimensional shape distinguishes the present structures
from the planar structures typically obtained by NSL.[l The
process is largely independent of the chosen metal, provided
that the mask height is adapted to the respective etch rate. The
suitability of the cone arrays as near-field sensing platforms
is shown in optical experiments. Local field enhancement by
the tips is confirmed by photoluminescence scans in a confocal
microscope. Strong Raman intensity enhancement is demon-
strated by example of a few monolayers thin film of pentacene.

2. Results

The process for the fabrication of gold nanocones or nano-
pyramids consists of four major steps, which are shown in
Figure 1. A substrate is metalized (Figure 1A) and spin-coated
with a suspension of polystyrene beads (Figure 1B and the
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N ..“ :.:.:.: — lonmiling (5.4 & &
)
«~% N — Il —
'SI.‘I’ Process b) w __ Liftoff S
o = N — I —
ot w &R
* i — -

Figure 1. Processing steps for the fabrication of gold nanocones and triangular nanopyramids:
A) deposition of Ti and Au; B) spin-coating with a monolayer (processes (a—c)) or double layer
(process (d)) of polystyrene beads and thermal post-treatment for process (c); C) fabrication of
the etch mask by size reduction in an oxygen plasma (process (a)) or deposition of aluminum
oxide and removal of the beads (processes (b—d)); D) argon ion milling under perpendicular
incidence, rotating the substrate to correct for potential beam misalignment while forming

cones (processes (a, ¢, d)) or pyramids (process (b)).
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Experimental Section). The spin parameters greatly affect the
formation of mono- or double layers. While high rotation speeds
lead to non-close-packed areas on the sample, decreasing the
rotation speed favors the formation of close-packed mono-
layers. Still lower rotation speeds lead to increasing fractions
of double- and multi-layers. Examples of resulting mono- and
double layers are shown in Figure 2al,b1,d1.

Next, four different possibilities for obtaining arrays of
rotationally symmetric etch masks for the subsequent argon
ion milling step are introduced. While processes (a—c) require
a close-packed monolayer of beads, process (d) uses a double
layer (Figure 1C).

For process (a), the size of the beads is reduced by reactive
ion etching with an oxygen plasma. In Figure 2a2 500 nm dia-
meter beads are shown after 110 s of etching. The lateral dia-
meter decreased to about 200 nm, the height to about 170 nm.
The beads form a hexagonally ordered array, where the center-
to-center-distance equals the original diameter of the beads.

In processes (b), (c), and (d) the beads act as shadow
masks for the deposition of a thin aluminum oxide (alumina,
Al,O5) layer. For processes (b) and (c), a monolayer of spheres
is used. The gaps between the beads in process (b) are roughly
triangular. The triangles (without their concave corners)
have a perpendicular bisector of (V3 — 3/2)d (116 nm for d =
500 nm), leading to Al,O; masks of roughly the same size and
shape (Figure 2b1,b2).’1 Alternatively, the interstices can be
tailored from the triangular to an approximately circular shape
with a diameter of only =40 nm by annealing the spheres at
115 °C on a hotplate before deposition, as shown in process
(c) (Figure 2¢1).1"% Deposition of aluminum oxide in this case
leads to small circular masks (Figure 2c2). The resulting alu-
minum oxide masks in processes (b) and (c) form honeycomb
patterns where the center-to-center distance of the honey-
combs is defined by the sphere diameter d, and the center-to-
center distance between neighboring masks by d/3 ~ 290 nm
(Figure 2b2,c2). The shadow mask for process (d), a double
layer, is shown in Figure 2d1. The gaps here appear in a hex-
agonally ordered pattern and have a hexagonal shape with a
distance between two parallel sides of (23 — 1)d (80 nm for
d =500 nm). This leads to a hexagonally ordered array of alu-
minum oxide masks of near-circular shape with a spacing of d,
see Figure 2d2. In processes (b) to (d), the beads are removed

by ultrasonication in toluene.

(D} Arion milling In the last step, ion milling with an
argon ion beam is applied at perpendic-
ular incidence while rotating the substrate

~» (Figure 1(D)). By rotating, tilting of the
cone axes due to potential misalignment
- of the beam is avoided. Characteristi-
cally for this process, nanostructures with
4 slanting side-walls form below the mask.[]

The soft polystyrene bead mask in process
(a) is simultaneously etched horizontally
and vertically and changes to polysty-
rene cones with a base angle of about 45°
during etching (Figure 2a3). This structure
is transferred into the gold layer, resulting
in gold cones with the same base angle.
Figure 2a4,a5 show an array of cones and
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Figure 2. SEM images after each fabrication step: a1,b1,c1) monolayers and d1) double layer of polystyrene beads; a2) polystyrene beads after
shrinking; b2,c2,d2) aluminum oxide etch masks; a3) truncated cone with residual polystyrene etch mask; arrays of b3) triangular nanopyramids
and ¢3,d3) nanocones in top view; a4,c4,d4) arrays of nanocones and b4) nanopyramids; a5) single nanocone (base diameter 200 nm, height
100 nm, tip radius < 10 nm), ¢5,d5) single nanocones (base angle 55°, height 100 nm) and b5) nanopyramid (height 100 nm) fabricated with the

four different processes (viewing angle 70°).

a single cone fabricated with process (a). The thickness of
the aluminum oxide etch mask in processes (b—d) is chosen
such that the mask is completely removed at the same time
as the unprotected metal layer. Figure 2b4,b5 show the hon-
eycomb patterns and a single triangular pyramid character-
istic of transferring the triangular masks of process (b) into
the metal. The circular masks in process (c) correspondingly
lead to honeycomb patterns of nanocones (Figure 2c4,c5).
In Figure 2d4,dS, the hexagonally ordered array and single
cone resulting from process (d) are demonstrated. The cones
formed in processes (c) and (d) have base angles of 55° and
an aspect ratio of 0.7.

With these methods, large regular arrays of reproduc-
ible nanocones and nanopyramids with sharp tips can be
fabricated, as exemplarily shown in Figure 3a. An area with
side lengths of more than 100 um is homogeneously pat-
terned with hexagonally ordered gold cones, interrupted
by occasional grain boundaries and defects. The cones were
fabricated according to process (a), using a monolayer of
oxygen-treated polystyrene spheres as the mask. Although
in this work no wafer-scale patterning was attempted, it was
shown by other groups that mostly densely packed nano-
sphere monolayers can be obtained over several cm®.['] The
fast and cost-efficient process allows for a choice of different
metals and arrays with variable densities. As an example, an
array of silver nanocones fabricated by process (d) can be
seen in Figure 3b. The silver cones exhibit sharp tips as well,
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while the tip angle is decreased due to the material dependent
milling process.[®!] The silver cones can be subsequently pas-
sivated by a thin layer of Al,O; to avoid corrosion.

A hexagonally ordered array of cones fabricated
according to process (d) is investigated in a confocal
microscope based on a parabolic mirror (see the Experi-
mental Section). The hexagonal order of the cones is clearly
reflected in the photoluminescence pattern in Figure 4. The
luminescence observed at the cone positions indicates strong
field enhancement at the cone tips.

A
A
A

200 nm

Figure 3. a) SEM overview image of gold nanocones fabricated over
an area of more than (100 um)2. Here, polystyrene spheres with their
diameters reduced in an oxygen plasma were used as the mask (process
(@). A homogeneous hexagonal pattern of cones with individual
grain boundaries and missing cones is formed (see magnified inset).
b) Process (d) (double layer and alumina mask) applied to a silver layer
leads to sharp-tipped silver cones with a smaller tip opening angle than
for the gold cones.[6¢!
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Figure 4. Photoluminescence image of a hexagonal array of gold
nanocones obtained by scanning the sample through the focus of a
confocal microscope (A, = 632.8 nm, laser power 270 uW).

SERS provides one means of high sensitivity optical
sensing. Depending on the local electric near-field enhance-
ment by the substrate, Raman intensity enhancement of many
orders of magnitude can be observed.!] To evaluate their
Raman intensity enhancement by means of a model system,
five distinct surfaces are covered with a thin film of penta-
cene (C,,H,,) molecules.'” The different surfaces are: 1) a
planar silicon surface, 2) a sputtered rough gold film (thick-
ness 100 nm), 3) hexagonally ordered gold cones with center-
to-center distances of 200 nm (process (a)), 4) honeycomb
arrays of triangular gold pyramids with center-to-center dis-
tances of 290 nm (process (b)), and 5) hexagonally ordered
gold cones with center-to-center distances of 500 nm (process
(d)). The cones and pyramids are 100 nm high.

The characteristic Raman fingerprint of pentacene mole-
cules consists in peaks located around 1140-1190 cm™ and
1340-1390 cm™. In Figure 5, typical Raman spectra meas-
ured on Si, Au, Au cones (500 nm spacing), Au cones (200 nm
spacing), and Au pyramids are summarized. The spectra are
each averaged over measurements at several different positions.

3. Discussion

The maximum intensity of the peak at 1370 cm™! after back-
ground correction is evaluated for the respective spectra. Nor-
malization to the pentacene peak measured on pure silicon
shows an overall Raman intensity enhancement factor EF of 1
for silicon, =90 on gold, =80 on Au cones (500 nm), =200 on Au
cones (200 nm), and =130 on triangular Au pyramids. For other
prominent Raman peaks, the ratios of the peak heights for the
different surfaces is comparable to the ratios for the 1370 cm™!
peak, while the signal measured on the Si surface becomes too
small to serve as a reference. The increase with denser arrays
reflects the fact that more field enhancing structures are pre-
sent within the focus. Already at 500 nm spacing, the cones
almost match the overall enhancement by the full gold layer,
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Figure 5. Raman spectra and gold luminescence background of few
pentacene layers on silicon (red line) and rough gold substrates (green)
compared to hexagonally ordered cones with 500 nm (blue) and
200 nm spacing (magenta), and triangular pyramids in a honeycomb
pattern (cyan). The spectra are averaged over several measurements
each (A, =532 nm, laser power = 5 mW, integration time: 20 s).

while exceeding it for denser arrays. Considering the exposed
surface of the structures, the gold area in the focus corresponds
to about 13% (500 nm), 80% (200 nm), and 17% (pyramids) of
a continuous smooth gold film, respectively. As a very rough
estimate for the effective local enhancement factors EF,g; of
the substrates, the observed overall field enhancement in the
focus area Aq, is set into relation with the respective active
area fractions A at which high near-field enhancement takes
place. For the nanostructures, this is assumed to correspond to
the area covered by cone/pyramid tips Ay, which for the cones
were both calculated and observed to dominate the effect of
field enhancement,[%13] especially since the fabrication process
leads to otherwise smooth surfaces. The signal enhancement
observed for one single cone in the focus is very sensitive to the
positioning of the focus relative to the cone. Figure 6 illustrates
the distribution of the electric field components in the focus of
a linearly polarized laser beam with a wavelength of 532 nm.
As shown in Figure 6ef, if the cones are centered within the
focus, mostly the cone base is excited by the horizontal field
components (Figure 6b), while the cone tip is most efficiently
excited when the cones are positioned slightly off-center within
the lobes of vertically oriented electric field (Figure 6d).[
The strongest enhancement takes place when the cone is
excited by electric field components oriented parallel to the
cone axis.JAccording to the simulations, the maximum tip
enhancement exceeds the maximum base enhancement by a
factor of =1.8 and thus dominates the Raman signal (which is
roughly proportional to the fourth power of the enhancement
factor) by about an order of magnitude. An average number of
N =4 cones (500 nm arrays), N =23 cones (200 nm arrays), and
N =7 pyramids can be found in a focal spot of 1 um diameter.
According to scanning electron microscope (SEM) images, the
tips exhibit radii of around 5-10 nm. This corresponds to an
active area on the order of A, =107 m? per tip, where the lat-
eral extension of the near-field spot is taken to be on the order
of the tip diameter.?] Estimating the effective enhancement
per tip according to EFq= EF * A Aoy = EF % Aol (N¥Ay,)
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Figure 6. a—d) Numerical simulations of the distribution of the
modulus of the electric field in the focus of a 532 nm laser beam with
an electric field of 1 V m™ (simulated by waves converging from a
hemispherical surface with the electric field on the surface defined as
the boundary condition) that is linearly polarized along the y-direction,
and e,f) near-field distributions around a cone calculated with COMSOL
Multiphysics. a) |E| in the focus, b) |E,| leading to in-plane excitation,
¢) weak contribution |E|, d) |E,| leading to tip excitation. e) In-plane
excitation of the base when the cone is centered in the bright spot (b),
f) tip excitation when the cone is positioned slightly off-centered in the
bright spots (d). The cone is placed on a silicon surface with a tiny air
gap for numerical reasons. The confocal spot diameter is =1 um. The
maximum electric near-field at the tip is a factor of =1.8 stronger than
the maximum near-field at the rim of the base, thus dominating the
Raman signal by about a factor of 10.

max

roughly leads to a factor EF, of 1 for Si and 10> for Auif A ;=
Ay, 18 assumed, since the focus area is fully covered with the
respective material. More realistically, EF,; for the rough gold
surface depends on many hotspots, whose area coverage and
distribution remain largely unknown,[”! thus adding another
factor to the estimate. The rough estimate for EF_; of the
nanostructured tips yields a consistent factor of =10° for the
cones spaced at 500 nm, the cones spaced at 200 nm, and the
triangular pyramids (compared to pentacene on Si). In view
of the above-mentioned sensitivity of the enhancement with
respect to the position in the focus, it may well be that not all
structures contribute equally, which would further increase
EF, for the structures that do contribute. Although the
enhancement factors do not reach current record values, the
strength of these surfaces lies in the excellent spatial and spec-
tral control over well-defined narrow hot-spots that are easily
accessible for functionalization or selective read-out. It is to be
expected that the enhancement factors for the nanostructures
can be increased further by applying laser modes with a higher
selectivity for the out-of-plane component of the electric field
in the focus (e.g., radially polarized light), and optimizing the
plasmon resonance of the cones with respect to the excitation
wavelength and analyte.

4. Conclusion

In summary, metallic nanocones and triangular nanopyra-
mids present well-defined plasmonic nanostructures with
properties attractive for sensing applications. A cost- and
time-effective, fully parallel approach for their large-scale
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fabrication is established by applying self-assembled nano-
sphere lithography on metallic thin films and subsequent
ion milling. Well-ordered arrays of local masks are created
by using the spheres either directly as etch masks, or as a
template for etch mask evaporation. Gold cone arrays are
demonstrated to display high near-field enhancement fac-
tors near the tips, making them promising controllable SERS
platforms. Raman enhancement by different nanocone and
nanopyramid distributions was evaluated by investigating the
intensity of the Raman signal from a thin film of pentacene
molecules. The overall enhancement factor for dense arrays
clearly surpasses that of a sputtered gold film, with strong
Raman enhancement localized at the cone tips.

5. Experimental Section

Nanosphere Lithography: Clean silicon wafers or cover glass
slides are used as the substrate. A thin titanium adhesion layer
and a gold layer are deposited by e-beam evaporation and resistive
heating or sputtering, respectively. The thickness of the gold layer
determines the height of the cones or pyramids. 500 nm (carboxyle
modified) and 200 nm diameter polystyrene beads are purchased
from Polysciences Inc. The concentration of the 2.5% aqueous sus-
pensions is increased to about 10% by controlled evaporation. The
metalized substrate is treated with oxygen plasma, which renders
the surface hydrophilic to promote the assembly of homogeneous
layers of beads. In a first step, fast spinning controls the amount
of suspension on the sample. Then the water is evaporated while
rotating at lower speed, leaving an ordered layer of beads on
the surface. The spin parameters depend on the size of the sub-
strate, the amount of suspension, and the concentration of the
beads (e.g., 3000 rpm: 1 s, 1500 rpm: 60 s for a monolayer and
3000 rpm: 1's, 1000 rpm: 60 s for a large fraction of double layer
using a 5 x 5 mm? sample and 5 pL of 10% suspension). When
beads are directly used as the etch mask as in Figure 2a2, an
oxygen plasma (gas flow 100 sccm, rf power 50 W) is applied to
reduce the bead size.'! In the reactive ion etching process, the
bead height decreases roughly linearly, and the vertical etch rate is
determined to about 4 nm s, The lateral diameter is reduced at a
lower rate while the ions only have access from the exposed top,
and reaches a constant rate (=4 nm s~1) once access from all sides
is enabled. The lateral decrease of the diameter can be fitted by an
approximate formula.[® The aluminum oxide masks are depos-
ited by electron beam physical vapor deposition (with a rate of
0.2 nm s7! at a pressure of =1.5 x 10~> mbar). Taking into account
the different etch rates, typically a mask thickness of 27 nm is
required per 100 nm gold thickness. Since the nanosphere diam-
eter needs to be bigger than the final cone diameter to obtain
separated cones, the ratio between the height of the narrow con-
striction and the mask thickness is at least 2.6:1 for cones with an
aspect ratio of 0.7, which should suffice for lift-off. The 200 and
500 nm diameter spheres used for 100 nm high cones in this work
(ratio > 3.7:1) were successfully lifted off in toluene.

Photoluminescence Measurement: The photoluminescence is
imaged in a confocal microscope using a 632.8 nm He-Ne laser.
The microscope is based on a parabolic mirror for focusing and col-
lection.l'”) The laser beam is radially polarized to generate in the
focus of the parabolic mirror an electric field distribution predomi-
nantly oriented perpendicular to the sample surface. This mode is
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efficient in exciting the vertically oriented transition dipole of the
gold cones.[3 The central spot of the focus has a full width at half
maximum of =260 nm, which is sufficient to resolve the individual
cones spaced at 500 nm. The localized surface plasmon resonance
of the cone in combination with the lightning rod effect due to the
tip leads to a strong electrical near-field enhancement near the tip
apex, resulting in local intensive gold luminescence emission from
the cone tip.['3 The sample is scanned through the focus of the par-
abolic mirror, while the optical signal collected from the surface after
filtering the laser line is registered by an avalanche photo diode.

Raman Spectra: Thin films of pentacene molecules are grown
with a final average film thickness of 4 nm (growth rate 1 A min-?)
using organic molecular beam deposition in a UHV-chamber (base
pressure 2 x 1071% mbar). Under these conditions, the first penta-
cene layers typically exhibit layer-by-layer growth, where the long
axis is mostly oriented vertical to the substrate on SiO, and par-
allel to the substrate on gold films.[*8 The film thickness thus cor-
responds to about 2—3 monolayers of upright-standing pentacene
molecules (length 1.6 nm).

Note that pentacene is unlikely to strongly chemisorb on the
gold, since even aromatic ring systems with oxygen functionalities
typically do not exhibit strong chemisorption,[*¥) implying that the
adsorption is not expected to excessively distort the pentacene
molecules in the present case. The Raman spectra are measured
using a spectrometer with a confocal microscope (Horiba Jobin
Yvon LabRAM HR), a focused linearly polarized Gaussian beam
(Torus 50 mW diode pumped solid state laser, excitation wave-
length A, = 532 nm, focus diameter =1 um, 100x objective with
NA =0.9) and a CCD detector cooled with liquid nitrogen.
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