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Abstract

®
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We report maskless fabrication of high-aspect-ratio slanted annular aperture arrays (SAAAs) in
gold films using focused ion beam lithography. By tilting the substrate, SAAAs with the desired
tilting angle can be fabricated. Our experimental results demonstrate accurate control over
aperture size, obliqueness, and reproducibility. We also show that the resulted plasmonic
resonances of SAAAs can be effectively tuned via obliqueness control. This versatile approach
may enable fabrication of more complicated plasmonic nanostructures. The demonstrated gold
SAAAs could also find many potential applications in plasmon-assisted sensing and surface

enhanced spectroscopy.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Slanted micro-/nanostructures on a flat surface have found
many unique applications due to their structure-enabled
directional and anisotropic surface properties [1]. For exam-
ple, artificially designed surfaces that mimick gecko feet have
unidirectional frictional force for dry adhesive pads applica-
tion [2, 3]; unidirectional liquid wetting/spreading has also
been demonstrated through a slanted nanostructured surface
[4, 5], which enables a variety of applications involving
biomedical devices and sensors [6]. Given the huge potential
for various applications, fabrication of slanted micro-/
nanostructures has been extensively studied. Microscale
slanted structures can be readily fabricated using contact or
proximity photolithography by tilting the substrates [7, 8],
while nanoscale ones have been fabricated by reactive ion
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etching with tilted substrates and modification of the etching
system (i.e., the addition of a Faraday cage to control the ion
incident angles) [9]. Glancing angle deposition (GLAD) can
be also used to create slanted pillars but it lacks accurate
control of the pillar spacing or diameter [10]. Kustandi et al
have demonstrated synthetic butterfly wings with slanted
polymer nanostructure using combined nanoimprinting
lithography and shear patterning technique [11]. To achieve
much higher accuracy and resolution for the slanted struc-
tures, electron-beam lithography appears as the best option.
Zhang et al have demonstrated periodic tilted nanostructures
by making use of the dynamic focus function that is available
for most scanning electron microscopy systems [12].
Recently, slanted plasmonic (i.e., those noble metals,
such as Au, Ag, or Al) nanostructures have attracted
increasing attention since they can produce unusual optical
properties that can be used to mold the light propagation. For
example, Verre et al have demonstrated that a metasurface of

© 2017 IOP Publishing Ltd  Printed in the UK
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slanted gold nanopillar array can enable directional light
extinction and emission [13], which results from a tilted
dipolar oscillation in each individual nanopillar with respect
to the sample normal. Kim et al have reported that a slanted
nanoaperture array on a metal surface demonstrates anom-
alous refraction of light for a wide range of incident angles
[14]. Baida et al have theoretically investigated enhanced
transmission properties of a slanted annular aperture array
(SAAA) due to the peculiar excitation of the cutoff-free
transverse electromagnetic (TEM) guided mode [15-17].
Though Ndao and coworkers have demonstrated SAAA
fabrication [18], the obtained results still appear as pre-
liminary with a perceived lack of controllability. As a result, it
is still very challenging to fabricate slanted metallic nanos-
tructures. The main limit of the above mentioned approaches
is that only 2D periodic structures with simple geometries and
low aspect ratios can be fabricated, such as pillars or holes.
Moreover, most slanted structures are limited to dielectric
materials. Therefore, it is highly desirable to have an effective
technique to fabricate plasmonic structures with arbitrary
geometries.

Focused ion beam (FIB) lithography is a maskless, ver-
satile technique that can be used to directly mill the designed
structure with high resolution at the nanoscale. Compared to
other nanofabrication techniques, such as electron-beam
lithography and reactive ion etching, FIB is much more
competitive in fabricating nanostructures with high aspect
ratios. We have successfully demonstrated the fabrication of
dense nanostructure arrays using FIB in both dielectric and
metallic materials [19-22]. However, high-aspect-ratio slan-
ted nanostructures on flat substrates have not been studied
using the FIB technique. In this work, we report maskless
fabrication of high-aspect-ratio SAAAs in gold films using
FIB lithography. By simply tilting the substrate, SAAAs with
different tilting angles are achieved. The FIB lithography
provides accurate control over aperture size, obliqueness, and
reproducibility. Experimental results show that the plasmonic
resonances of SAAAs can be effectively tuned via oblique-
ness control. Much more complicated SAAA-based hier-
archical or three-dimensional plasmonic nanostructures could
be fabricated using this versatile technique. The demonstrated
gold SAAAs could possibly be applied in refractive index
sensing [23-25] and surface-enhanced Raman scattering
(SERS) [26-28] applications.

2. Experimental and simulations

2.1. Fabrication

360nm thick gold films were deposited on quartz substrates
with an adhesion layer of 10 nm titanium in between using
electron-beam evaporation (Edwards Auto306). To control the
surface roughness introduced by evaporation, a low deposition
rate (~0.04 nms~") was employed. A single-beam FIB system
(FEI Corporation, FIB 200) was used to define the SAAA
structures in this work. One should note that the profile of the
milled SAAA can significantly affect the optical response.

Figure 1. Geometrical design of gold SAAA with important
structural parameters.

Several milling variables should be tuned carefully and pre-
cisely to achieve accurate control on the profile of SAAAs, e.g.
dwelling time, overlap of the ion beam and etching duration. To
minimize the redeposition effects during FIB milling, all arrays
were milled in parallel. During FIB milling, 70 pA beam current
was selected with an accelerating voltage of 30kV. More
details can be found elsewhere [21, 29].

2.2. Characterization

The surface morphologies of SAAAs were characterized using
scanning electron microscopy (SEM). To observe the cross-
sectional morphologies of SAAAs, the SAAA was cut by FIB
and then observed by SEM. To characterize the optical properties
of fabricated structures, a UV-Visible-NIR microspectrometer
(CRAIC QDI 2010™) with a 75 W broadband xenon source was
used. The incident broadband light was focused to have a
detecting area of 7.1 x 7.1 yum?> using a 36x objective lens
combined with a variable aperture. Reflectivity measurements
were normalized to the reflectance of an aluminium mirror.

2.3. Simulation

The simulation of SAAAs was carried out using a finite-dif-
ference time-domain (FDTD) method with commercial soft-
ware (Lumerical). Non-uniform meshes in the range of 2 nm to
5Snm were applied to the slanted nanostructure. The smaller
mesh was applied to the slanted region, while the larger mesh in
the bulk gold and quartz region. In the z-direction, the mesh size
was 4nm. The periodic boundary condition was applied to
enable the simulation of the slanted nanostructure in a unit cell
in the planar x- and y-direction. The period of the unit cell was
800nm. In the z-direction, the perfectly matched layer was
applied. Unpolarized light was incident onto the nanostructure.
The transmission and reflection coefficients were obtained for
the SAAA nanostructures. The light dispersion properties of the
gold and quartz material were obtained from the Palik optical
handbook [30]. The near-field electric-field distributions of the
SAAAs were also calculated for both surface and cross-section
of the structures.

3. Results and discussion

Figure 1 shows the geometry of the designed gold SAAA. It has
a square pattern with a period of A in both x- and y-directions.
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Figure 2. Typical SEM images of two SAAAs with the tilting angles of 0° (a)—(c) and 40° (d)—(f), respectively, illustrating the overview (a),
(d), high-magnification top-view (b), (e) and cross-sectional (c), (f) morphologies of the fabricated samples. The red arrows label the interface

between gold and quartz substrate.

The inner and outer radii of each individual aperture are labeled
as ry, and roy, respectively. Each aperture has a tilting angle
labeled as a. The deposited gold film thickness, £, is 360 nm. In
our experiment, we have milled a series of SAAAs with vari-
able tilting angles using FIB. Figures 2(a)-(e) represent the
typical SEM images of two SAAAs, exhibiting excellent
reproducibility and uniformness over the fabricated area. The
nominal periodicities in both x- and y-directions are 800 nm,
and the inner and outer radii of each individual aperture are 200
and 215nm, respectively. Detailed analyses from the high-
magnification SEM images show that the gold film thickness is
360 + 20 nm and the surface roughness of the gold film is
~=10 nm; the measured geometric parameters of the fabricated
samples are very close to the designed values, with a typical
deviation within £30 nm. A high resolution SEM image also
shows the cross-sectional view of these two SAAAs, as shown
figures 2(c) and (e). It can be clearly observed that the annular
apertures have been completely milled through the gold film.
From the SEM images, the aspect ratio of the annular aperture is
estimated to be at least ~10:1, which is usually very challen-
ging to achieve for EBL and other lithographic techniques [31—
33]. The cross-sectional SEM image shows a clear interface
between gold and quartz substrate, which is indicated by the red
arrow. We also note that there is another obvious interface
indicated by the blue arrow, which is due to the re-deposition or
phantom etching during the milling process. From figures 2(c)
and (f), we can see that the inner and outer radii vary with the
vertical position along the metal thickness, which causes a
nonuniform opening aperture from the top to the bottom sur-
face. This is a well-known effect of the FIB technique that
allows conical shapes instead of regular vertical edges [19]. In
addition, it is worth noting that during the FIB milling of the
apertures, the substrate was also partly engraved, which may

affect the optical properties of SAAA. This might be one of
origins of the discrepancy between theoretical and experimental
results, since the substrate engraving was ignored in our
simulation.

Figure 3 shows the measured and simulated reflectance
spectra of the SAAAs with gradually changed tilting angles
and their corresponding SEM images. Overall, the spectral
profiles of simulations and experiments are in reasonably
good agreement in the spectral range of interest. From
figures 3(a) and (b), we can clearly see that there are three
distinct dips on the reflectance spectra, denoting different
plasmonic resonance modes (M-I, M-II, and M-III). These
resonance modes follow a similar trend, and all red-shift as
the tilting angle increases. Also, the reflected intensity gra-
dually reduces for structures characterized by increasing the
tilting angle from 0° to 40°.

The three different resonance modes observed can be
mainly attributed to coherent interactions between two types
of plasmons: cylindrical surface plasmons (CSPs) and planar
surface plasmons (PSPs). CSPs strongly depend on the geo-
metry and the thickness of the AAA structure, while PSPs are
closely related to the lateral period of the AAA structure. Our
AAA structure is equivalent to the superposition of a two-
dimensional gratings and a finite annular waveguide array. In
our design, the annular apertures with a finite length can serve
as a waveguide, which also forms opened Fabry—Pérot cav-
ities as the generated CSPs propagate inside the annular
aperture and experience multiple reflections at both end-
facets. As a result, the CSP-induced reflectance dip is a direct
result of the Fabry—Pérot resonances. The CSP excitation has
to satisfy the following resonance condition [34],

|2Lkspp (w) + Ay + Ag,| = 2mm &)
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Figure 3. Experimentally measured (a) and simulated (b) reflection spectra, and corresponding SEM images (c) of the SAAAs with different
tilting angles. (d) Simulated reflection spectra of the SAAA at a = 40° for incident light with both x- and y-polarizations by considering the
structural anisotropy. Three distinct reflection dips representing different plasmonic resonance modes on the reflectance spectra are labelled

as M-I, M-I, and M-III, respectively.

where L is the length of the Fabry—Pérot cavity, kspp(w) is the
wave vector of the CSP at frequency of w, A¢ , is the phase
shift as a result of CSP reflection at either facet of the cavity,
and m is the mode number. The PSP-induced resonance
modes can be written as [35],

Amax = (A /2 + n2) Jeazm/ Ga + em)

@)

where €4 and ¢, are the dielectric functions of the dielectric
and the metal, respectively, A is the lattice constant of the
array, and n, and n, are integers. In our case, the observed
reflection dips (M-I) in the range of 1100-1280nm in
figure 3(a) can be attributed to the CSP excitation. The
observed reflection dips (M-II) in the range of 760-900 nm
satisfy the above expression for a £(1, 1) mode at the Au/air
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Figure 4. Calculated near-field electric-field distributions for the plasmonic mode M-I of SAAAs with different tilting angles including both

top (upper row) and cross-sectional (lower row) views.
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Figure 5. Calculated near-field electric-field distributions for the plasmonic mode M-II of SAAAs with different tilting angles including both

top (upper row) and cross-sectional (lower row) views.

interface, while the ones (M-III) in the range of 580-630 nm
correspond to either an +(0, 1) or (1, 0) mode.

It is worth mentioning that there are some discrepancies
between the experimental and simulation results. It is parti-
cularly interesting to note that for M-II, it is also remarkable
that the reflection dips for 30° and 40° are split into two clear
dips, respectively. We attribute this split to the structural
anisotropy due to the oblique milling. It can be clearly seen
from figure 2(b) that the structure is isotropic at a = 0°. As
the tilting angle increases, the annular aperture becomes
anisotropic. It is particularly obvious when the tilting angle is
large, as shown in figure 2(d). This in-plane structural
anisotropy will then cause the polarization non-degeneracy of
the plasmonic resonance state, resulting in a split of the
reflection dip. Figure 3(d) shows the simulated reflection
spectra of SAAA at o = 40° by considering the in-plane
structural anisotropy. It is clearly seen that there is a dip split
for the incident y-polarized light, which further confirmed our
speculations by the simulation results. Meanwhile for M-I and
M-III, the experimental results do not follow our simulations

well. For example, the reflection dips for 20° and 30° are
experimentally in the same position (~1200 nm) in M-I. The
experimental reflection dips in M-III do not have a mono-
tonical trend compared to the simulation results. In addition,
for all the resonance modes, the experimentally observed dips
are much more broad and blue-shifted. The experimentally
measured reflection for M-1I and M-III is much lower than the
simulated counterpart. All these observed differences can be
mainly attributed to multiple factors, such as the fabrication
errors/imperfections, the shape tolerance of designed struc-
tures, re-deposition effect during FIB milling process,
damping effect of the adhesion layer, and the refractive index
difference (including both real and imaginary parts) between
simulations and experiments.

To further confirm the origin of these modes, the near-
field electric-field distributions were also calculated at their
reflectance dips, as shown in figures 4-6. It is clear from the
top views in figures 4-6 that the resonance modes M-I and
M-II result from the dipolar plasmon resonance mode, while
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Figure 6. Calculated near-field electric-field distributions for the plasmonic mode M-III of SAAAs with different tilting angles including both

top (upper row) and cross-sectional (lower row) views.

the resonance mode M-III comes from the quadrupolar plas-
mon resonance mode. At the resonance modes, the free
electrical charges at the inner rod and outer aperture inside
one unit annular aperture form a dipole oscillation respec-
tively and then couple each other, resulting in different
electric-field distributions that correspond observed resonance
modes as shown in figures 4-6. We can also see that as the
tilting angle increases, the opening of the aperture becomes
slightly larger. As a result, the spatial distribution of the
dipolar resonance becomes broader. It is worth noting that
when the tilting angle increases, the quadrupolar plasmon
resonance mode degenerates into a dipolar one. It can be also
observed from the cross-sectional views in figures 4—6 that
the Fabry—Pérot resonances of CSP are formed in the co-axial
cavities, which can be clearly confirmed from the non-slanted
case. At the resonant mode, there exists a nearly symmetric
field distribution inside the aperture and hence significant
electric field intensity will transmit through the aperture to the
other side of the gold film. As a result, we observed a clear
reflection dip from the reflection spectra. We can also see that
the Fabry—Pérot resonances become weak as the resonance
wavelength shifts blue. As the tilting angle increases, the
Fabry—Pérot resonance effect also becomes gradually weaker.
The light energy will then be mainly concentrated at the
surface.

4. Conclusion

In summary, we have successfully demonstrated high-aspect-
ratio gold SAAA fabrication using FIB lithography. By
accurately controlling the obliqueness of the FIB cuts, the
plasmonic resonances of the SAAAs can be continuously
tuned in the interested wavelength range, which offers a great
freedom to design the SAAAs with the desired plasmonic
resonance wavelength. This versatile approach could also
enable fabrication of more complicated plasmonic nanos-
tructures and devices. The demonstrated gold SAAAs could

find many potential applications in plasmon-assisted refrac-
tive index sensing and SERS spectroscopy.
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