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Direct and accurate patterning of plasmonic
nanostructures with ultrasmall gaps
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We report an improved method to directly and accurately fabricate plasmonic nanostructures with ultrasmall
gaps. The fabrication is based on high-resolution focused ion beam milling with closely packed nanoring
patterns. With fine and precise adjustment of the ion beam, elegant plasmonic nanostructures with
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ultrasmall dimensions down to 10 nm are achieved. We also show that the gap dimensions have a strong

effect on the optical reflectance and transmittance of the plasmonic nanostructures. Measured results
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Introduction

Plasmonic nanostructures have gained extensive attention and
found great potential in nanophotonic applications. Since the
experimental demonstration of extraordinary optical trans-
mission® and theoretical prediction of the perfect lens,*
researchers have witnessed an explosion of investigations on
invisibility cloaking,** superlensing,>® optical waveguiding,”*
and biosensing.*'® Numerous approaches have been realized
using a variety of geometries, including nanoshells,"** nanor-
ings,"*™*® nanorice,' nanodisks***! and nanogratings.** All these
achievements take advantage of the highly shape-dependent
properties of plasmonic nanostructures, because electromag-
netic waves can be coupled to collective electron oscillations
(i.e., surface plasmons) on metal-dielectric interfaces, existing
as either propagating or localized modes. These plasmon
modes can be supported by various structures at broad scales
and shapes, enabling huge potential in realizing plasmonic
devices with desired optical functions, for instance, switches,*
modulators,** sensors,* and color filters.*” Among all these
plasmonic devices, regimes with ultrasmall gaps are of partic-
ular importance due to the fundamental physical interest of
confining light to deep subwavelength dimensions and their
great potential in sensing and switching. In addition, sharp
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show reasonable agreement with finite-difference time-domain calculations. Our approach could find
promising applications in plasmon-assisted sensing and surface-enhanced spectroscopy.

resonances can provide high quality factors and therefore give
rise to high sensitivities, opening up new opportunities for bio/
chemical-sensing.

Ultrasmall plasmonic gaps can strongly localize electric fields,
hence significantly enhancing photon-plasmon coupling/
conversion efficiency. Dramatic field enhancement can be
observed in ultrasmall gaps.**** However, it is extremely chal-
lenging to achieve ultrasmall gap features with well-defined
dimensions and uniformity. To date, the most frequently used
top-down fabrication methods for plasmonic devices are elec-
tron-beam lithography (EBL) and focused ion beam (FIB) tech-
niques. EBL is capable of defining diverse patterns down to
nanoscale dimensions in polymer resists. It is normally
combined with stripping (lift-off) or etching (dry etching and wet
etching) to transfer patterns. For the lift-off method, it is
cumbersome to make the fabrication process effective when the
features go down to tens of nanometers, especially for dense
arrays, because resists are difficult to strip away. With wet etching
techniques, it is difficult to control the processes since etching
rates are quite sensitive to chemical etchant concentration and
other parameters like temperature and pressure. Another
common problem of wet chemical etching is rough sidewalls due
to nonuniform etching rates. In contrast, dry etching can produce
smooth sidewalls and improve etching profiles considerably.
However, thin resist thickness and selectivity issues limit the dry
etching process and make it only applicable to non-deep etching.

Since ions are remarkably larger than electrons and they can
carry more momentum than electrons after acceleration under
a certain voltage, they can strike a target with greater energy
density at relatively short wavelengths to directly define patterns
in hard materials. Thus, the application of an electron-beam
stays primarily in the realm of imaging while ions are expected
to produce and manufacture sharp and high resolution features
under optimized conditions. Using the FIB technique, one can
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directly mill patterns with features down to the nanoscale
without using masks. In addition, this maskless lithography is
almost non-selective to all materials. Here, we present an
elegant way to fabricate ultrasmall gaps in optically thick metal
films. Features down to 10 nm are fabricated using an improved
FIB patterning method. We also show that the gap dimensions
have a strong effect on the optical reflectance and transmittance
of the plasmonic nanostructures. Fine tuning of the plasmon
resonance through geometric control is experimentally
demonstrated and theoretically verified.

Fabrication of ultrasmall gaps

An optically thick (160 nm) gold film was deposited on quartz
substrates with 3 nm titanium as the adhesion layer using
electron-beam evaporation. To minimize the roughness intro-
duced by metal film deposition, low evaporation rates were
applied (less than 0.05 nm s~ ' average deposition rate). Both
titanium and gold films were sequentially deposited on quartz
substrates without breaking the vacuum in the evaporator
chamber at a base pressure of about 2 x 10~ mbar. Using FIB,
dense plasmonic arrays were directly milled based on pre-
defined closely packed nanoring patterns, as shown in Fig. 1(a).
To minimize redeposition effects, all patterns were milled in
parallel. An 11 pA probe current (corresponding to 15 nm spot
diameter) was selected with 30 kV acceleration voltage to mill
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Fig. 1 (a) Schematic diagram of the FIB lithography method for nanorod
fabrication based on nanoring patterning. (b) SEM image (overview) of the typical
design proposed in this study formed by diamond-circle shaped lattices (~8 x
8 um? area).
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the ring patterns. The total milling time for a 13 x 12 ring array
was approximately 7 minutes. Previously, we have shown that
ring shapes are much more resistant to the tapering effect than
standard cylindrical holes during pattern definition using FIB
in dielectric materials (lithium niobate, for instance).*® In this
work, by closely packing coaxial ring-like structures, we can
remove the gold materials within the regimes between coaxial
structures, leaving dense plasmonic arrays with controllable
lattice shape, as illustrated in Fig. 1(a). More importantly,
compared to the milling of circular apertures, more beam
energy can be concentrated in the ring area, hence remarkably
reducing the energy dissipation and total etching time during
the FIB process and enabling ultrasmall features and a large
etching depth simultaneously. Using such an improved FIB
patterning method, one can simply fabricate metallic nanorods
with large aspect ratios. Moreover, one can easily control the
geometry by varying the inner and outer radii of individual rods
and changing the distance between the rods to accurately
control the overlapping areas. Therefore, the entire process is
highly accurate and monolithic. Fig. 1(b) shows the typical
scanning electron microscope (SEM) image of the plasmonic
array under investigation in this work which consists of circle-
and diamond-shaped lattices. Precise control of the lattice
shape and edge-to-edge separation (ETES) can be realized. Here,
ETES is defined as ETES = r, — r;, where r, and r; are the outer
and inner radii of the ring aperture for FIB milling. It is worth
mentioning that for all the milled samples discussed in this
work, the gold films were milled through completely in order to
exclude the etching depth effect on the optical responses.

Simulations and optical characterization

Finite-difference time-domain (FDTD) calculations (Lumerical)*®
were carried out to theoretically explore the properties of plas-
monic arrays with ultrasmall ETES. The dispersion model of gold
was based on Johnson and Christy*” in the material library of the
software. Simulation regions were set to include four complete
lattices to observe the coupling effect among the ultrasmall gaps
in adjacent lattices with periodical boundary conditions applied
on the two dimensional models to simulate the case of periodical
arrays in a large scale. Incident wavelength was selected to cover
the range from 300 nm to 1300 nm, corresponding to the
measured bands of the microspectrometer.

The optical measurements were performed using a micro-
spectrometer (CRAIC QDI 2010™) with a 75 W broadband xenon
source. Transmittance and reflectance measurements were
normalized to a bare quartz substrate and an aluminum mirror,
respectively. The probe light beam was focused onto the sample
surface to have a detecting area of 7.1 x 7.1 pm® using a 36x
objective lens combined with a variable aperture.

Results and discussion

Fig. 2 demonstrates the gradually decreased ETES (90 nm (left)
to 10 nm (right) with a fixed outer radius r, = 330 nm and varied
inner radii ; = 240 nm (left) to 320 nm (right) in 20 nm step-
size increments), indicating a precise and programmable
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control of FIB on fabricating such pre-designed structures.
Fig. 3 plots the measured reflectance and transmittance of the
corresponding nanostructures shown in Fig. 2. Interestingly, a
distinct sharp peak (indicated by the brown arrow in Fig. 3(a))
appears in the reflectance spectra with gradually decreased
ETES, which is similar to an observation on electromagnetically
induced reflectance (EIR) termed by Liu and co-workers.* It is
shown in Fig. 3(a) that only broad resonances (between 500 nm
and 600 nm) can be observed when the ETES is larger than
70 nm. When the ETES is reduced down to 50 nm, a new
resonance peak appears at about 560 nm. This new resonance
peak becomes more distinct due to strong coupling in ultra-
small plasmonic gaps when the ETES is further reduced to less
than 30 nm. As the ETES is decreased, the linewidth and
magnitude of the resonances become sharper and larger. In
addition, another resonance peak located at ~700 nm also
redshifts with decreased ETES. A redshift of about 60 nm is
observed when the ETES is tuned from 90 nm (peak at 680 nm)
to 10 nm (peak at 740 nm) with an obvious increase of intensity.
It is worth mentioning that the sudden intensity drop of the
spectrum for ETES = 10 nm is due to fabrication imperfections
since it is extremely difficult to precisely control the gap size
within such a trivial range. For the resonances located at around
900 nm, similar increasing intensity and redshift of peak posi-
tions with decreasing ETES can also be clearly observed.
Reflected intensity of the peak increases because the impedance
mismatch increases with larger wavelengths in the infrared
range.

The observed two reflectance minima (indicated by blue
arrows) observed in Fig. 3(a) can be accounted for by Wood's
anomalies**** or the Rayleigh cutoff wavelength**** for a peri-
odical nanoparticle array. The nanoparticle array works as a
buffer layer between two different materials: air and the quartz
substrate. The dispersion relations of the incident electromag-
netic waves with the same frequencies are different due to
different refractive indices. Diffraction occurs on both interfaces
of the air/particle array and the particle array/substrate and many
modes tend to transmit from air into the substrate. However,
total conversion of all the diffraction modes from one medium to
another is impossible due to impedance mismatch or different
dispersion relations of the electromagnetic waves inside different
materials, thus some diffraction modes will disappear during the
conversion process and be confined on the interface in the form
of surface waves. Those missing diffraction modes are repre-
sented as narrow reflection minima in the reflectance spectrum.

Fig. 3(b) plots the measured transmittance as a function of the
wavelength. The brown arrow points out the dip corresponding to
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Fig. 3 Measured reflectance (a) and transmittance (b) spectra for plasmonic
arrays consisting of diamond-circle shaped lattices with different ETES.

the peak observed in the reflectance spectrum for ETES = 10 nm.
A relatively low intensity (less than 10%) is due to the thick metal
film used in this work. One can also observe redshift of the
resonance located between 700 and 800 nm with decreasing ETES
because of larger particle sizes and smaller gaps.**

To further explore the underlying physics of the field
enhancement associated with ultrasmall gaps, FDTD simulations
were carried out. Fig. 4 shows the example for ETES = 30 nm with
the measured reflectance for comparison. Overall, qualitative
agreement is observed between the experimental and simulation
results. However, the simulated spectrum presents slight differ-
ences with smaller spectral widths (sharper peaks and dips). This
divergence is mainly attributed to shape tolerance and the
refractive index differences between the simulation and experi-
ment and the convergence of the numerical iteration process in
the simulation software. Another important factor resulting in

Fig. 2 SEM images showing decreasing ETES from 90 nm (a) to 10 nm (e) for the diamond-circle shaped lattices. All scale bars are 500 nm.
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Fig. 4 Measured and FDTD-calculated reflectance of the diamond-circle lattice
with ETES = 30 nm.

the slight divergence observed in the simulations and measure-
ments is the rough surface of the real sample for testing caused
by material redeposition during FIB milling. We further calcu-
lated electric field distributions at two representative positions in
Fig. 4 (reflectance minima: 642 nm and 794 nm, indicated by the
blue arrows), as shown in Fig. 5. Strong confinement of light
inside the cavities can be observed. Reflection dips indicate
either transmission or incident energy confinement inside the
plasmonic gaps. For our case, the transmission was expected to
be less than 10% (as shown in Fig. 3(b)) due to a relatively thick
metal film and ultrasmall gap width. Thus the surface energy
confinement contributes dominantly to the low energy of the
dips shown in the reflectance. The intensity difference indicates
the capability for energy confinement of the plasmonic cavities
on different surface modes. Competition is expected between the
coupling from surface waves into cavity modes staying on the
surface and surface waves coupling back to propagating modes
leaving the surface as secondary reflections or back scattering. As
we can see from Fig. 5, both electric fields are confined as cavity
modes inside the ring gaps with an intensity difference corre-
sponding to the prominent and secondary surface wave modes.
As expected, the field distribution around 642 nm presents less
field intensity as compared to the case of 794 nm, indicating less
energy penetration into the plasmonic nanostructures. This is
likely to be caused by the preferable coupling from surface modes
into propagating modes over confined cavity modes. On the other
hand, the field distribution at 794 nm shows a strong intensity as
evidence of the strong energy confinement inside the cavities.
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blue arrows (in Fig. 4) for the diamond-circle lattice with ETES = 30 nm. (a) 642 nm
and (b) 794 nm.
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Conclusions

In summary, we have demonstrated a direct and accurate
patterning method to achieve plasmonic nanostructures with
ultrasmall gaps using the FIB technique. By realigning ring
arrays and controlling the overlapping areas, one can fabricate
dense plasmonic arrays with varying sizes, shapes and pitches.
We have also investigated the tunability of the optical response
with different ETES. Plasmon-enhanced reflectance has been
observed with ultrasmall ETES due to strong plasmon coupling.
Significant field enhancement in ultrasmall gaps is potentially
useful for designing complex metamaterials with desired
optical responses and specific functions. This high resolution
patterning technique can be applied to different geometries
with various lattice shapes in a wide range of metallic materials.
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