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ABSTRACT

A plasmonic interference pattern can be formed when multiple surface plasmon waves overlap coherently. Utilizing a sharp edge coupling
mechanism, we experimentally demonstrate plasmonic interference patterns that can be designed at will by shaping the edges in a metallic
film. The patterns can also be dynamically tailored by adjusting the wavelength, the polarization, and the incident angle of the excitation light
beam. Possessing the subdiffraction limited feature resolution, this dynamical manipulation method of surface plasmon patterns will have
profound potentials in nanolithography, particle manipulation, and other related fields.

Surface plasmon polaritons (SPPs) are surface electromag-
netic waves formed by collective oscillation of electrons at
a metal/dielectric interface.'! The fundamental SPP properties
have been extensively studied in 1970s and widely applied
thereafter in a number of important applications such as
surface plasmon resonance sensing”? and imaging,*> surface-
enhanced Raman scattering,®’ surface-enhanced second
harmonic generation,® '° etc. The recent advancement in
nanoscale fabrication techniques has given rise to even more
fascinating applications in superimaging beyond the diffrac-
tion limit,''~'* subwavelength electromagnetic wave guid-
ing,'>~18 plasmonic lithography,'®~2* plasmonic ruler,?*%
optical negative refraction,? as well as cancer treatment by
metallic nanoparticles,?”?® which has remarkably extended
and transformed the horizon of the field of plasmonics.

A light beam in three-dimensional (3D) free space can be
converted into a two dimensionally (2D) confined SPP wave
as long as the momentum mismatch between them is
compensated by a coupling element. The sacrifice of
dimensionality, however, results in extraordinary “optical
frequency but X-ray wavelength” property, i.e., an SPP
wavelength much smaller than that of the excitation light,
as well as strong electromagnetic field enhancement in the
SPP near-field. As a straightforward consequence, converting
free space light into SPPs on a planar surface should lead to
devices or applications that possess higher spatial resolution
and higher near-field energy density. Hence a precise yet
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flexible design of surface structures on a metallic film to
couple the free space light into various SPPs and to guide
their propagation is on demand. In this paper, we present a
general scheme to manipulate SPP interference patterns by
designing the surface structure shape and controlling the
wavelength, incidence angle, and polarization of the excita-
tion light beam. We demonstrate lithographic pattern forma-
tion and fluorescence imaging to exemplify the strength of
this design.

The dispersion relation for the SPP at an interface between
semi-infinite metal and dielectric materials is expressed as'
€1ém 2w
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where kg, is the SPP wave vector, 4 is the light wavelength
in vacuum, and &, and &, are the permittivities of the
dielectric and metal, respectively. A typical SPP dispersion
curve based on the above equation is illustrated in Figure
la. Since the wave vector of the SPP is always larger than
that of the light in the surrounding media at the same
frequency (i.e., smaller wavelength of SPPs), a momentum
compensation coupling mechanism is necessary to excite the
SPPs. A grating is considered as one of the best SPP couplers
because it can provide an additional discrete wave vector in
a very efficient way. A single sharp edge (or a slit) can also
be used to excite SPPs, where the light diffracted from the
corner gains very broad band wave vectors; the interface will
automatically select the components with matched wave
vector with SPPs and support their propagation,”* (see also
Figure 1b). While the nonresonant nature of this process will
reduce the coupling efficiency, these simple structures will
drastically reduce the complexity of sample fabrication. In
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Figure 1. (a) A typical dispersion curve for surface plasmons. To
excite surface plasmons by an incident light beam at a specific
frequency, the momentum mismatch between them has to be
compensated. (b) Fourier spectrum of a rectangular function with
subwavelength width. It represents the possible wave vectors of
the light gained by diffraction over a slit shown in the inset. (c) A
schematic to show the surface plasmon excitation by a slit in
metallic film.

the rest of our paper, we will focus on how to utilize the
shape of either a slit or single edge to control the SPP
interference patterns on a metallic surface.

We would like to start with a simplest situation—SPP
interference between two antipropagating SPP waves. As an
example, the simulated total electrical field distribution at
the cross section of an infinitely long aluminum strip is
shown in Figure 2a under a normally incident excitation light
at 365 nm from the bottom. The refractive indices for
substrate and the photoresist are 1.52 and 1.6, respectively.
The aluminum film thickness is 100 nm, which is enough to
block direct transmission of the incident light so that all of
the fields on top of the aluminum film are purely from SPPs.
The width of the aluminum stripe is 2 um, which is around
the SPP propagation length. Clearly, both the edges of the
aluminum film act as a line source of SPPs. SPPs propagate
away from the edges and form a uniform interference pattern
in the middle. Instead of the commonly used silver and gold
in other plasmonic applications at visible light, aluminum is
selected in this specific case due to its relatively less loss at
UV frequency.

Two samples were used in our experiment to demonstrate
the SPP interference by means of photolithography. The first
sample, schematically shown in Figure 2b, comprises a 2
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Figure 2. (a) Numerical simulation shows SPP interference pattern
on top of an Al strip. (b, d) Schematic experimental configurations
of two samples fabricated by e-beam lithography and lift-off process
and focus ion beam milling, respectively. (c, ¢) AFM image of the
exposure pattern using samples (b) and (d), respectively. The
aluminum thickness is 100 nm in all cases.

um wide aluminum strip on quartz substrate. It was fabricated
by e-beam lithography followed by a lift-off process. This
sample utilizes a sharp aluminum edge to excite SPPs. The
second sample, schematically shown in Figure 2d, was
obtained by focused ion beam (FIB, FEI Strata 201 XP)
milling (slit openings are about 700 nm wide) in an
aluminum film deposited on the quartz wafer. The SPPs will
be excited by the slit in this sample. The aluminum thickness
is 100 nm in both cases. Subsequently, a 15 nm thick
OmniCoat (MicroChem, refractive index is 1.57) layer was
spun on both samples to increase the adhesion between
aluminum and exposed photoresist. Finally, a negative near-
UV photoresist (SU-8) was spun on the top of the OmniCoat.
Both samples were exposed with an exposure dose of 200
mJ/cm? by a filtered mercury lamp with a radiation peak at
365 nm. After the development, the topography of the
recorded features was measured by an atomic force micro-
scope (AFM, Dimension 3100, Veeco).

The exposure results for both samples are presented in
panels ¢ and e of Figure 2, respectively. Clearly, one-
dimensional gratings which come from the SPP interference
were obtained between the slits/edges in both samples with
good contrast and uniformity. In the second sample (Figure
2e), SPP also propagates outward from the slits without
experience of interference, which can be clearly told on the
aluminum film outside of the double slits region, although
the contrast is lower compared to the center part. The grating
periodicities in both cases are about 120 nm, which agree
well with the simulation results. Considering the free space
working wavelength is 365 nm, the SPP interference pattern
line width has reached a 60 nm line width which is equivalent
to A/6. We should point out that both of the sample
preparations can also be completely done by conventional
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Figure 3. (a) AFM image of an exposure pattern with two unparallel
slits in a 100 nm aluminum film. The slit width is around 200 nm.
(b) Fluorescent image observed by optical microscopy shows the
SPP interference pattern outside of the two unparallel slits in a 200
nm thick silver film.

photolithography since the required feature size of the
structure in metal film is in micrometer scale.

As we discussed in our previous simulation study,? the
contrast of the interference pattern will not be affected by
the distance between the edges which is not much larger
than the SPP propagation length. We repeat the previous
experiment with two unparallel slits (the slit width is around
300 nm and the angle between the slits is about 6°). As
shown in Figure 3a, the contrast of the interference pattern
is virtually constant at locations with different slit spaces.
The pattern in the center of the slits remains unchanged and
new fringes emerge from the periphery which is also
consistent with the simulation. This result also indicates that
the SPP reflection from a single slit is negligible so that no
cavity effect needs to be considered.

We also developed a method to deduce the wavelength
of a SPP wave by a simple far field measurement of the
fringe period outside of the slit pair shown in Figure 3a.
The fringe pattern is formed by SPP waves outside of the
slit pair. The fringe period strongly relates with the tilt angle
between the slits and can be much larger than the SPP
wavelength, so it is quite easy to be observed under
conventional optical microscopy by coating a layer of
PMMA with fluorescent dyes,® as shown in Figure 3b.
Notice the structure in Figure 3b is made by silver, which is
different than that made with aluminum in the case of Figure
3a. The illumination light is 532 nm and the fluorescent dye
is Rhodamine 6G. The fringe period is about 3 um, so that
the SPP wavelength can be deduced as ~310 nm by knowing
the angle between the slits is 12°.

Since SPPs are essentially two dimensionally confined on
a metal—dielectric interface, their interference patterns can
be controlled by arranging different 2D geometries of the
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Figure 4. Simulation a—d and experimental results e—h using a
100 nm thick aluminum plate with various edge/slit shapes: (a, e)
triangle; (b, f) square; (c, g) pentagon; (d, h) pentagon with rounded
corners. The side lengths are 2, 2, 1.5, and 1.5 um, respectively in
(a—d). The excitation light had angular polarization in all the
simulations. The scale bars in all of the AFM images represent
500 nm. The side lengths of the triangle, square, pentagon, and
rounded pentagon structures used in the experiment are 2, 2.5, 2,
and 1.6 um, respectively.

slits/edges. Figure 4a—d show simulated SPP interference
patterns with four geometries. Obviously, not only periodic
but also quasi-periodic and even more complicated 2D
patterns can be realized. The lithography experimental results
(see Figure 4e—h) clearly show the formation of different
interference patterns predicted by simulations. A single
collimated i-line beam from a mercury lamp (4 = 365 nm)
is used to generate all these patterns with exposure time
typically less than 10 s, corresponding to a dose of around
18 mJ/cm?. Compared with the pattern formation by free
laser beam interference, one obvious advantage of SPP
interference is the higher resolution as we discussed above.
In addition, SPP interference requires a much simpler setup.
To achieve a complex laser interference pattern, multiple
laser beams have to be very precisely directed and controlled
by complicated optics. As for SPP interference in our case,
all of the complicated optics can simply be replaced by slits/
edges with well-designed shapes and only one excitation
beam is required.

For a structure with fixed shape, the interference pattern
can still be dynamically adjusted by the polarization and
incident angle of the excitation light beam. The SPPs can
only be efficiently excited when the incident light has a
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Figure 5. Fluorescent images observed by optical microscopy under normal incident nonpolarized illumination (a—d) and horizontally

polarized illumination (a'—d").

polarization perpendicular to the slit.?” Therefore, the strength
of the SPPs at different portions of the slit can be arbitrarily
tuned by adjusting the polarization of the excitation light
beam. For example, in Figure 5 the fluorescent images
illustrate how the SPPs propagate along the surface for
different geometries. The excitation light beam is normally
illuminated to the structure. Nonpolarized light and hori-
zontally polarized light were used in Figure 5, panels a—d
and a'—d', respectively. Clearly, all the slits can be treated
as SPP sources and get equally excited under nonpolarized
light illumination. In the middle of the triangular, square,
pentagonal, and hexagonal structure, three, four, five, and
six SPP beams form interference patterns, respectively (the
interference patters are not distinguishable by the far field
fluorescent imaging method). After a polarizer is added in
the excitation beam, as indicated by the white arrows, the
SPP sources at the horizontal slits are completely turned
“off”. The interference patterns inside of the triangle, square,
pentagon, and hexagon are then formed by two, two, four,
and four SPP beams, respectively.

When the excitation beam is normal to the structure, the
SPP propagation direction is always perpendicular to the slit
as shown above. If an in-plane wavevector is introduced by
an inclined illumination light beam, the SPP propagation
direction can be adjusted (as schematically shown in Figure
6a). This method has been used to tune the focus position
of a plasmonic lens*® and now can also be utilized to further
improve the tunability of the SPP interference patterns on
the surface. Figure 6b—d shows a few examples by com-
bining the polarization and incident angle control. A more
complicated dynamic pattern is also possible by rotating the
polarization direction and controlling the incident angle at
different parts of the slit.

Only one beam is used in all of our previous experiments,
which has shown the simplicity of our SPP interference
method for applications such as nanolithography. One could
also notice that each SPP source (slit/edge) can be addressed
individually by parallel multiple focusing techniques.’!-*
Given all the aforementioned flexibilities, the SPP interfer-
ence can be used as a platform to form various desired
dynamic patterns with fine resolution. The rule of thumb to
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Figure 6. (a) Wavevector conservation sketch to show the propaga-
tion direction of the SPP waves excited by an angled incident
illumination beam. (b—d) Fluorescent images observed by optical
microscopy under angled incident illumination with different
polarizations. The double-headed white arrows represent the
polarization direction. The dotted white arrows represent the surface
plasmon propagation directions excited from each side.

form such patterns is as follows. First, the SPP sources are
positioned by arranging multiple slits around the working
area. The number of slits is the maximum beams needed in
the interference, and the length of the slit provides the
divergence for the SPP beam from each slit. Second, control
the SPP beam direction by incident angle of the excitation
light. The SPP beam from each slit has full access to be
addressed individually. Third, the intensity of each SPP
source can also be individually controlled by the polarization
direction of the excitation light. It is worth emphasizing that
all these principles can be equivalently operated at various
working frequencies which is important for potential ap-
plications. For instance, SPPs with multicolors can be
manipulated independently on the same structure for more
complex pattern control. The selection of the metals depends
on the relative loss at the working frequencies. Generally,
silver is the best at visible frequency, while aluminum is a
better choice in the UV to deep UV regions.

In conclusion, we presented an experimental study of SPP
interference patterns on a two-dimensional surface. By
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converting free space light into smaller wavelength SPPs,
the SPP interference patterns possess subwavelength resolu-
tion with respect to free space light beam. We successfully
demonstrated the high SPP interference lithography resolu-
tion (A/6) with a feature size of ~60 nm. By using an edge/
slit excitation mechanism, 2D complex interference patterns
have been obtained with different edge/slit geometries. In
addition, the patterns can also be manipulated by adjusting
incident beam angle, polarization direction, and light fre-
quency.
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