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ABSTRACT: Multiple-band, frequency-adjustable unidirectional launch-
ing of planar surface plasmons is of great concern in plasmonic devices

and circuits. We have designed and demonstrated a novel dual-band
planar unidirectional surface plasmon polaritons (SPPs) launcher with
narrow bandwidth (~5 nm) and large band gap (~S0 nm) using a
semiannular apertures array milled in a gold film. Symmetry breaking of
the semiannular aperture brings significant advantages for the unidirec-
tional launching, based on the excited asymmetrically distributed
cylindrical surface plasmon resonance modes. During the unidirectional
launching, the individual semiannular apertures function as unidirectional

quasi-point SPP sources, and the grating coherently stacking amplitude of
unidirectional SPPs functions as an amplifier. By controlling the semiannular aperture size, we achieved large range modulations
of wavelengths beyond 60 nm for both bands. This efficient unidirectional launching is experimentally demonstrated for 632 nm,

showing good agreement with numerical results.
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lasmonic nanostructures have attracted much research

attention because of their outstanding ability in manipulat-
ing light at nanoscale. Taking advantage of the strong
dependence of the optical response on the composition and
geometry of the structure, numerous plasmonic nanostructures
have been designed to realize novel optical phenomena and can
be applied in optical materials and devices, such as
metamaterials,”” sensors,” > multiplexing plasmonic circuit
elements,®” and antennas.®™'° Introducing symmetry breaking
can result in the changes of the plasmonic mode excitation
conditions, the spatial field and phase distribution in the
plasmonic nanostrucutrue, which is considered as an important
way to control the properties of the plasmonic nanostructure.
Symmetry breaking nanostructures have been demonstrated to
achieving magnetically excited mode,"""'* Fano resonances,' >
and plasmonic focusing at nanoscale.® Recently, it was shown
that symmetry breaking structure can induce strong direction-
ality of the light emission.'®”"” In nanocups and semishells, the
far-field scattering profile can be altered by controlling the
perforation of the metallic shells."® And in a core—shell
nanocavity, the spaser emission exclusively propagated along a
specific direction, which is related to the appearance of new
plasmon modes induced by the broken symmetry."

On the other hand, achieving planar directional propagating
of surface plasmon polaritons (SPPs) in metal surface is key for
applications in integrated circuit. The unidirectional plasmonic
launcher, which can be widely employed in coupling, filtering,
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polarization selecting, and switching, has been gradually
developed in recent years.””~>> Conventional approaches to
achieving unidirectional launching (UL) involve the use of
attenuated total reflection, which is very sensitive to the
incident angle.”® Recently, many different nanostructures are
proposed to achieve unidirectional launching through the SPPs’
destructive interference in nonlaunching directions and
constructive interference in the launching direction, such as
the period aperture grating,”’ the aperiodic groove arrays,”>*”
and the active controlled graphene-loaded reflective antenna
pair structure.’® In these reports, UL is related to the phase
difference of the SPPs, so UL can only be realized in a
particularly defined wavelength or band. Compared to a single
band unidirectional launcher, the SPPs propagation direction
can be controlled at several spectral positions simultaneously
for a multiple band unidirectional launcher, which would be
useful for multiple wavelength plasmonic circuits.

Here we use a semiannular apertures array milled in an Au
film to achieving dual-band UL of planar SPPs propagating
wave. Because of the symmetry breaking, cylindrical surface
plasmon (CSP) modes with asymmetry mode profiles are
excited in a semiannular aperture. Based on two different
excited CSP modes, the dual-band UL has been realized in the
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individual semiannular aperture. Compare to conventional
periodic or aperiodic metallic gratings, where the UL is the
collective effect of the gratings, each individual semiannular
aperture in the proposed structure functions as a unidirectional
quasi-point SPPs source, and the grating coherently stacking
amplitude of unidirectional SPP functions as an amplifier. We
experimentally observed the efficient UL of SPPs at visible
wavelengths. A remarkable right-to-left UL extinction ratio of
about 100:1 has been obtained by numerical simulations.
Moreover, dual-band SPPs UL has been demonstrated with
small bandwidth (~5 nm) and large band gap (~50 nm). The
UL bands show sensitive dependence on the annular radius of
each individual semiannular aperture, where a large range
modulation of wavelength beyond 60 nm has been demon-
strated for each band.

The periodic 10 X § semiannular apertures array with an area
of ~3 um X 5 pm is etched into an Au film using focused ion
beam milling (FIB), as shown in Figure la. The film thickness
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Figure 1. (a, b) Schematic of semiannular apertures milled in Au film.
(c) Scanning electron microscopy image of semiannular apertures
arrays. The film thickness is 100 nm; r1 = 125 nm, r2 = 200 nm, T1 =
490 nm, and T2 = 600 nm.

is 100 nm. The periods in the y and x directions are T1 and T2,
respectively. The gap between two neighboring paratactic
semiannular apertures is G. Figure 1b shows the schematic
structure of an individual semiannular aperture. rland r2 are the
inner and outer radii of the aperture, respectively. Figure Ic
shows a representative scanning electron microscopy (SEM)
image of the fabricated semiannular apertures nanoarray, with
rl = 125 nm and r2 = 200 nm, and the periods of the array
along y and x axes T1 = 490 nm and T2 = 600 nm. The
corresponding gap between two paratactic semiannular
apertures is G = 90 nm.

The structures are back-illuminated with a polarized 632 nm
laser. At the air—gold interface, the launched SPPs propagating
on the gold surface can leak radiation, which can be collected
by a charge coupled device (CCD). Images of the distribution
of leakage radiation are shown in Figure 2a,b, for polarization
direction along the y and x axes, respectively. Under y-polarized
illumination, the optical signal is only observed in the region of
the semiannular apertures array, which is due to light
transmitted directly through the apertures. The leak radiation
of the propagating SPPs has not been observed at the two sides
of the structures. When incident light polarization turn to x-
direction, clearly seen in Figure 2b, the leakage radiation signal
of propagating SPPs is detected at the right side of the
structure. On the contrary, no signal is collected at the left side
of the structure, which indicates an obvious UL phenomenon
along the x-axis. One can see that the leakage radiation image
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Figure 2. (a3, b) CCD images of the semiannular array (rl1 = 125 nm,
r2 = 200 nm, T1 = 490 nm, T2 = 600 nm) under illumination from the
back by y- and x-polarized light, respectively. (c, d) The FDTD
simulated electric field magnitude distribution of the structure under y-
(c) and x-polarized (d) illumination, corresponding to experimental
observation. (e) The ratio of electric field amplitude in right side to left
side. Inset: the extinction ratio spectra of the structure.

on the right side of the structure exhibits typical fringe patterns,
which arise from the interference of the directly transmitted
light with the leakage radiation of the SPPs. The intensity of the
unidirectional launched SPPs decays exponentially along the
propagating direction, with a propagation length of several
microns, as shown in Figure S1 in Supporting Information.

In order to investigate the physical mechanism of this
phenomenon, three-dimensional finite different time domain
(FDTD) simulations are performed using commercial software
(Lumerical Solution, Inc.). The gold dielectric constant is taken
from the bulk value measured by Johnson and Christy.”" The
PML (perfectly matched layer) boundary condition is adopted
to eliminate unwanted deviation. The environment is set as air
with a refractive index n = 1. The electric-field magnitude
distributions are simulated at the plane 10 nm above the film
surface.

The simulated surface electric-field magnitude distributions
matching the real array structures are in good agreement with
the experimental observations, as shown in Figure 2¢,d, which
reveals an obvious SPPs UL phenomenon along the x-axis
when under x-polarized incident light illumination. To quantify
the UL intensity, the right-to-left ratio R is calculated, defined
as the ratio of the electric field amplitude of the SPPs launching
to the right (Ez+) to the amplitude launching to the left (Ez—).
The power of the SPPs is in proportion to the squared
perpendicular electric component [Ez?l, thus, R? is proportional
to the extinction ratio. We calculate the average electric
amplitude along the black dotted lines as sketched in Figure 2d
to represent the amplitude of the launched forward- and
backward-propagating SPPs |Ez+| (right) and [Ez—| (left),
where the black lines are 0.6 ym away from the boundaries of
the structure.
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Figure 2e show the dependence of the right-to-left ratio on
the incident wavelength for the proposed semiannular apertures
array. The spectrum has a peak at 633 nm, corresponding to
observations. It should be noted that the extinction ratio R*
reaches to ~100 at 633 nm, as shown in the inset of Figure 2e,
which is remarkable comparing with previously reported results,
where the maximum unidirectional extinction ratio of ~5S has
been achieved for aperiodic metallic grooves.29 In addition, the
spectrum shows a secondary UL band with peak spectral
position at 588 nm, with an extinction ratio of about 10. Both
UL bands have narrow bandwidth of ~5 nm, and the band gap
between the two bands is very large (~50 nm). In other words,
the semiannular apertures array can provide dual-band UL
with a narrow bandwidth (~S nm) and large band gap (~S0
nm) simultaneously, which have promising applications in
multifrequency plasmonic circuits.

To explain the origin of the dual-band UL effect, we analyzed
the resonance SPPs modes in an individual semiannular
aperture. The near-field distributions at the spectral positions
of the two UL bands are inspected. Figure 3a—d shows the

L.

8§03

—-0.0

It-DB
-0.6

s 500 NM

Figure 3. (3, b) FDTD simulated surface electric-field magnitude
distribution of the cylindrical surface plasmon resonance modes HE,;
(a) at 633 nm and HE,; (b) at 588 nm for an individual semiannular
aperture, with r1 = 125 nm and r2 = 200 nm. The insets show the
schematic charge distribution of the CSP modes. (c, d) Phase
distribution of the corresponding CSP modes.

electric-field amplitude and phase distributions on the film
surface of the two UL peaks at 588 and 633 nm, respectively.
For the 633 nm peak, the electric field distribution of the
resonance mode within the semiannular aperture indicates a
dipole-like oscillation, as seen in Figure 3a. However, the field
and phase distributions in the region outside the aperture,
where the electric field of the resonant mode spreads outward
radially and the phase distribution appears as concentric circles,
are totally different from the typical dipole mode. For the
resonance mode at 588 nm, the electric field distribution within
the semiannular aperture shows a quadrupole-like oscillation,
and the electric field and phase distribution outside the
semiannular aperture is similar as the resonance mode at 633
nm, with concentric profile. Previous research shows that
nanoscale coaxial annular apertures milled in metal film can
support cylindrical surface plasmon (CSP) modes.”” CSP
existing in a nanoscale coaxial Au or Ag structure has been well
investigated, which plays an important role in the extraordinary
optical transmission phenomenon.>*™*° The CSP modes have a
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Bessel field profile, the electric amplitude and phase of which
have the same characteristics as radially polarized surface
plasmon waves at the end faces of an annular aperture.”” Thus,
the features of the electric amplitude and phase distributions
shown in Figure 3 indicate that the CSP modes are still retained
in the semiannular apertures. The schematic charge distribu-
tions (Figure 3a,b, insets) imply that the SPP resonance modes
in semiannular aperture are HE,; CSP mode at 633 nm and
HE,, CSP mode at 588 nm, respectively.

Compare with the symmetry distribution of the CSP modes
in a full annular aperture, the cross section electrical field
distribution of CSP modes in a semiannular aperture is
asymmetric due to the symmetry breaking. It should be noted
that the asymmetrically distributed CSP mode in an individual
semiannular aperture is localized. To generate UL, the
semiannular apertures array is adopted to excite the
propagating SPPs through the interaction between the localized
CSP modes. As shown in Figure S2, the electric field
distribution of two closed semiannular apertures has been
calculated, where the CSP modes in the neighboring apertures
couple and excite propagating SPPs along the symmetry axis.
And because of the asymmetry distribtution of the CSP modes,
the propagating SPPs are unidirectionally launched. In the case
of a one-dimensional semiannular aperture chain, the unidirec-
tional excitation is more evident, as shown in Figure 4. The
phase distributions of the unidirectional launched (the right
side of the chain) propagating SPPs exhibit the plane wavefront
characteristics. This phenomenon can be explained by the
Huygens-Fresnel principle, where we suppose that the CSP
mode in every semiannular aperture as a unidirectional quasi-
point plasmonic source. According to the Huygens-Fresnel
principle, the coherent superposition of a row of unidirectional
point light source forms a unidirectional plane wave. Therefore,
in semiannular aperture chain, every individual semiannular
aperture considered as a unidirectional quasi-point plasmonic
launcher with the same phase and excited the unidirectional
propagating SPPs “plane” wave, radiating toward the right side
of the semiannular aperture. Field distributions for two or more
columns of semiannular aperture chains are provided in Figure
S3, which show more evident UL of SPP “plane” waves. In
addition, we have calculated the dependence of the UL on the
incident angle, as shown in Figure S4. Limited by excitation
condition of the CSP modes, the UL is very sensitive to the
incident angle.

Next, we discuss the effects of modifying the geometry of the
structure, including the radius, gap and period, on the UL
bands. In a full annular apertures array, the resonant wavelength
of the HE;; CSP mode increases indefinitely as 1 ~ r1/(r2 —
r1)'/? in the visible and IR wavelengths.29 Here, the outer
radius r2 is varied to tune the CSP modes and, thus, to tune the
UL bands. Figure 4c shows the right-to-left ratio spectra of the
semiannular array for different outer radii. As 12 increases from
120 to 160 nm (rl = 100 nm, G = 40 nm), referring to an
increase of period T1 from 280 to 360 nm, the HE;; CSP mode
induced UL band is blue-shifted from 637 to $80 nm (Figure 4,
black dotted line), with similar dependence on the outer radius
as in the full annular aperture. Meanwhile, the intensity of the
HE,; CSP induced UL is obviously modulated by r2, with a
maximum ratio of nearly 100 when 12 = 130 nm. For the UL
band related to the HE,; CSP mode, the UL peak shows red-
shift with the peak wavelength increasing linearly from 579 to
630 nm with increasing of the outer radius r2. It is worth noting
that the modulation spectral ranges of both bands are more
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Figure 4. (a, b) FDTD-simulated surface electric-field magnitude distribution (a) and phase distribution (b) of the one-dimensional semiannular
aperture chain. (c) The spectra of the right to left ratio of electric field amplitude in the semiannular apertures array with different outer radii r2
(from 120 to 160 nm). The gap G is unchanged at 40 nm, so T1 varies from 280 to 360 nm. The inner radius is r1 = 100 nm, and the period along

the x-axis is T2 = 600 nm. Spectra are shifted upward for clarity.

than S0 nm, suggesting potential applications in integrated
optoelectronic devices, as a complete, frequency-adjustable
unidirectional SPPs launcher.

As discussed before, the interaction between the CSP modes
of neighbor semiannular apertures excites the unidirectional
propagating SPPs waves, thus, the gap between the two
semiannular apertures G would play an important role in
modulating the UL bands. Figure Sa shows the relationship
between the right-to-left ratio spectra and G of the aperture
array. As expected, the spectral positions of the two UL bands
determined by the CSP resonance modes are unchanged, while
the peak values of both bands are clearly modified. The
maximum peak value of R ~ 7 occurs at G = 30 nm for the
HE,, mode induced UL band (at a wavelength of 588 nm), and
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Figure S. (a) Spectra of the right to left ratio of electric field amplitude
in the semiannular apertures array with varying gaps between adjacent
semiannular apertures G (from 30 to 100 nm). The inner radius is r1 =
125 nm, the outer radius is r2 = 200 nm, and T2 = 600 nm. (b)
Spectra of the right to left ratio of electric field amplitude in the
semiannular apertures array with various T2s (from 530 to 640 nm).
The inner radius is r1 = 125 nm, the outer radius is r2 = 200 nm, and
G = 90 nm. Spectra are shifted upward for clarity.
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the maximum peak value of R ~ 9 occurs at G = 90 nm for the
HE;, mode band (at a wavelength of 633 nm). When the
apertures are far apart, the interactions between the CSP modes
weaken, and the amplitude of the excited propagating SPPs is
decreased. When the distance between the apertures gets too
small, the excitation condition of the CSP modes in each
aperture is changed, which also influences the strength of the
CSP modes. Thus, with an appropriate gap G, the CSP modes
can achieve resonant oscillation, resulting in a maximum
extinction ratio value.

In a full annular aperture array, the position of the resonance
peak is hardly affected by periodicity. To see how the UL bands
in semiannular aperture lattices are affected by the periodicity,
in Figure 5b we examine the dependence of the right-to-left
ratio R on the period T2. Figure Sb shows the right-to-left ratio
spectra of the semiannular aperture array with increasing T2
from 530 to 640 nm, where the peak positions of the two UL
bands remain at 588 and 633 nm, respectively. When T2 varied,
both the peak values of the two bands show obvious
modulation. The maximum peak value of R ~ 4 occurs at T2
= 550 nm for the HE,, band (at a wavelength of 588 nm), and
the maximum peak value of R ~ 10 occurs at T1 = 600 nm for
the HE,; band (at a wavelength of 633 nm). Using the standard
dispersion relation for SPPs on a smooth metal—dielectric

ksp =2m/A\Je e/ (€ + &), with respective

dielectric functions ¢,, and &4, we can calculate that the SPP
wavelengths of the corresponding incident free-space wave-
lengths 588/633 nm at the Au/air interface are 552/603 nm,
where we adopt the gold dielectric constants of —8.03 + 1.02i
(at 588 nm) and —10.92 + 0.81i (at 633 nm), respectively.31
When the period T2 are close to the SPPs wavelengths 552/
603 nm, the unidirectional SPPs waves excited in each
semiannular aperture chain are in phase, and the constructive
interference of the unidirectional SPP waves produce a
maximum value of R. In other words, the periodicity of the
aperture array along the x-axis functions as an amplifier if the
spacing satisfies the constructive interference conditions. From
Figure S5, we can clearly see that the unidirectional SPP waves
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launched by each semiannular aperture chain stack up, leading
to the extinction ratio R increasing step by step.

In this paper, we have detailed the dual-band unidirectional
launcher structures consisting of a semiannular apertures array.
UL at visible wavelengths was observed in our experiment. The
results show good agreement with theoretical predictions. Two
SPP UL bands, with a highest extinction ratio of about 100, and
with a small bandwidth (~S nm) and large band gap (~50 nm),
are obtained using a semiannular apertures array, which are
induced by the asymmetrically distributed CSP resonance
modes. Every individual semiannular aperture can be
considered as a unidirectional quasi-point SPP launcher, with
SPP energy radiating toward the opening direction of the
semiannular. The CSP modes depend sensitively on the
annular radius, leading to a high tunability of the wavelength
of the unidirectional bands. The tuning ranges of both bands
exceed 60 nm, suggesting potential applications in integrated
optoelectronic devices, as a complete adjustable frequency
unidirectional SPP launcher. We have also demonstrated that
the UL can be modified by changing the width of the gap
between the apertures along the y-axis. If the period of the
aperture array along the x-axis satisfies the constructive
interference conditions, the UL SP waves stack coherently,
leading to a maximum right-to-left ratio. In these cases, the
periodicity of the aperture array along the x-axis functions as an
amplifier. The proposed structure can be applied as multiple
wavelength unidirectional launchers, and may find its
applications in integrated optical circuits, nanoscaled laser
sources, optical communications, and so on. In addition, our
work contributes to our understanding of the viability of
symmetry-breaking annular plasmonic structures
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