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ABSTRACT: We report the experimental realization of periodically
perforated plasmonic metasurfaces capable of integrating several key
functionalities, such as light-to-surface plasmon coupling, controllable
beam-splitting, wavelength filtering and routing, high resolution differential
wavelength measurement, and vectorial displacement sensing. The
plasmonic metasurfaces operate at telecom wavelengths, at the vicinity of
the eigenmode crossing points where zero group velocity is experienced, and
their functionality parameters, such as sensitivity to misalignment, prong
angular separation, power ratio, polarization, and bandwidth, can be adjusted
by designing the boundary shape and by conveniently manipulating their
alignment with the illuminating light beam. In the same context, a circular
plasmonic metasurface could also serve as a vectorial displacement sensor
capable of monitoring simultaneously the magnitude and direction of the displacement between its center and that of the
illuminating beam. The compact, easily controllable, and all-in-one nature of our devices can enable on-chip integrated circuits with
adaptable functionality for applications in sensing and optical signal processing.

KEYWORDS: metasurfaces, slow light, metamaterials, wavelength routing, optical communications, plasmonic crystals,
surface dispersion engineering

The integration of photonic functionalities, along with the
reduction in size of integrated photonic systems for on-

chip information processing and sensing, are essential elements
for ongoing advancements in diagnostics medicine, photo-
therapy, space missions, manufacturing quality control, optical
computing, and short-range communication systems. Over the
past two decades, plasmonics has emerged as a potential road
to compact and fast devices.1−12 Plasmonics is a flourishing
field of science exploiting surface plasmons, the collective
oscillations of free electrons on a metal-dielectric interface, to
route and manipulate light at nanometer length scales.13−15

Plasmonic components feature ultracompact geometries, and
can be controlled more flexibly, and often more energy-
efficiently too, compared to standard dielectric components,
owing to the enabled strong field confinement and enhance-
ment.16,17 Combining the size of nanoelectronics18 with the
speed of dielectric photonics, they enable devices that can
naturally interact with both technologies.6,14 Recently
researchers have also started investigating plasmonics in the
quantum regime.19,20 Plasmonic nanostructures21 and meta-
surfaces22 can be designed to perform mathematical operations
on light signals, forming among others a basis for compact
optical and quantum computing.

Beam splitters and wavelength filters are some of the most
used elements in photonic integrated circuits. Very recently, it
has been proposed23 that the decomposition and implementa-
tion of any general linear transformation can be achieved using
lossy plasmonic beam splitters. The loss of the inherently lossy
plasmonic beam splitters can be viewed as a degree of freedom,
as it relaxes the requirement for a ±90° phase difference
between the transmission and reflection factors existing in the
nonlossy, unitary beam splitters.23−27 Plasmonic beam splitters
have also recently been used to realize a quantum random
number generator28 and to conduct the plasmonic version24,29

of the Hong-Ou-Mandel (HOM) experiment,30 at which
plasmon coalescence and anticoalescence were observed
depending on the transmission and reflection factors of a
plasmonic beam splitter.24 The plasmonic test platform in ref
24 had a 40 μm × 40 μm footprint, and consisted of photon-
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to-SPP converters, an SPP beam splitter whose reflection and
transmission factors were a function of its geometrical
parameters (i.e., stayed fixed after fabrication), and SPP-to-
photon converters.
In this work, we present judiciously designed multifunctional

plasmonic metasurfaces (PMs) consisting of subwavelength
holes periodically perforated on a subwavelength-thickness
metal film attached on a glass substrate. Our structures
integrate photon-to-SPP conversion with SPP beam splitting,
wavelength filtering and routing, and can perform high

resolution differential wavelength measurement and vectorial
displacement sensing (i.e., they can measure the magnitude
and direction of the displacement between the structure and
the incident beam). Differently from beam splitter structures
based on two Bragg gratings31,32 with different bandgaps,
positioned in opposite directions, which split different
wavelengths in opposite directions by operating as rejection
band filters33,34 for the bandgap wavelengths, our metasurface
can split a monochromatic beam in multiple prongs. In beam-
splitting applications, characteristics such as the spatial

Figure 1. (a−c) SEM images of (a) the circular and (b) the square boundary plasmonic metasurfaces and (c) the circular boundary plasmonic
metasurface and the surrounding scattering ring. (d) Experimental arrangement for imaging the far-field light intensity distribution corresponding
to the SPP intensity distribution. (e) Measured plasmonic metasurface transmission dispersion 2D map (the experimental air-Au eigenmode
positions are marked with blue dotted lines) and estimated air-Au eigenmode positions using eq 1 (solid blue lines). The labels corresponding to
the air-Au are denoted by “a”. The experimental glass-Au eigenmodes are marked with pink labels containing the subscript “g”. The spectral area
where the experimental air-Au eigenmodes flatten to avoid crossing is marked with a red circle and enlarged at the inset. The spectral areas excited
when the sample is illuminated with the experimental arrangement shown in (d) with vertically polarized monochromatic light (λ = 1313/1319
nm) (green line) or with wavelength ranging from 1280 to 1345 nm (pink box) are shown. The black (triangular) area is a spectral area which is
not covered with experimental data.
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configuration and the polarization of the output beams are of
prime interest. In the case of the most commonly used
plasmonic beam splitters23,24,28,29 which split a monochromatic
plasmonic beam in two prongs based on the partial reflection
of a propagating plasmonic beam, the two output beams
propagate orthogonally to each other and, following the
plasmonic TM nature, are orthogonally polarized. In contrast,
the four outputs of the plasmonic beam splitters presented in
this work propagate in either (anti)parallel directions or in
small angles between them, with similar polarizations to each
other and retaining to a relatively high degree the polarization
of the incident light beam.
The principle on which the beam-splitting devices presented

in this work function is based on the well-known eigenmode
flattening at the edge of a bandgap32,34,35 and the ensuing zero
group velocity points.32,34,36−39 When an extended spectral
area that includes the flat-eigenmode area is excited, each of
the excited and propagating (at the + and − directions) beams
is forced to split into two prongs resulting in a 1 × 4 beam
splitting. The functionality parameters of the structures,
namely the sensitivity to misalignment, the output prong
angular separation, power ratio, propagation direction, polar-
ization, and bandwidth are here determined by the boundary
shape of the structures and can be further controlled by
manipulating their alignment with the illuminating beam.
Alongside with the beam-splitting functionality, we show

that the circular structures we designed can also serve as high-
resolution vectorial displacement sensors, capable of monitor-
ing simultaneously the magnitude and direction of the
displacement between the plasmonic metasurface structure
and the illuminating beam centers. This vector-displacement
information, along with the microscale size, and the overall
reduced complexity, are highly sought-after characteristics for
practical applications in the fields of mechanical engineering,
space and military missions, robotic arms, and photo-
therapy.40−43 Although our structures have a 40 μm × 40
μm footprint, same with that of the structure presented in ref
24, their size can be scaled down to 28 μm × 28 μm (∼441
holes) without changing their functionality.44 Another
advantage of the herein-presented plasmonic devices is that
while a part (∼8%)12,38 of the excited SPPs launch on the
surrounding smooth metal film, the majority of them couple
back into photons enhancing the transmission of the
illuminating beam through the nanostructured area;10,15 the
transmission of the illuminating beam through the nano-
structured area is ∼25%, while the area of the plasmonic
metasurface covered with holes is only 3%, and thus allows for
nondestructive sensing or sampling, and parallel processing of
the beam.
In addition, the output prong SPP beams demonstrate an

angular wavelength dispersion; i.e., the output prong resonance
wavelength can experience a red-shift or a blue-shift depending
on its propagation direction. If the output prong SPP beams
were to couple to waveguides, the resonance coupling
wavelength could be fine-tuned by judiciously selecting the
waveguide angular position around the plasmonic metasurface.
The inherent SPP angular wavelength dispersion, enhanced by
the interferences happening in the Fabry−Perot cavity formed
between the substrate facets, enable the plasmonic meta-
surfaces to operate as high-resolution differential wavemeters,
capable of detecting small differences in wavelengths by
comparing the output prong SPP power at appropriately
selected angular positions. The herein presented multifunc-

tional structure could become a vital element in adaptable,
integrated photonic circuits for key applications in on-chip
signal processing and sensing.

■ SAMPLES AND EXPERIMENTAL ARRANGEMENT
The plasmonic metasurfaces (PMs) used in the experiments
were fabricated by focused ion beam (FIB) milling in a
magnetron-sputtered 50 nm thick gold (Au) film attached on a
700 μm glass substrate. They consisted of 300 nm diameter
circular holes, periodically perforated in a 1400 nm period
square lattice, and they had either circular (40 μm diameter) or
square (40 μm width) boundaries. Scanning electron
microscopy (SEM) images of the samples are shown in Figure
1(a,b). The PM structures were surrounded by a 240 μm
internal diameter, 1.5 μm width circular slit, as shown in Figure
1c, which allowed the SPP signal launching from the PMs onto
the surrounding smooth metal film to be detected in the far-
field, after scattering into photons.
The PM transmission dispersion, shown in Figure 1e, was

investigated by measuring the zero-order far-field transmission
spectra of the structures for different angles of incidence θ,
under illumination with y-polarized light, as described in the
literature.12,45 For the PM size used in this work, the far-field
transmission dispersion is independent of the PM boundary
shape and is essentially governed by the lattice parameters.38 A
periodically perforated plasmonic metasurface with a square
lattice supports several SPP Bloch modes that are the
eigenmodes of the structure,46 and can be theoretically
approximated using a perturbative approach, valid in the
limit of infinitely small holes and away from the areas where
the eigenmodes tend to cross,45,47 according to which the
dispersion relation of the SPP Bloch modes can be written as
the folding of the dispersion relation of the flat interface SPP
(eq 1):

π= + ⃗ + ⃗k k
D

pu qu
2

( )x yBSPP SPP (1)

where kBSPP and kSPP = π
λ

ε ε
ε ε+

2 m d

m d

i
k
jjj

y
{
zzz are the wavevectors of

the SPP Bloch modes on the periodically perforated plasmonic
metasurface and the SPPs on a smooth surface, respectively, D
is the lattice period, ux and uy are the unit vectors of the
reciprocal lattice, p and q are integers related to the several
diffraction modes, λ is the illuminating light wavelength, and
εm, εd are the dielectric constant of metal and dielectric,
respectively. This first approximation ignores45 the effect of the
hole geometric properties, namely shape and size, at the
dispersion of the excited and propagating SPPs as well as their
coupling which is particularly strong at the centers of the
Brillouin zoneswhere the Bloch modes tend to cross. These
eigenmodes can be identified in the PM transmission
dispersion (Figure 1e) since they are responsible for the
transmission enhancement.45,48,49 The blue solid lines show
the analytically approximated eigenmodes for the air-Au
interface, denoted with the subscript “a”, as estimated using
eq 1. The corresponding experimental ones have been marked
with blue dotted lines. Although eq 1 is only a first-order
approximation, the analytically approximated eigenmodes are
in relatively good agreement with the experimental ones at the
areas away from the Brillouin zone center, where the
eigenmodes tend to cross, except a small (∼65 nm) spectral
shift toward the larger wavelengths. The experimental
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eigenmodes excited at the glass-Au interface are marked with
pink labels containing the subscript “g”.
At the points where the eigenmodes tend to cross, SPP

bandgaps, i.e., dark spectral areas at which the SPP wave
excitation is forbidden, are formed and the SPP eigenmodes
flatten to avoid crossing.35,50 Such a bandgap can be observed
at the Brillouin zone center, where the (0, +1)a and (0, −1)a
eigenmodes tend to cross and has been marked with a red
circle. The spectral area is shown enlarged at the inset
displaying the flattening of the experimental eigenmode curves.
The SPP bandgaps are caused by the constructive interference
of two counterpropagating SPP waves with the same
frequency, arising from scattering at consecutive Bragg
planes.35,45 This SPP modes coupling leads to a pronounced
bending of the SPP dispersion,35 giving the SPP eigenmode a
standing wave character.36,37 Since the SPP coupling is ignored
at the theoretical calculations using eq 1,45 the SPP bandgaps
and eigenmode bending is only observed in the experimental
eigenmodes and not at the approximated theoretical ones.
When the spectral area adjacent to SPP bandgap (marked with
a green line) is excited with a monochromatic, divergent or
convergent (i.e., consisted of a range of wavevectors) beam,

the group velocity vg = ω( )d
dk

of the wavevectors correspond-

ing to the flat eigenmode region (Brillouin zone center) tends
to zero, and thus the SPP waves cannot propagate in this
direction.
As a result, each of the SPP beams, consisting of the (0, +1)a

and the (0, −1)a eigenmodes and propagating at the +y and −y
directions, are forced to split into two prongs, corresponding to
the two eigenmodes. This effect has been mentioned before in
the bibliography as “SPP forking”,37,38 and it is the basis of the
beam splitting functionality of the plasmonic metasurface
presented in this work. Although the incurrence of the SPP
beam splitting is governed by the lattice parameters, the
structure functionality parameters, namely alignment sensitiv-
ity, and prong angular separation, power ratio tunability,
propagation direction, polarization, and bandwidth depend on
the PM boundary shape. This dependence has been

experimentally investigated in this work by characterizing
and comparing the functionality parameters of the two PM
structures shown in Figure 1a,b, which have the same lattice
parameters but different boundary shapes, viz., circular and
square.
The optical signal intensity distribution on the PM

structures and the surrounding scattering ring, corresponding
to the SPP signal intensity distribution, was captured using the
experimental arrangement shown in Figure 1d. The PM
structures were illuminated with a vertically polarized laser
beam through a single mode fiber coupled to a polarization
controller and a tunable infrared laser. The PM structures were
positioned 177 μm ± 13 μm from the fiber end; this fiber-
sample separation was selected to illuminate the PM but not
the surrounding scattering ring. The fiber numerical aperture
was 0.13, offering a 7° divergent illumination. The illuminating
light polarization was controlled by the polarization controller.
The transmitted light was collected by an antireflection coated
imaging lens (×10, NA:0.17) and detected by a high dynamic
range (1800:1), near-infrared, InGaAs, charged-coupled
(CCD) camera.

■ RESULTS AND DISCUSSION

Figure 2(a,b) shows the far-field SPP intensity distributions on
and around the circular and square PMs, when these were
illuminated off-center, viz., with a small horizontal displace-
ment between the beam and PM centers, with vertically
polarized monochromatic (λ = 1313 nm/1319 nm) light; the
excited spectral area is denoted with a green line in Figure 1e.
The central area is the image of the PM itself and it is saturated
due to the high (∼25% of the illuminating beam) direct
transmission through the nanostructured area.10,15 Because we
detect the propagation on the smooth film SPP waves through
far-field imaging, after being scattered onto the defect ring
(∼10% efficiency), the coupling efficiency between the
illuminating beam and the light detected on the camera at
the prong positions is ∼0.2%. As expected from the
transmission dispersion of the PMs (Figure 1e), the excited
eigenmodes are the (0, ±1)a eigenmodes, excited at the air-Au

Figure 2. Far-field images of the SPP intensity on and around the (a) circular and (b) square plasmonic metasurfaces when off-centered illuminated
with a monochromatic (λ = 1313 nm/1319 nm), vertically polarized laser beam out of a single mode fiber (N.A.: 0.13). The PM structures have
been marked with a gold outline.
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interface. The light observed around the angular positions α =
90° and α = 270° of the scattering ring corresponds to these
eigenmodes.
As it is easily observed in Figure 2a, the surface plasmon

polaritons do not propagate at the direction α = 90°, due to
the zero group velocity experienced in this direction, and thus
the beam propagating at the upper hemisphere splits into two
prongs, marked as “1” and “2”, which are detected at the
angular positions α = 86° and α = 94°. Because of a small tilt of
the normal PM with respect to the z-axis of the illuminating
beam, the same splitting is not observed in the lower
hemisphere.38 For an ideal alignment between the normal to
the PM and the beam z-axis, since the PM structure and the
illumination are symmetrical with respect to the x-axis, the
same splitting would be observed at the lower hemisphere, too,
at around α = 270°, rendering an 1 × 4 beam-splitting
functionality. The SPP prongs propagate individually and, after
refracting at the PM boundary, launch on the surrounding
smooth film. For a given wavelength value, the angle of
incidence and thus the angle of refraction depends on the
boundary curvature at the point that each of the prongs refracts
and launches on the surrounding smooth metal film. The
angular separation of the prongs can be controlled by designing
the PM boundary.
The plasmonic metasurface structures presented in this work

operate also as bandpass wavelength filters and routers. To
quantitatively investigate the wavelength dependent SPP signal
transmittance angular distribution, the illuminating wavelength
was varied in the wavelength range 1280 to 1345 nm with a

0.005 nm resolution, the corresponding spectral area is marked
with a pink box in Figure 1e, and the far-field SPP intensity
distribution was imaged on the infrared camera for each value
of the illuminating wavelength. Since the SPP excitation is
polarization dependent,10 the illuminating light polarization
was checked regularly, every 1 nm, and, if needed, it was
readjusted to stay linear-vertical during the wavelength
characterization of the samples. The captured images were
first transformed into polar coordinates and then the optical
intensity was integrated over an annular aperture that
encompasses the scattering ring, as shown in Figure 2b, and
over angular sections of 0.7°, corresponding to the camera
pixels. The SPP signal transmittance for an illuminating
wavelength λ was calculated as the ratio of the power at the
angular position α when the sample is illuminated with the
wavelength λ over the detected power in the absence of the
sample for the same illuminating wavelength. Figure 3a,d
shows the angular SPP transmittance in the upper hemisphere
of the scattering ring surrounding the two structures, circular
and square, as a function of the illuminating wavelength λ and
the angle α, as defined in Figure 2b. The SPP beam splits into
two prongs, marked “1” and “2”, and, as expected from the PM
transmission dispersion spectrum (Figure 1e), prong “1”

experiences positive angular wavelength dispersion >λ
α( )0d

d
,

i.e., the longer wavelength is detected in a bigger angle α, while
prong “2” experiences negative wavelength dispersion, angular

wavelength dispersion <λ
α( )0d

d
, i.e., the shorter wavelength is

detected in a smaller angle α. It is also clear that the prong

Figure 3. Normalized angular distribution of the SPP signal transmittance spectra at the upper half hemisphere around the circular and square
boundary plasmonic metasurfaces (a,d) as measured and after mathematically filtering out (b,e) only the f-s cavity, (c,f) both the f-s and the
substrate cavities. The inset at each figure shows the boundary shape of the plasmonic metasurface. The two SPP prongs are marked as “1” and “2”.
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angular separation is larger in the case of the circular structure,
compared to that of the square structure. The observed small,
6 nm, spectral shift of the square structure transmittance
spectrum toward longer wavelengths is due to a small tilt
between the beam z-axis and the normal to the PMs, and has
been taken into account when the two structures are compared
for a given wavelength value, viz., in Figure 2 and Figure 5.
In addition to the inherent eigenmode angular wavelength

dispersion, the effect of three Fabry−Perot cavities is
prominent. The first cavity (f-s cavity, effective length: 177
μm), formed between the sample and the illuminating fiber, is

related to the experimental arrangement and can be easily
eliminated with the use of an antireflection-coated patchcord.10

The second cavity (substrate cavity, effective length: 1050 nm)
is formed between the two facets of the glass substrate and, if
required, can be eliminated by using an antireflection coated or
wedged substrate. The third cavity (PM cavity, effective length:
26 μm) is produced by the reflections between the SPP
eigenmodes origin, i.e., the illumination spot center, and the
PM boundary. Since the reflection of the SPP beams is
stronger when the PM boundary is perpendicular to their
propagation direction, the effect of the PM cavity is more

Figure 4. SPP signal transmission spectra at several angular positions α corresponding to (a,b,g) prong “1” and (c,d,f) prong “2”, after eliminating
(a−d) both the f-s and substrate cavities, (f−g) only the f-s cavity. The PM boundary shape is shown at the inset of each figure. (e) Resonance
wavelength of the spectra shown in (a−d) as a function of the angular position α.
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prominent for the case of the square structure than the circular
one. To separate the effects of the Fabry−Perot cavities from
the eigenmode angular wavelength dispersion, the wavelength
dependent angular transmission spectra of the two structures
have been plotted after mathematically filtering out only the f-s
cavity (Figure 3b,e) and both the f-s and the substrate cavities
(Figure 3c,f). By taking vertical cross sections of Figure 3(c,f)
the transmission spectra, at several angular positions α around
the two structures corresponding to the two prongs, after
eliminating the f-s and substrate cavities, have been plotted in
Figure 4(a−d).
Because of the PM cavity, the SPP transmission spectra

around the square structure, at the wavelength range 1285 to

1345 nm, consists of two resonance wavelength peaks, marked
as peak 1 and peak 2, and the 3-dB bandwidth, i.e., the
wavelength range over which the detected SPP power is more
than 50% of the maximum detected SPP power, is almost
double (53 nm) compared to that one of the circular structure
(35 nm) whose transmission spectra consist of only one
resonance wavelength peak. The 3-dB bandwidth can be
adjusted by manipulating the PM cavity effective length, i.e.,
either by adjusting the PM size or the effective refractive index,
or by adjusting the y-direction fiber-PM centers displacement.
By defining the angular wavelength dispersion (AWD) for

the two prongs, as51

Figure 5. (a,b) SPP power angular profile at the upper hemisphere of the surrounding ring around the circular and square PMs when illuminated
with λ = 1313 nm/1319 nm (a) after eliminating both the f-s and substrate cavities (b) as detected, and after eliminating the f-s cavity. (c)
Schematic representation of the off-centered illumination of the plasmonic metasurfaces and the propagation of the four prongs (1, 2, 1′, 2′) on the
nanostructured area and the surrounding smooth film until they impinge on the scattering ring, when there is no tilt between the out-of-plane z-axis
beam and the normal to metasurface. The primed prongs (1′, 2′) have the same power as the corresponding nonprimed ones (1, 2) due to the
symmetry of the structure and illumination in respect to the horizontal axis. The illuminated beams are marked with red circles, the PMs with gold
outlines surrounding subwavelength holes assemblies, and the scattering rings with pink circles surrounding the PMs.
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where λ2 and λ1 are the wavelengths in which we detect the
maximum power at the angular positions α2 and α1
respectively, we can observe that the transmission spectra
corresponding to prong “1” (Figure 4a,b) and prong “2”
(Figure 4c,d) demonstrate a 1.4 nm/° red shift and a −1.4 to
2.9 nm/° blue shift correspondingly. Figure 4e depicts the
detected resonance wavelength as a function of the angular
position α around the square and circular structures. If the SPP
signal launching on the smooth film was to couple to
waveguides, the coupling resonance wavelength could be
fine-tuned by carefully selecting the angular position of the
waveguide.
The structure operating wavelength range can be tuned

across the whole spectrum range, from ultraviolet to infrared,
by adjusting the period of the holes.15 If the structures were
designed to work in the visible spectrum, they could also be
useful for structural color applications. Spectrally pure and
bright colors have been recently observed in transmission
through periodically perforated plasmonic metasurfaces.52 In
this case, the pixel size is restricted by the minimum number
(∼441) of holes required to observe the resonant trans-
mission.44 However, by selecting to observe the structural
color through scattering on a defect located on the smooth film
surrounding the PMs, the minimum pixel size limit is lifted
enabling further reduction of the pixel size. Furthermore,
exploiting the angular wavelength dispersion of the SPP beams
launching from the PM, the structural color tone can be fine-
tuned by purposely selecting the pixel angular position α
around the PM. The use of the circular structure can render an
even higher spectral purity, compared to the square structure,
due to its narrower 3-dB bandwidth.
The inherent SPP angular wavelength dispersion is further

enhanced by the substrate cavity reflections. The SPP
transmission spectra at the prong angular positions before
eliminating the substrate cavity have been plotted in Figure
4(f,g), by taking vertical cross sections of the Figure 3(b,e). To
avoid any inconsistent power fluctuations, due to local sample
impurities or faulty camera pixels, the power at a given angular
position α was calculated by averaging the power over two
adjacent 0.7° angular sections. The value of the AWD has been
boosted to ±0.03 nm/°, while the crosstalk, i.e., the unwanted
coupling between the signal paths, has been decreased. By
comparing the SPP power at two judiciously selected angular
positions, small differences in wavelength values can be
detected, making the PM structures suitable candidates for
differential, microscale, high resolution wavemeters. In
particular a 0.1 nm wavelength difference corresponds to a
12% power difference between two detectors (of 0.14° arc)
positioned at the angular positions α = 84.9° ± 0.35° and α =
88.4° ± 0.35° around the square structure (Figure 4f), while a
0.06 nm wavelength difference corresponds to a 6% power
difference between two detectors (of a 0.14° arc) positioned at
the angular positions α = 91.2° ± 0.35° and α = 91.3° ± 0.35°
circular structure. Through measuring small wavelength
differences, the PM structures can also be used to sense
small refractive index differences with potential applications in
manufacturing quality control and diagnostics medicine.
To quantitatively investigate the effect of the PM boundary

shape on the prong angular separation and power ratio, the
SPP power angular distributions at the upper hemisphere of

the scattering ring surrounding the circular and square
structures at the SPP forking spectral area (λ = 1313 nm/
1319 nm), after eliminating the f-s and substrate cavities, have
been plotted in Figure 5a, by taking horizontal cross sections of
Figure 3(c,f). The prong angular separation, defined as the arc
between the points that the output prong SPP beams impinge
the scattering ring, for the circular structure (7.7°) is almost
twice that for the square structure (4.2°). We have chosen to
express the prong separation in degrees, so that its magnitude
is independent of the radius of the scattering ring. The spatial
distance of the two prongs expressed in μm increases
proportionally with the distance from the illumination beam
center.
Because of the large refractive index difference between air-

nanostructured area interface and the air-Au smooth film
interface, the SPP prongs refract at a direction almost
perpendicular to the PM boundary, as schematically shown
in Figure 5c (in which the illuminating beams are marked with
red circles and the PM structures with gold outlines
surrounding subwavelength holes assemblies). In the case of
the square structure the output prong SPP beams propagate in
almost parallel directions with the same polarization and
maintaining the polarization of the illuminating light beam. In
the case of the circular structure, the polarization for both the
output prong SPP beams is linear with an azimuthal angle
difference equal to the angle β between the points of refraction
(7.7°). For a vertical (or horizontal) linear polarization, the
polarization of each of the output SPP prongs will have a small
azimuth angle difference to the incident beam polarization; the
sum of the azimuth angles differences between the polarization
of each of the output SPP prongs and the illuminating beam is
β = 7.7°.
The power ratio of the prongs depend on the losses that

they experience before detected and the number of scatterers
contributing to their excitation.11,38 For symmetrical struc-
tures, like the ones under investigation, if the center of the
illuminating beam coincided with the center of the crystal, the
two prongs will have the same intensity,38 demonstrating an 1
× 2/1 × 4 equal power (1:1/1:1:1:1) beam splitting
functionality. However, if a horizontal x-misalignment between
the PM center and the illuminating beam center is introduced,
this symmetry breaks as schematically shown in Figure 5c. In
the case of the circular structure, prongs “2” and “1” travel the
same distance at the higher loss air-Au smooth film interface,
while prong “2” travels a bit smaller distance at the lower loss
air-nanostructured area interface experiencing a slightly lower
loss, compared to prong “1”. However, this loss difference is
largely outweighed from the fact that the number of scatterers
contributing to prong “1” excitation is bigger than of those
contributing to prong “2” excitation. Thus, prong “1” power is
significantly higher (19.6%) than that of prong “2” allowing the
structure to provide a 5:4/5:4:5:4 prong power ratio. Although
the absolute detected power values of the prongs depend on
the scattering ring radius, due to the SPP propagating losses at
the air-gold interface, the prong power ratio is independent of
the scattering ring radius.
By manipulating the x-displacement between the PM and

the illuminating beam centers, the prong power ratio can be
adjusted. For an equal magnitude x-displacement of the
illuminating beam center in the opposite direction (+
direction) in respect to the PM center, prong “1” power
would be lower than prong “2” power by the same percentage.
The power difference between the circular structure prongs
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could be used to monitor the magnitude and direction of the x-
displacement between the PM and the illuminating beam
centers, enabling the circular structure to be used as a high
precision vectorial displacement sensor.
On the other hand, for the same PM-illuminating beam

centers misalignment, the power difference between the prongs
of the square structure is only 0.5%. Prong “1” experiences
slightly higher losses traveling a slightly longer distance on the
smooth air-Au interface before detection, while the number of
scatterers contributing to the excitation of the prongs is the
same. This allows the square structure to offer a robust 1 × 2/1
× 4 equal power (1:1/1:1:1:1) splitting11 which is practically
insensitive (less than 1% power difference) to misalignment.
Illuminating the square or the circular structures with a light
beam polarized either circularly or linearly at ±45°, instead of
vertically or horizontally polarized, would allow the simulta-
neous excitation of the (0, ±1)a and the (±1, 0)a eigenmodes10

and consequently render a 1 × 8, instead of 1 × 4, beam-
splitting, as well as enable the simultaneous x- and y-axes
vectorial displacement sensing, when the circular structure is
used.
To investigate the effect of the reflections happening in the f-

s and the substrate cavities on the SPP beam splitting, the
corresponding SPP power angular profiles at the upper
hemisphere of the scattering ring surrounding the square and
circular structures as detected (i.e., before eliminating the f-s
and substrate cavities) and after eliminating only the f-s cavity,
but not the substrate cavity, have been plotted in Figure 5b, by
taking horizontal cross sections of Figure 3(a,b,d,e). The
power difference between the circular structure prongs “1” and
“2” is reduced to 9.5% when neither of the cavities is
eliminated and to only 0.8% if only the f-s is eliminated. In the
case of the square structure, λ = 1319 nm, the SPP power
splitting has been canceled by the substrate cavity interfer-
ences; this is the reason the SPP power splitting is not visible at
the square structure far-field image (Figure 2b).

■ CONCLUSIONS AND OUTLOOK

In summary, we have experimentally demonstrated multifunc-
tional, planar structures based on periodically perforated
plasmonic metasurfaces operating at telecom wavelengths
and integrating several key functionalities, namely light-to-
surface plasmon coupling, 1 × 4 (or 1 × 8) controllable beam-
splitting, wavelength filtering and routing, high resolution
differential wavelength measurement, and vectorial displace-
ment sensingall in a single microscale structure. The beam
splitting functionality is based on the zero group velocity that
the eigenmodes experience as they flatten to avoid crossing at
the vicinity of the SPP bandgap spectral regions. In contrast to
the beam splitters based on the partial reflection of a plasmonic
beam23,24,28,29 where the output SPP prongs propagate
orthogonally with orthogonal polarizations, the output prongs
of our structures propagate in either (anti)parallel directions or
forming small angles between them, with similar polarizations
to each other and retaining to a relatively high degree the
polarization of the incident light beam. Furthermore, they
launch on the smooth metal film surrounding the plasmonic
metasurfaces without blocking the transmission of the input
light beam through the nanostructured area, thereby allowing
for nondestructive sampling or sensing and parallel processing
of the beam. Operating several beam splitters in parallel could
lead to higher generation rates in a quantum random number

generator28 or increase the processing power and speed of an
integrated photonic or quantum processor.
By characterizing plasmonic metasurface structures with the

same lattice parameters but different boundary shapes, viz.
circular and square, we have shown that the structure
functionality parameters, such as sensitivity to misalignment,
prong angular separation, power ratio controllability, polar-
ization and bandwidth, can all be adjusted by designing the
boundary shape of the plasmonic metasurfaces. We have found
that a square structure offers a robust, insensitive to
misalignment, equal power beam splitting, while in a circular
structure the prong power ratio can be controlled by adjusting
the displacement between the light illuminating beam and the
plasmonic metasurface nanostructure centers. The illuminating
beam-plasmonic nanostructure alignment can be manipulated
passively, by design, or actively, using for instance piezoelectric
systems, thereby reducing the need for custom-made
predetermined designs and enabling the realization of
microscale integrated circuits with adaptable functionality.
Moreover, the circular structure could operate as a differential
vectorial displacement sensor, capable of monitoring simulta-
neously the magnitude and the direction of the displacement
between the illuminating beam and the plasmonic metasurface
centers by comparing the output prong power values. While
the SPP signal power in our experiment is measured off-plane
after converting to photons, one could envision the integration
of the plasmonic metasurfaces with in-plane detectors,53

enabling a completely standalone device.
In addition to the above, both classes of structures operate as

bandpass filters; the square structure 3-dB bandwidth (53 nm)
is almost double than that of the circular structure (35 nm).
Each of the prongs experience an angular wavelength
dispersion, leading the resonance wavelength to red-shift or
blue-shift depending on the direction of the propagation. If the
output prong SPP beams were to couple in waveguides, the
coupling wavelength could be fine-tuned by carefully selecting
the width and the angular position of the waveguide. Although
the structures were designed to operate in the O-band telecom
wavelength range, the operating wavelength can be tuned
across the whole range, from ultraviolet to infrared by changing
the plasmonic metasurface lattice period.15 If the structures
were designed to operate in the visible spectrum, they could
also be useful for structural color applications.52 By choosing to
observe the structural color in the surrounding smooth metal
film through scattering on a defect, rather than in transmission
through the nanostructured area,52 a smaller pixel size can be
achieved. Moreover, exploiting the angular wavelength
dispersion of the prongs, the color tone can be fine-tuned by
judiciously selecting the angular position of the pixels. Using a
circular structure, a higher spectral purity could be achieved
due to its narrower bandwidth, as compared to a square
structure.
We note in closing that the reflections and interferences

happening in the substrate Fabry−Perot cavity highly enhance
the prong angular wavelength dispersion, while decreasing the
crosstalk. This allows the PM structures to operate as high-
resolution, planar, microscale, differential wavemeters. For
instance, a 0.1 nm wavelength difference corresponds to a 12%
power difference between two angular positions around the
square structure, while a 0.06 nm wavelength difference
corresponds to a 6% power difference between two angular
positions around the square structure. High-resolution micro-
scale wavemeters could also be used to measure small
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differences in refractive indices, with potential useful
applications in diagnostics medicine and manufacturing quality
control sectors.
The compact, easily controllable, and all-in-one nature of the

plasmonic metasurface structures presented in this work makes
them suitable for a variety of applications, ranging from tight
integration in on-chip devices to medical diagnostics, photo-
therapy, manufacturing quality control, space missions, and
optical or quantum computing and short-range communication
systems.
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