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We report the experimental realization of a multifunctional microscale plasmonic metasurface capable of sampling
a light beam and performing five functionalities, while allowing high direct transmission and maintenance of the

properties of the input light beam. The plasmonic metasurface integrates light-to-surface-plasmon coupling, two-
channel wavelength demultiplexing with a channel spacing smaller than 44 nm, wavelength and polarization
controllable beam splitting of a monochromatic, single polarization signal, and four-level polarization and
wavelength-polarization demultiplexing in an all-in-one structure. Such a device can play a key role for on-chip
adaptable integrated circuits for parallel signal processing, communications, and nondestructive sensing. © 2021

Optical Society of America

https://doi.org/10.1364/JOSAB.426434

1. INTRODUCTION

Plasmonics exploiting surface plasmons, the collective oscilla-
tions of free electrons on a metal-dielectric interface, can break
the diffraction limit and couple light into intense, engineered,
localized deep-subwavelength guided modes [1,2]. Combining
the size of nanoelectronics with the speed and high bandwidth
of dielectric photonics, they can enable devices that can nat-
urally interact with both technologies allowing for powerful,
ultracompact, on-chip photonic circuits for rapid data trans-
mission and signal processing [1]. The use of multiplexing
technologies, such as wavelength, polarization, or the combined
wavelength-polarization multiplexing to increase even further
the bandwidth of a communication link is already well estab-
lished [3—15]. In such multiplexing techniques, the information
is encoded at different conditions, viz., different operating
wavelengths, polarization states, or wavelength-polarization
conditions [3—17]. The information density of the link is multi-
plied by the number of the multiplexed conditions, each of the
conditions carries a different signal, and all of them simultane-
ously propagate over a waveguide [3—17]. At the receiver end of
such communication links, a demultiplexer separates those con-
ditions and routes the information encoded in them to uniquely
related directions. In this concept, ultracompact, microscale
demultiplexers capable of offering a small channel spacing com-
bined with a broadband functionality are well sought after. Over
the past years a range of plasmonic wavelength demultiplexers
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(WDs) have been proposed [9-12,15,16,18] and experimen-
tally developed [3,17,19]. However, to our knowledge, only a
few plasmonic WDs have been experimentally characterized
in the near-infrared communication regime, and those offer a
relatively large channel spacing, viz., larger than 100 nm [17].
At the same time, beam splitters and wavelength filters are ele-
ments universally used in photonic integrated circuits [20,21],
while components with an adaptable functionality, such as
the recently demonstrated all-in-one light alignment control-
lable beam splitter [20,21], can be useful for optical on-chip
reconfigurable circuits [22]. Furthermore, it has been recently
demonstrated [23] that inherently lossy controllable plasmonic
beam splitters [20,21] could be used in the decomposition and
implementation of general linear transformations in photonic
circuits platforms [23] as well as to realize a quantum random
number generator [24] or to conduct the plasmonic version of
the Hong—Ou—Mandel (HOM) experiment [25,26].

In this work, we experimentally demonstrate the capability
of a simple, microscale, planar, and easily fabricated plasmonic
structure—based on a periodically perforated gold (Au) plas-
monic metasurface (PM) attached on a glass substrate—rto
nondestructively sample a propagating light beam and perform
five functionalities in the signal sample; two of these processes
have already been demonstrated [8,14,27], and three of them are
herein demonstrated for the first time to our knowledge. We do
not focus on the already experimentally demonstrated [8,14,27]
(a) light-to-surface plasmon conversion and (b) polarization
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measurement and four-level polarization demultiplexing.
Those works [8,14,27] demonstrated demultiplexing for signals
linearly polarized with azimuthal angles & = 0°, 45°, 90°, 135°
and at @ wavelength within a 7 nm “colorless” wavelength range [8],
over which the maximum coupling efficiencies to the surface
plasmon polariton (SPP) eigenmodes excited at the air—Au
and glass—Au interfaces (achieved when the illuminating beam
polarization is aligned with the eigenmode orientation) were
virtually identical (less than 1% difference). Rather, we here
focus on the functionalities that the structure performs outside
the aforementioned “colorless” wavelength range [8], i.e., in the
wavelength ranges where the coupling efficiencies to the SPP
eigenmodes excited at the air—Au and glass—Au interfaces, for
input polarization aligned to the eigenmode orientation, are not
equal but depend on the wavelength of the input signal. Our
device can be used for two-channel wavelength demultiplexing,
i.e., separation of signals with the same polarization but different
wavelengths, offering, to our knowledge, the smallest channel
spacing (43.7 nm) experimentally demonstrated for a plasmonic
structure in the near-infrared communication regime. For
comparison, as mentioned above, the channel spacing offered by
conventional plasmonic components (experimentally demon-
strated at that regime) is usually larger than 100 nm. Second,
it can perform wavelength and polarization controllable beam
splitting of a monochromatic, single polarization signal, over
a wavelength range of at least 77 nm. The structure splits the
signal in two or four primary prongs, along with four or two
prongs of lesser (2.8-3.9 times less) power, respectively. The
number of primary prongs in which the signal sample splits,
along with their power ratio and orientation, can be controlled
by the wavelength and the polarization of the input light beam.
To our knowledge, this is the first time that a plasmonic beam
splitter has been experimentally demonstrated to divide a
monochromatic, single polarization signal to a prong number
dictated by the signal wavelength-polarization combination.
Third, the device is capable of demultiplexing four wavelength-
polarization conditions and routing them toward uniquely
connected bidirectional orientations, thereby enabling quadru-
ple the data density of an interconnect (when combined with a
wavelength-polarization multiplexing scheme). The favorable
combination of microscale footprint [28], relatively broadband
functionality [29], and relatively small channel spacing [30]
makes the structure suitable for both sensing and on-chip com-
munication applications. Moreover, the characteristic feature
of the metasurface [31-33] to enable high direct transmission
while (for the wavelength range considered here) maintaining
the properties of the input (directly transmitted) beam, allows
for in-line nondestructive sensing and parallel signal processing
[21].

2. SAMPLES AND EXPERIMENTAL
ARRANGEMENT

A scanning microscopy image (SEM) of the PM structure
used in this work is shown in Fig. 1(a). It was fabricated by
focused ion beam (FIB) milling in a magnetron-sputtered
deep-subwavelength 50 nm thick Au film attached ona 700 pm
glass substrate [6,8,14,27]. The substrate thickness can in
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principle become much thinner if, e.g., it is made of a different
material with a similar refractive index. It was circular, with a
40 um diameter, and consisted of deep-subwavelength 300 nm
diameter circular holes, periodically perforated in a 1530 nm
period square lattice [6,8,14,27]. Although the herein presented
structure had a 40 wm diameter, the size could be scaled down to
a30.6 pm diameter (~441 holes) without changing their func-
tionality [34]. The PM structure was surrounded by a 120 pm
internal diameter and 1.5 pwm width circular slit as shown in
the SEM image [Fig. 1(b)] and in the not-to-scale schematic
[Fig. 1(c)], which allowed the SPP signal launching from the
PM onto the surrounding smooth metal film to be detected
in the far field, after scattering into photons [6,8,14,27]. The
PM transmission dispersion, shown in Fig. 1(e), was inves-
tigated by measuring the zero-order far-field transmission
spectra of the structure for different angles of incidence y,
under illumination with x-polarized light, as described in
[6,35].

A periodically perforated plasmonic metasurface with a
square lattice supports several SPP Bloch modes that are the
eigenmodes of the structure [35], and it 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 and thus bandgaps are formed [35,36],
according to which the dispersion relation of the SPP Bloch
modes can be written as the folding of the dispersion relation of
the flatinterface SPP [Eq. (1)]:

2w N -
kBSPP=/€SPP+B (ptis +qity) (1)

2 EmE,
where /engp and kspp(: e Smm+g/ﬂ/

the SPP Bloch modes on the periodically perforated plasmonic
metasurface and the SPPs on a smooth surface, respectively;
D is the lattice period; #, and #, are the unit vectors of the
reciprocal lattice; p and ¢ are integers related to the several
diffraction modes; A is the illuminating light wavelength; and
&, €4 are the dielectric constants of the metal and dielectric
materials, respectively. This first approximation ignores the
effect of the hole geometric properties, namely, shape and size,
at the SPP dispersion as well as the SPP coupling, which is
particularly strong close to the bandgap areas, such as the one
located at the Brillouin zone center, where the Bloch modes tend
to cross [35]. The eigenmodes of the structure can be identified
in the PM transmission dispersion [Fig. 1(e)] since they are
responsible for the transmission enhancement [35]. The solid
lines show the analytically approximated, using Eq. (1), eigen-
modes for the air—Au interfaces (green lines, denoted with the
subscript “2”) and the glass—Au (pink lines, denoted with the
subscript “¢”) interfaces. 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 bandgaps. The PM has been designed
such that the (%1, 0), and (0, £1), SPP Bloch modes of the
air—Au interface are spectrally situated close to the (-1, £1),
modes of the glass—Au interface, at the vicinity of the Brillouin
zone center [6,8,14,27]. The (0, £1), eigenmodes replace
the (%1, 0), ones under vertically polarized illumination

) are the wave vectors of
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Fig. 1.

(a) SEM image of the PM structure, (b) SEM image, and (c) schematic (not in scale) of the PM structure and the surrounding scattering

ring. (d) Experimental arrangement for investigating the in-plane SPP signal transmission around the PM structure. (¢) Measured PM transmission
dispersion (2D map) and the estimated eigenmode positions using Eq. (1) (solid lines) for horizontally polarized illumination. The estimated air-Au
eigenmodes are shown in green and denoted by “z,” while the glass—Au ones are shown in pink and have been marked with the subscript “g.” The red
box indicates the spectral area excited when the PM is illuminated with horizontally polarized light at the wavelength range 1502-1577 nm. The cor-
responding spectral areas for A = 1511.3 nm and A = 1555 nm are denoted with blue dashed lines. The black areas are spectral areas that are not cov-

ered with experimental data.

[6,8,14,27]. The wavelength and polarization-dependent
in-plane SPP signal transmission angular distribution around
the PM structure was experimentally investigated using the
experimental arrangement shown in Fig. 1(d). The PM struc-
ture was illuminated with a polarized laser beam through an
antireflection-coated single-mode patch cord, coupled to a
polarization controller and a tunable infrared laser, operating at
the S and C telecom bands (1502-1577 nm). The patch cord
numerical aperture was 0.13, and thus the PM structure was
illuminated in the range of 0°~7° angles of incidence [8]. An
attenuator was used between the laser and the polarization con-
troller to allow the laser to work at an optimum output power
but protect the sensitive infrared camera from damage due to
overexposure.

3. RESULTS AND DISCUSSION

Figure 2 shows the far-field SPP intensity distributions on the
PM and surrounding scattering ring, when the structure is
illuminated with a 7° divergent laser beam linearly polarized at
azimuthal angles § = 0°, 90°, 45°, and 135°, at the wavelengths
A1 =1511.3nm and A, = 1555 nm, using the experimental
arrangement shown in Fig. 1(d). The corresponding excited
spectral areas, for = 0°, have been marked with blue dashed
lines at Fig. 1(e). The central area is the image of the PM itself,
and it is saturated due to the high (~ 25%) direct, undisturbed
(the beam preserves all its properties, besides power) trans-
mission through the nanostructured area [8,14,21,32,33].
The divergent nature of the illumination beam allows for the
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Fig.2. Far-field images of the scattered light intensity (corresponding to SPP intensity) on and around the PMs surrounded by the scattering ring,
when these are illuminated with a monochromatic (A = 1511.3 nm or A = 1555 nm) linearly polarized illumination with azimuthal angles 6 = 0°,
90°, 45°, or 135° laser beam, out of a single-mode fiber (NA: 0.13). The beam-splitting functionality and the primary output prongs ({U, D, R, L,
Cl1, C2, C3, C4}) are shown for each wavelength-polarization combination. The air—Au and glass—Au eigenmodes are denoted by the subscripts “2”
and “g,” respectively. The angle o and the annular aperture (white dashed circles) encompassing the scattering ring, to which we refer in the text, are

also shown.

simultaneous excitation of the eigenmodes at the two inter-
faces (air—Au and glass—Au), while the scattering ring cutting
through the Au film enables their concurrent detection. The
light intensity SPP waves observed at the output ports (spa-
tally separated angles o) R (—2.3°), C1 (43.3°), U (88.3°),
and C2 (133.9°) correspond to the SPP eigenmodes (£1, 0),,,
(=1, =1y, (0,%1),, and (=1, +1),, where “2” and “g”
denote the SPP eigenmodes excited at the air-Au and glass—Au

interfaces, respectively; light intensity corresponding to the
same SPP eigenmodes is observed in the counterpart hemi-
sphere (L, C3, D, C4). For the wavelengths considered here, the
SPP fields do not penetrate the metal film to a sufficient depth
to lead to (significant) coupling between the SPPs propagating
at the two interfaces; the penetration depth §,, is ~ 24 nm as

calculated by the expression §,, = % | Ei”jrzsdl [37], where kj is
&

m
the free-space wavenumber, €/, is the real part of the dielectric
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constant of the metal (Au), and &, is the dielectric constant of
the dielectric material (air or glass). The observed SPP waves are
launched by the PM on the surrounding smooth Au film and
observed into the far field after being converted into photons by
the scattering ring. The SPP power detected at the output ports
around the PM depends on the wavelength and the polarization
of the illuminating laser beam [8]. The polarization dependence
is dictated by the inherent SPP transverse magnetic nature
[8,14,35]. The wavelength dependence is a combination of
the wavelength-dependent coupling efficiency to the several
excited eigenmodes and the propagation of the eigenmodes on
interfaces (air—Au and glass—Au) with unequal refractive indices
experiencing unequal losses [8].

The functionality of the PM structure was investigated at
the wavelength range 1502-1577 nm, for linear polarizations
with azimuthal angles 6 = 0°, 45°, 90°, and 135°, under the 7°
divergent illumination. The corresponding excited spectral area
for the case of the horizontal illumination (6 = 0°) is marked
with a red box in Fig. 1(e). For each polarization state, the wave-
length range was scanned with a 0.1 nm resolution, and the
far-field light intensity distribution corresponding to the SPP
intensity distribution on the PM and the surrounding scattering
ring was imaged on the infrared camera for each value of the
illuminating wavelength. The illuminating light polarization
was checked regularly, every 1 nm, with a polarimeter, which
was mounted on a translation stage, such as to go in and out the
experimental arrangement as shown in Fig. 1(d), and, if needed,
the polarization of the illuminating beam was readjusted to
stay at the desired polarization state using the polarization con-
troller. Since the properties of the illuminating beam do not
alter transmission through the PM structure (at the wavelengths
under consideration), the polarization was measured after the
PM structure per convenience. The captured images were first
transformed into polar coordinates, and then the light intensity
was integrated over an annular aperture that encompasses the
scattering ring as shown in Fig. 2 and over angular sections of
0.7°, corresponding to the camera pixels. The SPP signal trans-
mission for an illuminating wavelength value A, at the angular
in-plane position & of the scattering ring, was calculated as the
ratio of the scattered light power from that angular position [as
detected on the charge-coupled (CCD) camera] over the power
(detected on the CCD camera) in the absence of the sample, for
the same wavelength and polarization.

Figures 3(a)—3(d) show the SPP transmission as a function
of the illuminating wavelength A and the angular position & (as
defined in Fig. 2) for the cases of linearly polarized illumination
with azimuthal angles 6 = 0°, 45°, 90°, 135° (after mathemati-
cally filtering out the substrate and the fiber-sample Fabry—Perot
cavity ripples [21]). When the PM structure is illuminated with
a monochromatic, single polarization input beam, the in-plane
signal splits into two or four primary prongs, along with four
or two additional prongs of lesser (2.8-3.9 times less) power,
respectively. The number of primary prongs, their relative
power, and their orientation are controlled by the wavelength
and the polarization of the signal, rendering a wavelength-
polarization controllable beam splitting functionality. Figures 2
and 3(a)-3(d) show the primary prongs for each wavelength—
polarization combination. The coupling efficiency to the
horizontally or vertically [(£1, 0), or (0, £1),] and diagonally
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(=1, %1), propagating eigenmodes is maximized around
A1=1511.3nm and X, = 1555 nm, respectively. The input
polarization is analyzed in the orientations of the “maximized”
eigenmodes, i.e., the eigenmodes with the highest coupling
efficiency in the illumination wavelength, resulting in either
a1 x2 or 1 x4 beam splitting. For horizontal and vertical
polarization and free-space wavelength around A, = 1555 nm,
the in-plane signal sample splits into four primary prongs routed
toward C1, C2, C3, and C4. On the contrary, it splits into two
primary prongs routed toward R, L (for horizontal polarization)
or toward U, D (for vertical polarization), if the illuminating
free-space wavelength is around A1 = 1511.3 nm. Similarly, for
linear polarization with azimuthal angle 0 = +45° or +135°,
the in-plane signal splits into four primary prongs, routed
toward U, D, R, L if the illuminating wavelength is around
1511.3, and into two primary prongs, routed toward C1, C3
for 6 = 445° or C2, C4 for 6 = 135°, if the illuminating wave-
length is around 1555 nm. The beam splitter operates for a
wavelength range of at least 75 nm (1502-1577 nm), providing
a 3 dB bandwidth of at least 37 nm (W] = 1502—1539 nm)
around 1511.3 nm and at least 50 nm (W5 = 1527—1577 nm)
around 1555 nm. The examined wavelength range was limited
by the wavelength range over which the tunable laser can be
tuned. For an ideal alignment (and the considered polarization
states), the power at the primary prongs is identical (for each
of the wavelength-polarization combinations). Any power
differences observed at Figs. 2 and 3 among the prongs of the
beam splitter (for a given wavelength-polarization combination)
are due to a small misalignment between the PM and the illumi-
nation beam centers and a small tilt between the out-of-plane
illumination beam z axis and the normal to the PM.
Furthermore, the capability of the PM to route signals of two
different wavelength ranges in different orientations allows the
structure to function as a wavelength demultiplexer in a plas-
monic or photonic communication link, enabling the doubling
of its information capacity. By taking vertical cross sections
from Fig. 3(a), the transmission spectra of the output ports R
and C2, when the illumination polarization is horizontal, have
been plotted in Fig. 3(f). The signals of two wavelength mul-
tiplexed channels with central wavelengths A; =1511.3 nm
and A; = 1555 nm are demultiplexed and routed toward R
and C2, respectively, where they are detected with a —4.5 dB-
—5.9dB crosstalk. The power detected at the output ports
is stable (varies less than 1%) over a 19 nm wavelength span
around the two central wavelengths, viz., 1505-1524 nm and
1545-1564 nm. The relatively high crosstalk could be reduced
by either eliminating the “unwanted” signal, or by enhancing
the coupling to the “desired” mode. One way to practically
reduce the detection of the “unwanted” signal while maintain-
ing the high direct transmission of the illuminating beam is to
embed a threshold mechanism at the in-plane output ports [4].
Alternatively, the coupling to the “desired” in-plane mode can
be enhanced by employing critical coupling [38—40]. To achieve
this, a multilayer dielectric Bragg mirror could be placed at the
rear surface of the glass substrate [40], and the dissipation losses
of the sample and the input signal would need to be engineered
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Fig.3. (a)—(d) Normalized angular distribution of the SPP signal transmission spectra at the scattering ring surrounding the PM for linearly polar-
ized illumination at azimuth angles 6 (a) 0° (horizontal), (b) 45°, (c) 90° (vertical), and (d) 135°, after mathematically filtering out the fine ripples
due to the fiber sample and substrate cavities. The angular positions of the primary prongs have been marked at the graphs. (¢) The uniquely demul-
tiplexed logic states 1 as a function of the angular in-plane angular position ¢, the azimuthal angle 6, and the illuminating wavelength A. (f) The nor-
malized SPP transmission spectra at the output ports R and C2, for a horizontal illumination. The illuminating electric field projection on the PM

plane is denoted in each graph with a red arrow.

such that the absorption rate of the “desired” mode (at the wave-
length of interest) in the sample to become equal to the leakage
(reflection) rate of that mode out of (from) the sample [38-40].
Implementing critical coupling would also lead to maximizing
the coupling efficiency to the in-plane signal while at the same
time eliminating the direct transmission of the illuminating
beam [38—40].

In addition, similarly to Ref. [4], the PM structure can be
used to demultiplex four wavelength-polarization conditions,
enabling, when combined with a wavelength-polarization
multiplexing scheme, the quadruple of a communication link
throughput. By setting the transmission above 0.62 a.u at the
four angular positions R, C1, U, C2 and their counterparts, L,

C3, D, C4, as thelogic state “1” or “ON” state and the transmis-
sion below that value as the logic state “0” or “OFE” then the
output of the four channel pairs can be switched between the
ON and OFF states according to the incident wavelength and
polarization. Table 1 illustrates the response results of the chan-
nel pairs at four different wavelength-polarization conditions,
and Fig. 3(e) graphically presents the four conditions that switch
ON the four channel pairs. It is evident that the ON state of the
four channel pairs is uniquely connected with one and only con-
dition, demonstrating in this way the wavelength-polarization

demultiplexing and routing functionality of the structure.
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Table 1. Channel Response to the Four Wavelength-Polarization Multiplexed Conditions

Input Output

Channel Pair

Condition Polarization 0 (°) Wavelength Range A (nm) R-L C1-C3 U-D C2-C4
1 0 1503.5-1523.1 1 0 0 0
11 45 1538.6-1569.4 0 1 0 0
III 90 1503.5-1523.1 0 0 1 0
v 135 1538.6-1569.4 0 0 0 1

4. CONCLUSION AND OUTLOOK

In conclusion, we have experimentally demonstrated that a
simple, easily fabricated, microscale PM structure can sample
a light beam, without altering its properties, and perform five
functionalities on the signal sample. The structure, on top of the
already demonstrated [8,14,27] light-to-surface-plasmon cou-
pling, and polarization measurement and four-level polarization
demultiplexing of signals with the same wavelength, within a
7 nm “colorless” wavelength span [8], it is herein demonstrated
to perform the three functionalities outlined below. The device
can operate as a broadband wavelength-polarization control-
lable beam splitter of a monochromatic, single polarization signal.
The number, orientation, and relative power of the prongs that
the signal will be divided into is controlled by the wavelength
and polarization of the signal. Second, it enables two-channel
wavelength demultiplexing, providing a small channel spac-
ing (43.7 nm) and power stability (less than 1% variation)
at the output ports over a 19 nm span around their central
wavelengths. Third, the structure can function as a four-level
wavelength-polarization demultiplexer, enabling the qua-
druplication of information density of a communication link
(when combined with a wavelength-polarization multiplexing
scheme).

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 [41] or in-plane output dielectric waveguides [42,43]
(coupling the signal from both air—Au and glass—Au interfaces),
enabling a completely standalone device. Moreover, the device
could be used as part of an all-planar circuit [3] at which the
input signal would also be transmitted by a planar dielectric
waveguide [42,43] instead of impinging from free space. In
this scenario, the coupling to the PM is expected to improve
compared the in-coupling from free space. For the structure to
retain the same functionalities, the input illumination needs to
be designed to cover the same spectral area and couple in both
air—Au and glass—Au interfaces of the structure. Furthermore,
mechanisms such as threshold or critical coupling to the indi-
vidual modes [40] could be employed to optimize the structure
performance, including reducing the crosstalk of wavelength
demultiplexing. Achieving (close to) critical coupling would
also eliminate the out-of-plane signal and maximize the in-plane
coupling efficiency [38-40]. Even though the structure was
designed to operate in the S and C telecom wavelength bands,
the operating wavelength can be tuned across the whole range,
from ultraviolet to infrared by changing the PM lattice period
[32]. The fabrication ease and the versatile, all-in-one nature of

the device, combined with its capability to offer undisturbed
in-line sampling of the input signal, could make it an essential
element of adaptable integrated photonic circuits used in a
variety of applications including enhanced bandwidth on-chip
communications, parallel computing, and nondestructive
sensing.
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