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ABSTRACT

Diffractive plasmonic metasurfaces offer the possibility of controlling the flow of light in flat optical systems through the excitation of lattice
plasmon modes by a careful metasurface design. Nonetheless, a remaining challenge for this type of structure is the dynamic control of its
optical properties via degrees of freedom, such as the polarization states of incoming light. In this report, we explain theoretically and
demonstrate experimentally the polarization control over amplitude and propagation direction of lattice plasmon modes supported by a
multipolar plasmonic metasurface. These unidirectional optical waves result from the coupling between near-field effects of individual meta-
atoms and far-field effects originating from the lattice modes. The device operates over a broad wavelength range, maintaining its directional
behavior and enabling it to operate also as a polarization-controlled directional diffraction grating, a power splitter, or an optical router for

on-chip photonics applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195583

The ability to manipulate light’s behavior in two-dimensional
systems through polarization control is key for the development of
next-generation multifunctional planar photonic systems, wherein
metasurfaces play a crucial role. Notably, recent advances in
metasurface-based optical devices have revealed approaches to gen-
erate broadband and highly efficient optical beams.' Concurrently,
investigations have explored frameworks for asymmetric
polarization-locked devices” as well as efforts to investigate compact
and efficient chiral mode converters.’ Similarly, metasurface-based
sensing and imaging technologies have made significant advances,
with studies focusing on improving imaging polarimetry resolution

through different metalens configurations,” and advancements in
terahertz chiral metasurface absorbers with improved circular
dichroism holding promise for sensing applications.” Furthermore,
metallic structures supporting surface plasmons (SPs) offer impor-
tant advantages due to their intrinsic two-dimensional nature, capac-
ity for subwavelength field confinement, and enhanced light-matter
interactions.”” In particular, two-dimensional arrays of plasmonic
nanostructures (typically referred to as plasmonic metasurfaces)
have been exploited in earlier works, for their narrow resonances
near Rayleigh anomaly, which is a result of diffraction coupling of
localized plasmons.® "’
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Plasmonic metasurfaces enable engineering the optical properties
of light.""'® Particularly, much effort has been devoted to exploring
mechanisms for controlling light’s propagation in metallic and
dielectric films and complex metasurfaces, unveiling the rich physics
governing the flow of optical fields in such systems.'” > Similarly, a
spin-direction locking in SPs has been shown to enable spin-selective
directional propagation of SP waves in flat metallic surfaces.”' **
Various plasmonic systems have been demonstrated for controlling
the propagation of light using degrees of freedom, such as the field’s
amplitude, phase, and other optical properties.”” >’ Coupling of near-
field and far-field effects helps us to enhance the overall optical
response. For instance, the distance between individual meta-atoms
when comparable to the wavelength of incident light can make a meta-
surface support delocalized collective excitations bound to the meta-
surface. Such modes, termed lattice plasmon modes (LPMs),”***
propagate on the plane of the metasurface with relatively low losses,
enabled by phase-matched radiative coupling of the localized plasmon
modes supported by the individual nanoparticles or meta-atoms.

Despite the significant research on lattice plasmon modes
(LPMs) and their applications,”* *’ a major challenge remains, the lim-
itations of current methods for controlling LPM directionality using
light polarization over a broad wavelength range. While diffractive
plasmonic metasurfaces, like those reported in Ref. 38, have shown
promise in achieving asymmetric transmission for opposing circular
polarization states, recent advancements in the metasurface design
offer even greater potential to finer control over light propagation and
directionality. Notably, holographic metasurfaces, for instance, utilize
designed patterns to tailor the wavefront of emitted light, achieving
high efficiency.”' On the other hand, nano-antenna metasurfaces boast
near-perfect light-harvesting efficiencies.”” Nonetheless, their intricate
metasurface configuration can introduce complexities in design and
fabrication. In this work, we now theoretically and experimentally
demonstrate a metasurface design that acts as a tunable, polarization-
controlled directional diffraction grating, enabling on-demand control
of LPM directionality over a broad wavelength range. Such large
broadband tuning eliminates the need for complex wavelength-specific
designs and enables a wide range of applications across the electromag-
netic spectrum.

The plasmonic metasurface under investigation is illustrated in
Fig. 1(a). It consists of a square array of U-shaped gold split-ring reso-
nators (SRRs) with a lattice spacing of a =600 nm. The SRR array is
fabricated on a glass substrate with a refractive index n = 1.5. Index-
matching oil is used to obtain a symmetric cladding environment
around the array. The illumination field is a plane wave propagating in
the (x, z) plane, with its wavevector aligned at an angle 0 with respect
to the normal of the metasurface. We study first the case for s and p
polarized illumination, defined by the polarization unit vectors § = ¥
and p = cos 0x — sin 0z. Later, we will build on this analysis to study
the response of elliptical and circular polarization states.

The isolated SRR nanoparticle can support various multipolar
localized plasmon resonances when illuminated with linearly polarized
light. Two of those resonances are characterized by electric dipole
(ED) and electric quadrupole (EQ) charge distributions.” We are
mainly interested in these two modes as they are excited at a wave-
length close to Rayleigh anomaly wavelength (900 nm) as a key condi-
tion to enable polarization selective propagation of our LPMs. Figure
1(b) shows a schematic representation of the charge distribution of
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FIG. 1. (a) Schematic illustration of the metasurface under investigation and the
optical excitation arrangement. Inset: dimensions of the SRR meta-atoms.
(b) Schematic illustration of the charge distribution for the ED and EQ localized
plasmons supported by the SRR (left panel); real E, field component for the respec-
tive localized plasmons modes of the isolated SRR (center panel); and real E, field
component for the respective LPMs (right panel).

two such resonances (left panel) along with the distribution of their y
electric field component (center panel), obtained numerically using the
finite-difference time-domain (FDTD) method for normal incidence illu-
mination. The ED resonance is excited with normally incident s-polari-
zation, and its spectrum is centered at a wavelength of 960 nm, while
the EQ resonance is excited with normally incident p-polarization and
exhibits a central wavelength of 900 nm, overlapping partially with the
spectrum of the ED resonance.

The SRR array supports diffraction orders in the planes of periodic-
ity when the optical wavelength is on the order of the lattice spacing. We
consider only diffraction orders lying in the (x, z) plane, whose diffrac-
tion angles 0,,, are given by the well-known grating equation as follows:

sin 0,, = sin 0 + mG/k, (1)

where the index m = 0, *1, =2, ... identifies the diffraction order,
G =2m/a is the reciprocal lattice constant, and k = 2nm/2 is the
wavenumber of light in the medium with 4 being the optical wave-
length in vacuum. The zeroth diffraction order (m = 0) corresponds to
the non-diffracted transmission.

The condition at which the diffraction order’s direction coincides
with the plane of the array (0,, = +90°) is referred to as the Rayleigh
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anomaly (RA) condition. For the mth non-zero diffraction order, this
anomaly occurs at the wavelength given as follows:*’

IRa = an [1 — sgn(m) sin 0], )
m|

where sgn(-) is the signum function. For values of ira close to the
nanoparticle’s localized plasmons resonance, the array supports LPMs
resulting from the diffractive coupling between nanoparticles.”* The
metasurface was designed to support two LPMs at a particular optical
frequency, one for each of the SRR localized plasmon resonances. The
LPM associated with ED resonance is excited by s-polarized light, while
the one associated with the EQ resonance is excited by p-polarized light.

The propagation direction of both modes is restricted to the *x
directions. This implies that the field components, E; and Hy, respon-
sible for carrying the energy through the lattice are those with ¢ = y, z.
However, a Poynting vector analysis reveals that the contribution of E,
and H,is negligible (not shown here). Thus, in what follows, we sim-
plify our discussion by making reference to the LPM’s electric field as a
scalar, considering only its main electric field component E, and drop-
ping the subscript y in our notation.

The right panel of Fig. 1(b) shows the real part of the main elec-
tric field component of the ED and EQ LPMs, Egp and Egq, obtained
from FDTD simulations using a normally incident illumination at
A = 968 nm. Both fields are standing waves generated by LPMs propa-
gating in opposite directions, as expected for 0 =0 [see Eq. (2)].
Observe that Egp and Egq have very similar spatial distributions, but
they are shifted by a quarter of an optical cycle. This key feature is the
result of LPMs maintaining the field symmetry of their respective
localized plasmon modes.”® Our metasurface design exploits this field
symmetry to generate a set of modes with a unidirectional propagation
through constructive and destructive interference induced by carefully
selecting the polarization state of the incident light.

Consider an incident optical field with an elliptical polarization
state given by

é = §cos @+ ip sin @, (3)

where ¢ can take values between —7 and 7. The polarization vector
describes § (p) polarization for ¢ =0 (¢ = *n) and right-handed
(left-handed) elliptical polarization for ¢ > 0 (¢ < 0). The special
cases of right-handed circular polarization (RCP) and left-handed cir-
cular polarization (LCP) correspond to ¢ = /2 and ¢ = —7/2,
respectively. Such an optical field excites a linear superposition of ED
and EQ LPMs given by E; = cos @Egp + isin @Egq. This is because
the ED (EQ) LPMs are excited solely by s (p) polarization.” As a result,
the phase angle ¢ allows us to modulate the relative contributions of
ED and EQ modes. Assuming for simplicity that Eg, is identical to Egp
but dephased by a quarter of an optical cycle, and expressing these fields
as plane wave expansions, we can write the electric field distribution of
E; in the (x, y) plane as (see the supplementary material)

Eé(x7y) :E+(xa)’)+E7(x7}’)» (4)
where
Ep(x,7) = A (@) > cm(yske)e™ e, (5)
m>0
E_(x,9) =A (@) cm(y;ke)e™ e, (6)
m<0

pubs.aip.org/aip/apl

Here, m has the same meaning as in Eq. (1), ¢,, are Fourier coefficients
of the plane wave expansion of Egp, k, is the LPM wavenumber, and
A+ = cos p=Esin ¢. The E-+ functions represent the main electric field
component of two LPMs formed through the interference of the ED
and EQ LPMs. Since their fields are associated with diffraction orders
m with opposite signs, these modes propagate in opposite directions.
Thus, Eq. (4) states that LPMs excited by e-polarized light consists of
two counter-propagating modes with polarization-dependent ampli-
tudes given by A-.

As expected, for §- and p-polarized illumination, the field given
by Eq. (4) describes waves propagating in both *x directions with
equal amplitudes (JA; | = |A_| = 1). However, for RCP and LCP, one
of the two counter-propagating fields vanishes resulting in LPMs with
unidirectional propagation (A_ = 0 for RCP and A, = 0 for LCP).
This behavior is confirmed by the FDTD calculations reported in Figs.
2(a) and 2(b), which show the transmittance spectrum of the metasur-
face for various polarization states as a function of the incidence angle
(see the supplementary material for further details of the simulation).
The results show that LPMs excited by §- and p-polarized light are
associated with both m = =1 RAs (superimposed dashed lines) and
hence define modes with plane wave components propagating in both
*x directions for a given value of k,. On the other hand, LPMs excited
with RCP and LCP are associated with only one RA, defining modes
with unidirectional propagation. In particular, LPMs excited with RCP
(LCP) propagate in the direction of the E. (E_) field. The propagation
direction of these LPMs is determined from the sign of their group
velocities, v, = Jw/0k,. The group velocity v, is calculated from the
data in Fig. 2(b) using k, = ksin 0 and @ = 2nc/A. The results, plot-
ted in Fig. 2(c) and normalized to the speed of light in a vacuum (c),
indicate that LPMs excited with RCP (and hence E. ) propagate in the
+x direction, while LPMs excited with LCP (and hence E_) propagate
in the —x direction.

Since the amplitudes of the fields E; and E_ are set by the
parameter ¢, the power of an incident e-polarized optical field is split
into counter-propagating LPMs with power splitting ratios (PSR) con-
trolled by the ellipticity of the polarization state. In particular, for non-
overlapping counter-propagating LPMs excited at normal incidence,
the PSR is given by |E-|*/(|E.|* + |E_|*) and is given by (see the
supplementary material),

1 (21
PSR. == (KT) sin 20, @)

where K is a constant that quantifies the efficiency of power splitting
and represents the fraction of the coupled power propagating in the
“correct” direction. Note that the simple model that we have described
here assumes the perfect interference of LPMs. Based on such a model,
K = 1. However, we have added this constant following a phenomeno-
logical approach to describe the experimental results reported above.
The metasurface is fabricated on ~100 um-thick N-BK7 glass
substrate with each SRR array having a dimension of roughly
400 x 400 um. The metasurface was fabricated using electron beam
(e-beam) lithography of a bilayer PMMA resist followed by a standard
metal liftoff technique according to the design specifications men-
tioned earlier. A fused silica substrate was used and the SRR pattern
was defined on the substrate using e-beam lithography through a com-
mercial conductive polymer. The gold was deposited on the glass sub-
strate using thermal evaporation with a thickness of 42.3nm and a
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FIG. 2. (a) Transmittance spectra of the metasurface calculated for s and p polarized light as a function of the incidence angle 0. The Rayleigh anomaly (RA) conditions are
shown as white dashed lines. (b) Same as (a) but for RCP and LCP illumination, respectively. (c) Group velocity of LPMs excited with RCP and LCP light normalized to the

speed of light in vacuum. All the results are obtained from FDTD simulations.

deposition rate of 0.05 nm/s. The final silica cladding layer was depos-
ited via sputtering. To make the necessary corrections for corner
rounding, a mask was designed by incorporating a shape correction
proximity error correction.”* A scanning electron micrograph of the
fabricated sample is shown in the inset of Fig. 3(a).

The sample is characterized using the experimental arrangement
schematically shown in Fig. 3(a). The light source is a tunable Ti:sap-
phire pulsed laser (100 fs pulse width, 80 MHz repetition rate). The
laser light is linearly polarized and a half-waveplate (HWP) followed
by a quarter-waveplate (QWP) is used to control its polarization state
on the plane of the sample. The beam is focused onto the sample using
a low numerical aperture (NA =0.2125) lens with a focal length of
60 mm. The focused beam at the sample has a Gaussian profile with a
full-width-at-half-maximum size of approximately 30 um. The trans-
mitted light is then collected by a 100x oil-immersion microscope
objective with NA = 1.3 and directed toward the optical detection sys-
tem. The experimental data reported were obtained by repeating each
set of experimental measurements five times. The value reported repre-
sents the mean value, and the error bars show the minimum and maxi-
mum values obtained.

For measurements of the transmittance spectrum, the optical
detection system consists of a lens followed by a calibrated silicon pho-
todetector. The HWP is used to align the laser polarization to the y
axis of the sample, and the QWP is adjusted to generate a circularly
polarized state. Figure 3(b) shows the measured transmittance (sym-
bols) and the respective FDTD calculation (solid line) for RCP illumi-
nation at normal incidence. A similar result is obtained for LCP
illumination (data not shown). A good agreement is observed between

a —— HWP
Sample QWP
‘ T Lens
Positioning
ST e
QOil-immersion
~ objective
| |ccorrp
\Lens
b 1
0.8 4
[}
Q
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=
€
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0 : : ! - :
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FIG. 3. (a) Schematic diagram of the experimental setup. Linearly polarized light
from a tunable laser is used to perform measurements in the 690-1040 nm spectral
range. HWP: Half-waveplate; QWP: Quarter waveplate; CCD/PD: CCD camera or
photodetector. Inset: Scanning electron micrograph of the fabricated SRR metasur-
face; the scale bar is 100 nm. (b) Simulated and experimental transmittance spec-
trum of the SRR metasurface for normally incident RCP light.
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the numerical calculations and the measurements, confirming the
proper operation of the sample. The transmittance minimum, located
at =987 nm, is red-shifted by 20 nm from the numerical result and
the measured linewidth is slightly larger than the one obtained numeri-
cally. These discrepancies can be attributed to sample imperfections
due to the fabrication process and to a mismatch between the sub-
strate’s refractive index and oil cladding,

To experimentally characterize the directional excitation and
power splitting of the direction LPMs supported by our metasurface,
we employ leakage radiation microscopy (LRM)."” " For this, the bot-
tom lens in Fig. 3(a) is adjusted to image the plane of the sample on a
CCD camera. The HWP is used to align the laser polarization to the y
axis of the sample, and the QWP is used to generate the polarization
state in Eq. (3) by rotating its fast axis by an angle ¢ with respect to the
y axis of the sample. Figures 4(a)-4(c) show LRM images of the LPMs
excited at normal incidence with circular and linear polarization states
and a wavelength of 4 =987nm. The figures show the normalized
intensity on a logarithmic scale to clearly visualize the weak leakage
radiation despite the relatively strong zeroth order transmission
(marked with a dashed circle in the images). The results confirm our
previous theoretical and numerical analysis [Figs. 2(b) and 2(c)], show-
ing bidirectional excitation of nearly equal LPMs by s-polarized light

0-1-2 -3-4-5 L .
€ =38cosy t+ipsing

|
|
|
|
|
|
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!
b |
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d L L L
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3

Lc
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-80 -60 -40 -20 O 20 40 60 80
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FIG. 4. (a)-(c) LRM images of the intensity distribution at the sample plane
obtained at 4 =987 nm for the various polarization states generated by varying the
QWP rotation angle, ¢. (d) Theoretical (solid lines) and experimental (data points)
power splitting ratio of LPMs as a function of ¢.
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and unidirectional excitation of LPMs by RCP and LCP light.
However, we observe in Figs. 4(a) and 4(c) that the unidirectional exci-
tation efficiency is not 100%, as a relatively small portion of the field
remains propagating in the wrong direction. We quantify the LPM
power splitting based on the obtained LRM images. For this, we inte-
grate the LPM intensity distribution on the +x and —x regions of the
image (excluding the pixels within the dashed circles) and divide it
over the sum. Figure 4(d) shows the percentage of the total power car-
ried by the LPMs in the +x (blue curve) and -x (orange curve) direc-
tions as a function of the QWP rotation angle, ¢. For linear
polarization, we obtain nearly 50% of power splitting between the two
LPMs. The splitting ratio increases (decreases) for the LPM propagat-
ing in the +x (-x) direction as ¢ increases (decreases). For ¢ = *45°,
corresponding to circular polarization, the PSR is approximately
80% — 20%. The solid curves in Fig. 4(d) show the theoretical PSRs
obtained with Eq. (7) using x = 0.78. We observe a very good agree-
ment with the measured data, suggesting that our simple theoretical
model describes well the underlying physical phenomenon.

Investigating the directional response of our metasurface within
its diffraction orders, we observe, as per Eq. (1), diffraction orders
appear in transmission with angles 0, for wavelengths 1 < Ag,.
Interestingly, we observe that such diffraction orders also exhibit a
polarization-controlled directional behavior over a broad range, which
was only limited by the laser source and collection optics used for the
experiment.

At normal incidence, the m = *1 diffraction orders can couple
to the far field for wavelengths 4 < 909 nm according to Eq. (1).
However, because of the limited NA of our optical collection system,
the detection was limited to these diffraction orders only for
0+, < 60°, which corresponds to wavelengths A < 780 nm. Figure
5(a) presents differential images of the Fourier plane for circularly
polarized illumination at normal incidence for various wavelengths in
this range. The images are obtained by performing a pixel-by-pixel
subtraction of the image recorded for RCP and LCP illumination for
each wavelength. The directional diffraction response of the metasur-
face is apparent from these images as the light is coupled to different
diffraction orders (41 or -1) as the handedness is changed (RCP or
LCP).

We define the directionality efficiency of the first diffraction order
for RCP (LCP) illumination as the power in the m = +1 (m =-1) dif-
fraction order divided by the total power of the first diffraction orders,

P

. — 3
Pii+Py ®

UES
where P+ is the power carried by the m = *1 diffraction order.
Figure 5(b) shows the experimental values (symbols) and FDTD calcu-
lation (dashed curves) obtained for 1. for various wavelengths. The
numerical and experimental values are in good agreement. The maxi-
mum directionality efficiency obtained is 7. ~ 90% and occurs for
wavelengths around 770 nm. The minimum value is 7. =~ 70% at
690 nm. We could not measure the response for shorter wavelengths
due to the limited tuning range of our laser; however, it should be
noted that at such shorter wavelengths (4 < 780 nm) LPMs are not
supported and we are in fact observing the radiative modes diffracting
to out-of-plane.

In conclusion, we have demonstrated theoretically and experi-
mentally that the directionality of the modes is enabled by near-field
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FIG. 5. (a) Pixel-by-pixel difference of the experimental Fourier-space images
recorded in transmission when illuminating the metasurface at normal incidence
with RCP and LCP light of various wavelengths. The zeroth (central circle), +1
(right) and 1 (left) diffraction are shown in the images. (b) Experimental and simu-
lated plots of the directionality efficiency defined in Eq. (8).

interference between plasmonic modes with even (dipolar) and odd
(quadrupole) symmetries. We show that the amount of power carried
by LPMs in a particular direction is controlled by the polarization ellip-
ticity of the illumination. This allows the structure to operate as an
ultrathin polarization-controlled power splitter or variable-power opti-
cal router. We also show that the metasurface preserves the directional
behavior for radiative diffraction orders and measured a polarization-
dependent directionality efficiency of up to 90% efficiency in the first
diffraction order. Given the inherited frequency tunability of LPMs,
this device is capable of operating over a broad wavelength range by
simply controlling the angle of incidence of the illumination source.
Our work paves the way for developing polarization-controlled diffrac-
tive metasurfaces for applications with sophisticated functionalities,
such as ultrathin polarization-controlled optical routers, tunable polar-
ization filters, and directional plasmonic lasers.

See the supplementary material for details regarding the mathe-
matical derivation of Egs. (4)-(7) included in the main text and details
of the simulation parameters used in this work.
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