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Abstract: Metasurfaces facilitate the interleaving of multiple topologies in an ultra-thin
photonic system. Here, we report on the spectral interleaving of topological states of light
using a geometric phase metasurface. We realize that a dielectric spectrally interleaved
metasurface generates multiple interleaved vortex beams at different wavelengths. By
harnessing the space-variant polarization manipulations that are enabled by the geometric
phase mechanism, a vectorial vortex array is implemented. The presented interleaved
topologies concept can greatly enhance the functionality of advanced microscopy and
communication systems.
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1. Introduction

Metasurfaces are two dimensional photonic devices consisting of arrays of subwavelength-
scale nano-antennas, capable of manipulating light by controlling the local properties of an
incident electromagnetic wave, including its amplitude, phase, polarization and momenta [1—
8]. The latter encompasses the intrinsic angular momentum of the output beam [9,10], which
facilitates the formation of various topological states of light — optical vortex beams and
vectorial vortices. Advantageously, metasurfaces give us the ability to combine multiple
functionalities in a single ultra-thin device. This capability was demonstrated in broadband
systems, where all antennas share the same spectral response, using various techniques
including segmentation and interleaving of sparse arrays, with applications in
communications, sensing and beam characterization [11-17]. By controlling the spectral
response of the nano-antennas [18-20], additional degrees of freedom are added to the
system, enabling the spatial multiplexing of wavelength sensitive nano-antennas — spectrally-
interleaved and multi-functional metasurfaces [21-27].

Here, we report on the spectral interleaving of topological states of light using a geometric
phase metasurface (GPM). Generation of multiple interleaved vortex beams at different
wavelengths from a single efficient spectrally-interleaved nano-device is demonstrated. The
vectorial nature of the geometric phase is utilized to generate a vectorial vortex array,
consisting of two distinct topologies at different wavelengths.

GPMs are composed of anisotropic antennas which generate a local spin-dependent phase

delay defined by ¢, (x,y)=-206(x,y) [1,2,6,28,29]. Here, 6(x,y) is the in-plane
orientation angle of the antennas, and ¢ denotes the spin angular momentum of light (%0o),
i.e., right (o0=1) or left (0 =-1) circular polarization [9,10]. Due to the interaction with the

antennas of varying orientations, the light’s polarization state attained at different points
across the GPM traverses various paths upon the Poincaré sphere. This results in a
Pancharatnam—Berry phase pick-up between any pair of antennas, which is equal to half the
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area of the corresponding geodesic triangle bounded by these paths on the Poincaré sphere
(1,2].

2. Experimental results and discussion

Spectrally-interleaved GPMs are realized using dielectric subwavelength-scale antennas,
which offer low loss and arbitrary control over the phase pick-up [6,14,30,31]. These are
generated by the incorporation of two or more antenna types into an optimally spaced
interleaved array. Here, the interleaved array is patterned into a crystalline silicon layer
bonded to a borosilicate glass substrate. It is composed of two sub-arrays — a Kagome and a
hexagonal lattice, each with its own resonant nano-antenna geometry (Fig. 1(a)). By using the
Kagome and hexagonal lattices, and with proper selection of the lattice periods, no antennas
need to be moved or removed in the interleaving process. This leads to minimal loss in
efficiency when interleaving the two lattices, compared to the single-function efficiency.

To evaluate the performance of the spectrally-interleaved GPM, we measured the
diffraction efficiency spectra for a GPM consisting of two spatially-separated linear phase
profiles (Fig. 1(b)). Green and red spectra correspond to the antennas belonging to the
Kagome and hexagonal lattices, respectively. Here, the diffraction efficiency is defined as the
fraction of the intensity in the desired diffraction order, out of the total intensity at the GPM’s
output. The results are in good agreement with the simulated diffraction efficiency spectra,
attained using finite-difference time-domain (FDTD) simulations.
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Fig. 1. Spectrally-interleaved GPM. (a) SEM images of the fabricated single- (left, center) and
dual-function (right) spectrally-interleaved GPM. The first (second) nano-antenna with in-
plane dimensions of 155 x 40 nm (420 x 110 nm) has a peak efficiency at a wavelength of 600
nm (820 nm) and is arranged into a Kagome (hexagonal) lattice with a lattice constant of 400
nm (800 nm). The nano-antennas’ height is 400 nm throughout. (b) Diffraction efficiency
spectra for a dual-function spectrally-interleaved GPM obtained via FDTD simulations (lines)
and measurements (dashed lines). Crosses represent measured peak efficiencies for the single-
function GPMs, attained at a wavelength of 660 nm (green) and 800 nm (red). The simulated
antenna parameters were taken from the SEM images in (a). Inset shows diffraction efficiency
spectra for the designed (optimal) antennas, obtained via FDTD simulations. The designed in-
plane dimensions are 210 x 70 nm and 470 x 150 nm, with periods of 385 nm and 770 nm,
respectively, and an antenna height of 400 nm.
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By comparing the diffraction efficiency of one function at its peak efficiency wavelength
to the diffraction efficiency of the other at that wavelength, a negligible cross-talk between
the two spectral nano-antenna sub-arrays is clearly observed, both in simulation and
measurement; The measured peak efficiency wavelengths are 600 nm and 820 nm. The loss
in efficiency and spectral shifts are attributed to fabrication errors in the nano-antennas’
dimensions. Simulated diffraction efficiency spectra in Fig. 1(b) take some of the dimensional
errors into account, by using the actual dimensions of the fabricated nano-antennas. The
simulated diffraction efficiency spectra for a spectrally-interleaved GPM consisting of the
optimal antennas are presented in Fig. 1(b), inset. Simulated average spectral transmittance of
80% 1is obtained for the single- and dual-function spectrally-interleaved GPMs. Moreover,
incorporating the two antenna sub-arrays has little effect on the individual functions’ peak
efficiency, as seen from the crosses in Fig. 1(b), which represent measured peak efficiencies
for the single-function GPM’s. Therefore, utilizing our spectral interleaving approach
facilitates the generation of an efficient multi-functional metasurface.

Spectrally-interleaved GPMs can be utilized for the spatial multiplexing of various
topologies, such as orbital angular momentum (OAM) carrying beams (scalar vortices)
[12,14,32]. This class of beams, possessing a phase singularity, is of special interest for
optical communication systems, optical tweezers, tractor beams, and laser beam shaping [33—

38]. A scalar vortex is defined by the phase function exp(ilg), where [ is the beam’s

topological charge (/=%1,£2,..) and ¢ is the azimuthal angle. Due to the geometric

phase’s spin-dependent nature, an inherent coupling between the incident spin state and the
topological charge occurs, leading to a spin-dependent topological charge of the output
wavefront (o) .

We propose a simple and efficient method for the generation of multiple interleaved
vortex beams. For this purpose, we designed a spectrally-interleaved GPM using the
harmonic response (HR) approach, which is based on Dammann gratings [12,14,39]. These
phase gratings are optimized to produce a finite number of diffraction orders with identical

intensities |A j| . To achieve this, the desired phase function ¢, is expressed in terms of a set

of harmonics exp(i¢HR (x, y)) = Z ; 4, exp(z’k jx) , where k; is the momentum redirection of

the j"™ order. We use a particular analytic solution proposed by Gori [40], to achieve maximal
diffraction efficiency for —1< j <1. This solution is expanded into two dimensions, and an

orbital phase term is added, thus leading to a 3-by-3 array of harmonic orders
Gur (x,y) = tan”™" (pcos (kx))+tan™" (prcos(ky))+1lp. Here, u=2.65718 and k is the

momentum redirection. Each of the two sub-arrays was assigned with the above HR phase
function, where for the short wavelength the topological charge / was set to zero, and for the
long wavelength / was set to one (Fig. 2(a)). We illuminated the fabricated multiplexed-
topologies GPM with circularly polarized light at a wavelength of 600 nm and 820 nm, and
the two wavelength dependent phase functions were subsequently observed in momentum-
space (Fig. 2(b)).

GPMs enable space-variant polarization manipulations, supporting the generation of
vectorial vortex beams, which are formed by the coherent superposition of scalar vortices of
opposite helicities and opposite spins [14,37,38,41,42]. This superposition is attained by
illuminating a scalar vortex GPM with linearly polarized light, which can be described as a
superposition of right and left circular polarizations. The resultant beam is characterized by

axially-symmetric polarization states, and is defined by exp(—z’l(p)|0'+>+exp(il(p+A¢)|0'_>;
here Ap={0,7} corresponds to radial and azimuthal polarizations, respectively, and |O'i>

denotes right and left circular polarization states.
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Fig. 2. Multiplexed-topologies GPM under circularly polarized illumination. (a) Simulated
momentum-space intensity pattern of the multiplexed-topologies GPM obtained using a
numerical model and the HR phase function. (b) Measured momentum-space intensity pattern
of the fabricated GPM. The GPM was illuminated at a wavelength of 600 nm (green) and 820

nm (red). Images are false-colored. Here, k, = 271'//7.I , where A =600 nm.

Spectrally-interleaved GPMs facilitate the generation of multiple wavelength dependent
vectorial vortices. In the proposed multiplexed-topologies GPM, using the HR approach leads
to a phase difference between the right and left circular polarization phase functions,
depending on the diffraction order’s position in the 3-by-3 array. Therefore, each /=1
diffraction order possesses either a radial or an azimuthal polarization state, corresponding to
0 or 7 phase difference, respectively. Furthermore, each /=0 diffraction order is either
vertically or horizontally polarized.

Due to the axial symmetry of the vectorial vortex states, projecting a vectorial vortex on a
linear state using a polarizer reveals a petal-shaped diffraction pattern, which rotates when the
output (or input) linear polarization angle is altered. Thus, by illuminating the multiplexed-
topologies GPM with linearly polarized light, and performing a post-projection using a
second polarizer at the output, linearly polarized /=0 diffraction orders are observed in
momentum-space, along with the rotating petal-shaped diffraction orders of the / =1 function

(Fig. 3).

0.05k,

Fig. 3. Multiplexed-topologies GPM generating a vectorial vortex array. Simulated (a,c,e) and
measured (b,d,f) momentum-space intensity patterns of the multiplexed-topologies GPM under
linearly polarized illumination and horizontal (a,b), vertical (c,d) and diagonal (e,f) analyzer
orientation. The GPM was illuminated at a wavelength of 600 nm (green) and 820 nm (red).
Images are false-colored.

This behavior is further illustrated in Figs. 4(a) and 4(b) which depict the space-variant
orientation angle W of the polarization ellipse, calculated from Stokes parameters
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measurements of the /=0 and /=1 diffraction orders, respectively. Here, the orientation
angle is defined by y = }itan™' (S,/S,), where S, =1, -1, and S, =21, —1 —I, are the

first and second Stokes polarization parameters, and /, are the momentum-space intensity

distributions attained after passing the output beams through a polarizer at an angle ¢ (see
Figs. 3(b), 3(d) and 3(f)).

(a)

®

Fig. 4. Orientation angle analysis of the vectorial vortex array. (a,b) Vector field illustration of
the space-variant orientation angle ¥/ for the / =0 (a) and /=1 (b) functions, obtained

from momentum-space measurements of the Stokes parameters. Blue-framed insets show
magnifications of two selected modes. Right insets illustrate the zero (top) or 77 (bottom)
phase difference between opposite spins, generated by the HR phase and leading to radially
and azimuthally polarized modes, respectively.

3. Concluding remarks

The spatial multiplexing of different topologies via spectrally-interleaved GPMs can find
applications in microscopic imaging techniques, such as stimulated-emission-depletion
(STED) fluorescence microscopy [43,44], where similarly structured light is utilized to
enhance the spatial resolution beyond the diffraction limit. Our multiplexed-topologies GPM
can be used to increase the system’s throughput, by conducting parallel scanning of multiple
sites within the sample at different polarizations. The multiplexing of wavelength, orbital
angular momentum and polarization can greatly elevate the information capacity of fiber and
free-space communication systems [33,45,46].

4. Methods
4.1 Sample fabrication

400-nm-thick single crystalline silicon slab on borosilicate glass substrate has been prepared
by thinning a 20-um-thick single crystalline silicon bonded to a borosilicate glass wafer (Plan
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Optik AG) in two different dry etching processes. Initially, it is coarsely etched down to ~2
um by deep reactive ion etching. It is then precisely thinned down to 400 nm by precise
reactive ion etching. We use a spin-coated 70-nm-thick hydrogen silsesquioxane (HSQ) layer
as a negative tone electron beam resist and the patterns are drawn by the electron beam
lithography process (JEOL 6300 100 kV system). In order to reduce the charging effects, a
conductive polymer layer (E-Spacer 300Z) is also used. Typical electron beam dose is set to
be ~2000 uCecm™ and the development is performed in 25% tetramethylammonium
hydroxide (TMAH) for 2 minutes to form HSQ hard mask patterns. Precise reactive ion
etching transfers the HSQ hard mask patterns into the silicon slab and the remaining HSQ
hard mask pattern is ultimately removed using diluted 2% hydrogen fluoride (HF) solution for
1 minute to finish the fabrication.

4.2 Measurement procedure

A similar setup was used for all experiments mentioned. The input beam, generated by a
supercontinuum laser source (Fianium Supercontinuum SC450) was temporally modulated by
an acousto-optic modulator (Fianium AOTF V1) facilitating the use of multi-wavelength laser
light. The beam was then spatially filtered and collimated. A linear polarizer (Pol.) followed
by a quarter wave plate (QWP) serve as a circular polarizer. Two objectives in a 4f
configuration are used to focus light onto the sample (GPM) and collect the scattered light,
respectively. For the experiments depicted in Figs. 2—4, a polarizer-analyzer in a cross-
polarized configuration is introduced, to eliminate the non-interacting diffraction order.
Finally, the images are captured using a CMOS camera. Measurements of the diffraction
efficiency and transmittance spectra are carried by removing the polarizer-analyzer.
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