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ABSTRACT: Metasurfaces enable the manipulation of light’s dis-
order strength in a two-dimensional photonic system. Here we report
on the spectral interleaving of an ordered and a disordered system
within a geometric phase metasurface. The efficiency of prevalent inter-
leaving techniques is limited by the number of functions incorporated
within the metasurface. We present a shared-aperture extinction
cross-section approach relying on interleaving of spectrally selective
nanoantenna arrays, each having a large extinction cross-section, thus
allowing to overcome this limitation. Using this approach, we realize a
silicon-based spectral interleaving metasurface for spectrum-dependent

disguise, holographic tagging, and imaging of a target object. The
shared-aperture extinction cross-section concept opens the path for the generation of multiple, efficient, and spectrally resolved
functions in a two-dimensional photonic system. The presented order—disorder interleaving approach offers new prospects for

the manipulation of light’s entropy.
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he incorporation of multiple functions in a single nano-

photonic device poses a unique physical and conceptual
challenge. The ability to combine multiple functions operating
at the same frequency region in a single broadband meta-
surface was demonstrated, enabling the implementation of
remote sensing, communication, and spectropolarimetry nano-
devices.'~® Multitasking was achieved by use of various multi-
plexing techniques, such as segmentation and interleaving of
sparse antenna-arrays implemented within a shared-aperture
metasurface. Metasurfaces consist of arrays of subwavelength
nanoantennas, capable of manipulating light by controlling the
local properties of an incident electromagnetic wave.””'® Con-
trolling the spectral resonance of nanoantennas was shown,'’ "
enabling the spatial multiplexing of spectrally sensitive
nanoantennas and paving the route for the generation of
multispectral metasurfaces.”’”>’

Recently, a demonstration of the photonic transition from
photonic spin Hall effect to a random Rashba effect was
realized via disordered geometric phase metasurfaces.”® This
transition is attained by varying the amount of allowable
random rotation of the antennas constituting the metasurface:
from ordered to completely random rotation. As the order
parameter approaches unity, corresponding to a completely
random metasurface, a random Rashba effect is observed,
which is manifested by numerous modes filling the entire
momentum-space. Moreover, random metasurfaces were
utilized to control the propagation of light.”*~*" The control
over the disorder strength in nanostructures enables the
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manipulation of the entropy of light in a two-dimensional
photonic system.

Here we report on the incorporation of an ordered and a
disordered system in an all-dielectric metasurface by using a
spectral interleaving technique. The proposed spectrally
interleaved nanodevice is utilized to camouflage a target object
at a certain wavelength, while imaging it at a different wave-
length (Figure 1a). Here, the disordered system is described by
a random phase distribution, while an analytic phase profile
(e.g., lens, prism) constitutes an ordered system. The conven-
tional interleaving approaches toward multifunctionality have
an efficiency # that is fundamentally limited by the number of
functions N incorporated within the metasurface. The
efficiency of broadband and spectrally interleaved nanoantenna
arrays is bounded by 7 &~ 1/N? and 5 & 1/N, respectively.">*’
Generally, the extinction cross-section of a nanoantenna can be
much larger than its physical cross-section, which is defined by
a characteristic dimension.'”~"” We present a shared-aperture
extinction cross-section approach, interleaving of spectrally
selective nanoantenna arrays, each having a large extinction
cross-section, thus allowing to overcome this efficiency
limitation (Figure 2a).

Spectrally interleaved geometric phase metasurfaces (SIGPMs)
based on the shared-aperture extinction cross-section approach
are implemented using Si-based subwavelength scale nanoantennas
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Figure 1. Order and disorder interleaving concept. (a) Spectrally
interleaved geometric phase metasurface (SIGPM) encompassing two
wavelength-dependent functions: a diffuser at one wavelength (left,
blue) and a lens at the second (right, red). (b) SEM images of the
fabricated dual-function SIGPM. The first nanoantenna with in-plane
dimensions of 190 X 50 nm has peak efficiency at a wavelength of
600 nm and is arranged into a Kagome lattice with a lattice constant
of 400 nm. The second antenna has in-plane dimensions of 440 X
120 nm and peak efficiency at a wavelength of 820 nm and is arranged
into a hexagonal lattice with a lattice constant of 800 nm. Blue and red
lines highlight the Kagome and hexagonal lattice structures,
respectively.

(Figure 1b), offering low loss and arbitrary control over the
phase profile.

The SIGPMs are composed of spectrally selective anisotropic
nanoantennas which generate a local wavelength-dependent
phase delay ¢,(x, y) = —200(x, y). Here, O(x, y) is the in-plane
orientation angle of the nanoantennas,7’8’3 33 and 6 = +1
denotes the sign of the spin angular momentum of light (%0),
ie, right (6 = 1) or left (6 = —1) circular polarization.****

SIGPMs are generated by the incorporation of two or more
nanoantenna types, having adequately spectrally separated quasi-
orthogonal modes, into optimally spaced interleaved arrays.
Here, the structure is formed from a 400 nm thick crystalline Si
layer consisting of two interleaved arrays, each with its own
resonant nanoantenna geometry (Figure lb). The antennas’
geometry is determined using finite-difference time-domain
(FDTD) simulations of a single-function linear phase antenna
array and is optimized to achieve the desired narrowband
diffraction efficiency spectrum. Then, the power flow through
each antenna and its extinction cross-section are analyzed at
the antenna’s peak efficiency wavelength, facilitating the selec-
tion of the geometry having the largest scattering efficiency and
determining the optimal antenna spacing. Finally, for inter-
leaving the two antenna arrays, a Kagome and hexagonal lattice
are used as they offer a relatively high packing factor and allow
for maximal use of each antenna’s extinction cross-section.
Note that no antennas need to be moved or removed in this
interleaving process. Figure 2b depicts FDTD simulations
showing the field distribution and power flow for the proposed
SIGPM, at both peak efficiency wavelengths. Each spectral nano-
antenna possesses an enhanced extinction cross-section which
can span the neighboring lattice sites of the interleaved lattice
(Figure 2b, top images). This cross-sectional behavior holds also
for the spectrally interleaved nanoantennas (Figure 2b, bottom
images). Furthermore, it is evident that interleaving the two
nanoantenna arrays has little or no effect on the modes’ shape,
as compared to the single-antenna metasurface, with negligible
cross-talk between the two types of antennas. Consequently, a
highly efficient SIGPM can be designed by utilizing the shared-
aperture extinction cross-section approach. A dual-function
SIGPM with orthogonal linear phase profiles was experi-
mentally characterized, and separated diffraction orders were
observed. The metasurface was illuminated with circularly
polarized light at both peak efficiency wavelengths, and the
spin-flipped momentum-space image was measured using a
circular analyzer. A negligible cross-talk between the two arrays
of spectral nanoantennas was clearly observed, as indicated by
the ratio of the diffraction orders’ intensities (Figure 2c).

Figure 2. Extinction cross-section and cross-talk of SIGPM. (a) Illustration of the funnel-like cross-sectional behavior of the single antenna,
allowing the incorporation of a second function to the metasurface. (b) FDTD simulations of single- and dual-function SIGPMs depicting a two-
dimensional cross-section over one unit cell. Shown here are the real part of the electric field in the direction normal to the section’s plane (Re{E,},
color) and the in-plane electromagnetic power flow, represented by the real part of the transverse Poynting vector (Re{P,}, black lines). Top and
bottom images correspond to single- and dual-function SIGPMs, respectively, illuminated at the short (left) and long wavelengths (right). The
nanoantenna’s location and Si—glass interface are marked in white; input field is injected from the bottom. The ratio of the extinction cross-section
to the physical cross-section (antenna’s area) was calculated from the FDTD simulations and was found to be 14.4 for the short-wavelength
antennas and 3.5 for the long-wavelength antennas. (c¢) Momentum-space measurements of a linear phase dual-function SIGPM, illuminated at a
wavelength of 4, = 600 nm (left) and 4, = 820 nm (right). Images are false-colored. Scale bars correspond to the illumination wavelength (k; = 27/4,).
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To evaluate the performance of the SIGPM, we calculated
the fractional diffraction efficiency (FDE) spectra FDE; =
L/ Z]Ij, for both single-function and dual-function SIGPMs
using FDTD simulations (Figure 3a). Here, I, is the intensity of
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Figure 3. FDE spectra characterization. FDTD simulations (a) and
measurements (b) showing FDE spectra for single-function (dashed
lines) and dual-function (lines) SIGPMs. The designed antennas’
in-plane dimensions are 210 X 70 nm and 470 X 150 nm, with periods
of 385 and 770 nm, respectively, and antenna height of 400 nm.
Missing data points in Figure 3b are due to a lack of adequate source
at these wavelengths (1040—1100 nm). (c) FDE spectra obtained
from FDTD simulations of the fabricated SIGPMs including the
scaling errors. The dimensions were obtained from SEM images of the
fabricated SIGPM (see Figure 1b caption). (d) Comparison of
different techniques for generating a multifunctional metasurface,
illustrating the per-function FDE dependence on the number of
functions, N. Circles represent FDTD simulations for single-function
and dual-function SIGPMs, where the FDE values were taken at the
peak efficiency wavelength and normalized to the appropriate single-
function FDE. Crosses represent measured FDE corresponding to the
data in (b), also normalized in a similar fashion. Data are presented in
log—log scale. Note, each spectral function is represented by a
separate data point, in both simulation and experiment.

the desired ith diffraction order, and the summation is carried
over all the emerging diffraction orders, including the non-
interacting zero order. A simulated average spectral trans-
mittance of 80% is obtained for the single- and dual-function
SIGPMs, resulting in peak diffraction order efficiencies of 60%
and 70% for the short- and long-wavelength channels of the
dual-function SIGPM, respectively. Here, the diffraction order
efficiency at a certain wavelength is obtained by multiplying the
FDE by the SIGPM’s transmittance at that wavelength. Figure 3b
depicts the measured FDE spectra for the fabricated SIGPM.
Incorporating the two functions into a single device has very
little effect on the modes’ spectral shape and peak efficiency.
In comparison to the simulated spectra (Figure 3a), the loss of
efficiency and spectral shifts are attributed to fabrication scaling
errors in the nanoantennas’ dimensions. FDE spectra obtained
from FDTD simulations for the fabricated SIGPM including
the scaling errors were found to be in good agreement with the
experiments (Figure 3c). We investigated the normalized per-
function peak FDE, obtained using the shared-aperture extinction
cross-section approach, and compared it with different tech-
niques for generating a multifunctional metasurface (Figure 3d).
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The normalized FDE with respect to a single-function meta-
surface pronounces the effect of the multiplexing processes.
For the segmentation approach, as well as the harmonic response
(HR) technique, which is based on the use of Dammann
gratings, a 1/N decrease in efficiency is expected. Furthermore,
the efficiency of the broadband interleaving technique decreases
according to 1/N%">*° The shared-aperture extinction cross-
section approach allows overcoming the 1/N limit, i.e., a multi-
functional multispectral metasurface limited only by the
individual resonators’ efficiency.

We incorporated ordered and disordered phase profiles
using a dual-function SIGPM, with a random phase distri-
bution at the short-wavelength function and a lens phase
profile at the long-wavelength function. When this metasurface
was illuminated at a wavelength of 600 nm, a diffuse intensity
pattern was observed (Figure 4a, top image). Switching to a
wavelength of 820 nm, a diffraction-limited peak was observed
250 pm behind the metasurface, corresponding to the assigned
focal length of the meta-lens (Figure 4a, bottom image).
To further demonstrate this SIGPM’s capabilities, a target
object was introduced before the sample. When illuminated at
a wavelength of 600 nm, no image was observed (Figure 4b,
top); however, when illuminated at a wavelength of 820 nm,
the image of the target object was revealed (Figure 4b,
bottom). The information passing through the SIGPM at the
short wavelength is dispersed into the entire momentum-space
by the disordered phase function; therefore, it cannot be recon-
structed by a neutral observer, in contrast to a conventional
meta-lens. We also realized a SIGPM in which the long-
wavelength phase profile was replaced by a hologram of the
Greek letter sigma, designed using the Gerchberg—Saxton
algorithm.*® Upon illumination of the metasurface at a
wavelength of 820 nm, the desired hologram was attained
(Figure 4c, bottom), and a diffuse intensity pattern was
observed at a wavelength of 600 nm (Figure 4c, top).

The shared-aperture extinction cross-section concept opens
the path for the generation of multiple, efficient, and spectrally
resolved functions in a two-dimensional photonic system. The
presented order—disorder interleaving approach offers new
prospects for spectrum-dependent disguise, imaging, and
tagging, with applications in counterfeit prevention and the
security industry.

B METHODS

Sample Fabrication. We prepare a 400-nm-thick single-
crystalline silicon slab on a borosilicate glass substrate in a two-
step dry etching process. A 20-um-thick single-crystalline
silicon on borosilicate glass wafer (Plan Optik AG) is first
coarsely etched down to ~2 um by deep reactive ion etching.
The thickness of the wafer is then progressively thinned to
400 nm in several rounds of precise reactive ion etching. A 70-nm-
thick hydrogen silsesquioxane (HSQ) layer serves as a negative
tone electron beam resist layer and is spin coated on the silicon
slab. A conductive polymer layer (E-Spacer 300Z) is also depos-
ited in order to reduce electron charging effects during the elec-
tron beam lithography process (JEOL 6300 100 kV system).
The typical electron beam dose is set to ~2000 xC cm™, and
the development is performed in 25% tetramethylammonium
hydroxide (TMAH) for 2 min. Precise reactive ion etching is
conducted again to transfer the HSQ hard mask patterns into
the silicon slab, and the remaining HSQ hard mask pattern is
ultimately removed using a diluted 2% hydrogen fluoride (HF)
solution for 1 min.
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Figure 4. Wavelength-dependent disguise, imaging, and tagging using SIGPM. (a) Point spread function characterization of a dual-function SIGPM
with a random phase distribution in the short-wavelength function (top image) and a lens phase profile in the long-wavelength function (bottom
image). Both images were taken at the lens focal plane, 250 ym behind the SIGPM. (b) Imaging via the SIGPM containing the lens and random
phase. The object is a figure four taken from a USAF 1951 bar target. When illuminated at the short wavelength (top), no image was visible; only at
the long wavelength (bottom) did the image appear. For this measurement, the setup was such that the object is imaged to the metasurface, and
subsequently both are imaged to the camera. (c) Measurement of a dual-function SIGPM with a random phase distribution in the short-wavelength
function (top image) and a hologram of the Greek letter sigma (o) at the long-wavelength. Images were taken at the momentum-space. Top images

were taken at a wavelength of 600 nm; bottom images at 820 nm. Images are false-colored.

Objective

Figure S. Experimental setup for characterizing the SIGPMs. Pol,, polarizer; QWP, quarter-wave plate.

Measurement Procedure. Figure 5 depicts the basic
setup used in our experiments. 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 multiwavelength
laser light. The beam was then spatially filtered and collimated.
A linear polarizer (Pol) followed by a quarter-wave plate
(QWP) served as a circular polarizer. Two objectives in a 4f
configuration are used to focus light onto the sample (SIGPM)
and collect the scattered light, respectively. For the experi-
ments depicted in Figures 2¢ and 4, a polarizer—analyzer in a
cross-polarized configuration is introduced, to eliminate the
noninteracting diffraction order. Finally, the images are captured
using a CMOS camera. Measurements of the FDE and trans-
mittance spectra are carried out by removing the polarizer—
analyzer.
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