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Abstract

The adoption of metasurfaces has led to revolutionary advances in holography due to improved

compactness, integrability, and performance. Switchable meta-holograms projecting different



replay field images in a controllable manner are highly desirable. Still, existing technologies
generally rely on the use of polarized light and additional optics to facilitate switching.
Consequently, the potential benefits afforded through the use of metasurfaces are limited both by
the system complexity and a fixed relationship between the optical input and output. In this
manuscript, we demonstrate polarization-insensitive metasurfaces encoding arbitrary and
independent holograms, which can be switched between by changing the refractive index of the
infiltration medium while maintaining identical illumination conditions. By sidestepping the
requirements for high-performance light sources, switching optics, or delicate alignment, this
approach points towards ultra-compact and cost-effective switchable meta-holograms for various
practical applications, such as holographic image projection, eye-perceptible sensors, optical

information storage, processing, and security.
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Introduction

For decades, holography has been one of the most striking applications of optical wavefront
engineering, due to holograms’ ability to record and reconstruct both the amplitude and phase of
incident light.! With the recent rise of metasurface technology, the use of metasurfaces to generate
holograms—so called meta-holograms—has become an area of particular interest.? By providing
smaller form factors, better performance (e.g., higher quality, better resolution, wider viewing

angle, etc.), compatibility with semiconductor production processes, independent modulation of



both amplitude and phase,®> meta-holograms promise a new generation of applications in
augmented reality and wearable displays, optical information storage, processing, and security
(e.g., encryption and anticounterfeiting).* > More importantly, dynamically switchable meta-
holograms which respond to external stimuli will not only enhance the abovementioned

holographic applications, but will also enable integrated visual reporting for sensing applications.®

Conventional metasurfaces—and, by extension, meta-holograms—are static and designed to work
in only a single state: a specific device configuration with specific illumination conditions giving
rise to a fixed relationship between the optical input and output. Subsequent modulation of any
system parameters in an attempt to tune the response of such a metasurface will, in general, “switch
off” the response due to a substantial deviation from the designed operational state. Although
arguably a second state, the “off” state is extremely simple and rarely, alone, encodes any new or
valuable information. In order to introduce multiple replay field images within a single meta-
hologram, the most straightforward approach is spatial multiplexing (i.e., interleaving) of two
different sets of single-state (“on/off”’) meta-atoms, which are selected between either by
illumination conditions (Fig. 1a), such as polarization’ and wavelength,® ® or by metasurface
actuation (Fig. 1b), such as chemical reaction.!® An alternative approach combines multiplane
holograms (i.e., holograms which project different images at different distances) with the isotropic
stretching of a flexible metasurface, which leads to shifting/scaling of the replay fields and is
equivalent to switching between distinct images at a specific imaging plane (Fig. 1¢).!! Overall,
these single-state meta-atoms can only provide a single optical output, as shown by the inset

flowcharts of Fig. la-c.



In order to expand the capacity of optical information storage and improve meta-holograms’
performance for display and encryption applications, a non-interleaved design based on multi-state
meta-atoms is required, where each meta-atom provides independent multiple outputs in
corresponding states (i.e., two or more states, where neither state is the “off” state). So far, such
non-interleaved multi-state metasurfaces are limited to switching via illumination modulation (Fig.
1d), where different optical outputs are encoded by light polarization,'> !* incident angle,'*
wavelength or spin.® 1>17 A large number of outputs have been demonstrated using complex light
sources, such as a dynamic structured laser beam for spatially multiplexed metasurfaces,'® and
different orbital angular momentum modes for complex-amplitude metasurfaces.!” However,
additional optics are required to read out the information encoded in the response of static meta-

atoms to a specific set of input illumination conditions (inset flowchart of Fig. 1d).

In this work, we implement multi-state meta-atoms in switchable meta-holograms by medium

control (Fig. le, f). Often realized using liquid crystals (LCs) due to their optical anisotropy and

response to external stimuli, changes in the surrounding medium can modulate the resonance,?® 2!

22-24

intensity,?2?* phase,?® and light emission of a metasurface.?® In particular, phase modulation has

been used for beam steering?’ and focusing,?8-3

either of which demands the implementation of
two one-dimensional (linear or radial) phase profiles. These phase profiles will, in general, be
correlated, often leading to switching behavior even if not explicitly designed for. Multi-state
holography is a more demanding application, which requires the successful implementation of two

two-dimensional phase profiles, each determined by an inverse Fourier transform, and which will,

in general, bear little relation to one another.



Many conventional hologram encoding media have a strong polarization sensitivity.’! Since most
existing switchable meta-holograms and tunable LC metasurfaces rely on the interaction between
polarized light and anisotropic meta-atoms (Fig. la-d) or LCs, respectively, they are similarly
bound by this same intrinsic limitation and therefore only work with specifically polarized light.
This inevitably leads to greater demands on the optics and assembly. Moreover, the most popular
switchable multi-state meta-holograms rely on the switching of input illumination conditions (e.g.,
polarization, Fig. 1d), which requires additional bulky optical components. Therefore, the benefits
afforded through the use of compact metasurfaces are limited by the system complexity. Efforts
have been made to integrate a polarization conversion layer onto the back of the metasurface

substrate, 17

yet an initial polarized input is still required. Here, we demonstrate ultra-compact
monolithic meta-holograms, which are polarization-insensitive and medium-switchable, therefore
fundamentally eliminate the requirement of any polarizing or polarization conversion optics, as
well as the need to ensure alignment to any specific polarization direction (Fig. 1f). As a non-
interleaved design, each meta-atom provides distinct phase outputs (rather than the “on/off” of a
single state), controlled by the infiltration medium under identical illumination conditions. This
goes beyond existing fixed one-to-one relationships between the optical input and output. As a

proof of concept, the switching between two independent holograms is implemented by switching

the surrounding medium between air and water.

Results
Resonance tuning in Huygens’ metasurfaces
In this work, we utilized Huygens’ metasurfaces, consisting of arrays of high-refractive-index TiO:

dielectric resonators as meta-atoms on a glass substrate.*> 33 It is well known that such optical



resonators exhibit electric and magnetic resonances that can be engineered to manipulate light with
negligible losses compared to equivalent plasmonic resonators.’* Consider a cylindrical dielectric
particle as a prototypical meta-atom—it exhibits an electric dipole (ED) and a magnetic dipole
(MD) when illuminated along its axis of symmetry. By adjusting the geometric parameters of the
resonator (e.g., its radius r), the backscattering emission by both dipoles can be adjusted to cancel
out one another, leaving only forward transmission and negligible reflection, as articulated by the
Huygens’ principle.’® From the finite-difference time-domain (FDTD) simulated spectra (Fig. le),
it is clear that the spectral positions of the ED and MD resonances can be manipulated to merge
the two resonances together. This provides both high transmission and phase modulation and is
referred to as the Huygens’ condition.?® This concept has been widely used to create ultrathin
metasurfaces—Huygens’ metasurfaces—both to circumvent the fabrication of high-aspect-ratio
waveguide-type nanostructures and to improve compatibly with standard semiconductor
fabrication processes. Due to the limited availability of high-index lossless materials in the visible
spectrum, most Huygens’ metasurfaces demonstrated to-date work in wavelength ranges above
that of visible light.>” 38 Holographic Huygens’ metasurfaces have therefore been demonstrated

from telecommunication wavelengths down to near infrared using silicon.3!-3%40

In the visible spectrum, TiO2 exhibits a high refractive index and negligible loss, and has therefore
been used in a large variety of waveguide-type metasurfaces.” ' 1* Unlike such metasurfaces,
which are composed of high-aspect-ratio phase-shifter elements that exhibit strong light
confinement, Huygens’ metasurfaces utilize thin resonators which are very sensitive to adjacent
neighbors and the local dielectric environment. While the design of a Huygens’ metasurface is

more challenging due to these nonlocal interactions,*>*! their sensitivity to the local environment



is a distinct advantage when it comes to creating multi-state meta-atoms under identical
illumination conditions. Here we demonstrate TiO, Huygens’ meta-holograms in the visible
spectrum with tunability controlled by the surrounding dielectric environment. Fig. 1e shows the
working principle: the meta-atom resonances are tailored by the in-plane geometry to reproduce
the desired phase modulation, which can be further tuned by the surrounding media to achieve
multi-state optical responses. The constituent Huygens’ resonators are cylindrical in shape,
arranged in a homogeneous and periodic subarray, and are therefore polarization insensitive. The

subarray will constitute a single pixel in the eventual meta-hologram.

To design the meta-holograms, we first used FDTD simulations to build a database of
transmittance (7)) and phase (@) values for light transmitted through the metasurfaces by varying
the resonators’ geometrical parameters and the refractive index of the surrounding medium—air
(n; =1, Fig. 2a) vs. water (n2=1.333, Fig. 2b). The sub-arrays are modelled by a single nanodisc
with periodic boundary conditions in the corresponding medium (insets of Fig. 2a,b), with
geometric parameters including the thickness ¢ and radius r of the discs, and the edge-to-edge gap
g between discs. The thickness # = 120 nm was chosen to ensure that the Huygens’ condition is
met in a range of in-plane geometric parameters appropriate for robust nanofabrication. For a given
wavelength of 532 nm, the transmittance and phase of the transmitted light are plotted for each
parameter pair by sweeping the radius and gap along the x and y axes respectively. The low
transmission bands indicate that the resonances reduce the transmitted light intensity at those
specific geometric parameters, accompanied by significant phase modulation. The Huygens’
condition is fulfilled when the ED and MD resonances merge together, providing both high

transmission and a full 2 phase modulation (i.e., white circles in Fig. 2a,b). As expected, the



resonances—and therefore also the optical response (transmittance and phase)—are strongly
influenced by the surrounding medium. When the medium is changed from air (Fig. 2a) to water
(Fig. 2b), the low transmission bands become narrower and shift towards lower radius geometric
parameter pairs. The change in optical response demonstrates how the resonance of each meta-
atom array can be tuned by the medium, providing the necessary multi-state meta-atom library for

tunable metasurface design.

In Fig. 2c,d, we show the experimentally measured transmittance of the meta-atom library
simulated in Fig. 2a,b, derived from optical microscope images under unpolarized green light (532
nm, filtered light from a Halogen lamp). The meta-atoms were fabricated using a high-precision
process, whereby the thickness was controlled by atomic layer deposition (ALD) and the in-plane
geometry was patterned by a single electron beam lithography step, followed by lift off and
reactive ion etching (Fig. S1).>3 This fabrication process is fully compatible with standard
semiconductor manufacturing, thanks to the low-aspect-ratio structures. We fabricated super-
arrays (i.e., an “array of arrays”) where each pixel (dimensions 5x5 pum?) is a subarray of TiO,
nanoresonators with constant radius and gap, schematically shown in the insets of Fig. 2c,d.
Between different subarrays, the radius of the nanodiscs and the gap between them are
incrementally increased along the x and y axes respectively, similar to the parameter sweep plots
in our optical simulations. The superarray exhibits resonance patterns, both in air (Fig. 2¢) and
water (Fig. 2d), in good agreement with simulations (Fig. 2a,b). The measured and simulated
transmittance values differ at large values of radius and gap (pitch 2» + g > 1) due to diffraction—
i.e., the periodicity of the metasurface is such that some light is diffracted at angles not captured

by the finite numerical aperture of the microscope objective lens but still captured by the simulated



transmission monitor (see ref. 2! for more details). The meta-atoms affected by diffraction are

excluded from the library for meta-hologram design.

Meta-hologram design algorithms: single vs. multi-state

Once the meta-atom library was experimentally verified by fabrication and characterization of the
metasurface superarrays, it was imported to the holographic metasurface design algorithm (Fig.
3). Assuming first a single-state design (Fig. 3a), the ideal phase mask ®:(x,y) (i.e., a phase-only,
constant-amplitude hologram) that would result in the desired (target) replay field If (x, y) was
computed using the Gerchberg-Saxton (G-S) algorithm!. For each pixel (x,y), the meta-atom
library T (r, g) (Fig. 2a) was searched to identify the specific metasurface geometric parameters

(r, g) which give rise, in n; (air), to a metasurface optical response T™ (7, g) closest to the ideal

value e/®1(x) (i.e., a transmittance of 100% and a phase of @:(x,y)). This optimal geometric
parameter pair (r*, g*) was assigned to the corresponding pixel (x,y) of the meta-hologram. In
this way, appropriate meta-atom subarrays were placed in the overall metasurface layout r*(x, y)
and g*(x, y) to reproduce, as closely as possible, the ideal phase mask. The resulting metasurface
hologram T/™(x,y) could be used to simulate the associated replay field I7™*(x, y). In the example
shown in Fig. 3a, a target image (the letter “A”) is well-reproduced by the simulated single-state
meta-hologram. If that same single-state meta-hologram were to be placed in water, a surrounding
medium for which it was not designed, the simulation indicates that the replay field image has
much lower intensity (i.e., it “turns off”, as indicated in the dashed rectangle in Fig. 3a). Fig. S2a
shows the results of the corresponding experiment, which is in excellent agreement with the
simulated results: a single-state meta-hologram designed in the manner of Fig. 3a correctly projects

the letter “A” in the replay field, and upon change in the surrounding medium from air to water,



the output image significantly lowers in intensity (i.e., the image is almost entirely turned “off”).
Fig. S3a shows, as a function of the geometric parameter space, the subset of meta-atoms selected
for the meta-hologram in Fig. 3a. As we use a phase-only G-S algorithm for the hologram design,
the selected metasurface parameter pairs avoid the low transmission bands and makes full use of
the available phase shifts. For this single-state design, when the surrounding dielectric medium is
changed from air to water, the meta-atom selection in air no longer corresponds to the ideal
hologram, and some selected parameter pairs now reside in low transmission regions of the
parameter space. As a result, the efficiency is considerably lower (compare the phase masks of
letter “A” in air vs. water in Fig. 3a). In other words, simply changing the surrounding dielectric
medium of a single-state meta-hologram results only in performance degradation, similar to other
switchable metasurface devices when designed according to the optical properties corresponding

to only a single state.?®

In order to create a tunable multi-state meta-hologram, which projects an independent replay field
in each state, we developed a design strategy as illustrated in Fig. 3b (two-state as an example).
Starting from two different target images I} (x,y) and I%(x,y) for n, (air) and n, (water), two
ideal phase masks @ (x, y) and @} (x, y) were computed using the G-S algorithm, respectively. It

is critical to then search the meta-atom libraries T{(r, g) and Ti(r, g) so that the two ideal

complex transmittances e’ 21(7) and e/ P2(6¥) are simultaneously achieved, as far as possible, in
the respective states. The metasurface complex transmittances, incorporating both the amplitude
and phase information of metasurfaces in two different media, T} (r, g) and T (r, g) (Fig. 2a,b),
were fed into the multiplexing algorithm (library search), together with the two target phase masks.

For each pixel, at a given position (x, y), the geometric parameters (r, g) were selected to minimize



the mean square error between the ideal (G-S) complex transmittances in both states and what
could be achieved by searching the meta-atom library. In this way, an optimal meta-hologram
layout (1, g*) was designed to realize two different phase masks, /™ (x, y) and TJ*(x, y)—and,
by extension, two different replay fields, I{*(x,y) and IJ*(x, y)—by switching the meta-atom
surrounding dielectric medium. In Fig. 3b, the target images of a letter “A” (representing a medium
of air) and “W” (representing a medium of water) are clearly identifiable in the simulated replay
fields, corresponding to distinct phase masks in air and water, respectively. The experimental
results of the design outlined in Fig. 3b are shown in Fig. S2b and show excellent agreement.
Notably, the meta-atom selection for the two-state design (“A” in air and “W” in water, Fig. S3b)
is significantly different from that of the single-state design (“A” in air only, Fig. S3a), avoiding
the low transmission bands and making use of the phase change in both two states, highlighting

the distinct behavior of the multi-state design strategy.

Polarization-insensitive switchable meta-holograms

Switchable two-state meta-holograms were fabricated following the same process as the
abovementioned superarrays. To demonstrate the versatility of encoding arbitrary and independent
holograms, various combinations of images were used in the experiments. For example, one meta-
hologram was designed to project a New York University (NYU) torch in air and an Argonne
National Laboratory logo in water (Fig. 4a). Fig. 4b shows the SEM images of the fabricated
pixelated holographic metasurfaces. The radius and gap of the resonator subarray in each pixel
(dimensions 5x5 um?) were determined by the strategy described above (Fig. 3b). The fabricated
meta-holograms were imaged in a 2-f system, with a chamber that allows the infiltration and

removal of water to and from the metasurface (Fig. 4c, Fig. S4a). The fabricated meta-holograms



successfully generated replay fields which were in excellent agreement with simulations (Fig. 4d).
The hologram efficiencies in air and water were 26.9% and 10.8% respectively, which are lower
than the simulated 39% and 16% probably due to nanofabrication and material imperfection. The
crosstalk between the two states, i.e., spatial overlapping of the two images, is minimal. The
crosstalk and theoretical efficiency limit are caused by the incomplete coverage of the (@4, ®,)
phase space (as shown in Fig. S3c). The phase values provided by the meta-atom library in two
states are not completely independent to each other, i.e., for some phase values in one state, there
is only a limited range of available phase values in the second state and a full 2x phase modulation

is not always possible.

Another example was designed to project a NYU torch in air and both an Argonne logo and Center
for Molecular Engineering (CME) logo in water (Fig. 5). Instead of a linearly polarized diode-
pumped solid-state (DPSS) laser, as used in the previous experiment, we used an unpolarized diode
laser pointer to demonstrate the robustness of the design to the use of a more compact and cost-
effective light source (Fig. S4b). Furthermore, the laser pointer is linearly polarized in different
directions to verify the polarization insensitivity (Fig. S4c). The designed replay fields were all
successfully generated and switched in agreement with simulations, irrespective of the polarization
state of the incident light from the laser pointer, whether unpolarized or linearly polarized in
different directions: 0°, 45°, 90°. No significant difference was observed in these images, while
the exposure time under unpolarized light is half of that under linearly polarized light. This
demonstrates another advantage of polarization insensitivity: lower power consumption when
there is no need to polarize incident unpolarized light. Thanks to its robustness to various

illumination conditions, the switchable meta-hologram can be integrated with miniaturized low-



cost light sources, such as a diode laser, without any additional optics or delicate alignment.

In addition to the experimental demonstration of switchable two-state meta-holograms, we also
perform simulations to demonstrate that our design strategy can be expanded to multi-state
holograms with more than two states. Fig. S5 shows a simulated switchable three-state meta-
holograms including air, water, and a third medium with a higher refractive index of n3 = 1.398,
which can be implemented using 40% glucose or 50% glycerine solutions (by weight). Moreover,
with this expanded three-state meta-atom library, we are also able to inspect the two-state
hologram replay fields at a third state different from the designed two states. Fig. S6a-c show the
simulations when the medium refractive index is larger, intermediate, or smaller than the designed
two states respectively, all resulting in reduced efficiency and increased crosstalk. As expected,
the hologram quality is optimized at the designed states. Notably, n>and n3 are closer to each other
than n;, leading to a higher correlation between phase values in these two states (Fig. S5a). As a
result, the crosstalk between n2and n3 are more significant among various two-state (Fig. S6) and

three-state (Fig. S5b) designs.

Discussion

This work demonstrates the first polarization-insensitive switchable meta-hologram. The
projection of arbitrary and independent replay fields can be switched by the on-chip surrounding
medium (Fig. 1f). This is in contrast to existing switchable meta-holograms that rely on polarized
light and illumination modulation, such as polarization switching (Fig. 1a-d). By sidestepping the
requirements for high-performance light sources, bulky optics, delicate alignment or individually

addressed pixels, it provides a practical solution for reversible switching between pre-encoded



states of interest for situations where a large number of sates or dynamic “reprogramming” is not
needed. This constitutes by far the simplest implementation among all switching strategies
(comparing the inset flowcharts of Fig. 1f vs. Fig. 1a-d), and therefore better facilities the small
form factor and low cost promised by metasurfaces. Allowing the integration with miniaturized
light source (e.g., diode laser), it points to practical ultra-compact and wearable applications (e.g.,

on safety goggles or eyewear), such as hologram projection and eye-perceptible sensors.

As a non-interleaved design, each meta-atom provides distinct phase outputs under identical
illumination condition (Fig. 1f), which overcomes the limitation of a fixed relationship between
the optical input and output (Fig.1a-d) and thereby adds an extra degree of freedom to dynamic
tunable meta-hologram design. The combination of different switching approaches (e.g., spin and
wavelength) could greatly increase the number of holograms generated on a single metasurface.!'®
Similarly, the additional degree of freedom offered by medium tuning could also be incorporated
into existing light modulation approaches, therefore enabling novel designs with more complex
tunable functions and expanded capabilities for optical information storage, processing, and
security. For example, the combination of medium and wavelength switching was recently
demonstrated, resulting in colorful holographic mimicry on metallic reflective metasurfaces for
near infrared.*? Our all-dielectric transmissive metasurfaces offer the potential for a similar

combination for visible light.

In this work, the surrounding medium was switched, as a proof of concept, between air and water.
The liquid infiltration could, in the future, be implemented by integrating a microfluidic channel

(e.g., made of PDMS) on top of the metasurface.?? To further simplify and optimize the liquid



injection and ejection processes, electro-wetting could be used to control the liquid coverage on
metasurfaces by external electrical switching with microsecond-scale response times.** We
envision many more possibilities, however, when using functional materials other than water as
the meta-atoms’ dielectric environment.?! For example, a refractive index change in response to
external stimuli (thermal, electrical, chemical, etc.) would not only enable ultracompact sensors
integrated with holographic visual reporting,® but would also expand our multi-state design
strategy to achieve an increased number of states in response to increasingly fine changes of the
refractive index (Fig. S5). Here, the nonlocal interactions between ultrathin Huygens’ resonators*!
were circumvented by using a pixelated layout, where each pixel (dimensions 5x5 pum?) is a
homogeneous subarray of resonators with identical geometric parameters. In order to take full
advantage of metasurfaces’ promise of sub-wavelength-scale pixels for improved hologram
performance, the pixel size should be reduced by taking into account the nonlocal interactions
among adjacent meta-atoms. This can be done using our recently developed inverse design
strategies.®® Finally, other computational methods could be used to minimize the crosstalk and
improve the hologram efficiency, by better fulfilling the multiple states simultaneously. For
example, we are developing a gradient descent-type algorithm to directly optimize the replay fields
with the available meta-atom library. The morphology of the meta-atoms can be designed to
maximize the phase value coverage in (®,, ®,) space, where a circular symmetry could be used

to maintain the polarization insensitivity.**

Methods

FDTD Simulation



A commercial FDTD software (Lumerical) was used for nanoresonator and metasurface
simulations. To build a library of metasurface optical responses, a uniform TiO, nanoresonator
array was simulated by modelling a single nanodisc with periodic boundary conditions in both the
x and y in-plane directions. The light transmittance was quantified as the power transmitted through
the nanoarray, normalized to the source power. The Huygens’ resonator spectra were simulated (#
=115 nm, g = 36 nm) for various disc radius » and medium refractive index #, as outlined in Fig.
le. The switchable meta-hologram design was based on a multi-state meta-atom library (z = 120
nm), whose geometric parameters of both radius » and gap g were swept according to the parameter

space outlined in Fig. 2, in surrounding media of both air and water.

Nanofabrication

The metasurfaces were composed of TiO» nanoresonators, whose thickness was precisely
controlled by atomic layer deposition (ALD), and the in-plane geometry was patterned by electron
beam (e-beam) lithography, which is shown schematically in Fig. S1. Glass substrates with 115
nm thick TiO2 ALD-deposited film were spin-coated with a bilayer of e-beam resist polymethyl
methacrylate (PMMA), and then sputtered with 10 nm Au as a conductive layer. The samples were
patterned by a single e-beam lithography step. After exposure, the Au conductive layer was
removed by wet etching. The samples were developed in (methyl isobutyl ketone)
MIBK/isopropanol (IPA) 3:1 at 4 °C with ultrasonication for 1 min. A 10 nm Cr layer was
deposited by e-beam evaporation and then lift off, forming hard masks for pattern transfer. After
dry etching of TiO> and wet etching of the Cr mask, metasurfaces of TiO2 nanoresonator arrays

were formed on the glass substrates.



Optical characterization

An inverted microscope (Olympus 1X73) was used to image the superarrays in transmission (Fig.
2¢,d). The white light from Halogen lamp was filtered by 532 nm band-pass filters with 10 nm
bandwidth (Edmund Optics). The meta-holograms were imaged using a DPSS laser (532 nm, Opto
Engine) in a 2-f system (Fig. 4c, Fig. S4a). Alternatively, a 532 nm diode laser pointer was used
for the imaging under unpolarized light (Fig. S4b). An additional film polarizer and half-waveplate
were used to adjust the polarization directions (Fig. S4c). Note that the polarizing optics were only
used to verify the polarization-insensitivity, and will not be needed in practical applications, which
is a major advantage compared with existing switching strategies. A glass coverslip is attached on
top of the metasurface sample to form a chamber for medium switching (e.g., infiltration and
removal of de-ionized water). The imaging after infiltration or removal of water was repeated

multiple times without any difference.
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Fig. 1 Switchable meta-holograms: existing technologies vs. polarization-insensitive medium-

switching. Meta-holograms may be tuned by modulation of either the incident light or the
metasurface, which could be composed of either single-state (i.e., “on/off”’) or multi-state meta-
atoms. (a) Two sets of single-state meta-atoms (red and green), each of which is responsive to a
particular illumination condition (e.g., polarization, wavelength, etc.), spatially-multiplexed on a
single metasurface, may be used to select independent replay fields via modulation of the incident
light. (b) Two sets of single-state, spatially-multiplexed meta-atoms may similarly be used to select
independent replay fields via reversible chemical reaction of the metasurface which inverts the

on/off states of the two sets. (c) Alternatively, a set of single-state meta-atoms which encode a



multiplane hologram (projecting different images at different planes in the replay field) may,
through isotropic stretching of the metasurface, select between multiple images at a specific
imaging plane. (d) A single set of static multi-state meta-atoms may encode multiple holograms,
selected between by light polarization, angle, wavelength and spin. (¢) The optical resonances of
Huygens’ metasurfaces (the electric dipole, ED, and the magnetic dipole, MD) may be tuned as
the refractive index n of the surrounding medium is varied. (f) Through careful design, a single set
of multi-state meta-atoms may encode multiple independent replay fields, selected between via the
surrounding medium (refractive indices n; and n2) without the need for light modulation. The inset
flowcharts schematically show that design (f) features isotropic meta-atoms and simplest system
configuration, compared to anisotropic meta-atoms and additional optics in designs (a-d). The

Argonne logo is used with permission from Argonne National Laboratory.
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Fig. 2 Huygens’ metasurfaces tuned by surrounding medium. FDTD simulation results of the
transmittance (7)) and phase shift (@) experienced by a uniform wavefront of light at 532 nm after
propagation through a homogeneous and periodic TiO2 nanoresonator array (modelled by a single
nanodisc with periodic boundary conditions as shown in the inset) as a function of the resonator
geometric parameters, disc radius 7 and edge-to-edge gap g, in surrounding medium of (a) air and
(b) water. Experimental results measured by optical microscopy of the transmittance (7) though a
metasurface superarray (i.e., an array of various subarrays with specific geometric parameters as
shown in the inset) under filtered light (532 nm, unpolarized) in surrounding medium of (c) air and

(d) water.
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Gerchberg-Saxton (G-S) algorithm, which generate ideal (G-S) replay field images I (x, y) and

I5(x,y). Library searches of the meta-atom libraries T{(r, g) and Ti(r,g) to select optimal

metasurface geometric parameters (r*, g*) for each pixel (x, y) yield meta-holograms T{"(y, x)

and TJ"(x,y) and the corresponding simulated meta-hologram replay fields II*(x,y) and

I7*(x,y). Subscripts refer to two states and the corresponding refractive indices of surrounding

media, n; and n,.
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Fig. 4 Switchable meta-holograms controlled by the infiltration medium. (a) Schematic
diagram of the medium-switching mechanism. (b) SEM images of the fabricated holographic
metasurfaces, where the radius and gap of the homogeneous resonator array in each pixel
(dimensions 5x5 pm?) is determined by the strategy outlined in Fig. 3b. (c) Schematic diagram of
the optical setup in air (top) and water (bottom), without any optics for illumination modulation.
(d) Target images and replay fields including: ideal replay fields associated with the phase masks
generated by the Gerchberg-Saxton algorithm; simulated replay fields corresponding to the
optimally designed meta-hologram based on the meta-atom library; and experimental images of
the meta-hologram replay fields in air (top: NYU torch) and water (bottom: Argonne logo, used

with permission from Argonne National Laboratory).
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Fig. 5 Polarization insensitivity of the medium-switchable meta-holograms. Target images and
replay fields including: simulated replay fields corresponding to the optimally designed meta-
hologram based on the meta-atom library; and experimental images of the meta-hologram replay

fields for unpolarized and linearly polarized light in different directions: 0°, 45°, 90°, both in air

(top: NYU torch) and water (bottom: Argonne and CME logos, used with permission from
Argonne National Laboratory).
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Polarization-insensitive medium-switchable holographic metasurfaces

Haogang Cai, James A. Dolan, George Gordon, Taerin Chung, and Daniel Lopez

We demonstrate polarization-insensitive metasurfaces encoding arbitrary and independent
holograms, which can be switched between by changing the refractive index of the infiltration
medium while maintaining identical illumination conditions (even unpolarized light). Composed
of TiO2 cylindrical meta-atoms on glass substrate, the metasurfaces are all-dielectric, transmissive,
polarization insensitive, and work for the visible light. The meta-atom resonances are tailored by
the in-plane geometry to reproduce the desired phase modulation, which are further tuned by the
surrounding media to achieve multi-state switching.
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