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Metasurfaces, consisting of artificially fabricated sub-wavelength
meta-atoms with pre-designable electromagnetic properties, pro-
vide novel opportunities to a variety of applications such as light
detectors/sensors, local field imaging and optical displays. Cur-
rently, the tuning of most metasurfaces requires redesigning and
reproducing the entire structure, rendering them ineligible for
post-fabrication shape-morphing or spectral reconfigurability.
Here, we report a photoelastic metasurface with an all-optical
and reversible resonance tuning in the near infrared range. The
photoelastic metasurface consists of hexagonal gold nanoarrays
deposited on a deformable substrate made of a liquid crystalline
network. Upon photo-actuation, the substrate deforms, causing the
lattice to change and, as a result, the plasmon resonance to shift.
The centre wavelength of the plasmon resonance exhibits an ultra-
large spectral tuning of over 245 nm, from 1490 to 1245 nm, while
the anisotropic deformability also endows light-switchable sensi-
tivity in probing polarization. The proposed concept establishes a
light-controlled soft platform that is of great potential for tunable/
reconfigurable photonic devices, such as nano-filters, -couplers,
-holograms, and displays with structural colors.

Introduction

Plasmonic metasurfaces have received a great deal of attention
in photonics, due to their unique ability to abruptly change the
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New concepts

Conventional plasmonic metasurfaces are fabricated on rigid substrates
using accurate nanofabrication tools for controlling the spatial location
of the individual nano-antennae, which cannot be post-modified after
fabrication. Actively tunable metasurfaces with reversible control over the
lateral distance of the nano-antennae have been obtained by using soft,
mechanically deformable substrates, requiring physical contact between
the metasurface and the stimulus source. Herein we present a route
towards remote, reversible control over the plasmon resonances in
response to light stimulus. Our concept is based on hexagonal gold
nano-arrays deposited on a light-responsive liquid crystal network
substrate, yielding a photoelastic metasurface with ultra-large, 245 nm
tuning of the plasmon resonance in the near infrared range. The light-
induced deformation of the substrate is anisotropic, which endows light-
switchable polarization dependence of the resonance wavelength and
transmittance of the metasurface. This study serves to demonstrate that
plasmonic metasurfaces can be elastic and photo-tunable, while from the
other perspective, soft robotic materials such as liquid crystal networks
can be designed to possess photonic functionalities. Hence, it acts as a
bridge aiming to connect the disciplines of photonics and soft robotics.

amplitude, phase and polarization of a propagating light
beam." ™ Through localized surface plasmon resonances, meta-
surfaces allow for sophisticated control over the light-matter
interactions, serving as a design tool for potential applications
in the fields of beam manipulation,”> flat lenses,’ nano-
holography,” biosensing,® and color printing.® For future appli-
cations towards adaptive optics and tunable photonic devices,
there is a strong need to reversibly control the plasmonic
signals.’®"® However, to date most of the metasurfaces are
made of undeformable materials and fabricated on rigid sub-
strates, posing great hurdles for post-modification of their
properties after fabrication.

Thanks to the extensive research on stimuli-responsive
materials, such as phase-change materials, electro- and
magneto-optical materials, and liquid crystals, various active
metasurfaces have been reported.'®'®*® Modulated metasur-
faces for tunable absorption,”* beam steering,**** varifocal
metalenses, and ultrafast optical nonlinearity>> have been

This journal is © The Royal Society of Chemistry 2022
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demonstrated, holding great potential for applications in tun-
able photonics. For conventional phase-changing materials
based on modification of the refractive index of the substrate
or the medium around the plasmonic units,*° it is challen-
ging to obtain large spectral tuning range due to limited
refractive-index changes and optical losses. Another effective
strategy towards active metasurfaces is positioning the meta-
surface onto mechanically deformable substrate.*" Mechanical
deformation can directly deform the lattice periodicity of the
meta-atoms, and is hence deemed as an efficient approach for
active metasurfaces for spectral tuning,’” structural colors,*
varifocusing,*® dynamic holography,® and so on. Several
metasurfaces fabricated on soft substrates exhibit spectral
tuning upon externally applied strain through mechanical
stretching.***%*” To exclude the cumbrous physical contact
for obtaining the deformation and to miniaturize the system
size for further optoelectronic integration, active metasurfaces
possessing mechanical deformability that can be controlled
with remote stimuli would be strongly desired.

Liquid crystal networks (LCNs)*®“° are a class of smart
materials that can undergo large deformation in response to
stimuli such as electric,** magnetic,** and light*? fields. Com-
bining elasticity arising from the polymer network and aniso-
tropy given by liquid crystal orientation, LCNs can perform
reversible deformation and versatile shape-morphing, being
an attractive material platform for artificial muscles and
soft micro-robotics.**™*® From the viewpoint of photonics, the
reversible photomechanical deformability and order-to-
disorder phase transition of the LCN (which is accompanied
by large change in refractive index) are promising routes
towards reconfigurable devices."”” " Yet only few LCN-based
micro- or nanophotonic structures have been reported. They
serve as early examples of optical control over reflectance,*’
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° interference colour,”* and optical resonator.”

diffraction,’
However, the small light extinction cross-section of these
LCN-based photonic elements has restricted the ability of
modulation in spectrum. It is expected that a hybridization
between the largely deformable LCNs with metasurfaces with
high light extinction cross-section could yield more efficient
tuning of resonances through photomechanical actuation.

Here, we report a method to realize photoelastic metasur-
faces with reversible tuning of the localized surface plasmon
resonance (LSPR). The plasmon resonance is given by a gold
nanoarray fabricated on top of a light-deformable LCN sub-
strate via nanosphere lithography. Optically induced lateral
deformation of the elastic substrate endows spectral tuning
across 245 nm in the near-infrared regime, and light-switchable
polarization sensitivity driven by lateral deformation aniso-
tropy. We provide in-depth characterization of the continuous
tuning performance and actuation kinetics of the photoelastic
metasurfaces. We also demonstrate temporal control over light
diffraction patterns, to show the potential of realizing all-
optical control for future tunable photonics.

Results
System concept

Fig. 1a shows the schematics of the tunable photoelastic
metasurface, in which the hexagonal Au nanostructure is
deposited on a photo-deformable LCN substrate. The Au pat-
tern was fabricated using nanosphere lithography (NSL),>*>*
where a monolayer of self-assembled polystyrene (PS) nano-
spheres was used as a deposition mask. After the gold deposi-
tion process with an electron-beam evaporator, the PS
nanosphere mask was removed by sonication in deionized
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Fig. 1 The concept of photoelastic metasurface. (a) Schematics of the plasmonic metasurface fabricated via nanosphere lithography. (b) Schematic

drawing of the photomechanical LCN substrate undergoing reversible
constituents of the LCN used.

This journal is © The Royal Society of Chemistry 2022

shape-change upon light excitation. (c) The chemical structures of the
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water. Eventually, the hexagonally distributed nanoarray was
fabricated on the LCN surface, as schematized in Fig. 1a.
Further details on the fabrication process are given in Methods
and in ESIf Fig. S1.

An LCN substrate with planar molecular alignment can exhibit
reversible deformation upon photothermal excitation,* as illu-
strated in Fig. 1b. Upon excitation, the uniaxially alignhed mole-
cules (due to polymerization in aligned nematic LC phase)
undergo phase transition into isotropic phase, thus destroying
the molecular orientation that is originally preserved by the
crosslinked network. This order-to-disorder phase transition
yields macroscopic deformation of the whole substrate.”> The
shape-change occurs in all directions: the sample contracts along
the LC director and expands in the perpendicular lateral
direction and in the thickness direction. This shape change
will accordingly reshape the Au lattice geometry fabricated on
top of the substrate. A commercially available monomer mix-
ture is used to compose the LCN substrate (Fig. 1c). Dispersed
Red 1 acrylate (DR1a) is chemically linked to the polymer
network as a photothermal agent, to transfer the light energy
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into heat generation.*® The absorption spectra and polarized
optical images of the LCN are shown in ESI{ Fig. S2 and S3,
respectively. The photomechanical actuation strategy that we
implement is as follows: when the LCN substrate is irradiated
with a continuous-wave laser with wavelength of 532 nm, the
uniaxial molecular orientation is disrupted due to photother-
mal heating. This causes anisotropic lateral deformation,
which results in reconfiguration of the periodicity of the
metasurface and shifts the plasmon resonance. After ceasing
the light irradiation, the elasticity of the LCN restores the
original geometry and the resonance is expected to shift back
to the original spectral position.

Au nanoarray and deformable substrate

Scanning electron microscope (SEM) imaging (Fig. 2a on LCN
surface and ESIt Fig. S4 on glass substrate) reveals that high-
quality Au nanoarrays can be obtained over a large area. As
1 pm diameter PS spheres are used, the hexagonal structure
yields a lattice constant of 577 nm in one supercell (denoted as
d in Fig. 2b). The details about the arc edge of the nanotriangles

Power (mW)

Fig. 2 Plasmon resonances of the photoelastic metasurface. (a) SEM image of the Au nanoarray on the LCN surface. (b) SEM image of one supercell of
the hexagonally distributed nanotriangles and its calculated field enhancement. The dotted hexagon represents the boundary of the supercell. (c)
Simulated and measured transmission spectra of the Au nanoarray on the LCN with unpolarized incident light. (d) Anisotropic deformation of the LCN
substrate (negative value for contraction and positive for expansion) upon irradiation with 532 nm laser.
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are shown in the SEM image in ESI{ Fig. S5a. The thickness of
the Au nano-objects is 50 nm, as measured by atomic force
microscope (ESIt Fig. S5b and c). A finite-difference time-
domain (FDTD) method is used to simulate the plasmon
resonance, the details of which are given in ESIL.} The refractive
index of the LCN substrate is measured by a spectroscopic
ellipsometer as shown in ESI{ Fig. S6. Indicated by the simula-
tion results, the electromagnetic field distribution in one super-
cell exhibits an LSPR-induced field enhancement - as defined
by |E|/|Eo| (magnitude of the electric field/the incident field
magnitude) - of ca. 60 at the tips of the nanotriangles (Fig. 2b).
Fig. 2c shows the simulated and experimentally measured
transmission spectra of the Au nanoarray on an LCN substrate,
both showing resonance wavelengths at 1490 nm. The slight
mismatch between the experimental and simulated results is
ascribed to fabrication defects arising especially during the self-
assembly of the PS nanospheres and the ultrasonic cleaning
process.

The LCN substrate undergoes heat-induced deformation as
characterized in ESIf Fig. S7. Light-induced heating can also
trigger efficient deformation, causing about 20% contraction
along the director axis and similar expansion in the perpendi-
cular directions (Fig. 2d). The photoelastic deformation is fully
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reversible after cooling to room temperature. Since the Au
nanoarray is fabricated with strict lattice geometry on top of
an anisotropic substrate, the resonance wavelength and extinc-
tion ratio are sensitive to the refractive index of the substrate
and the periodicity of the nanotriangles,”®*” which both
change during the photothermal deformation. Therefore, the
photoelastic metasurface is expected to yield large spectral shift
in the resonance, which will be proven in the following
sections.

Tuning of plasmon resonances on the photoelastic metasurface

After fabricating the Au nanoarray on the LCN substrate, the
resonance wavelength is centered around 1490 nm with unpo-
larized light incidence, as shown in Fig. 3a. By gradually
elevating the excitation power, the supercell lattice of the Au
nanoarray is reduced along the orientation direction and
enlarged in the perpendicular direction as schematically indi-
cated in the insert of Fig. 3a. As a result, the resonance (center
wavelength of the transmission dip) is continuously shifted
from 1490 to 1245 nm (Fig. 3a), and the full width at half-
maximum (FWHM) of the transmission dip increases from
421 nm to 485 nm. The refractive index of the LCN is estimated
with a spectroscopic ellipsometer (ESIT Fig. S6). Both the
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Fig. 3 Photomechanical tuning of plasmon resonances. (a) Transmission spectra shifting upon increasing the laser excitation power. Inset: Schematics
of the deformation for two neighboring pairs of nanotriangle supercells. (b) Spectral change after one excitation cycle. (c) The resonance wavelength and
transmittance (inset) as a function of excitation intensity. (d) The resonance wavelength upon cyclic light excitation. Excitation conditions in (a and c):
laser power raises from 0 to 90 mW with step of 3 mW. In (b and d): for each excitation cycle, the laser is turned on and off for 1 min, and the laser power

is 60 mW. Spot size is 700 pm.
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extraordinary refractive index n. and the ordinary one, n,,
change upon light excitation, as evidenced by the loss of
birefringence (An = n. — n,) in the polarized optical micro-
graphs (ESI{ Fig. S8). An FDTD simulation is conducted by
using the measured birefringence and an average refractive
index (neg’) = (ne” + 2n,7)/3°%°° to approximate the isotropic
state of the LCN, showing good consistency between the
experimental results and the simulation (ESIT Fig. S9). Com-
pared to the modest spectral shifting upon changing the
refractive index without any mechanical deformation (ESIt
Fig. S10), one can conclude that the lattice deformation pro-
vided by the LCN substrate is the main driving force for the
resonance tuning.

To further quantify the tuning capacity in plasmon reso-
nance, Fig. 3c presents the center wavelengths of the transmis-
sion spectra at different excitation intensities. The resonance is
shifted by 95 nm (from 1375 to 1280 nm) at the power range of
60-70 mW, indicating an abrupt nematic-to-isotropic phase
transition of the LCN, which is accompanied by a large change
in both the dimensions and the refractive index of the sub-
strate. The power range at which this takes place is consistent
with heat-induced spectral changes shown in ESI{ Fig. S11.
During excitation, the transmittance of the resonance peak
remains essentially constant (Fig. 3c inset), inferring that there
are no unexpected losses within the photoelastic metasurface
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with and without the laser excitation. Moreover, the resonance
of the photoelastic metasurface is spectrally shifted by 245 nm
with the laser power of 90 mW, which corresponds to 70% of
the FWHM of the initial resonance without excitation.

To characterize the reversibility of the photoelastic metasur-
face, transmission spectra are used to evaluate the performance
after several switching-relaxation cycles. As shown in Fig. 3b,
the center wavelength is blue shifted from 1490 nm to 1355 nm
with laser excitation, and it returns to 1465 nm after ceasing the
light, deviated from its original state. Fig. 3d elaborates the
change of resonance during multiple excitation cycles, showing
certain amount of irreversibility. Such decreasing trend in
tuning ability may be ascribed to plastic deformation or topo-
graphic change of LCN material, as well as to dye bleaching
during light excitation.

Light switchable polarization anisotropy

As illustrated in the inset of Fig. 3a, the uniaxial contraction of
the LCN substrate induces anisotropy into the plasmonic
nanostructure, which serves as a motivation for investigating
the polarization dependence of the resonance wavelength and
the transmittance upon photomechanical actuation. Fig. 4a
presents a 3D transmittance plot at different probe polarization
before the photoactuation. The resonance wavelength appears
to be polarization-independent (blue curve in Fig. 4c), most

N
e

60+

255 579 285

Light off  Light on

Fig. 4 Light switchable polarization sensitivity. (a and b) 3D surface plot of transmission spectra without (a) and with (b) phototelastic deformation. (c and
d) Polar plots of extracted center wavelengths (c) and transmittance (d) for light off state (blue circles) and light on state (red dots). The excitation power

of the control laser is fixed to 90 mW with spot size of 700 um.
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likely due to the fact that the polarization direction of the Au
array is orthogonal to the orientation direction of the LC
molecules within the LCN. A small anisotropy in transmittance
is observed due to the birefringent nature of the LCN substrate
(blue curve in Fig. 4d). Upon photomechanical deformation,
the reshaped lattice gives rise to the change of resonance
(Fig. 4b): the center wavelength (1310 nm and 1264 nm for 0
and 90° polarizations, respectively; red curve in Fig. 4c) and
transmittance (42% to 63% for 0 to 90° polarization, respec-
tively; red curve in Fig. 4d) both exhibit significant polarization
dependence. This optically induced polarization dependence
provides a new degree of freedom for controlling light-matter
interactions in active metasurfaces. Importantly, the polariza-
tion of the incident beam is not only controlled by the struc-
tural anisotropy,®® but also capable of being switched through
another non-polarized excitation beam, which may be techni-
cally important for all-optical modulation devices.

A diffractive light modulator

The NSL-fabricated metasurface lattice produces hexagonal far-
field diffraction pattern (Fig. 5a), offering a visible way to realize
all-optical light modulation. We demonstrate this with the
photoelastic metasurface, in which a continuous laser
(633 nm, 1 mW) is used as a probe and a modulated 532 nm
beam (60 mW, 0.1 Hz) for excitation. The optical setup and
details of the measurement are given in ESI.{ Within the
hexagonal diffraction pattern, the distances between three
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Fig. 5 Dynamic response of the diffraction and transmission under con-
trol laser modulation. (a) CCD image of the diffraction pattern (top) of the
metasurface (bottom). (b) Length variation of distances a, b denoted in
diffraction pattern and strains along A, B (Sa, Sg) directions in the metasur-
face lattice, upon temporally modulated laser excitation. (c) The temporal
response of the transmitted signal with different intensity of the pump
laser. The black line presents the trigger reference. Inset plots the active

and relax speed.
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adjacent spots are defined as a and b (top of Fig. 5a). Upon
cyclic excitation, the lattice distances A and B (bottom of
Fig. 5a) are modulated. Accordingly, a and b are alternately
changed with a © phase shift, as shown in Fig. 5b. The relation
between the metasurface lattice and the far-field diffraction
pattern is calculated as shown in ESIf Fig. S12. Based on the
light-controlled diffraction, the intensity at the far field receiver
can be temporally controlled, for example, to synchronize the
excitation beam (Fig. 5c¢). We examine the light-modulation
process by using different pump powers with 0.1 Hz excitation
frequency. During the light modulation, the rise time can be
reduced from about 2 s (20 mW excitation) to below 1 s upon
increasing the excitation power. The relaxation remains con-
stant at ca. 1 s, irrespective of the excitation power, as dictated
by the heat capacity of the LCN actuator upon photothermal
excitation. Hence, to attain ultra-fast photomechanical tuning,
scaling down the size of the photoelastic substrate would be
required.’® Details of the optical setups for microscopy spectra,
far-field diffraction pattern and diffraction intensity measure-
ments are shown in ESI{ Fig. S15 and S16.

Discussion

The range of spectral tuning (between 1245 and 1490 nm) in
this LCN-metasurface is ultra-large, by comparing to other
results obtained by using different material systems and
mechanisms, as specifically shown in ESIf Table S1. However,
a high-performance tunable metasurface should possess large
deformability of the actuating soft substrate and excellent
mechanical stability to preserve the periodic nanostructure that
dictates the resonance. To address the balance between soft-
ness and rigidity to obtain robust reversible tunability will be a
long-term challenge. This study constitutes the first step
towards photomechanical tuning of plasmon resonance on a
deformable soft LCN substrate, with clear drawback in reversi-
bility as brought out in Fig. 3d. At the same time, we highlight
that both cyclic film deformation (ESIt Fig. S7) and diffraction
modulation (Fig. 5¢) show excellent reversibility. The irreversi-
bility only comes to play in the resonance of the Au nanos-
tructure, and it is ascribed to dye degradation and resultant
reduction in absorption efficiency, surface wrinkling (ESIt Fig.
S13), and irreversible topographic change of Au nanopattern
that may be caused by the photothermal effect and further
boosted by the local electric fields. For practical applications
requiring large number of tuning cycles, significant improve-
ment of the reversibility in the material shape changes is
demanded. Replacing the glassy LCN with a liquid crystal
elastomer®" would yield a substrate with larger deformability
at lower phase transition temperature together with higher
resilience for shape relaxation, which could be a promising
material platform for further improving the tuning capacity.
Even if NSL is used in this work to demonstrate large-area,
low-cost metasurface fabrication, it is possible to extend the
proposed concept to metasurfaces fabricated through standard
UV exposure lithography. One example is shown in ESI¥
Fig. S14a, where a two-dimensional disk array (3 pm disk
diameter) is obtained through mask exposure on the LCN film.

Mater. Horiz., 2022, 9, 942-951 | 947
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The molecular orientation (dictating the substrate deformabil-
ity) is well preserved in the LCN substrate (ESIt Fig. S14b and
c), after treatment with RZX-3038 and acetone, two typical
solvents used in standard lithographic processes. For further
details on the fabrication steps, see ESI} Fig. S14d.

A photomechanically deformable metasurface, as repre-
sented in this work, is readily applicable for tunable metasur-
face holography,*® where dynamic holographic images can be
attained by laterally deforming the patterned substrate. How-
ever, for precise control of also the phase of the hologram, more
strict positioning of the meta-units and the substrate deforma-
tion is required. Note that the topological deformation of the
LCN substrate can be very versatile as it can be precisely
programmed via patterning the director field,"® and electron
beam lithography can be used as a pathway to improve the
structural accuracy. However, the inherent temperature
deformability of the LCN substrate during the fabrication steps
(e.g., baking of PMMA about 180 °C prior and post to the
e-beam lithography) poses a technical challenge that must be
taken into account in future investigations.

The straightforward dimensional control of polystyrene nano-
spheres or other self-assembled particles with distinct geometries
offers a wide selection of metasurface lattice patterns and broad
range of resonance wavelengths.®>®* By tuning the resonance to
the telecommunication band, our method may provide a poten-
tially useful route to data encoding and interconnected optical
communication. By shifting the resonance into the visible regime,
primary-colored display devices can be envisioned.

To conclude, we demonstrate a photomechanically tunable
metasurface based on light-responsive LCN substrate. The
metasurface is capable of dynamic all-optical control in trans-
mission through laterally deforming the nanoscale lattice. The
resonance can be tuned across 245 nm spectral range in the
near-IR region, while the polarization sensitivity can also be
switched on-off through anisotropic photoelastic deformation.
We also demonstrate an all-optical light modulator based on
far-field diffraction raised from microscale periodic lattice. We
believe that the results will inspire further studies on the
proposed photomechanical platform for photonic applications.
For instance, integration of the photoelastic metasurface with
vertical cavity structures could provide tunable surface emitting
structures and programmable lasing with controlled
directionality.®® The opportunities provided offer a prospective
vision towards adaptive optics and reconfigurable photonics, in
long term can be potentially useful for integrated optics and
photonic communication.

Materials and methods
Sample preparation

The photoelastic metasurface consists of LCN substrate
and gold nanoarray deposited on top of it. The LCN substrate
was photopolymerized from a monomer mixture containing
78.5 mol% of LC monomer 4-methoxybenzoic acid 4-(6-
acryloyloxyhexyloxy)phenyl ester (Synthon Chemicals), 20 mol%
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of LC crosslinker, 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-
methylbenzene (Synthon Chemicals), 0.5 mol% Disperse Red
1 acrylate (Merck) and 1 mol% of photoinitiator (2,2-dimethoxy-
2-phenylacetophenone, Sigma Aldrich). All molecules were used
as received. The monomer mixture was polymerized by UV light
(center wavelength of 365 nm, 60 mW cm ™) at 50 °C in a cell with
thickness of 45 um. After opening the cell after the polymerization
process, the LCN-adhered glass substrate was treated with UV
ozone to increase the hydrophilicity and then used as the sub-
strate to lift-up the self-assembled PS nanospheres. The PS nano-
sphere (Alpha Aesar Chemicals) layer was formed via the air-
liquid interface method,>*** deposited on the LCN and served as
a template mask for gold layer deposition (electron-beam eva-
porator, TF500, British HHV). After the deposition, the sample
was soaked into water and treated with an ultrasonic cleaner to
remove the PS nanospheres. The metasurface was stripped from
the glass, and cut to small pieces for experiments.

Measurement procedure

The optical setup for measuring the transmission spectra,
diffraction pattern, and temporal response can be found in
ESIt Fig. S15 and S16. The transmission spectra were measured
with CRAIC microspectrometer with reference signal taken
from quartz substrate. The sample was ~ 200 x 200 pum? and
it was placed vertically to the probing beam from a broadband
light source (70W Xenon lamp, Olympus) and the excitation
laser (532 nm). The transmitted light was collected by a 10x
objective lens (N.A. 0.25) and guided to camera and spectro-
meter with help of a beam splitter. CMOS camera was used to
image the sample during in situ measurements. More details
can be found from ESI. T

For the diffracted pattern characterization, the far-field
diffraction pattern of a collimated continuous-wave probe laser
(633 nm He-Ne laser, 1 mW) was analyzed while exciting the
photoelastic metasurface with a pump laser (1 Hz pulsed
532 nm laser, 30 mW). A cropped sample with size of 5 x
5 mm® was placed on the displacement table to adjust the area
for high-quality diffraction pattern. The pump laser beam was
focused to a spot with size ~ 700 pm. The diffraction pattern
was imaged by a CMOS camera (msx1, Mshot) with frame rate
of 11 fps. For the kinetics characterization, the pump laser
(532 nm) is tuned with 0.1 Hz frequency. The transmitted light
(633 nm He-Ne laser, 1 mW) was directly collected by a multi-
mode fiber through a focus lens and guided to a spectrometer
(USB2000 +, Ocean Optics).
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