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Abstract

Realizing active metasurfaces with substantial tunability is important for many applications but remains challenging
due to difficulties in dynamically tuning light-matter interactions at subwavelength scales. Here, we introduce
reversible metal electrodeposition as a versatile approach for enabling active metasurfaces with exceptional tunability
across a broad bandwidth. As a proof of concept, we demonstrate a dynamic beam-steering device by performing
reversible copper (Cu) electrodeposition on a reflective gradient metasurface composed of metal-insulator-metal
resonators. By applying different voltages, the Cu atoms can be uniformly and reversibly electrodeposited and stripped
around the resonators, effectively controlling the gap-surface plasmon resonances and steering the reflected light. This
process experimentally achieved >90% diffraction efficiencies and >60% reflection efficiencies in both specular and
anomalous modes, even after thousands of cycles. Moreover, these high efficiencies can be extended from the visible
to the near- and mid-infrared regimes, demonstrating the broad versatility of this approach in enabling various active
optical and thermal devices with different working wavelengths and bandwidths.

Introduction

Tailoring light-matter interactions at subwavelength
scales has garnered tremendous scientific interest and is
key to a plethora of transformative technologies such as
invisible cloaks'~, flat lenses*~®, advanced waveguides”?,
and daytime radiative coolers® ", Its great potential has
recently been manifested in metasurfaces, which provide a
full manipulation of light on the amplitude, phase, and
polarization within a subwavelength-structured inter-
face'®™?°, With the promise to achieve the ultimate min-
iaturization of optical elements, metasurfaces have rapidly
advanced to the forefront of optics research over the past
decade®'*?. Furthermore, the emergence of metasurfaces
also raises the hope of revolutionizing active optical
components for advanced applications that demand
ultracompact and lightweight optics, such as augmented/
virtual reality glasses and unmanned aerial vehicles®*~**,
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Nevertheless, it is still challenging to achieve active
metasurfaces with substantial tunability compared to
conventional bulky optics like deformable mirrors™.
Addressing this challenge is essential for active meta-
surfaces to outperform their bulky counterparts and step
further toward commercial success* .

An essential pathway to achieve high-contrast active
metasurfaces is to use materials with highly tunable
optical properties. Among the most promising candidates
are phase change materials, which feature the metal-
insulator transition (MIT), capable of creating substantial
changes in refractive index®®. To date, MIT materials such
as vanadium dioxide***™>® and conjugated poly-
mers***7>® have demonstrated many successful applica-
tions in active optical and thermal devices. However, MIT
materials exhibit much lower plasma frequencies in their
metallic state compared to metals (e.g., Cu), therefore
limiting their optical tunability, especially at short wave-
lengths®”. The ideal MIT scenario with the highest
accessible optical contrast would be creating metals from
a vacuum and making them vanish as desired. Such a
scenario is not physically feasible due to the law of mass
conservation. Nevertheless, this effect can be mimicked
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with reversible metal electrodeposition (RME), which
allows for the creation and removal of metals on demand,
leading to an effective switch between metals and elec-
trolytes®”®, In this way, RME achieves gigantic optical
contrast across an ultrabroad wavelength range and has
enabled a variety of applications, including electrochromic
windows®>®, visible and thermal camouflage®"®*, and
tunable radiative cooling systems®>®*, Though appealing,
these demonstrations were mostly done on thin film
configurations, and the potential of RME in controlling
light-matter interactions with subwavelength structures
remains largely underdeveloped®>®°. Given that RME
yields substantial optical contrast, it is of both funda-
mental and practical interest to explore the feasibility of
RME within micro and nanostructures and its ability to
control subwavelength light-matter interactions.

In this work, we experimentally explored the capability
of RME performed on subwavelength structures for rea-
lizing high-contrast active metasurfaces. This concept is
showcased by an active beam-steering metasurface with
tunable metal-insulator-metal (MIM) resonators con-
trolled by the RME of Cu. The top metal and the middle
dielectric layers are structured to form the resonant
antennas, whereas the bottom metal serves both as an
optical element that reflects the incoming light, and as an
electrical component utilized as a highly conductive
working electrode to enable high-performance RME. As a
result, the Cu atoms can be uniformly and reversibly
deposited and stripped around the subwavelength reso-
nators by switching the applied bias. This effectively
controls the gap-surface plasmon resonance, leading to
high-efficiency dynamic beam steering. Furthermore, such
substantial tunability can be achieved across a very broad
bandwidth from visible to mid-infrared (IR) ranges. Our
results highlight promising opportunities to realize the
high-contrast active metasurfaces demanded for emerging
optical and thermal applications.

Results
Potential of RME for achieving substantial broadband
tunability

Figure 1a illustrates the working principle of leveraging
RME to control the subwavelength light-matter interac-
tions of a MIM resonator, which is immersed in an
electrolyte with the working and counter electrodes. By
applying a negative bias to the working electrode, a layer
of high-reflectivity metal is deposited around the reso-
nator, which prevents incident light from entering the
resonant cavity and turns off its plasmon resonance. The
resonance can be fully recovered by reversing the bias
polarity, which dissolves the deposited metal into the
electrolyte as metal ions. As shown in Fig. 1b, the effective
control of gap-surface plasmon resonances extends from
the visible to mid-IR ranges using resonators of different
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sizes. Such a substantial and broadband tunability of RME
can be expected from the gigantic refractive index dif-
ferences between metals and corresponding electrolytes
over a broad bandwidth (Table S1). To further demon-
strate the optical tunability potential of RME, we compare
it with other representative active materials by calculating
their tuning ranges in terms of the single-interface nor-

-1

2
mal-incidence reflectivity, R = ~—+1‘ where # is the
n

complex refractive index. Specifically, the optical prop-
erties of the two states of active materials (; and 7,) are
used to calculate the corresponding reflectivities (R; and
R,), as depicted in the inset of Fig. 1c. This is a reasonable
standard for comparison as it involves only the material
properties (i.e., n). The ideal active material should feature
AR = |R, — Ry| =1, fully suppressing reflection at the
interface (R = 0) in the initial state and entirely reflecting
all the incident light (R = 1) as the material property
changes. As shown in Fig. 1c, RME stands out from
commonly used active materials®**"*"~"® with its near-
unity contrast (AR~ 1) across the entire wavelength
range of interest. This promises RME’s great potential to
achieve active metasurfaces with substantial tunability
over an ultrabroad wavelength range.

High-efficiency dynamic beam steering via RME-based
active metasurface

To demonstrate the potential of RME-based active
metasurfaces, we focus on dynamic beam steering, as
achieving high-efficiency beam-steering metasurfaces has
been quite challenging due to the limited optical property
contrast of active materials (Table S2). As illustrated in
Fig. 2a, our metasurface consists of MIM resonator arrays
with a trapezoidal shape designed to support broadband
resonances’ >, In its pristine state, when there is no Cu
deposition, these trapezoidal antennas impart a phase
gradient to the reflected light along the device surface,
causing the reflection angle to deviate from the incident
angle and resulting in anomalous reflection®*?, The
anomalous reflection (corresponding to 1°* order diffrac-
tion) can be greatly suppressed by the metal electro-
deposition, which eliminates the phase gradient and
switches the reflected light to the specular direction (0™
order). Therefore, an electrically tunable metasurface
capable of steering light into different directions is rea-
lized by changing the applied bias to reversibly deposit
and strip the metal layer.

For experimental demonstration, we specifically
designed and fabricated the metasurface to operate at
visible wavelengths. With minimum feature sizes on the
order of tens of nanometers, a successful demonstration
of this active metasurface would validate the practicality
of RME in controlling light-matter interactions at
nanoscales. The top view of the fabricated metasurface is
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Fig. 1 Concept and potential of active metasurface with substantial broadband tunability enabled by RME. a Schematic of a tunable MIM
resonator for dynamic light manipulation via RME. b Simulated magnetic field profiles of the MIM resonators controlled by RME at the visible (i), near-
IR (i), and mid-IR (iii) regimes. Simulation details can be found in Fig. S1. ¢ Calculated tunable range of single-interface reflectivity for RME and various
active materials at different wavelengths, with RME demonstrating the highest tuning potential. Note that materials are grouped by spectral regime,
while positions do not correspond to exact wavelengths. The material optical properties used in calculations are provided in Table S1. For the RME of
various metals, the optical properties of electrolytes are approximated by those of pure water

shown in Fig. 2b by using scanning electron microscopy as characterized with SEM and energy-dispersive X-ray

(SEM). We used gold (Au) and silicon dioxide (SiO,) for
the metal and insulator components of the MIM reso-
nators, considering their robustness in nanofabrication
and RME processes. For the RME operations, we chose
Cu as the working metal for its great stability, long dur-
ability, and fast switching speed®”®*®*. By applying a
negative voltage to the bottom metal of the metasurface
with respect to the counter electrode of Cu foil, a Cu layer
was densely and uniformly deposited on the Au substrate

spectroscopy (EDS) in Fig. 2c. This was further confirmed
with cross-sectional scanning transmission electron
microscopy (STEM) images as shown in Fig. 2d, e. Such
high-quality electrodeposition was enabled by both the
high conductivity of the Au electrode and its energy-
favorable interface to facilitate the nucleation of Cu®>®*%*,
As indicated by the effective medium theory®, the dense
and continuous deposition morphology is essential to
reach the percolation threshold for behaving as a metal
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Fig. 2 Active beam-steering metasurface via reversible Cu electrodeposition. a Schematic of the electrochemical device for dynamic beam
steering. The device can be electrically switched between the anomalous reflection mode (Cu-stripped, left) and the specular reflection mode (Cu-
deposited, right). b, ¢ Top-view SEM images of the metasurface before (b) and after (c) Cu electrodeposition. The deposited Cu area is partly

highlighted via EDS. d, e Cross-sectional STEM images of the metasurface deposited with Cu. The sample lamella was prepared using focused ion
beam (FIB). f Microscope Fourier imaging of the reflected beam profiles for the metasurface as fabricated (i), after Cu electrodeposition (ii), and after

performed under normal incidence at a wavelength of 685 nm

stripping Cu (ii). g The 0th and 1st order diffraction efficiencies when depositing and stripping Cu with different times. Measurements were

film with the desired optical reflectivity®*. Consequently,
the gap-surface plasmon resonance is turned off by the Cu
deposition and the metasurface no longer supports
anomalous reflection but rather behaves as a reflective
mirror with only specular reflection (Fig. 2f). The meta-
surface fully regains its functionality when applying a
positive voltage that quickly oxidizes Cu(s) to Cu®"
cations dissolved in the electrolyte (Fig. 2f). Such an on/
off switch can be done at a timescale of 500 ms when
using an electrolyte with 1M Cu®", as illustrated in
Fig. 2g. More importantly, with the effective deposition
and stripping of Cu at nanoscales, our active metasurface

experimentally demonstrated ultrahigh diffraction effi-
ciencies of >90% for both the anomalous and specular
reflection modes. Here, the diffraction efficiency, #,, is
defined as the ratio of the light intensity in the desired
diffraction order to the total reflected light intensity. This
total intensity can be approximated by the sum of all three
major diffraction orders (Oth and +1st) as the contribu-
tions from higher orders are negligible (Fig. S2). It is
noteworthy that achieving high diffraction efficiency is
particularly important for metasurfaces to be utilized in
practical applications that demand high signal-to-noise
ratios (SNR)®088,
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Fig. 3 Mechanisms of the switch between anomalous and specular reflection modes for the RME-based active metasurface. a Schematic of
the unit cell with a trapezoidal antenna. For the design operating at visible wavelengths, the geometric parameters are P, = 1300 nm, P, = 220 nm,
[ =1056nm, w; = 150nm, ws = 55nm, t; =40nm, t; =40nm, t3 = 100 nm. b—d Comparisons between the metasurfaces with and without Cu
electrodeposition in terms of the cross-sectional unit-cell schematics and corresponding simulated magnetic fields (b), phase and reflectivity profiles
for a rectangular antenna as a function of its width w (c), and the electric fields of reflected light above the metasurface (d). The cross-section
mapping is along the center of the unit cell (P,/2). The inset in (c) shows a top view of the rectangular antenna unit cell. e Simulated far-field
intensity profiles of reflected light with increasing Cu thickness, which is normalized to the peak reflection intensity of a silver mirror. Insets are
corresponding measured beam profiles. In the simulations, the wavelength of light is 685 nm, and the polarization is along the y-axis

Mechanisms of active beam-steering metasurface

The underlying mechanisms of our active metasurface
were theoretically studied with full-field electromagnetic
simulations using the unit cell depicted in Fig. 3a. In its
initial state (prior to Cu deposition), the MIM resonator
supports a gap-surface plasmon resonance localized near
the center of the antenna when illuminated with 685-nm
light, as indicated by the enhanced magnetic field within
the MIM cavity (Fig. 3b). With the dramatic phase shift
imparted by the MIM resonator, the trapezoidal antenna
enables a near-2m phase coverage required for the
anomalous reflection response, owing to its gradually
increasing width along the antenna which induces dif-
ferent phase shifts (Fig. 3c). This phase gradient imparts
an additional wave vector to the normally incident light
and leads to anomalously reflected wavefront as shown in
Fig. 3d. In great contrast, after depositing only a 30 nm Cu
layer around the cavity, the plasmon resonance is sig-
nificantly suppressed (Fig. 3b), fully eliminating the phase
gradient (Fig. 3c). As a result, the reflected light is steered
from the anomalous angle to the normal direction
(Fig. 3d). It is noteworthy that the reflectivity remains

consistently high when switching the beam propagation
directions, as indicated by the reflectivity plots in Fig. 3c.
This is the foundation to realize dynamic beam steering
with high efficiencies without loss of incident optical
power.

To further analyze how the reflected light is steered
between different directions during electrodeposition, we
simulated the far-field intensity profiles for varying Cu
thicknesses (Fig. 3e). The simulation results agree well
with the experimental observations (Fig. 3e insets), where
the same nominal thickness of Cu is deposited. Both
theoretical and experimental results demonstrate that,
with a 40 nm SiO, cavity, a 30 nm Cu layer is sufficient to
fully switch the beam propagating direction. This low
requirement for deposited Cu thickness is crucial for
achieving active metasurfaces with excellent durability and
fast switching speeds®”. In addition, the required deposi-
tion thickness can be reduced to 20 nm by optimizing the
MIM resonator design with a thinner SiO, layer, or even
to 10nm by embedding the bilayer antenna into the Au
substrate (Fig. S3 and S4). This indicates great promise for
further improving the device performance, such as
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Fig. 4 Experimental demonstration of consistently high-efficiency dynamic beam steering. a Schematic of the microscope setup for

characterizing the reflected beam profile. A dipping lens is immersed in the working electrolyte for the in-situ measurements. b Microscope images

of the metasurface sample in the deposited and stripped states when a 0.3-NA objective is used. The metasurface area is circled with a white dashed
line. The scale bar is 100 um. c Line profiles of intensity captured via the Fourier plane imaging for the initial five in-situ cycles. Insets are the camera
images for the fifth cycle, and the dashed lines indicate where the intensity profile is extracted. d In-situ measurement of the Oth and 1st order
diffraction efficiencies in the deposited and stripped states for the 1-10 (left) and 591-600 (right) cycles. The corresponding videos are provided as
supplemental auxiliary files. e Cycle life test of the active metasurface on the diffraction and reflection efficiencies. The inset shows the Fourier plane
images for the deposited and stripped states at the 3000th cycle. The test was done in ex-situ experiments by applying -1V for 0.7 s in the deposition
process and 0.5V for 10s for a complete stripping

switching speed, which extends the range of potential
applications for RME-based active metasurfaces>*°,

In-situ and ex-situ characterizations on beam steering
performance

To characterize the beam steering performance, we set
up a microscopy system, as shown in Fig. 4a. Incident
light with a wavelength of 685 nm was generated using a
bandpass filter in the path of a white light source. An
objective with a small numerical aperture (NA =0.3)
allowed us to clearly observe the distinct difference in the
metasurface’s appearance between the deposited and
stripped states (Fig. 4b). When Cu was deposited on the
device, the entire metasurface area (300 x 340 pm?)
appeared as bright as the surrounding flat region. Con-
versely, when Cu was stripped from the device, the
metasurface area became noticeably dark, as most of the
light was anomalously reflected to ~30°, beyond the
detectable angle range of the 0.3-NA objective (<17.5°).

The angle-resolved quantitative measurement of light
intensity was further achieved by Fourier plane imaging”
a technique that uses the Bertrand lens to project the

Fourier transform of the image plane onto the camera,
allowing each pixel to correspond to a specific reflection
angle (Fig. S5). In this case, a high-NA objective was
required to capture reflected light over a wide angular
range. For in-situ measurements, we used a 0.8-NA dip-
ping lens immersed in a dilute electrolyte containing
50mM Cu®". While using dilute electrolytes decreases
the switching speed, it ensures sufficient reflected light
intensity for camera detection, compensating for the
strong absorption of red light in the Cu®" electrolyte due
to the long working distance of the dipping lens (3.3 mm).
Figure 4c displays the line profile of the reflected beam
intensity for the initial five cycles of the experiments,
during which the light was efficiently steered toward dif-
ferent directions. By analyzing the light intensity at dif-
ferent beam spots, we derived the diffraction efficiencies
for the Oth and 1st order diffractions in both the deposited
and stripped states. As shown in Fig. 4d, both states stably
achieved over 90% diffraction efficiencies for up to
600 cycles.

To further explore the reversibility of the device, we
conducted a cycle test via ex-situ measurements on both
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diffraction and reflection efficiencies at different states.
The reflection efficiency, 7,, is defined as the intensity of
the targeted diffracted light normalized to the incident
light intensity, which is approximated by the reflection
from a silver mirror. As shown in Fig. 4e, the RME-based
active metasurface consistently achieved ~60% reflection
efficiency and ~90% diffraction efficiency without degra-
dation even after 3000 cycles. This excellent cyclability is
largely attributed to the use of the Au back reflector as the
working electrode, which is ideal for RME due to its high
conductivity and low lattice mismatch with Cu”'. Our
findings highlight the potential of RME to enable active
metasurfaces with exceptional optical performance, high
stability, and long-term durability. We note that all optical
characterizations in this work, except for the in-situ
experiments, were conducted under dry conditions,
without electrolyte present during measurement. This
ensures a clearer demonstration of the optical modulation
ability due to the Cu deposition and removal via RME
operations, without interference from variations in elec-
trolyte composition, concentration, or thickness.
Although the electrolyte might greatly affect the overall
reflection intensity at specific wavelengths due to its
absorption, the diffraction efficiencies can remain well
preserved, as demonstrated in Fig. 4d, e. Accordingly, to
maintain consistency with the experimental conditions,
air was adopted as the surrounding medium in all simu-
lations presented in this work, unless otherwise specified.

Broadband demonstration of RME-based active
metasurfaces

The synergy of Cu as a Drude metal and the trapezoidal
antenna design suggests substantial broadband cap-
abilities for our active beam-steering metasurfaces. To
explore this potential in the visible and near-IR regimes,
we employed a custom-built angle-resolved spectroscopy
system to characterize the anomalously reflected light, as
depicted in Fig. 52”2 Subsequently, the diffraction and
reflection efficiencies for different diffraction orders were
determined with a microscope-based spectroscopy sys-
tem. For the visible regime, we continued using the
aforementioned metasurface design and investigated its
broadband performance at other visible wavelengths. As
plotted in Figs. 5b and S6, extraordinary optical perfor-
mance (17, = 90% and 5, ~ 60%) was observed for both
deposited and stripped states across a 100-nm-wide
wavelength range from 610 to 710 nm. This broadband
tunability arises from the leverage of trapezoidal antennas
(Fig. S7) and the substantial optical contrast provided by
the RME of Cu (Fig. 1c). We note that Cu is less suitable
for devices working at shorter visible wavelengths due to
its absorptive nature in that region, and RME of silver or
aluminum can be more effective®®”®. For the near-IR
demonstration, we redesigned and fabricated the
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metasurface with larger feature sizes to accommodate
wavelengths up to 800 nm, considering the experimental
setup availability. The measurement results, also shown in
Fig. 5b, consistently demonstrated high efficiencies across
this extended wavelength range.

For the mid-IR wavelengths, the angle-resolved reflec-
tance spectrum was measured with an IR ellipsometer as
shown in Fig. 5¢c. Due to the limitations of the instrument
on detection angles, we designed the mid-IR metasurface
considering a tilted incidence angle of 32° and conducted
measurements at reflection angles of 32° and above. In
this case, the Oth and 1st order diffracted light with a 3 um
wavelength were predicted to feature reflection angles of
32° and 50°, respectively, according to the generalized
Snell’s law®!, which was confirmed by the measurements
(Fig. S8). The reflection efficiencies of the 0™ and 1% order
diffractions for both deposited and stripped states are
shown in Fig. 5d, where 7, =~ 60% is consistently achieved
over a broad wavelength range from 2.6 to 3.6 um.
Although the diffraction efficiencies at these wavelengths
could not be determined due to the difficulties in mea-
suring the -1st order diffraction, one can still expect
considerably high values from the distinct intensity con-
trast between Oth and 1st orders.

Using the measured beam-steering efficiencies, we
determined the SNR of the RME-based metasurfaces, a
key figure of merit for real-world applications that require
the output signal to be distinguishable from the back-
ground®®. The SNR is the intensity ratio between the
dominant diffraction order and the second-highest one®®.
Since the active metasurfaces exhibit different SNRs
during switching, the smallest value among different
states is considered, as it represents the performance limit
of active devices. Our results show that RME-based
metasurfaces consistently exhibit higher SNR from visible
to mid-IR ranges compared to many other active-material
systems (Fig. 5e), in line with the optical contrast com-
parison in Fig. 1c. While the reflection efficiencies might
be limited in the mid-IR regime due to the electrolyte
absorption, the high diffraction efficiencies and SNR
would remain unaffected. We anticipate the great
potential of RME-based metasurfaces could intrigue fur-
ther research efforts to demonstrate more possibilities
such as faster switching speed***>?*~*7, multiple-angle
steering”®”®~1%, high-performance transmissive counter-
parts®632410L102 "and novel functionalities*>!%319%,

Discussion

We have demonstrated the remarkable potential of
reversible metal electrodeposition for enabling active
metasurfaces with exceptional broadband tunability.
Leveraging the ideal optical contrast provided by RME, we
experimentally realized active beam-steering metasurfaces
with reflection efficiencies of >60% and diffraction
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efficiencies of >90%, leading to remarkable SNRs up to
~15 dB. Furthermore, such high performance extends well
across the visible, near-IR, and mid-IR ranges using
different-sized metasurfaces based on the same design
principle. This was accomplished through a plasmonic

metasurface design that combines both photonic and
electrochemical considerations, utilizing the metal back
reflector of the antennas as a desirable working electrode
for RME operation. Consequently, Cu atoms can be uni-
formly and reversibly electrodeposited and stripped at the



Li et al. Light: Science & Applications (2026)15:38

nanoscale during switching, leading to exceptional optical
performance and electrochemical sustainability, as vali-
dated by the ex- and in-situ experiments. This work
opens opportunities for dynamic control of light at
subwavelength scales, facilitating the development of
active optical and thermal metadevices with ultrahigh
efficiencies.

Materials and methods
Numerical simulations

The numerical simulations of the metasurfaces are
performed with the commercial software of COMSOL
version 5.6. We apply periodic boundary conditions to the
x- and y-directions at the surface edges of the 3D unit cell
model, which is normally illuminated by an incident plane
wave with a polarization along the y-direction. The per-
fectly matched layer is added to both the top and bottom
ends of the unit cell for convergence purposes. The
refractive index of Au and SiO, in simulations is obtained
from the ellipsometry measurements, while that of Cu is
adopted from the literature”®.

Fabrication of metasurfaces for operating in the visible
and near-IR regimes

The metasurfaces with nanoscale feature sizes were
fabricated using electron-beam lithography. We started
with covering a glass substrate with a 5nm chromium
(Cr) adhesive layer and a 100 nm Au layer using electron-
beam evaporation (AJA e-beam Evaporator). The sample
was primed with HMDS for 5 min, spin-coated with a 950
PMMA A4 resist at a rate of 6000 rpm for 1 min, baked at
180 °C for 5min, and then exposed in the Raith
EBPG5200 E-Beam lithography system operated at 100 kV
with a dose of 700 uC/cm?. The sample was developed in
a MIBK/IPA (1:3) solvent for 2 min at room temperature
and then rinsed with IPA and DI water for 1 min each.
The antenna pattern was formed by sequentially depos-
iting SiO, and Au using electron-beam evaporation.
Before and after the SiO, deposition, 2nm of Cr was
deposited to enhance the antenna adhesion. Note that a
3nm layer of SiO, was deposited on top of the Au
antenna to prevent the undesired Cu electrodeposition.
Afterwards, the sample was lifted off by soaking in acet-
one at 60 °C for 15 min and then sonicating for 10s. The
sample was then subjected to O, plasma processing to
completely remove the residual resist.

Fabrication of metasurfaces for operating in the mid-IR
regimes

The micro-size metasurfaces were fabricated by a typi-
cal photolithography process. A silicon wafer substrate
was covered with a 5nm Cr layer and a 100 nm Au film
using electron-beam evaporation. The substrate was
primed with HMDS for 5 min and then spin-coated with a
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negative photoresist (AZ nLOF 2020) at 4000 rpm for
45 s. Afterwards, the sample was baked at 110 °C for 1 min
and then exposed to a 375 nm laser source in the Hei-
delberg MLA150 lithography system with a dose of
260 mJ/cm? The exposed sample was further baked at
110 °C for 1 min, developed in the AZ 300 MIF developer
for 1 min, and rinsed with DI water for 1 min. The sub-
sequent processes and instruments are the same as those
used in the electron-beam lithography, including the
deposition of antenna materials and the lift-off process.

Electrochemical setup

The electrolyte consisted of 1M Cu(ClOy), 1M
LiClOy4, and 20 mM HCIO,. Cu(ClO,4), was used because
ClOy is the desirable anion for aqueous reversible Cu
electrodeposition that suppresses the side reactions (i.e.,
forming insoluble Cu complexes)®*. LiClO, serves as the
supporting electrolyte to increase solution conductivity,
and the HCIO, prevents the deposition of insoluble Cu,O
complexes®. The electrochemical experiments were
conducted with the VMP3 potentiostat (BioLogic) under
constant potential conditions. The experiments were
carried out with the 2-electrode system where the meta-
surface served as the working electrode and the Cu foil
was the counter electrode.

Optical measurements with a microscopy system

The microscopy system (Fig. 4a) was built upon the
Olympus BX53 microscope, which could provide the
visualization of the dynamic beam steering towards dif-
ferent reflected angles. A white LED light source was used
for illumination, filtered by a bandpass filter at 685 nm
with a bandwidth of 10 nm (AVR Optics). The aperture
stop in the Kohler illumination tube was used for better
collimation of light, and the field stop for limiting the size
of the illuminating area. We note that the diamond shape
of the beam spot arose from the shape of the aperture stop
that we used. The desired polarization of the light was
achieved by a polarizer after the reflected light was col-
lected with the objective. The Fourier plane imaging was
realized by using the Bertrand lens, a standard lens placed
in between the objective and the camera lens. In the ex-
situ experiments, two objectives (Olympus, 10x, NA =
0.3; Olympus, 100x, NA =0.9) were used for different
imaging purposes as illustrated in the main text. The
dipping objective (Leica, 40x, NA = 0.8) was used for the
in-situ experiments.

Broadband beam-steering characterization for visible and
near-IR wavelengths

The intensity of the anomalously reflected beam at
different visible and near-IR wavelengths was measured
with a custom-built angle-resolved spectroscopy system
(Fig. 5a). The light from a broadband halogen lamp source
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was collimated and polarized before entering the aperture
to achieve a desired incident beam feature. The light was
focused on the sample using the 4x Nikon achromatic
objective and then collected at different reflection angles
by another objective installed on a rotatable stage. With
this setup, the accessible range of the reflection angles was
from 18° to 90°. By using the multimode fiber, the col-
lected light was then coupled to a spectrometer system,
which consists of a 303 mm focal-length monochromator
and an Andor—Newton electron multiplication CCD.

To further characterize the reflection and diffraction
efficiencies of different diffraction orders, we employed a
microscope-based spectroscopy system (HORIBA SMS
Microspectroscopy). This instrument utilizes a series of
mirror arrays to collimate and shrink down the beam spot
size of a tungsten halogen white light source (Ocean
Optics, 4.7 mW, 360-2400 nm). The Oth order reflection
light intensity was measured by using a 0.3-NA objective
which can eliminate the higher-order reflections. By using
a silver mirror to characterize the incident light intensity,
we then derived the Oth order reflection efficiency. The
total reflection efficiency (approximated to the sum of Oth
and +1st orders) was similarly characterized but with a
0.9-NA objective. In combination with the measurement
results from the angle-resolved spectroscopy system, we
could then distinguish the reflection efficiency of Oth,
+1st, and —1st orders, respectively.

Broadband beam-steering characterization for mid-IR
wavelengths

The mid-IR measurements were performed on the IR-
VASE ellipsometer (J.A. Woollam), which includes a
Fourier transform infrared (FTIR) spectroscopy inter-
ferometer light source and a deuterated triglycine sulfate
(DTGS) detector installed on a rotatable stage (Fig. 5c).
Due to the limitation of the detectable reflection angles,
the measurements were conducted with a tilted incident
angle of 32°, and the reflected light was collected starting
from 32° to larger reflection angles. During the experi-
ments, the iris of the light source was turned to the
smallest value (~1 mm) to yield a small beam spot to be
fully covered in the patterned area (13 x 14 mm?). An
evaporated Au mirror was used as a reference sample for
calculating reflection efficiency, which was measured at
32° for both incident and reflection angles.

Scanning transmission electron microscopy (STEM)
characterization

The metasurface samples for STEM characterization are
fabricated with a substrate of a highly boron-doped silicon
wafer (University wafer, #1319) rather than a glass slide
for accessing overall high conductivity. To achieve cross-
section imaging, we first made a lamella of the metasur-
face sample using a focused ion beam (FIB) system
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(ThermoFisher Helios 5CX (cryo) FIB-SEM). The lamella
was prepared via the standard lift-out procedure, which
includes using a gas injection system to coat the target
area with a protective layer of platinum (Pt). Specifically,
the Pt layer consisted of a ~300nm electron-beam-
deposited layer (5kV, 1.4nA) and a ~4.0 um ion-beam-
deposited layer (30kV, 0.23 nA). An approximately 12 x
1.5 x 5.0 pm section was cut off from the patterned area
using gallium (Ga) ion beams and attached to a Cu half
grid using the EasyLift micromanipulator. The lamella
was thinned on both sides (initially at 30 kV, 0.78 nA, then
at 16 kV, 240 pA, and 5kV, 47 pA) and then cleaned (at
2kV, 24 pA) with Ga ion beams, which yielded a ~70 nm
thick lamella. Afterwards, the STEM imaging of the
lamella was done on the aberration-corrected JEOL
ARM?200CF with a cold field emission source operated at
200kV. The STEM images were obtained with the high-
angle annular dark-field detector (90-270 mrad). Both the
FIB and STEM processes were done with the instruments
at the University of Illinois at Chicago.
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