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ABSTRACT: Tunable metasurfaces promise to enable adaptive
optical systems with complex functionalities. Among possible
realizations, a recent platform combining microelectromechanical
systems (MEMS) with gap-surface plasmon (GSP) metasurfaces
offers high modulation efficiency, broadband operation, and fast
response. We compare tunable metasurfaces operating in GSP and
Fabry−Peŕot (FP) regions by investigating polarization-independ-
ent blazed gratings both numerically and experimentally. Peak
efficiency is calculated to be ∼75% in both cases (∼40% in
measurements), while the operation bandwidth is found larger
when operating in the GSP region. Advantages of operating in the
FP region include relaxed assembly requirements and operation
tolerances. Additionally, simulation and experimental results show that coupling between neighboring unit cells increases for larger
air gaps, resulting in deteriorated efficiency. We believe the presented analysis provides important guidelines for designing tunable
metasurfaces for diverse applications in miniaturized adaptive optical systems.
KEYWORDS: Metasurface, Tunable, MEMS, Gap Surface Plasmon, Plasmonic, Fabry−Peŕot, Intercell Coupling

■ INTRODUCTION
Metasurfaces have successfully demonstrated a wide range of
optical effects and components,1−5 with a lot of recent research
focusing on developing metasurfaces with tunable properties to
enable adaptive optical components and with several different
techniques being followed, each having their own advantages
and disadvantages.6−9 One method to achieve this tunability is,
for instance, to include materials that undergo a phase change.
GeSbTe can, for example, change from having a crystal
structure to an amorphous state depending on the temper-
ature, with the two states having very different permittivity.10

By incorporating resistive heaters, it is thus possible to make
metasurface elements that can change their resonances quite
significantly with a drawback being that demonstrated devices
have slow switching time.11 Faster responses have been
demonstrated using the electro-optic effect in lithium
niobate12,13 or by modulating the free carrier density using
electric14 or optical15 signals, with an issue being that the
permittivity changes are limited to thin accumulation or
depletion layers giving low modulation ranges.7 The effect can
be enhanced by using ε-near-zero materials16 or by using 2D
materials such as graphene17 or black phosphorus.18 Liquid
crystals enable larger and more efficient modulation by
changing the refractive index around the nanostructures7 but
again have slower responses due to the time it takes to rotate
the molecules.19 Metasurfaces can also be adjusted through
mechanically altering the system, with demonstrated concepts

including embedding the nanostructures in a stretchable
polymer20 or incorporating the metasurface with MEMS.21

MEMS based tunable metasurfaces can achieve high efficiency
modulation while still switching fast enough for many
applications depending on the specific mechanical implemen-
tation, with most systems being able to operate in the range
from one kHz up to several hundred kHz.22 For visible and
near-IR frequencies the individual meta-atoms are so small that
individual actuation by MEMS is challenging, while collective
modulation of all meta-atoms is more straightforward.

One such recently demonstrated platform23 consists of a
gold MEMS mirror24 and a glass substrate with gold
nanostructures, where the air gap between the nanostructures
and mirror can be controlled accurately. The system is
designed to function as a reflective optical metasurface (OMS)
for light with wavelength λ = 800 nm when the air gap is less
than 50 nm. For these small separations there are GSP
resonances25 due to the near field coupling of the
nanostructures and mirror. By moving the mirror away, these
GSP resonances disappear, switching off the metasurface
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functionality and replacing it with that of a standard mirror.
The experimentally demonstrated efficiency of this system was
50%, with switching times less than 0.4 ms. In this work we
describe how the same MEMS-OMS platform can function
also for larger air gaps owing to hybrid plasmonic FP
resonances.26,27 This configuration has recently been used to
achieve efficient and fast 0−2π birefringence control in
reflection.28 Not only is fabrication easier at larger air gaps
since any particle or unevenness may obstruct the MEMS
mirror from getting close enough for the GSP resonances, but
larger gaps could also help reduce the trade-off between
aperture size and switching speed by alleviating squeeze film air
damping in the system.29 Additionally, the amount of
simulations required for design is reduced through the use of
the analytic FP equation, removing the need to simulate the
response for every air gap separately. We show also that the
simulated peak efficiency is around 75% for metasurfaces
working in both GSP and FP regions, while the bandwidth is
larger for the GSP metasurface with around 2 times the
bandwidth when comparing with the metasurface working at
the first FP resonance. For larger air gaps there is progressively
more coupling/cross-talk between neighboring nanostructures
due to scattering and multiple reflections in the FP cavity,
resulting in a gradual decrease in metasurface efficiency. This is
a result of the metasurface design being based on simulations
where the unit cells are placed in arrays of identical structures,

whereas the actual metasurface may generally consist of varying
meta-atoms. We verify this effect both numerically and
experimentally.

■ RESULTS AND DISCUSSION
To compare plasmonic metasurfaces designed to work in the
GSP and FP regions, we first calculate the complex reflection
coefficient for different nanostructure geometries at two
nanostructure−substrate separations corresponding to the
two regions. Figure 1a and Figure 1b illustrate the MEMS-
OMS and its constituent unit cells used in this work.
Specifically, the periodically repeated unit cell has a side
length Λ and consists of a gold nanobrick with thickness tm and
side lengths Lx and Ly and separated from a gold substrate by
an air gap Ta. In physical implementations there needs to be a
dielectric substrate supporting the nanobricks; this has been
omitted in the simulations except when comparing with the
experimental measurements discussed later. To design the
dynamic MEMS-OMS, we set the working wavelength at λ =
800 nm and choose the unit cell size of 250 nm to avoid any
high-order diffraction and excitation of surface waves. Mean-
while, the optimal nanobrick thickness tm is found to be 50 nm,
ensuring large reflection amplitudes and wide phase cover-
age.23,30 Figure 1c and Figure 1d show electric field plots for
two configurations of the unit cell, while Figure 1e and Figure
1f show the reflection coefficients as a function of Lx and Ly for

Figure 1. MEMS-OMS unit cell design within respective GSP and FP regions. (a, b) Schematic illustration of the MEMS-OMS metasurface and
unit cell. A gold brick with side lengths Lx and Ly and thickness tm of 50 nm is situated a distance Ta away from a gold substrate. The unit cell has a
square footprint with side lengths Λ = 250 nm. (c, d) The norm of the electric field in the xz plane at the center of the nanobricks for x-polarized
excitation at normal incidence with separation distances of Ta = 20 nm and Ta = 430 nm, respectively. The nanobrick geometries are indicated as
black squares in (e) and (f). (e, f) Absolute value of the complex reflection coefficients calculated as a function of nanobrick dimensions Lx and Ly
at the wavelength of λ = 800 nm for (e) Ta = 20 nm and (f) Ta = 430 nm. The color maps represent the reflection amplitude for x-polarized
excitation at normal incidence, while the blue and black contour lines indicate the reflection phases acquired for x- and y-polarized excitations,
respectively. Blue circles indicate nanobrick geometries for composing the polarization independent MEMS-OMS blazed gratings optimized in
respective GSP and FP regions. The phase and reflection amplitudes of these nanobricks are shown in Figure S1.
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two different values of Ta for normally incident x-polarized
excitation at λ = 800 nm. At Ta = 20 nm, there is a GSP
resonance around Lx = 150 nm with near field coupling
between the substrate and nanobrick as can be seen in the plot
of the electric field in Figure 1c. At Ta = 430 nm, there is a less
sharp resonance centered around Lx = 160 nm, due to a hybrid
plasmonic/FP resonance between the substrate and the layer
of nanobricks since the near-field coupling between the
nanobricks and substrate is negligible, as shown in Figure 1d.
As can be seen by comparing the phase contours in Figure 1e
and Figure 1f, the range of available reflection phases are
slightly larger for the case where Ta = 20 nm; however the
difference is not significant enough to give larger efficiencies

for the blazed grating designs presented later. The phase
profiles for these gratings are shown in Figure S1.

The transition between these GSP and FP regions is
displayed in Figure 2, where the reflection coefficients for
different brick sizes are shown as a function of Ta. The first FP
resonance is located around Ta = 350 nm with Ta + Tm/2 close
to λ/2, with a difference corresponding to the phase change
upon reflection on the gold mirror. At this separation the
system acts as a gold mirror with the reflection coefficient
being independent of Lx and Ly, since at this separation
distance the nanostructures are centered in the interference
minimum from the superposition of incident and relected
fields. For slightly larger air gaps the reflection is very
dependent on the nanobrick dimensions (e.g., Ta = 430 nm

Figure 2. Complex reflection coefficients as a function of air gap and nanobrick dimensions. The color map represents the reflection amplitudes for
normally incident x-polarized light, while the contour lines indicate the reflection phases. The three subfigures represent three different cases of the
nanobrick dimensions, namely, (a) square bricks (Lx = Ly), (b) constant Lx = 100 nm, and (c) constant Ly = 100 nm. The light is normally incident
and with wavelength 800 nm.

Figure 3. Dynamic MEMS-OMS blazed gratings designed for respective GSP and FP regions. (a) Supercell sketches of the 12-element
polarization-independent dynamic MEMS-OMS blazed gratings. Outlines of the nanobrick dimensions optimized for Ta = 20 nm and Ta = 430 nm
are indicated with black squares and orange dashed lines, respectively. (b, c) Calculated diffraction efficiencies into the specular (m = 0) and first
diffraction order (m = +1) as a function of wavelength with the optimal air gap for each grating, for x- and y-polarized excitations. (d, e) Calculated
diffraction efficiencies as a function of air gap Ta at λ = 800 nm for x- and y-polarized excitations.
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as shown in Figure 1f) and then gradually returns to mirror-like
behavior at the second FP resonance located around Ta + Tm/2
close to λ, with the pattern repeating for subsequent FP apart
by a spaced separation of λ/2, again with a small correction
due to the phase change upon multiple reflections on the gold
mirror. This can be accurately described with the FP
equation:26

r r
t t r

r r

e

1 e

i kn T

i kn Ttot 12
12 21 23

2 cos( )

21 23
2 cos( )

2 a 2

2 a 2
= +

(1)

where the total reflection coefficient rtot is given as a function
of the reflection and transmission coefficients rij and tij, with
the light incident on region j from region i and the subscripts 1,
2, and 3 respectively referring to the regions above the

nanobricks, between the nanobricks and substrate, and the
substrate. Note that the reflection and transmission coefficients
in general are dependent on the polarization and incidence
angle of the light. With mirror-symmetric nanostructures and
both regions 1 and 2 consisting of the same material (e.g., air),
we have r12 = r21, t12 = t21, and n2 = 1. Ta cos(θ2) is the effective
air gap for light traversing the gap with an angle θ2 and can be
simplified as Ta for normal incidence. By simulating the
structures without any gold substrate, the reflection and
transmission coefficients rij and tij are determined for each
nanobrick geometry. Equation 1 is then used to calculate the
total reflection coefficient as a function of Ta, thus avoiding the
requirement of simulating the full structure for every air gap
separation. This method gives correct results except for very
small air gaps, in this case Ta < 80 nm = λ/10, where near-field

Figure 4. Effect of coupling via mirror substrate on grating efficiency: comparison of simulations and experimental measurements. (a) Supercell of a
MEMS-OMS dynamic blazed grating with 12 meta-atoms optimized for the GSP region. (b) Diffraction efficiencies as a function of air gap Ta. For
these simulations the gold nanobricks are placed on a glass substrate, which is the case for the fabricated OMS shown in (c). The OMS is placed in
close proximity (<3 μm) to a piezoelectric MEMS gold mirror. The air gap can then be changed by applying voltages on the MEMS. The measured
diffraction efficiencies are shown in (d). The air gap values in (d) have been added by measuring the approximate relationship between air gap and
voltage as described in Figure S7. In both (b) and (d) the upper (lower) plot is for x-polarized (y-polarized) excitation. The nanobrick thickness is
50 nm, and the wavelength is 800 nm.
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coupling and corresponding GSP excitation must be taken into
account. The difference between the results from eq 1 and full-
wave simulations including the substrate can be clearly
observed for small gap sizes in Figure S2.

After analyzing the polarization-dependent responses of the
unit cell in both GSP and FP regions, we start to implement
functional metasurfaces. Figure 3 compares the performance of
two blazed metasurface gratings, one optimized for Ta = 20 nm
and the other for Ta = 430 nm. As illustrated in Figure 3a, the
metasurface gratings consist of a periodic array of 12 elements,
with the first 2 elements empty while the other dimensions are
chosen and marked with blue circles in Figure 1e and Figure 1f
to provide large reflection amplitudes and an approximately
linear phase gradient along the x-direction.

In general the metasurface can be designed to control two
orthogonal polarization states independently by using aniso-
tropic elements, but the blazed grating is made polarization
independent by choosing isotropic elements with Lx = Ly.
Figure 3b and Figure 3c show the diffraction efficiencies of the
two gratings for x- and y-polarized light as a function of
wavelength, where the polarization independent behavior can
be observed. The efficiencies of the +1 diffraction order at the
design wavelength of λ = 800 nm are similar for both gratings,
with the values approaching 75%. However, the operating
bandwidth is different. The grating working at Ta = 20 nm has
an efficiency above 60% in the wavelength range between 760
and 900 nm, while for the grating working at Ta = 430 nm the
corresponding wavelength range is only spanning from 770 to
825 nm. This reduced bandwidth is due to the fact that the FP
resonance is narrower than the GSP resonance. At higher order
FP resonances, the bandwidth will be reduced even further as
the resonance requires the air gap to be an integer multiple of
half wavelengths. Conversely, this effect might be used to
design highly chromatic metasurfaces by choosing a large air
gap. Figure 3d and Figure 3e compare the diffraction
efficiencies of two metasurface gratings for x- and y-polarized
light as a function of Ta at the design wavelength of 800 nm.
Impressively, both metasurface gratings achieve more than 65%
reflection in the +1 diffraction order when the air gap is Ta =
20 nm and Ta = 430 nm due to the similarity of the meta-
atoms. But there is a clear gain in efficiency by tailoring the
meta-atoms for the relevant air gap, which is true for both
polarization states.

One may expect the same responses for metasurface blazed
gratings with repeating FP regions. However, in our
simulations and experimental results we observe a decrease
in the +1 order efficiency at higher order FP resonances in
combination with more reflection into other diffraction orders,
which can be understood as increased coupling or cross-talk
between neighboring nanostructures via reflections in the gold
substrate. Figure 4a shows another 12-element blazed grating
optimized for Ta = 20 nm. As earlier, the choice of nanobrick
dimensions is based on simulations where the nanobricks are
placed in an array of identical neighbors, while in practical
applications the neighbors may have any geometry. This has
been shown to not significantly affect the performance of GSP
metasurfaces as long as the phase gradient is not too large.25

However, as can be seen in the reflection amplitude for the
diffraction orders plotted in Figure 4b, the efficiency of the
grating degrades as Ta increases, with light going into
unwanted diffraction modes other than the desired +1
diffraction order, falling from 72% at Ta = 430 nm to 66% at
the fourth FP resonance due to increased coupling between

elements within the supercell via the mirror substrate. In
Figure S3, the same effect is visible for a grating made of 8 unit
cells. With fewer meta-atoms the neighboring nanobricks are
less similar in size, resulting in a larger drop in efficiency going
from around 70% at Ta = 430 nm to less than 50% at the fourth
FP resonance. The reflected field distributions for a blazed
grating at several different air gap separations are shown in
Figure S4. Figure 4c and Figure 4d show experimental
measurements of a fabricated metasurface paired with a
piezoelectric MEMS mirror, showing the same gradual
decrease of the maximum diffraction efficiency from around
38% at the first FP resonance to 30% at the fourth FP
resonance for both polarization states, together with increased
intensity in the +2 diffraction order. This coupling issue is
especially important when making high NA lenses or other
components requiring large deflection angles, where the large
phase gradient will require nanobricks that differ significantly
from their neighbors. Details and some discussion of the
fabrication and optical characterization can be found in Figures
S5 and S6, while Figure S7 describes the measurements done
to determine the relationship between air gap and voltage
applied to the MEMS mirror. It should be noted that the
minimal air gap achieved with the measured sample was ∼150
nm, sufficient for FP operation but not optimal for GSP
operation. Closer separations can be achieved23 but likely
requires significantly more effort to be produced with high
yield and might be harder to realize with larger apertures. To
conclude, we show how the recently developed MEMS-OMS
platform is not limited to working in the GSP region. For
larger air gaps the FP resonances enable the system to still
function as a metasurface, with slightly smaller phase range and
similar efficiencies if the nanostructure geometries are
optimized to work at the relevant air gap. The main advantage
of allowing for larger air gaps is alleviating issues with thin film
damping for high speed operation, as well as simplifying
fabrication tolerances as decreasing the air gap below 50 nm is
a very challenging problem, requiring flat parallel surfaces free
from any particles or irregularities that may obstruct the
MEMS movement. Meanwhile, working in the GSP region
gives better bandwidth and fewer issues with coupling between
meta-atoms, which causes the system to change behavior
between different FP periods when having metasurfaces
comprised of nonidentical meta-atoms. Ultimately, the choice
between two different, albeit similar, operation regimes of the
considered MEMS-OMS platform should be made by carefully
considering all implications of their advantages and drawbacks,
highlighted in this work, to targeted functionalities and
particular applications in optical systems.

■ METHODS
The simulations were done using COMSOL Multiphysics 5.6
with the Wave Optics module. The refractive index for gold
was interpolated from experimental values31 for both the gold
substrate and gold nanobricks. When simulating individual
nanobricks, the unit cell is set to have periodic conditions in
both x- and y-directions, while the gold substrate is backed by a
perfect electrical conductor condition and the air region is
padded with a perfectly matched layer. When using eq 1 the
coefficients r12, r21, t12, and t21 are determined by simulating the
nanobricks without the gold substrate, with perfectly matched
layers backing the domains on both sides of the nanostructure
in the z-direction. r23, the reflection coefficient for the gold
substrate for light with normal incidence, is determined by

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01692
Nano Lett. 2022, 22, 6951−6957

6955

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


r
n n
n n23

2 3

2 3
=

+

n2 being the refractive index of the layer above the substrate (in
this case air, n2 = 1) and n3 the refractive index of gold. The
light was set to be normally incident for all simulations, and the
results were calculated independently for light linearly
polarized in the x- and y-directions. When simulating gratings
with large air gaps and many nanobricks, the simulation
volume was reduced by simulating half the unit cell and
replacing the periodic boundary conditions in the y-direction
by perfectly magnetic or electric conductors depending on the
incident polarization state. For the simulations in Figure 4, the
nanobricks were placed on a lossless dielectric material with
refractive index 1.46.

Fabrication of the MEMS metasurface devices is done by
individually manufacturing MEMS micromirrors and glass
substrates containing the metasurfaces, before manually gluing
the MEMS chips and glass substrates together in a cleanroom
environment. A description and discussion of this process can
be found in Figure S5. Additional details can also be found in
refs 24 and 32 for MEMS fabrication and refs 23 and 28 for the
MEMS−metasurface combination.

Optical characterization is done by sending laser light with
wavelength 800 nm through a linear polarizer, half wave plate
(used to switch between two linear polarization states), and
beam splitter and then focusing onto the sample using a
microscope objective. The light is reflected back into the
objective and is redirected by the beam splitter, before tube
lens, iris (in image plane for spatial filtering), and two lenses
that relay the light onto a CMOS camera. The last lens can be
flipped in and out of the optical path to switch between
capturing the direct and Fourier images. The direct object
image is used to ensure the signal is collected from only the
metasurface area, while the intensity in the different diffraction
orders is measured by integrating the intensity of the
corresponding areas in the Fourier plane image. Details on
the equipment and a diagram of the setup can be found in
Figure S6.
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blazed grating with 8 elements; Figure S4 showing plots
of reflected field distribution for a blazed grating at
several air gap values; Figure S5 showing details of the
fabrication of the MEMS metasurface devices with
relevant discussion; Figure S6 showing a schematic of
optical measurement setup; Figure S7 showing charac-
terization and discussion of air gap as a function of
voltage (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Sergey I. Bozhevolnyi − Centre for Nano Optics, University of
Southern Denmark, Odense DK-5230, Denmark;
orcid.org/0000-0002-0393-4859; Email: seib@

mci.sdu.dk

Authors
Paul C. V. Thrane − Centre for Nano Optics, University of
Southern Denmark, Odense DK-5230, Denmark; SINTEF
Smart Sensors and Microsystems, 0737 Oslo, Norway;
orcid.org/0000-0001-5296-2912

Chao Meng − Centre for Nano Optics, University of Southern
Denmark, Odense DK-5230, Denmark; orcid.org/0000-
0002-2126-6954

Fei Ding − Centre for Nano Optics, University of Southern
Denmark, Odense DK-5230, Denmark; orcid.org/0000-
0001-7362-519X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.2c01692

Author Contributions
§P.C.V.T. and C.M. contributed equally to this work.
Notes
The authors declare the following competing financial
interest(s): The paper authors along with J. Gjessing and C.
Dirdal from SINTEF are inventors on a related patent
application led by the University of Southern Denmark and
SINTEF under United States Patent Application No. 17/
467542.

■ ACKNOWLEDGMENTS
The authors thank C. Dirdal for useful discussions and
feedback on the manuscript. This research is supported by the
Research Council of Norway (Project 323322), the VKR
Foundation (Award in Technical and Natural Sciences 2019
and Grant 37372), and the EU Horizon 2020 Research and
Innovation Programme (Marie Skłodowska-Curie Grant
Agreement 713694).

■ REFERENCES
(1) Qiu, C. W.; Zhang, T.; Hu, G.; Kivshar, Y. Quo Vadis,

Metasurfaces? Nano Lett. 2021, 21, 5461−5474.
(2) Scheuer, J. Optical Metasurfaces Are Coming of Age: Short- And

Long-Term Opportunities for Commercial Applications. ACS
Photonics 2020, 7, 1323−1354.
(3) Chen, W. T.; Zhu, A. Y.; Capasso, F. Flat Optics with

Dispersion-Engineered Metasurfaces. Nature Reviews Materials 2020,
5, 604−620.
(4) Kamali, S. M.; Arbabi, E.; Arbabi, A.; Faraon, A. A Review of

Dielectric Optical Metasurfaces for Wavefront Control. Nanophotonics
2018, 7, 1041−1068.
(5) Ding, F.; Pors, A.; Bozhevolnyi, S. I. Gradient metasurfaces: a

review of fundamentals and applications. Rep. Prog. Phys. 2018, 81,
026401.
(6) Hail, C. U.; Michel, A. K. U.; Poulikakos, D.; Eghlidi, H. Optical

Metasurfaces: Evolving from Passive to Adaptive. Advanced Optical
Materials 2019, 7, 1801786.
(7) Shaltout, A. M.; Shalaev, V. M.; Brongersma, M. L.

Spatiotemporal light control with active metasurfaces. Science 2019,
364, eaat3100.
(8) Yang, J.; Gurung, S.; Bej, S.; Ni, P.; Lee, H. W. H. Active Optical

Metasurfaces: Comprehensive Review on Physics, Mechanisms, and
Prospective Applications. Rep. Prog. Phys. 2022, 85, 036101.
(9) Du, K.; Barkaoui, H.; Zhang, X.; Jin, L.; Song, Q.; Xiao, S.

Optical metasurfaces towards multifunctionality and tunability.
Nanophotonics 2022, 11, 1761−1781.
(10) Ding, F.; Yang, Y.; Bozhevolnyi, S. I. Dynamic Metasurfaces

Using Phase-Change Chalcogenides. Advanced Optical Materials 2019,
7, 1801709.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01692
Nano Lett. 2022, 22, 6951−6957

6956

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01692?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01692/suppl_file/nl2c01692_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+I.+Bozhevolnyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0393-4859
https://orcid.org/0000-0002-0393-4859
mailto:seib@mci.sdu.dk
mailto:seib@mci.sdu.dk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+C.+V.+Thrane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5296-2912
https://orcid.org/0000-0001-5296-2912
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2126-6954
https://orcid.org/0000-0002-2126-6954
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7362-519X
https://orcid.org/0000-0001-7362-519X
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01692?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41578-020-0203-3
https://doi.org/10.1038/s41578-020-0203-3
https://doi.org/10.1515/nanoph-2017-0129
https://doi.org/10.1515/nanoph-2017-0129
https://doi.org/10.1088/1361-6633/aa8732
https://doi.org/10.1088/1361-6633/aa8732
https://doi.org/10.1002/adom.201801786
https://doi.org/10.1002/adom.201801786
https://doi.org/10.1126/science.aat3100
https://doi.org/10.1088/1361-6633/ac2aaf
https://doi.org/10.1088/1361-6633/ac2aaf
https://doi.org/10.1088/1361-6633/ac2aaf
https://doi.org/10.1515/nanoph-2021-0684
https://doi.org/10.1002/adom.201801709
https://doi.org/10.1002/adom.201801709
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(11) Zhang, Y.; et al. Electrically Reconfigurable Non-Volatile
Metasurface Using Low-Loss Optical Phase-Change Material. Nat.
Nanotechnol. 2021, 16, 661−666.
(12) Weiss, A.; Frydendahl, C.; Bar-David, J.; Zektzer, R.; Edrei, E.;

Engelberg, J.; Mazurski, N.; Desiatov, B.; Levy, U. Tunable
Metasurface Using Thin-Film Lithium Niobate in the Telecom
Regime. ACS Photonics 2022, 9, 605−612.
(13) Damgaard-Carstensen, C.; Thomaschewski, M.; Ding, F.;

Bozhevolnyi, S. I. Electrical Tuning of Fresnel Lens in Reflection. ACS
Photonics 2021, 8, 1576−1581.
(14) Huang, Y. W.; Lee, H. W. H.; Sokhoyan, R.; Pala, R. A.;

Thyagarajan, K.; Han, S.; Tsai, D. P.; Atwater, H. A. Gate-Tunable
Conducting Oxide Metasurfaces. Nano Lett. 2016, 16, 5319−5325.
(15) Alam, M. Z.; Schulz, S. A.; Upham, J.; De Leon, I.; Boyd, R. W.

Large Optical Nonlinearity of Nanoantennas Coupled to an Epsilon-
Near-Zero Material. Nat. Photonics 2018, 12, 79−83.
(16) Reshef, O.; De Leon, I.; Alam, M. Z.; Boyd, R. W. Nonlinear

Optical Effects in Epsilon-Near-Zero Media. Nature Reviews Materials
2019, 4, 535−551.
(17) Cai, Z.; Liu, Y. Near-Infrared Reflection Modulation Through

Electrical Tuning of Hybrid Graphene Metasurfaces. Advanced Optical
Materials 2022, 10, 2102135.
(18) Huang, X.; Cai, Y.; Feng, X.; Tan, W. C.; Hasan, D. M. N.;

Chen, L.; Chen, N.; Wang, L.; Huang, L.; Duffin, T. J.; Nijhuis, C. A.;
Zhang, Y. W.; Lee, C.; Ang, K. W. Black Phosphorus Carbide as a
Tunable Anisotropic Plasmonic Metasurface. ACS Photonics 2018, 5,
3116−3123.
(19) Decker, M.; Kremers, C.; Minovich, A.; Staude, I.;

Miroshnichenko, A. E.; Chigrin, D.; Neshev, D. N.; Jagadish, C.;
Kivshar, Y. S. Electro-Optical Switching by Liquid-Crystal Controlled
Metasurfaces. Opt. Express 2013, 21, 8879.
(20) Ee, H. S.; Agarwal, R. Tunable Metasurface and Flat Optical

Zoom Lens on a Stretchable Substrate. Nano Lett. 2016, 16, 2818−
2823.
(21) Arbabi, E.; Arbabi, A.; Kamali, S. M.; Horie, Y.; Faraji-Dana,

M.; Faraon, A. MEMS-Tunable Dielectric Metasurface Lens. Nat.
Commun. 2018, 9, 812.
(22) Holsteen, A. L.; Cihan, A. F.; Brongersma, M. L. Temporal

Color Mixing and Dynamic Beam Shaping with Silicon Metasurfaces.
Science 2019, 365, 257−260.
(23) Meng, C.; Thrane, P. C.; Ding, F.; Gjessing, J.; Thomaschewski,

M.; Wu, C.; Dirdal, C.; Bozhevolnyi, S. I. Dynamic Piezoelectric
MEMS-Based Optical Metasurfaces. Sci. Adv. 2021, 7, eabg5639.
(24) Bakke, T.; Johansen, I. R. PZT Micromirror with Integrated

Piezoresistive Position Sensors. Int. Conf. Opt. MEMS Nanophotonics
2012, 21, 192−193.
(25) Ding, F.; Yang, Y.; Deshpande, R. A.; Bozhevolnyi, S. I. A

Review of Gap-Surface Plasmon Metasurfaces: Fundamentals and
Applications. Nanophotonics 2018, 7, 1129−1156.
(26) Berkhout, A.; Koenderink, A. F. Perfect Absorption and Phase

Singularities in Plasmon Antenna Array Etalons. ACS Photonics 2019,
6, 2917−2925.
(27) Ameling, R.; Giessen, H. Microcavity Plasmonics: Strong

Coupling of Photonic Cavities and Plasmons. Laser and Photonics
Reviews 2013, 7, 141−169.
(28) Meng, C.; Thrane, P. C. V.; Ding, F.; Bozhevolnyi, S. I. Full-

Range Birefringence Control with Piezoelectric MEMS-Based
Metasurfaces. Nat. Commun. 2022, 13, 2071.
(29) Bao, M.; Yang, H. Squeeze Film Air Damping in MEMS.
Sensors and Actuators A: Physical 2007, 136, 3−27.
(30) Pors, A.; Bozhevolnyi, S. I. Plasmonic Metasurfaces for Efficient

Phase Control in Reflection. Opt. Express 2013, 21, 27438.
(31) Johnson, P. B.; Christy, R. W. Optical Constants of the Noble

Metals. Phys. Rev. B 1972, 6, 4370−4379.
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