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Metasurfaces supporting full-polarization control at
multiple wavelengths can lead to new application oppor-
tunities for metasurfaces in the domains of sensing,
encryption and polarimetric imaging. For example, by
breaking the eigen-polarization constraint, multiple
orthogonal polarization bases can be integrated on a single
device without spatial interleaving9, leading to new classes
of snapshot, hyperspectral polarization cameras10. Addi-
tionally, the platform can be adapted for gas sensing
applications. By integrating gas-sensitive media with a
polychromatic holographic metasurface, it becomes pos-
sible to generate distinct visual readouts for gas exposure
at multiple wavelengths, each aligned with the absorption
band of the specific gas of interest11. Moreover, meta-
atoms with high aspect ratios are intrinsically desirable in
the design of multifunctional devices: they can broaden the
scope of wavefront engineering responses through the
specification of large chromatic group delays7,12 or support
complete control over amplitude, phase, and polarization
in a wavelength-decoupled manner13. Pathways to dyna-
mically controlling these optical properties are accessible
by incorporating phase change materials, liquid crystals or
other nonlinear materials to this metasurface platform14.
Looking ahead, the hybridization of the reported con-

cepts with other complementary design and fabrication
concepts suggests pathways to even further enhance
multifunctional metasurface multiplexing capabilities. In
one direction, nonlocality can be employed to further
broaden the capabilities of dispersion engineering, using
for example perturbation-based symmetry breaking15 to
achieve independent wavefront control at discrete nar-
rowband wavelengths. In another direction, limitations
posed by the use of a single layer of meta-atoms can be
potentially addressed using multi-layered metasurfaces16.
We also anticipate that high resolution three-dimensional
printing methods, such as two-photon polymerization
lithography17, can be employed to enable volumetric mid-
infrared metamaterials at submicron resolution. To

mitigate reflection losses from the use of high-index
substrates, membrane-based fabrication techniques can
lead to free-standing nanostructures that offer high opti-
cal transparency8,18. From the perspective of inverse
design, the reported design method relies on simply
shaped meta-atoms guided by physical intuition, resulting
in a limited design space. More advanced freeform
topology optimization algorithms19 can unlock a much
broader design space, leading to greater functional density
and superior performance within a more compact
footprint.

References
1. Yu, N. F. & Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 13,

139–150 (2014).
2. Wang, B. et al. Visible-frequency dielectric metasurfaces for multi-

wavelength achromatic and highly dispersive holograms. Nano Lett. 16,
5235–5240 (2016).

3. Kamali, S. M. et al. Angle-multiplexed metasurfaces: encoding independent
wavefronts in a single metasurface under different illumination angles. Phys.
Rev. X 7, 041056 (2017).

4. Kruk, S. et al. Transparent dielectric metasurfaces for spatial mode multiplexing.
Laser Photonics Rev. 12, 1800031 (2018).

5. Arbabi, A. et al. Dielectric metasurfaces for complete control of phase and
polarization with subwavelength spatial resolution and high transmission. Nat.
Nanotechnol. 10, 937–943 (2015).

6. Chen, J. et al. Polychromatic full-polarization control in mid-infrared light. Light
Sci. Appl. 12, 105 (2023).

7. Wang, S. M. et al. A broadband achromatic metalens in the visible. Nat.
Nanotechnol. 13, 227–232 (2018).

8. Lim, S. W. D., Meretska, M. L. & Capasso, F. A high aspect ratio inverse-designed
holey metalens. Nano Lett. 21, 8642–8649 (2021).

9. Arbabi, E. et al. Full-stokes imaging polarimetry using dielectric metasurfaces.
ACS Photonics 5, 3132–3140 (2018).

10. Rubin, N. A. et al. Matrix Fourier optics enables a compact full-Stokes polar-
ization camera. Science 365, eaax1839 (2019).

11. Kim, I. et al. Holographic metasurface gas sensors for instantaneous visual
alarms. Sci. Adv. 7, eabe9943 (2021).

12. Chen, W. T. et al. A broadband achromatic metalens for focusing and imaging
in the visible. Nat. Nanotechnol. 13, 220–226 (2018).

Si

Fig. 1 Schematic of the polychromatic metasurface. The metasurface employs wavelength-decoupled supercells consisting of four high aspect
ratio elliptical meta-atoms. The size and orientation of each meta-atom can be independently adjusted, which enables independent control of phase
for arbitrary orthogonal polarization bases at different wavelengths
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Polychromatic metasurfaces for complete control
of phase and polarization in the mid-infrared
You Zhou 1✉ and Jonathan A. Fan1✉

Abstract
Multifunctional metasurfaces based on wavelength-decoupled supercells are experimentally demonstrated, enabling
new regimes of optical control for arbitrary orthogonal polarizations at different wavelengths.

Polarization and wavelength are fundamental properties
of light that carry valuable details about the material
composition, morphology, and texture of objects within a
scene. Optical imaging systems that can detect these
properties have broad applications in environmental
monitoring, medical diagnostics, remote sensing, and
space-to-ground communications. Conventional techni-
ques for spectropolarimetry typically require a series of
standard optical elements, and these systems are typically
bulky with restricted design flexibility. To overcome these
limitations in size, weight, and capability, metasurface
optics1 capable of producing customized phase, ampli-
tude, and polarization responses offer great promise. To
date, a wide range of devices have been realized where
combinations of wavelength2, angle3, spatial mode4, and
polarization5 functionality can be simultaneously con-
trolled. However, completely independent and arbitrary
phase and polarization control for three or more wave-
lengths has remained elusive.
In a new publication, Chen and coworkers report the

development of polychromatic metasurfaces for more
comprehensive control of polarization and phase in the
mid-infrared6. The ultracompact metadevices, fabricated
on an all-silicon wafer, mimic the functions of filters,
polarization beam splitters, and phase plates. The meta-
surfaces feature multifunctional supercells each consisting
of four elliptically-shaped meta-atoms with adjustable

dimensions and orientations (Fig. 1). While the utilization
of meta-atoms to control polarization and chromatic
response is well established, the reported combination of
high aspect ratio meta-atom manufacturing together with
the inverse design of meta-atom supercells enables access
to new regimes of polychromatic operation. In particular,
the authors expand the design space of conventional high
aspect ratio nanopillar and via-hole-based metasurfaces7,8

using evolutionary optimization algorithms that produce
supercell parameters featuring maximal transmission and
isolation between different polarization and wavelength
channels. The authors also develop a low-temperature
deep etching technique to precisely define the silicon
nanostructures within the stringent fabrication tolerances
required by the high-aspect-ratio meta-atom
configurations.
Exploiting this platform, the authors showcase a series

of multifunctional metadevices that allow complete con-
trol of phase and polarization at predefined multiple
wavelengths. They demonstrate a multi-channel metalens
that focuses light of three distinct wavelengths into six
focal points, with pairs of points corresponding to linear,
elliptical, and circular polarization bases. The platform is
further extended to more complex wavefront control in
which the authors design a metadevice that performs
focusing and vortex beam generation, where the point
spread functions can carry distinct topological charges for
each polarization and wavelength channel. The authors
additionally design a metadevice serving as an imaging
filter that transmits at specific wavelengths and polariza-
tion states.
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Metasurfaces supporting full-polarization control at
multiple wavelengths can lead to new application oppor-
tunities for metasurfaces in the domains of sensing,
encryption and polarimetric imaging. For example, by
breaking the eigen-polarization constraint, multiple
orthogonal polarization bases can be integrated on a single
device without spatial interleaving9, leading to new classes
of snapshot, hyperspectral polarization cameras10. Addi-
tionally, the platform can be adapted for gas sensing
applications. By integrating gas-sensitive media with a
polychromatic holographic metasurface, it becomes pos-
sible to generate distinct visual readouts for gas exposure
at multiple wavelengths, each aligned with the absorption
band of the specific gas of interest11. Moreover, meta-
atoms with high aspect ratios are intrinsically desirable in
the design of multifunctional devices: they can broaden the
scope of wavefront engineering responses through the
specification of large chromatic group delays7,12 or support
complete control over amplitude, phase, and polarization
in a wavelength-decoupled manner13. Pathways to dyna-
mically controlling these optical properties are accessible
by incorporating phase change materials, liquid crystals or
other nonlinear materials to this metasurface platform14.
Looking ahead, the hybridization of the reported con-

cepts with other complementary design and fabrication
concepts suggests pathways to even further enhance
multifunctional metasurface multiplexing capabilities. In
one direction, nonlocality can be employed to further
broaden the capabilities of dispersion engineering, using
for example perturbation-based symmetry breaking15 to
achieve independent wavefront control at discrete nar-
rowband wavelengths. In another direction, limitations
posed by the use of a single layer of meta-atoms can be
potentially addressed using multi-layered metasurfaces16.
We also anticipate that high resolution three-dimensional
printing methods, such as two-photon polymerization
lithography17, can be employed to enable volumetric mid-
infrared metamaterials at submicron resolution. To

mitigate reflection losses from the use of high-index
substrates, membrane-based fabrication techniques can
lead to free-standing nanostructures that offer high opti-
cal transparency8,18. From the perspective of inverse
design, the reported design method relies on simply
shaped meta-atoms guided by physical intuition, resulting
in a limited design space. More advanced freeform
topology optimization algorithms19 can unlock a much
broader design space, leading to greater functional density
and superior performance within a more compact
footprint.
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Fig. 1 Schematic of the polychromatic metasurface. The metasurface employs wavelength-decoupled supercells consisting of four high aspect
ratio elliptical meta-atoms. The size and orientation of each meta-atom can be independently adjusted, which enables independent control of phase
for arbitrary orthogonal polarization bases at different wavelengths
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Abstract
Multifunctional metasurfaces based on wavelength-decoupled supercells are experimentally demonstrated, enabling
new regimes of optical control for arbitrary orthogonal polarizations at different wavelengths.

Polarization and wavelength are fundamental properties
of light that carry valuable details about the material
composition, morphology, and texture of objects within a
scene. Optical imaging systems that can detect these
properties have broad applications in environmental
monitoring, medical diagnostics, remote sensing, and
space-to-ground communications. Conventional techni-
ques for spectropolarimetry typically require a series of
standard optical elements, and these systems are typically
bulky with restricted design flexibility. To overcome these
limitations in size, weight, and capability, metasurface
optics1 capable of producing customized phase, ampli-
tude, and polarization responses offer great promise. To
date, a wide range of devices have been realized where
combinations of wavelength2, angle3, spatial mode4, and
polarization5 functionality can be simultaneously con-
trolled. However, completely independent and arbitrary
phase and polarization control for three or more wave-
lengths has remained elusive.
In a new publication, Chen and coworkers report the

development of polychromatic metasurfaces for more
comprehensive control of polarization and phase in the
mid-infrared6. The ultracompact metadevices, fabricated
on an all-silicon wafer, mimic the functions of filters,
polarization beam splitters, and phase plates. The meta-
surfaces feature multifunctional supercells each consisting
of four elliptically-shaped meta-atoms with adjustable

dimensions and orientations (Fig. 1). While the utilization
of meta-atoms to control polarization and chromatic
response is well established, the reported combination of
high aspect ratio meta-atom manufacturing together with
the inverse design of meta-atom supercells enables access
to new regimes of polychromatic operation. In particular,
the authors expand the design space of conventional high
aspect ratio nanopillar and via-hole-based metasurfaces7,8

using evolutionary optimization algorithms that produce
supercell parameters featuring maximal transmission and
isolation between different polarization and wavelength
channels. The authors also develop a low-temperature
deep etching technique to precisely define the silicon
nanostructures within the stringent fabrication tolerances
required by the high-aspect-ratio meta-atom
configurations.
Exploiting this platform, the authors showcase a series

of multifunctional metadevices that allow complete con-
trol of phase and polarization at predefined multiple
wavelengths. They demonstrate a multi-channel metalens
that focuses light of three distinct wavelengths into six
focal points, with pairs of points corresponding to linear,
elliptical, and circular polarization bases. The platform is
further extended to more complex wavefront control in
which the authors design a metadevice that performs
focusing and vortex beam generation, where the point
spread functions can carry distinct topological charges for
each polarization and wavelength channel. The authors
additionally design a metadevice serving as an imaging
filter that transmits at specific wavelengths and polariza-
tion states.
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In-plane dipolar nano-antenna steers polariton
waves at nanoscale
Huanjun Chen 1 and Shaozhi Deng1✉

Abstract
Hyperbolic polaritons can be launched and guided into mirror-symmetric-broken trajectories using an in-plane dipolar
nano-antenna, and this asymmetry can be configured by adjusting the polarization direction of the in-plane dipole
moment.

Polaritons, the hybridized electromagnetic modes
formed by coupling of incident light field with charged
elementary excitations in matter, are able to confine the
free-space light field down to the deep sub-wavelength
regions, which can significantly enhance the light
−matter interactions on nanoscale. Recently discovered
van der Waals crystals (e.g., hexagonal boron nitride, α-
MoO3, and α-V2O5)

1–4 and low-symmetry polar crystals
(e.g., CdWO4, β-Ga2O3)

5–7 are demonstrated to sustain
hyperbolic polaritons, where the polaritons propagating
within these crystals experience an isofrequency surface
of hyperboloid shape. The hyperbolic polaritons can
exhibit ultrashort wavelengths, making them attractive
for sub-wavelength light trapping and manipulation. In
particular, the in-plane hyperbolic polaritons in some of
these crystals (e.g., α-MoO3, α-V2O5, calcite, and
β-Ga2O3), whose isofrequency surface in the two-
dimensional (2D) plane has a hyperbolic geometry, can
exhibit high polariton momentum (in principle toward
infinity in some specific directions in the absence of
loss) on the surface, thus opening up new avenues for
manipulation and configuration of light flow at the 2D
plane8–11. This can greatly facilitate design and fabri-
cation of planar integrated photonic and optoelectronic
devices and circuits.

Ideally, steering of in-plane polariton waves in a par-
ticular direction can achieve more focused and efficient
electromagnetic wave light flow on the 2D plane.
However, in current material systems, the dispersion of
in-plane polariton waves typically exhibits mirror-sym-
metry, posing a significant challenge for achieving
directional flow of the polaritons. This is because
usually the excitation field contains momenta dis-
tributing isotropically inside the 2D plane. Each polar-
iton wave will experience the same excitation efficiency,
giving rise to a spreading circular wavefront (for in-
plane isotropic crystals, left panel in Fig. 1) or beams
with mirror-symmetry (for in-plane hyperbolic crystals,
middle panel in Fig. 1). This challenge can be overcome
by reducing the material’s symmetry and introducing a
non-diagonal permittivity tensor. This modification
disrupts the mirror symmetry of the isofrequency sur-
faces. However, one must address the significant pro-
pagation loss of polariton waves in low-symmetry
crystals, which presents an additional obstacle. In a
recent publication in eLight12, Peining Li and colla-
borators have successfully tackled this issue by
employing a nano-antenna positioned on the surface of
a high-symmetry crystal. The nano-antenna exhibits a
robust in-plane dipolar oscillation, which serves as an
excitation source for launching hyperbolic polariton
waves (right panel in Fig. 1). These waves propagate
without adhering to the mirror-symmetric propagation
behavior typically observed in the basal plane of such a
high-symmetry crystal.
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