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BACKGROUND: Metasurfaces, thin planar arrays
of subwavelength nanostructures, have trans-
formed the way we can control the flow of light.
Recent breakthroughs have extended their ca-
pabilities beyond passive manipulation, allowing
dynamic control of light emission, absorption,
and modulation. By fusing metasurfaces with
optoelectronic devices, such as light-emitting
diodes (LEDs), lasers, modulators, and photo-
detectors, metadevices are emerging that offer
critical performance improvements and entirely
new functionalities. These bring exciting op-
portunities in applications such as augmented
reality (AR) and virtual reality (VR) systems,
optical communication, smart thermal man-
agement, computational imaging, solar energy
harvesting, and quantum technologies. As meta-
surface technology matures, its integration with
optoelectronics is expected to play an increas-
ingly prominent role in the evolution of ad-
vanced optoelectronic devices.

ADVANCES: Here, we discuss the recent progress,
emerging opportunities, and ongoing challenges
in integrating metasurfaces into optoelectronic
devices. By judiciously patterning the metallic,
semiconducting, and insulating layers inside
conventional optoelectronic devices into nano-
structures, we can capitalize on their optical
resonances to improve performance. It is also
opening an unexpected new opportunity, in
which nanostructures in a device can simul-
taneously perform important optical, electronic,
mechanical, and thermal functions. We explore
how these notions can be applied to realize
conceptually new optoelectronic devices for
light emission, modulation, and detection.
In LEDs, metasurfaces have been used to en-
hance the radiative decay of emitters, leading to
higher quantum yields and longer device life-
times. The ability to tailor the outcoupling of
certain optical channels further facilitates direc-
tionality, spectral, and polarization control, and
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Optoelectronic metadevices. The effective integration of metasurfaces into electronic devices demands a
careful codesign approach that addresses both photonic and electronic components. Depending on their
functionality, metadevices can be categorized into three types: (i) emission devices (LEDs, displays, lasers);
(i) modulation devices (spatial light modulators, LIDAR, switches); and (iii) absorptive devices (detectors,

imagers, solar cells).
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enhanced lasers enrich cavity design pri....

ples and broaden the landscape of accessible
physics. Notable improvements have already
been demonstrated in beam quality, emission
control, and polarization selectivity. These are
critical for applications in optical communica-
tion, precision sensing, and computational im-
aging. Moreover, metasurfaces have been used
in optical modulators to substantially enhance
the generally weak electro-optic effects, enabling
faster phase and amplitude modulation in a
smaller footprint to facilitate higher spatial
resolution for AR/VR, LIDAR (light detection
and ranging), and holographic displays. Photo-
detectors have also benefited from metasur-
face integration. They can filter or selectively
absorb photons in specific optical modes, thus
capturing not only intensity but also complex
light-field information, including the spectral,
phase, and polarization characteristics of inci-
dent light. This capability has led to advances
in imaging systems, particularly in hardware-
based image processing and optical computing.
Furthermore, metasurfaces can be patterned
on top of ultrathin, flexible solar cells to im-
prove their power conversion efficiency by
delivering valuable antireflection and light-
trapping functions.

OUTLOOK: The integration of metasurfaces into
optoelectronic devices holds considerable prom-
ise for advancing technology by enabling ultra-
compact, efficient, and multifunctional systems.
However, to fully realize this promise, a code-
sign approach is crucial, ensuring that both
photonic and electronic functionalities are
optimized in tandem. Achieving a balance be-
tween nanoscale light control and efficient
electronic operation, such as charge injection
and thermal management, remains a challenge.
The design of metadevices must consider ma-
terial compatibility and the strategic placement
of metasurfaces relative to active electronic
layers. Additionally, large-scale fabrication tech-
niques compatible with industry standards
are essential for transitioning these technolo-
gies to commercial applications. As the field
progresses, interdisciplinary collaboration be-
tween photonic, electronic, materials science,
and manufacturing will be key to overcoming
these challenges and unlocking the full poten-
tial of metasurface-based optoelectronic devices
for practical applications.
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Metasurfaces have introduced new opportunities in photonic design by offering unprecedented,
nanoscale control over optical wavefronts. These artificially structured layers have largely been used
to passively manipulate the flow of light by controlling its phase, amplitude, and polarization.
However, they can also dynamically modulate these quantities and manipulate fundamental light
absorption and emission processes. These valuable traits can extend their application domain

to chipscale optoelectronics and conceptually new optical sources, displays, spatial light modulators,
photodetectors, solar cells, and imaging systems. New opportunities and challenges have also
emerged in the materials and device integration with existing technologies. This Review aims

to consolidate the current research landscape and provide perspectives on metasurface capabilities
specific to optoelectronic devices, giving new direction to future research and development

efforts in academia and industry.

etasurfaces are planar optical elements

composed of dense arrays of subwave-

length nanostructures. Their desirable

form factor and ability to deliver a myr-

iad of optical functions make them very
attractive for a wide range of technologies. Thus
far, they have primarily been used to control
the flow of light by capitalizing on the light-
scattering properties of the nanostructures.
Here, their function is to passively transform
one optical wavefront into another. However,
there is an equally large opportunity to integrate
metasurfaces directly into optoelectronic de-
vices to control the emission, modulation or
manipulation, and detection of light. For ex-
ample, metasurfaces can be integrated with
light sources to realize large enhancements in
radiative decay rates (i.e., Purcell effect) or to
achieve new ways of dynamically controlling the
angular and polarization properties of emitted
light fields by, e.g., patterning nanoscale elec-
trodes. By merging nanoelectronics and meta-
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surface technology, it is possible to create active
metasurfaces capable of dynamically shaping
optical wavefronts and to deliver new designs
for beam steering [e.g., for light detection and
ranging (LIDAR)] and optical sensing plat-
forms. Metasurfaces can also be embedded into
photodetectors to realize never-before-seen func-
tionalities. Here, one can engineer optical fields
inside metasurfaces to enhance the absorption
efficiency for specific light waves of interest
and open the door to new photodetectors, solar
cells, and computational imaging functions.

Integrating metasurface concepts into opto-
electronic devices is an essential step toward
the commercialization of this technology. Al-
though the promise of densely integrating pla-
nar electronics with planar metasurfaces into
ultracompact device platforms is evident, it
faces a number of challenges for practical im-
plementation. These challenges include scalable
fabrication techniques, material compatibility,
the need for careful codesign of the optics and
electronics, and system-level integration. Ad-
dressing these issues is crucial to unleash the
full potential of metasurfaces and ensure their
widespread adoption.

In this paper, we will give an overview of the
state-of-the-art metasurface-based optoelec-
tronic devices, highlighting key achievements,
underlying principles, and technological chal-
lenges. We also discuss various strategies used
for metasurface fabrication, materials selec-
tion, codesign with electronics, and device in-
tegration while exploring potential avenues
for future research and development. By con-
solidating the existing knowledge and identify-
ing the current obstacles, this Review aims
to provide researchers, engineers, and industry
professionals with a roadmap toward success-
ful commercialization of integrated metasur-
face technologies.
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Codesign opportunities in nanoscale
optoelectronic devices

The scaling of optoelectronic devices has come
with many important benefits. Most notably,
it has brought opportunities to reduce the power
consumption of information processing and
communication systems. Such systems now
consume ~10% of the worldwide electricity
production. The rapid developments in ar-
tificial intelligence and machine learning are
projecting even higher energy requirements
with a nonsustainable impact on greenhouse
gas emissions (-3). At the nanoscale, a number
of beneficial physical effects naturally become
available, including quantum-mechanical ef-
fects and optical resonances that can deliver
extreme light-matter interaction (4, 5). By judi-
ciously structuring devices to capitalize on these
effects, it is possible to gain markedly improved
control over the flow of charge and light to cre-
ate new functionalities and achieve reductions
in power consumption that go well beyond
those expected from basic scaling rules.

The fabrication tools that have enabled the
scaling in the semiconductor industry can also
create high-performance optoelectronic devices
and circuits in which semiconductors, dielec-
trics, and metals are interwoven at the nano-
scale. Their assembly does not simply follow
the same design rules as larger-scale optoelec-
tronic systems, and new design concepts can be
harnessed to effectively leverage the strengths
of each constituent and to capitalize on the
benefits of dense, chip-scale integration. To
illustrate these points, we analyze a number
of nanostructured devices for light emission,
modulation, and photodetection and empha-
size opportunities that can enable radically
improved system architectures that combine
electronics and photonics together in a seam-
less, highly-integrated fashion. Figure 1 shows
the summary of the most important optoelec-
tronics metadevices, their typical device config-
urations, materials, and functionalities enabled
by metasurfaces. Our examples highlight that
in nanoscale optoelectronic systems, the exact
boundaries between optical, electronic, mechan-
ical, and thermal elements are often blurred,
and many components can perform multiple
functions simultaneously. This is very differ-
ent from current large-scale systems, includ-
ing state-of-the-art miniaturized devices, such
as smartphone cameras, in which the optical
elements (e.g., lenses and color filters for im-
aging), electronics (e.g., photodetection and
image processing), mechanics (e.g., zoom and
image stabilization systems), and thermal ele-
ments (e.g., cooling) are all easily identified and
spatially separated.

We will start by analyzing the multiple roles
that metallic structures can play in nanostruc-
tured optoelectronic devices. Metals serve an
important role as high-conductivity electrodes
for injecting and extracting charges and applying
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Fig. 1. Summary of different types of optoelectronic metadevices and enabled functionalities.

electric fields capable of modulating or tuning
optical materials’ properties. In addition to these
electronic functions, nanopatterned metals can
also be used in optical roles as light reflectors
(6, 7), plasmonic resonators and waveguides
(8, 9), or optical antennas (10, 1), capable of
enhancing and controlling light-matter inter-
action. These optical functions need to be care-
fully optimized while not negatively affecting
the electronic performance.

We first analyze the benefits of electronic and
optical codesign for a simple, planar metallic
electrode in an optoelectronic device that is
patterned into a metasurface mirror. At first
sight, it may seem that there is not much to
optimize for a metallic mirror beyond its re-
flectance. However, in an optoelectronic device
composed of multiple thin layers, the reflec-
tion phase is at least as important as reflection
amplitude because it governs the spatial loca-
tion of the nodes and antinodes in the stand-
ing wave pattern in the electric field intensity
(7, 12, 13). To achieve strong interaction with
active absorber, modulation, or emitter layers,
it is critical to align the maxima in the electric
field strength with the position of these layers.
However, often the use of high-conductivity,
smooth metallic electrodes can cause unwanted
effects as they produce a n-phase reversal for
reflected light waves, creating a standing wave
with an undesired, reduced light intensity near
the reflective surface. To achieve strong light-
matter interaction with a thin active layer, they
need to be spaced approximately one-quarter
wavelength away from the metal, and this may

Ha et al., Science 386, eadm?7442 (2024)

limit the charge injection or extraction (14, 15).
This challenge can be circumvented by using
a nanopatterned metamirror, as shown in
Fig. 2A (7), whose reflection phase (¢ = 7) is
tunable from that of a perfect electric mirror to
a perfect magnetic mirror (¢ = 0). This tuna-
bility in the reflection phase can also be ex-
ploited to ensure operation near a Fabry-Pérot
resonance in a layered device. To benefit from
such optical resonances, the roundtrip phase
for light in the device needs to equal an in-
teger number of 2x. Typically the roundtrip
phase is tuned with the mirror spacing, but
metamirrors can generate any desired reflec-
tion phase across the 0 to 2r range, as shown
in Fig. 2B (7). This leaves the mirror spacing as
a free parameter that can be optimized on the
basis of other considerations, e.g., electronic,
fabrication ease, ideal materials choice, etc.
Control over the antinode positions and reso-
nances can lead to notable enhancements in
light absorption in thin photodetection and
solar energy-harvesting systems (7).

Besides engineering the reflection phase,
nanopatterned metallic mirrors can also con-
trol the excitation and propagation of sur-
face plasmon polaritons at the metal surface.
Figure 2C shows the beneficial use of a meta-
mirror in modulators to enhance light-matter
interaction with an ultrathin active layer (9).
In this work, a metal electrode can electrically
modulate the intensity of a reflected light beam
by electrically switching exciton resonances
on and off in a two-dimensional (2D) semi-
conductor. Therefore, the performance of this

29 November 2024
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modulator critically relies on the presence of
a strong excitonic material resonance. Exci-
tons can offer extremely strong and high-speed
optical modulation. However, such resonances
severely weaken at room temperature, where
nonradiative decay dominates the radiative
one. The application of a periodic nanopattern
to the metal surface brings the opportunity to
grating couple incident, free-space photons to
guided surface plasmons that notably enhance
the light-matter interaction and also provide a
favorable Purcell effect that boosts the radiative
decay rate to such an extent that it can out-
pace the nonradiative decay at room temper-
ature. Metallic-strip electrodes have also been
used as plasmonic waveguides and as leads to
apply fields in electro-optic modulators (16) or
heating elements in thermo-optic modulators
(8). In such designs, an outstanding overlap of
the guided plasmon modes with the electri-
cally driven active medium is guaranteed.
Optical antennas can control the emission
from quantum emitters by modifying the local
density of optical states via the Purcell effect.
This can deliver control over the decay rate of
quantum emitters as well as the directionality
and polarization of the light emission. How-
ever, their implementation in optoelectronic
devices has been hampered by the need to
precisely place emitters near an antenna and
to efficiently excite them electrically. This re-
quirement can be circumvented with the help
of antenna electrodes that facilitate simulta-
neous operation as electrodes for current in-
jection and as antennas capable of optically
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Fig. 2. Multiple roles of metallic and semiconductor nanostructures in
optoelectronic devices. (A) Difference in the optical behavior of a conventional
mirror and a metamirror. In transverse electric (TE) polarization, the metamirror
behaves as a conventional electric mirror that flips the electric field of an incident
light wave on reflection, whereas for transverse magnetic (TM) polarization, it serves
as a magnetic mirror capable of flipping the magnetic field (7). (B) Dependence

of reflection phase from a metamirror on the metal groove depth (wavelength

600 nm). The reflection phases for conventional metal reflectors are shown for
comparison. PEC: perfect electrical conductor (7). (C) Schematic of a free-
space optical modulator that capitalizes on the dynamically tunable exciton
resonances supported by the atomically thin semiconductor WS, (9). A metal-
oxide-semiconductor configuration is used to electrically gate the device. This
can turn on and off the exciton resonances in the WS, and modulate the intensity

of a reflected light beam. The nanopatterning of the metal electrode allows for
the coupling to surface plasmons and an enhanced light-matter interaction. (D) Two
Au electrodes of different widths can inject charge into a quantum well (QW)
ridge. The electrodes also support distinct surface plasmon resonances that can be
dipolar or quadrupolar in nature, depending on their width, as shown by the
magnetic field amplitude maps within the semiconductor. When current is injected
into the QW via the antenna electrodes and the substrate, light is emitted with an
angular emission pattern and polarization that is characteristic of the electrode
dimensions (11). (E) Top-view scanning electron microscope (SEM) image of a fabricated
metafilm with a 200-nm period and 0.3-duty-cycle germanium (Ge) nanowires. The
scale bar is 1 um. Inset shows a schematic of the measurements (19). (F) White light
reflection images taken from a thin 50-nm Ge film (top) and metafilms with 30-nm-wide
beams under TE and TM illumination on an Au background.

manipulating the electroluminescence (I1).
Antenna electrodes naturally deliver electri-
cally excited carriers to the vicinity of the an-
tenna and maximize the optical coupling of
the emission to a single, well-defined antenna
mode (Fig. 2D).

Semiconductors also play vital roles in opto-
electronic devices and there are distinct oppor-
tunities for structuring them into metasurfaces
as well. These materials can efficiently convert
optical signals to electronic signals via the gen-
eration of photoexcited carriers, and vice versa
through the recombination of electrically in-
jected carriers. The prominent electro-optic and
carrier effects in semiconductors can also be
harnessed to modulate their coherent inter-
action with light. Similar to metallic nano-
structures, nanopatterned semiconductors also
support strong optical resonances, termed Mie
resonances (5), which endow them with im-

Ha et al., Science 386, eadm?7442 (2024)

proved and highly engineerable light emis-
sion, modulation, and absorption functions.
On resonance, incident light waves can drive
the bound charges in these highly polariz-
able, high-index structures into oscillation.
This produces intensified light fields inside
and around the structure that can be used in
devices. For example, in a semiconductor nano-
wire photodetector (17), the Mie resonances
open up ways to spectrally engineer and en-
hance light absorption. These benefits can also
be translated to judiciously nanopatterned semi-
conductor metalayers. From the first system-
atic studies on structural colors on individual
semiconductor nanostructures and metasur-
faces (18), it became clear that the resonant
behavior of the individual nanostructures could
be encoded into metafilms assembled from
these structures. By carefully choosing the sizes
and spacings of nanostructures, near-unity
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light absorption can be achieved at one or more
desired, target wavelengths (19). Figure 2, E and
F, illustrate the impact of patterning a contin-
uous germanium (Ge) film into a metafilm of
densely spaced nanowires. Figure 2F shows
the normal-incidence reflection images taken
for transverse magnetic (TM) polarized light with
the electric field parallel to the length of the
nanowires and for the orthogonal transverse
electric (TE) polarization. Here, the anisotropic
nature of the building blocks leads to differ-
ent optical responses. Notably, the removal of
about two-thirds of the Ge film gives rise to a
greatly enhanced absorption under TM illumi-
nation as the weak Fabry-Pérot resonance sup-
ported by the continuous Ge film is replaced by
stronger Mie resonances of the nanowires.

The integration of resonant nanostructures
into optoelectronic devices heralds a new era
in which the miniaturization of devices does not
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come at the cost of performance, and instead,
opens up avenues for innovation in areas such
as solar energy harvesting, imaging systems,
and secure communications. The potential im-
pact and importance of metasurface-integrated
devices lie in their ability to transform the
landscape of technology, leading to smarter,
more efficient, and highly adaptable optoelec-
tronic applications. In the following sections,
we will discuss the current progress and chal-
lenges for each type of metadevices shown in
Fig. 1 in detail.

Light-emitting diodes and displays

In light-emitting diodes (LEDs), quantum emit-
ters are electrically driven to produce light by
spontaneous emission. These devices are en-
gineered with a desire to make the emission
efficient, while also controlling different at-
tributes of the generated light. However, the
set of these attributes and the extent to which
they can be controlled are usually limited. Typ-
ically, the peak emission wavelength and emis-
sion linewidth are determined by the choice
of emitters. However, the available options
are often limited to semiconductor epitaxial
thin films, colloidal nanocrystals, and organic
molecules and polymers. As a result, achieving
precise desired emission characteristics may
require compromises on emission efficiency
and a material’s stability. For example, the
spectral sharpness of spontaneous emission
can be challenging to achieve because of its
intrinsic homogeneous broadening and in-
homogeneous broadening due to the variation
among contributing emitters. The tuning range
of the peak emission without changing the op-
tical output level can also be adversely limited.
Similarly, the quantum efficiency of an emitter
and performance of its resulting LED (external
efficiency) might also be severely constrained.
This translates to limited levels of optical bright-
ness and, most of the time, a limited optical
power output of a light-emitting device, after a
certain point, no matter how hard the device is
driven. This may thus require the use of in-
creased numbers of emitters (either a thicker
film or a wider film area), bringing about other
problems, including fabrication challenges and
issues of uniformity and aging.

Another constraint of conventional LEDs is
related to their radiation pattern, which is de-
termined by the optical materials’ properties.
The extraction efficiency of the generated pho-
tons is therefore inherently limited by the di-
electric environment and surface morphology
of the LED. In most cases, the emission cone is
wider than necessary, resulting in poor photon
management and reducing the usable power
of the generated light. Further patterning of
the emitter film in pixelated LEDs to realize,
e.g., displays can introduce additional diffi-
culties, especially for very high pixel densities
across large areas. Moreover, in some applica-
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tions where polarized light is needed, it is chal-
lenging to produce it with isotropic emitters
[e.g., quantum dots (QDs)] without additional
optics. Achieving more complex functions, such
as vortex beam generation or rapid emission
modulation, is not possible by solely manipu-
lating the emitters.

Metasurfaces can be integrated into LEDs to
transform the emitted light wavefront (20-22)
or shape the emission of embedded emitters
(6, 23, 24,). These devices are termed “meta-LEDs,”
where meta-optics concepts are applied as in-
tegral parts of the emitters and/or parts of the
device structure (25, 26). Their impact can be
truly transformative if they can substantially
enhance the emission and extraction efficien-
cies and improve control over the angular and
polarization properties of the emitted light.
Designers may use a single metasurface aimed
at delivering one of these benefits, or adapt
multiple structures to achieve multiple bene-
fits in a single device.

For example, a metasurface can be patterned
directly on the top or bottom surface of the
device (i.e., contact layers) (27). In this con-
figuration, the metasurface acts as a far-field
wavefront transformer. Figure 3A shows the
concept of integrating a metasurface with a
collimated LED to manipulate its emission
properties. The advantage of this concept is
that the patterning of the metasurface does
not affect the integrity of the LED structure
and thus minimizes the device efficiency degra-
dation. Using this concept, beam bending of
gallium phosphide (GaP) LED emission was
demonstrated (Fig. 3B) (21). Metasurfaces can
also be used to enhance the emission extrac-
tion efficiency, especially when LEDs are made
of high-index materials such as III-V semicon-
ductors. Figure 3, C and D, present a disordered
metasurface concept inspired by nature to
enhance the performance of a gallium nitride
(GaN) LED (22). In addition to enhanced light
scattering, disordered metasurfaces offer broad-
band optical response and introduce distinct
optical properties through multiple scattering
effects. These structures have been extensively
studied for various applications from light
extraction to energy harvesting (28, 29).

Another approach to integrate metasurfaces
into LEDs is by placing them in the near-field
of the emitter layers. This involves defining a
resonant nanostructure, such as a metasurface
interlayer, directly above, below, or within the
emitter film. The metasurface can also be filled
with emitters by either carefully placing them
into the resonance “hot spots” or by covering
the entire structure with an emitter film (23, 30).
Figure 3E shows an LED configuration where
a nanopillar array is patterned into the active
layer (i.e., multi-quantum well). In this case, the
GaN metasurface modifies the phase of the
emitted light by leveraging the collective res-
onances of the nanopillars. This phase manip-
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ulation effectively alters the in-plane momentum
of the emitted photons following the grating
equation, redirecting them into specific angles,
as shown in Fig. 3F. Recently, it was also dem-
onstrated that patterned electrodes can control
the Purcell effect in organic light-emitting diodes
(meta-OLEDs; Fig. 3, G and H) to deliver high-
spectral purity emission without the need for
absorbing color filters at a record-high pixel
density of ~10* pixels per inch (6). When incor-
porating metasurfaces into an emitter layer, the
major challenge is achieving uniform charge
injection to avoid issues such as current crowd-
ing, local heating, increased resistance, higher
turn-on bias, voids, and short circuits that may
degrade the device’s performance.

The presented examples show that the in-
tegration of metasurfaces into LEDs offers no-
table advantages by improving performance
and adding functionality. Metasurfaces allow
precise control over light emission, enabling
tailored spectral and angular properties. This
leads to higher efficiency, color purity, and the
integration of advanced optical functions such
as beam shaping and polarization control.

Lasers

Light amplification by stimulated emission of
radiation (laser) devices play a crucial role in
modern technologies, forming the foundation
for various applications including medical sur-
geries, communication networks, manufactur-
ing, and scientific research. Metasurface-based
lasers can offer distinct advantages over tradi-
tional laser designs by precisely controlling the
emission properties such as beam profile, direc-
tionality, and polarization. In addition, meta-
surfaces can facilitate ultrafast tuning of laser
properties, which is crucial for applications re-
quiring rapid response times, such as in optical
switching and sensing technologies. This level
of control and flexibility makes metasurface-based
lasers incredibly versatile and efficient, marking
a substantial advancement in laser technology.

The concept of nanopatterned lasers was
first explored in photonic crystals, which were
successfully applied to obtain high-quality (Q)
factor laser cavities. Both photonic crystal- and
metasurface-based lasers exploit the nanoscale
periodic structures to control light propagation
and amplification. Whereas the traditional pho-
tonic crystal approach relies on the photonic
bandgap of periodic structures, metasurfaces
offer greater control by using collective reso-
nances of meta-atoms in an array. This allows
for additional flexibility in engineering both
the Q-factor and the emission properties of the
laser. For instance, plasmonic metasurfaces,
despite their intrinsic ohmic losses, have been
effectively used in optically pumped lasing de-
vices thanks to their high-Q band edge modes
(31). These narrow resonances, referred to as
surface lattice resonances, arise from the dif-
fractive coupling of localized surface plasmon

4 0of 13

Y202 ‘%0 JequIBoed Uo SBYSIBAIUN 1S |Id e BI080us 105 MMM/ SARY WO} PAPEO|UMOQ



RESEARCH | REVIEW

Cts/s

p-Polarized PL

E F
GaN pillars
E|l
=0
wn
<
Sapphire ]
substrate LED pump
PL signal (1)

-1.0 0.5

-0.5 0
Normalized momentum

1.0

Fig. 3. Metasurface-based LED devices and displays. (A) Beam bending and
vortex beam generation by integrating a metasurface onto a collimated LED device
(21). (B) Back focal plane image of the photoluminescence (PL) from a GaP meta-
LED showing the beam bending effect by the metasurface on top of the LED
structure. PL was excited with a 488-nm continuous wave (cw) laser and collected
using a microscope objective with numerical aperture (NA) of 0.95 (21). (C) SEM
image of the microstructures on lantern cuticles of Pyrocoelia rufa firefly. The inset
shows the microstructures at a higher magnification, revealing the disorder in

both position and size of stripes (22). (D) Schematic (not to scale) of a GaN LED
with a disordered metasurface patterned on top to enhance light extraction (22).
(E) lllustration of a GaN nanopillar system with embedded InGaN multiple QWs (green)
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grown on a GaN base layer on a double-sided polished sapphire substrate (23).
(F) p-polarized PL as a function of wavelength (y axis, 520 to 580 nm) and
normalized in-plane momentum (k;/ko; x axis) for the eight different GaN meta-
surfaces (23). (G) Cross-section of a meta-OLED with red, green, and blue emitter
layers. The different patterns created in the meta-mirror electrode control which colors
benefit from a desirable Purcell effect and are effectively emitted from the device
(6). (H) (Upper panel) Photo of a meta-OLED test cell that consists of four
sections and is driven at 3 V. The inset shows an optical microscopy image of 3x3
metamirrors with different pitches (P1 to P9). (Lower panel) The electroluminescence
from the device shown in (G) where the subwavelength period of the nanopattern is
varied from 160 to 380 nm to achieve different emission colors (6).

resonances (LSPRs) of individual nanopar-
ticles via evanescent diffraction orders, known
as Rayleigh anomalies (RAs). The suppres-
sion of the radiative losses and associated high
Q-factors come from the strong coupling between
the RAs and LSPRs, which can be optimized by
controlling their detuning. Recently, a way to
markedly reduce loss in plasmonic arrays by
using nonlocal surface plasmon polaritons (SPPs)
was proposed (32). The transition from local to
nonlocal mode by coupling with diffraction
order helps suppress radiative losses and achieve
high Q. The rise of dielectric resonant nano-
structures in recent years with their rich electric
and magnetic resonant responses has reignited
interest in creating high-finesse optical resona-
tors for lasers with full control over direction-
ality, polarization, and mode profile. Recently,
photonic concepts such as the bound state in
the continuum (BIC) have been extensively
studied and used for lasing devices. Figure 4A

shows a directional surface-emitting laser con-

Ha et al., Science 386, eadm?7442 (2024)

cept by using a periodic array of GaAs nano-
pillars that support vertical electric dipole
resonance (33). When these identical dipoles
oscillate in phase, the destructive interference
leads to the formation of symmetry-protected
BIC at the I' point (i.e., vertical direction). Fun-
damentally, BICs in periodic photonic lattices
are singularities of polarization vortices in the
far-field radiation, with the BICs located at the
center of the vortex (I" point in this case).
Topological charge of a BIC mode can be de-
termined by the winding number of the polar-
ization vector around the singularity. Lasing
emission cannot couple to the singularity point
owing to the dark mode nature of BIC but rather
couples to a quasi-BIC mode at an oblique angle.
By controlling the radiative loss of the quasi-BIC
mode via opening leaky diffraction channels,
directional lasing can be achieved at desired
angles. BICs can also happen at an off-I" angle
(so-called, accidental BIC or Friedrich-Wintgen
BIC) when geometrical parameters of the pho-

29 November 2024

tonic structures are carefully tuned (34, 35). By
merging multiple BICs with different topolog-
ical charges, an even more efficient optical
cavity, namely a superBIC, can be created,
which has been proven to further lower the
lasing threshold (36, 37). Another way to im-
prove the Q-factor of BIC cavities with a finite-
size array is to use photonic crystal structures
with suitable bandgaps at the array boundaries.
By using this approach, a Q-factor of >10° in a
BIC cavity with an array size of only ~10 um by
10 um has been experimentally demonstrated
(38). The difference between BIC lasers and
traditional surface-emitting lasers (e.g., verti-
cal cavity surface emitting lasers, VCSELS) is
that the emitted photons constitute a polar-
ization vortex due to the nonzero topological
charge nature of BICs. These polarization states
are intrinsically associated with the symmetry
of the system. By using a two-beam pumping
configuration, ultrafast all-optical switching of
a BIC laser mode was achieved with a record
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Fig. 4. Metasurface-based lasers. (A) Schematics of a GaAs nanopillar array
on a fused silica substrate embedded in hydrogen silsesquioxane (HSQ) resist
(i.e., spin-on-glass). Along the x axis, the period is fixed at 300 nm (i.e.,
subdiffractive) to support a symmetry-protected bound state in the continuum
(BIC) mode at ~825 nm, while along the y axis, the period P, is set at 540 nm
to create diffractive leaky channels for the directional emission of the laser
(33). (B) Schematic of chiral BIC metasurface made of TiO, that can produce
chiral lasing with a maximum DOP of 0.98 when coupled with a gain medium such as
2-methyl-6-(4-dimethylaminostyryl)-4H pyran. The chiral BIC mode is formed by
doubly breaking geometrical symmetry, as shown in the insets (40). (C) (Upper
panels) SEM images of the U-shaped Moiré nanolaser composed of 17 unit cells of a
Moiré superlattice highlighted by orange hexagons. The Moiré superlattice is
fabricated in a semiconductor membrane consisting of InGaAsP multiple QWs.

Scale bar, 5 um. (Lower panel) Schematic of a coherent, reconfigurable Moiré
nanolaser array that emits U patterns with phase locking (42). (D) Schematic of the
InGaAs-based photonic crystal surface-emitting laser (PCSEL) in which the photonic
crystal structure is created by patterning an air-hole array in a p-AlGaAs cladding
layer. Arrows indicate the growth direction of the first epitaxial and regrowth
structures (50). (E) Schematic representation of the organic laser diode (OLD)
structure using a DFB cavity consisting of SiO, nanobeams with widths of 140 and
70 nm for second- and first-order gratings, respectively. Bright, narrow emission,
and threshold-like behavior were observed under pulse operation at 50 V.

BSBCz: Bis[(N-carbazole) styryl]biphenyl (52). (F) A proposed quantum dot laser
diode (QLD) architecture, which comprises a p-i-n structure assembled on top of a
DFB cavity integrated into a lower indium tin oxide (L-ITO) electrode. HTL: hole
transport layer; ETL: electron transport layer; CQDs: colloidal quantum dots (53).

switching speed and power (39). Breaking the
symmetry of the nanostructures can also be
used to generate lasing emission with circu-
lar polarization. Figure 4B shows the TiO,
nanopillars, specially etched to create tilted
structures, which breaks mirror symmetry in
the vertical direction. Using this structure, chiral
lasing emission was demonstrated with a near-
unity degree of polarization (DOP) (40). A simi-
lar approach was used to demonstrate a chiral
metasurface with a high Q-factor and circular
dichroism by using a TiO, slanted hole struc-
ture (4I). In this case, by breaking the sym-
metry of the nanostructure twice (i.e., in-plane
and out-of-plane symmetries), the topological
charge of the symmetry-protected BIC can be
split and fine-tuned to maximize the purity of
the circular polarization. Moiré effects have also
been used to demonstrate reconfigurable nano-
laser arrays, as shown in Fig. 4C (42). The
strong localization of the mode within a single
unit cell of the Moiré superlattice is induced by a

Ha et al., Science 386, eadm?7442 (2024)

flatband resonance, which is formed when the
Moiré twisted angle is carefully tuned. Using
this concept and structured pumping technique,
various lasing patterns were obtained with high
spatial and spectral coherence (42). Leveraging
the same concept of twisted lattices, the same
group has also demonstrated a singular dielectric
nanolaser with an ultrasmall mode volume of
only ~0.0005 22 (43). Other concepts such as
Dirac singularity (44, 45), supersymmetry, topo-
logical insulator (46-48), and parity-time sym-
metry (49) have also been used to design new
optical cavities for lasers.

Although numerous concepts for the use of
resonance nanostructures in lasers have been
suggested, their integration into electrically
pumped devices remains a challenge. The rea-
son is that the electrical device requirements
have not been considered during the photonic
design, including the material choice (e.g., con-
duction band alignment, hole and electron mo-
bility), device architecture (e.g., electrodes, charge

29 November 2024

injection pathway), and thermal management.
In this regard, an optimal photonic design
that works well in an optically pumped laser
configuration does not necessarily result in a
good electrically pumped laser device. To date,
there are three main electrically pumped laser
device platforms that have been successfully
integrated with resonant nanostructures. The
first and most efficient one is based on epi-
taxially grown III-V semiconductors. Here, a
resonant nanostructure can be patterned in
between epitaxial growth cycles of different
device layers as shown in Fig. 4D (50). Using
this device concept (termed a photonic crystal
surface-emitting laser, or PCSEL), a watt-class
laser device (50), and most recently, continuous-
wave single-mode laser (51), were demonstrated.
The successful integration of resonant nano-
structures near the gain medium of PCSEL
devices became possible with an innovative re-
growth strategy and careful design of photonic
nanostructures to ensure an uncompromised
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electrical performance. The second, long-sought-
after lasing platform is based on OLEDs that
offer tremendous versatility in their fabrication
and benefit from a wide selection of emitting
materials to deliver different lasing wavelengths.
Figure 4E shows an organic laser diode (OLD)
structure having a nanopatterned distributed
feedback (DFB) cavity that has been reported
to achieve lasing with electrical injection (52).
The results show that it is possible to achieve
high device performance after integrating it
with an electrically passive nanostructure made
of SiO,. This opens up the possibility of incor-
porating resonant nanostructures with new
functionalities into such lasing device structures.
The third device platform is a quantum dot laser
diode (QLD), as shown in Fig. 4F (53). QDs made
of II-VI semiconductors such as CdSe/CdS can
offer several advantages over organic molecules
as emitting materials for lasing. They exhibit
higher photostability, tunable emission wave-
lengths through size and composition control,
and narrower emission spectra, leading to bet-
ter lasing performance.

Each device platform has its own challenges
when it comes to the integration of resonant
nanostructures to form efficient optical cavities
without sacrificing electrical performance. For
instance, the requirement in lattice mismatch
for epitaxial growth in the III-V platform pro-
hibits the use of foreign materials for nano-
structures. Etching the whole stack of devices
to form resonant nanostructures often results in
poor electrical performance. For OLD and QLD,
the main issue lies in the low charge injection
tolerance of the materials, which is usually be-
low the high current density required for lasing.
In addition, owing to the thin-film nature of
the devices, any defect due to the integration of
resonant nanostructures may result in current
crowding and material breakdown. Another
important aspect of lasing devices is thermal
management during their operation (i.e., at
high current density). This is especially impor-
tant for OLD and QLD where most of the ma-
terials constructing the lasers have low thermal
conductivity. Addressing all these challenges
alongside photonic design aspects is essential
for successfully integrating photonic nanostruc-
tures into electrically pumped laser devices.

The realization of resonant nanostructure-
based laser devices with rich optical functionality
will have a substantial impact and applications
in various fields such as sensing, optical commu-
nication, and quantum technology. Considering
the recent progress in nanophotonic design, as
mentioned earlier, along with innovative de-
vice architectures (47, 54, 55) and material ad-
vancement (55, 56), it is anticipated that the
field will mature in the near future.

Optical modulators and switches

Although static metasurfaces have already
found their way into multiple optoelectronic
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applications, the possibility of imparting them
with dynamically tunable functionalities has
always been a challenge in the metasurface com-
munity (57-59). In particular, making each nano-
antenna pixel in the metasurface independently
tunable for either phase or amplitude modu-
lation could help to achieve subwavelength
dynamic control of optical wavefronts, which
is not available within the current technologies.
This could open widespread opportunities for
applications of such tunable metasurfaces in
two-dimensional (2D) and three-dimensional
(3D) holographic projectors, augmented and
virtual reality (AR/VR) devices, LIDAR for auto-
nomous driving, and more (60). To achieve this
ambitious goal, metasurfaces will have to be
integrated together with electrical circuitry [i.e.,
complementary metal-oxide-semiconductor
(CMOS) electrodes] to drive them at the indi-
vidual pixel level.

The first studies of electrical switching of
metasurfaces have mainly focused on different
material platforms, which can provide sufficient
tunability to achieve phase (~2r) or amplitude
(~1) modulation. Liquid crystals (61-63), phase-
change materials (64-68), and semiconductors
(69-74,) are the most promising platforms from a
practical device perspective, each having its own
advantages and disadvantages. Other switch-
ing mechanisms such as mechanical, thermo-
optic, electro-optic, and electrochemical tuning
have also been investigated and can be found,
e.g., in a recent detailed review (75).

Liquid crystals provide high-refractive index
changes, low switching voltages (i.e., a few volts),
low optical losses in the visible spectrum, and
long-term stability after multiple switching cy-
cles. However, they suffer from relatively low
switching speeds (>1 ms) and cross-talk between
the pixels (61-63). Phase-change materials also
can deliver a high-refractive index change and
can keep the changed state without the appli-
cation of an extra voltage (i.e., nonvolatile switch-
ing) but suffer from higher switching voltages
required to heat the material and fatigue effects
at many switching cycles (64-68). Electrical
gating of semiconductors can be very fast, al-
lowing operation at greater than gigahertz fre-
quencies, but comes with undesirable light
absorption and only achieves notable refrac-
tive index changes in very thin accumulation,
depletion, or quantum-well layers (69-72). Al-
though there is currently no ideal switching
mechanism that can satisfy all requirements at
once, one can select a good material platform
that is most suitable for a specific application.
For example, AR/VR and holographic display
applications can benefit from high diffraction
efficiencies in the visible spectrum and high
cyclability offered by liquid crystals, while being
tolerable to their relatively slow (>1 ms) switch-
ing speed (61, 76). By contrast, LIDAR devices
and communication systems could benefit from
the high switching speeds provided by gating
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semiconductors (70), while being less demand-
ing for electrical tunability of the metasurface
building blocks. Phase-change materials could
be most suitable for reconfigurable static dis-
plays or reconfigurable optics where constant
cycling of the material is not required. In such
applications, the nonvolatile switching, which
does not require constant voltage application,
could be of great advantage to save energy be-
tween rare switching events (67).

Another important consideration is the small-
est pixel pitch at which the metasurface can be
switched without the unwanted cross-talk be-
tween neighboring pixels. From an application
perspective, it is important to reach a pixel pitch
substantially smaller than the existing technol-
ogy can provide, e.g., a 3.74-um pixel pitch for
liquid crystal on silicon (LCOS) phase-only
spatial light modulator (SLM) from Holoeye
(77). For liquid crystal-based tunable metasur-
faces, the individual pixel switching down to a
pitch of ~1 um has been demonstrated (Fig. 5,
A 1o C) (61, 63). The diffraction efficiency of such
devices reaches >40%, making them promising
for a range of applications, including displays
and laser projectors. Further pitch reduction in
such tunable metasurfaces is possible but re-
quires dealing with the cross-talk induced within
the thin liquid crystal layer as well as the op-
tical interaction between neighboring dielectric
nanoantennas. Even smaller pitches of ~500 nm,
down to the single nanoantenna level, have been
demonstrated for plasmonic metasurfaces based
on gating effects, but with a much lower efficiency
of a few percent only (77). Potential applications
of such metasurfaces to LIDAR technology have
also been shown (Fig. 5, D and E) (70). For
phase-change materials, although switching of
an individual nanowire and nanoantenna ar-
rays has been demonstrated (64-68), individual
switching of multiple pixels in a metasurface
array has not yet been achieved. Here, a thermal
cross-talk between the pixels related to the heat-
induced switching mechanism should be taken
into consideration. Individual pixel control has
also been shown, e.g., in plasmonic metasurfaces
switched by conducting polymers (78-80).

The single-pixel tunable metasurface dem-
onstrations mentioned above have only shown
1D arrays of switchable pixels able to produce
active beam steering along a single direction.
To unleash the full potential of tunable metasur-
face technologies, however, addressing a 2D
array of pixels with individual pixel control is
required. The first attempts to do so using con-
ventional single-layer electrode fan-out could
only produce small (10 x 10) arrays of 5.2 um
by 5.2 um pixels (69), which is far below what
commercial applications require. Transitioning
to a larger number of pixels with much smaller
sizes would require integration of metasurfaces
on top of CMOS circuitry, which can apply dif-
ferent voltages to individual pixels using a con-
trol circuit containing transistors beneath each
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Fig. 5. Examples of tunable metasurface devices and their applications.

(A) Schematic of a single-pixel tunable reflective metasurface device based on
liquid crystals (6I). (B) Zoomed-in SEM image of 1-um tunable metasurface pixels
with integrated dielectric nanoantennas (63). (C) Tunable diffraction grating
generated by a transmissive liquid crystal-tunable metasurface with individual pixel
control (63). The left side shows the experimentally measured diffraction intensities
as a function of the deflection angle for different electrode-addressing
configurations, shown on the corresponding right side. Gray patches represent
grounded electrodes, and blue patches represent biased ones (at 8 V). a.u:
arbitrary units. (D) (Left) Schematic of a single-pixel tunable reflective plasmonic
metasurface device based on the electrical gating effect. The device consists
of an Au back-reflector, an Al,O5 dielectric layer, an ITO layer, and a hafnium

oxide/aluminum oxide laminated (HAOL) gate dielectric followed by an Au
fishbone nanoantenna. (Right) Sample mounting circuit board to control the
multifunctional metasurface with 96 individually addressable linear pixels. Scale
bar, 10 mm (71). (E) (Top) Optical image of the active metasurface array located
in the middle of the fan-outs with a size of 250 um by 250 um. For the dynamic
wavefront manipulation, operating blocks with the period Ac of 5 um were used.
Scale bars, 100 um. (Bottom) A model object for 3D imaging (left) and 3D depth
image produced using the metasurface-based SLM (right), which demonstrates the
feasibility of the use of the device as the core scanning component in a LIDAR
system. The scan angle range, angle step size, and resolution are 6° (H) x 4° (V),
0.2° (H) x 0.2° (V) and 31 x 21 = 651, respectively, where H and V denote the
horizontal and vertical axes, respectively (70).

pixel. This, in turn, will impose additional limi-
tations on the maximum voltage, which can be
applied to each pixel without destroying the
CMOS circuit. A recent presentation showed
this kind of integration of a liquid crystal-
tunable metasurface on top of a 480 x 640 ar-
ray (video graphics array resolution) of 1.1 um
by 1.1 um CMOS pixels (76). With voltages chang-
ing in the range of 1 to 2 V, the authors were
able to demonstrate dynamic switching of in-
dividual pixels, opening the door to realizing
2D dynamic beam steering and tunable 2D
holograms with a 100-Hz refresh rate. These
results mark a substantial improvement com-
pared to the current state-of-the-art technolo-
gies available in industry, showing a strong
potential of tunable metasurface devices for
practical applications. Further developments
in this field are necessary to facilitate com-
mercialization of this technology. This would
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require simultaneously ensuring multiple fac-
tors including low-voltage switching, high
diffraction efficiency, fast refresh rates (depend-
ing on the application), low power consump-
tion, high uniformity of phase and amplitude
modulation across large pixel arrays, and mate-
rial compatibility with large-volume manufac-
turing platforms. These are largely associated
with engineering and device optimization rather
than fundamental issues.

Photodetectors, spectrometers,

and imaging systems

The photodetectors found in commercial de-
vices, such as imaging sensors, proximity sensors,
and spectrometers, commonly rely on semicon-
ductor p-n junctions, SchottKky barriers, or the
photoelectric effect to convert optical signals
into electrical ones. They are well-suited to
measure the light intensity, but all other in-
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formation carried by the incident photons is
typically lost in the photodetection process. Be-
yond intensity, various properties of light, such
as wavelength, phase, polarization, orbital an-
gular momentum (OAM), propagation direction,
and spatial and temporal coherence, remain
challenging to detect directly with conventional
photodetectors without introducing bulky op-
tics. Metasurfaces offer a promising platform to
enable the detection of this rich set of proper-
ties of light through compact integration of
subwavelength meta-atoms with photodetec-
tion and imaging systems. With sophisticated
design involving geometry, antenna layout,
and suitable materials, recent demonstrations
of these metasurface-integrated photodetectors
(MIPDs) promise a new generation of photo-
detectors and imaging systems.

In contemporary consumer electronics, a con-
siderable challenge arises from the mismatch
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between the microscale of optics and the nano-
scale of modern electronic devices, resulting
in penalties related to power dissipation, area,
noise, and latency (8I). To address this, an ef-
ficient approach involves employing MIPDs
to enhance photoelectric conversion efficien-
cy using meta-atoms, thereby improving light
harvesting and enabling subwavelength ac-
tive areas. In alignment with general units in
electronics, such as transistors, memory, and
logic components, metal nanoantennas can, for
example, be combined with doped semiconduc-

(Ti/Al)

active layer

bottom electrode
(NiO,/P/Ag)

top electrode H

tors to form Schottky photodiodes and play a
dual electronic and optical function. Light from
free space can excite plasmons in the metal
nanoantenna (82), concentrating the light and
enhancing the generation of hot electrons and
nanoscale thermoplasmonic effects (83). For
example, gold nanoantennas were used to con-
centrate near-infrared light into a subwave-
length germanium photodetector, substantially
enhancing its performance (81). The Schottky
photodiode can also be simplified using a hy-
brid silicon-aluminum nanostructure to real-

ize submicrometer pixel dimensions as shown
in Fig. 6A (84). The design uses hybrid Mie-
plasmon resonances to achieve color-selective
light absorption, which is highly localized within
the silicon nanocylinders. This localization mini-
mizes the distance between color filters and the
photodetector elements, reducing optical cross-
talk that typically occurs when light from one
filter is absorbed by neighboring photodetectors.

To obtain the spectral information rather than
the simple integral of the incident broadband

light into a single current value, spectroscopy
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Fig. 6. Metasurface-based photodetectors and solar cells. (A) Schematic of
the Al-Si hybrid color-selective photodetector (84). (B) Photograph of a device
mounted in a chip with 24 different structurally colored Si nanowire photodetectors
with various diameters for spectral measurement. Inset shows SEM image of

one patch of nanowires embedded in the photoresist layer (85). (C) lllustration of
the graphene-MIPDs consisting of noncentrosymmetric subwavelength metallic
nanoantennas on top of graphene flakes. Global directional photocurrent can be
generated at zero external bias to mimic the shift current in the bulk photovoltaic
effect for polarization detection (92). (D) Unit of angle-sensing photodetector with a
pair of Si nanowires connected with Au contacts (93). (E) lllustration for OAM
detection with photocurrent measurement by U-shaped electrodes on WTe, (95).
(F) Compact angle-resolved metasurface spectrometer consisting of liquid
crystal-infiltrated metasurface integrated with perovskite photodetectors (96).
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(G) Schematic of an ultrathin solar cell integrated with nanostructured light-
trapping antireflection coating (LARC) shown as the dark region in the schematic.
(H) White-light optical micrograph image (left) and SEM image (right) of the top
surface of the ¢-Si solar cell in (G) that appears dark as a result of the LARC
structures. (I) A schematic of a LARC structure composed of nanoscale Mie
resonators with a bimodal size distribution (J) Current-voltage characteristics of
2.8-um-thick Si solar cells with different types of photon management schemes:

a LARC with a bimodal size distribution of Mie resonators (red), a single-sized
Mie-resonant ARC (blue), a conventional SiNx ARC (green), and a planar cell without
an ARC (gray). The orange curve shows the highest-efficiency cell with a bimodal
LARC on a different wafer. Cells with low surface recombination velocities and

high efficiencies (n = 11.22%) can be realized, showing the promise of metasurface-
based light-trapping strategies. (G to J) Reproduced from (103).
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is necessary, typically requiring wavelength
selectivity and a detector. Metasurfaces fa-
cilitate the construction of ultracompact and
lightweight spectrometers with solely detec-
tor arrays. For example, structurally colored,
doped, vertical silicon nanowire arrays allow
the engineering of responsivity spectra in a
single chip, combining wavelength selectiv-
ity and photodetection functions, as shown
in Fig. 6B. This architecture enables spectral
reconstruction of an unknown light source
based on an algorithm that considers the mea-
sured photocurrents from the pixels and a
library of their responsivity spectra (85). By
manipulating the radiative coupling between
horizontally arrayed silicon nanowires, imper-
ceptible photodetectors onto transparent sub-
strates can be realized, opening a promising
platform for augmented reality, wearables,
and sensing applications (86). This strategy
could overcome the disadvantages of tradi-
tional color sensors based on organic dye fil-
ters regarding durability, low efficiency, and
fabrication complexity. Compact devices for
video rate hyperspectral imaging with high-
definition spatial and spectral resolution can
be further made for portable applications such
as food safety, disease diagnosis, remote sensing,
environmental monitoring, and artwork anal-
ysis (87).

In addition to spectral detection, polariza-
tion can be easily detected by breaking the
fourfold rotational symmetry of meta-atoms
using rectangular or elliptical shapes. The in-
cident light with varying polarization states
excites distinct resonances, resulting in differ-
ent absorption and photocurrent values (88).
Combining engineered chiral plasmonic meta-
surfaces with semiconductors enables the
realization of an ultracompact circularly po-
larized light detector without additional op-
tical elements (89). Full-Stokes detection is
achieved by three-port polarimeters compris-
ing on-chip chiral plasmonic MIPDs. By man-
ipulating the spatial distribution of chiral
meta-atoms, polarization-resolved absorption
information can be converted into correspond-
ing polarization-resolved currents of three ports,
facilitating reliable polarization reconstruc-
tion (90). Recently, it was shown how the in-
corporation of a metasurface diffraction grating
into a machine vision imaging system can en-
able full-Stokes imaging polarimetry (91). As
shown in Fig. 6C, an artificial bulk photovoltaic
effect can be mimicked to realize cascaded
polarization-sensitive photoresponse under
uniform illumination with graphene-MIPDs
for zero-bias uncooled mid-infrared applica-
tions. The vectorial photocurrent enables the
detection of polarization angle with a single
device regardless of the incident power, and its
high responsivity holds great potential for ex-
ceeding the Shockley-Queisser limit in effi-
ciency (92).

Ha et al., Science 386, eadm?7442 (2024)

Inspired by natural design, electrically iso-
lated but optically coupled Si nanowires can
form a subwavelength photodetection pixel
that can measure both the intensity and inci-
dent angle of light in a highly accurate fashion
(Fig. 6D). This capability arises from the non-
Hermitian optical coupling of the Mie reso-
nances supported by the wires that causes
measurable differences in the photocurrents
from the wires that depend on the incident
angle (93). With a sophisticated arrangement
of the unit, direct wavefront detection becomes
possible, offering advantages such as high
spatial resolution, robustness, and high speed.
This enables unprecedented capabilities such
as videoframe recording of high-resolution sur-
face topography (94).

Additionally, the property of OAM in light
holds great promise for enhancing the band-
width of optical communication networks.
However, direct detection of different OAM
modes poses a major challenge, as most exist-
ing studies focus primarily on optical intensity—
related effects, thereby losing crucial phase
information. By combining tungsten ditelluride
(WTe,) with precisely engineered U-shaped
electrode geometries (Fig. 6E), it becomes pos-
sible to directly characterize the topological
charge of the incident OAM beam. The helical
phase gradient drives the orbital photogalvanic
effect, resulting in a photocurrent that directly
reflects different OAM modes. This approach
enables the detection of both scalar and vec-
torial OAM beams, allowing for a determina-
tion of the OAM order or the coordinates of any
arbitrary OAM state on a higher-order Poincaré
sphere. Through photocurrent measurement via
a small matrix of electrodes, including arbitrary
OAM mixtures, the nonlocal orbital photogal-
vanic effect holds considerable potential for
advancing the development of high-capacity
optical chips and next-generation photoelec-
tronic circuits (95).

Beyond the functionalities realized with in-
dividual units, arranging these single functional
units into specific layouts and arrays can also
enhance the efficiency and enable direct im-
aging of various properties of the light field, as
shown in Fig. 6F. In addition, through sophis-
ticated integration and codesign with methods
such as machine learning or inverse design,
multifunctional photodetectors can be achieved
in near-field or far-field configurations for ap-
plications in spectropolarimeters, angle-resolved
spectrometers (96), superconducting single-
photon spectrometers (97), etc. Optical com-
puting with metasurfaces is currently an active
area of research, typically captured by imaging
the calculated results from the metasurface
with a photodetector (98). Further develop-
ment could enable direct optoelectronic con-
version, achieving optoelectronic computing
fusion for applications such as edge extrac-
tion and super-resolution reconstruction. This
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would allow single-shot real-time decision-
making with a meta-imager (99), reducing heavy
computational demands and energy consump-
tion in machine vision technology, with potential
applications in medical devices and autono-
mous driving systems. (98)

It is worth noting that a recent breakthrough
of low-dimensional materials (LDMs) in optics
and electronics offers new possibilities when
combined with MIPDs (100). Benefiting from
the enhanced absorption with metasurfaces,
emerging materials such as boron nitride,
graphene, and transition-metal dichalcogenides
with band gaps covering a wide spectral range
from ultraviolet to terahertz may broaden the
applications for weak light detection and flexi-
ble and wearable optoelectronics (101). These
materials lend themselves nicely to metasur-
face integration, either through directly creat-
ing nanostructures in them or by ensuring mode
overlap with metasurfaces patterned in other
materials. The incorporation of LDMs paves
the way for photodetectors driven by electron-

]

ics toward the “more than Moore’s” or “beyond
Moore’s” era.

Future development of MIPDs includes the
exploration of new design methods with dif-
ferent physical principles, selecting suitable
materials, including quantum dots and perov-
skite nanocrystals, for specific band applications
with structurally enhanced sensitivity, high
signal-to-noise ratios, fast response speeds, sta-
bility in various environments, etc. Enhance-
ments in signal extraction, calibration, denoising,
and analysis are also essential. The functions
powered by metasurfaces can be further im-
proved, such as high-efficiency imaging with
color routers, direct photoelectric 3D imaging,
and complex amplitude imaging. Beyond the
classical domain, MIPDs can potentially be used
for photon number count and quantum state
detection in the quantum domain (25). Consid-
ering practical industrial applications, mini-
aturized MIPDs have considerable potential
for portable applications such as consumer
electronics, health care, and manufacturing,
demanding lightweight, high spectral resolu-
tion, sufficient spatial resolution, and fast re-
fresh rates. The fabrication technique should
be CMOS compatible, enabling seamless ultra-
compact planar integration and mass produc-
tion at low cost. With the key advantages of
metasurfaces for ultimate miniaturization,
empowering new functionalities to process
various properties of light, and the opportu-
nity to tune their properties on demand, it is
expected that MIPDs will enable smart vision,
foreseeing a revolution in the photoelectric
detection and imaging of light with multi-
dimensional information (102).

Thin-film solar cells

Solar cells capitalize on the special electronic
and optical properties of semiconductors to
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convert sunlight into clean electrical power.
These materials display high refractive in-
dices and a polished semiconductor surface,
therefore strongly reflecting light. For this
reason, transparent layers of dielectrics or con-
ductive oxides and polymers are applied as anti-
reflection coatings to let the light into the cell.
Most cells also use light-trapping structures
to redirect incident photons into the plane of
the cell to boost absorption. On thicker cells,
light trapping is achieved with macroscopic,
micrometer-scale structures that can deliver
power conversion efficiencies as high as 25%
for crystalline silicon (c-Si) cells (Z03), the most
widely used photovoltaic technology today.
However, substantial research and development
are currently aimed at exploring ways to reduce
the materials usage, weight, and production cost
of solar modules. There is also a drive toward
increased flexibility. Thin-film cells from a var-
iety of semiconductor materials may provide a
viable pathway toward this goal. If proper light-
trapping strategies can be developed, they could
enable the realization of ultrahigh-efficiency
thin cells at low cost and provide the ultimate
solution for utility-scale solar. They can also open
new application spaces in robotics, aerospace,
transportation, internet of things sensors, and
wearable devices (104).

The conventional macroscopic surface tex-
tures commonly applied on thick crystalline
cells are not suited for thin devices particularly
when the cell thickness is comparable to or
smaller than macroscopic texture size. Here,
the implementation of nanostructured light-
trapping layers is proving to be more effective.
Both plasmonic (105-109) and Mie-resonant
(110-115) light-trapping layers have been devel-
oped. Plasmonic antireflection and light-trapping
layers always suffer from some unwanted op-
tical absorption losses in the metal. Despite
such losses, structured plasmonic back reflec-
tors have been able to deliver power conver-
sion efficiencies comparable to world records
in certain materials systems [e.g., dye-sensitized
solar cells (116)]. In this case, the light can have
one pass through the solar cell before interacting
with the lossy metal. In many solar cells, metal-
lic back contacts are used for the extraction of
photocurrent, and adding nanopatterns for
light trapping can be beneficial.

Mie-resonant structures can be patterned
directly on semiconductor layers, and there-
fore offer similar light-scattering and light-
trapping functions but do not suffer from the
parasitic losses. Mie-resonant antireflection
coatings (ARCs) have already been realized at
wafer scale (110), and the palette of large-area
nanopatterning techniques for metasurfaces is
rapidly expanding and includes various soft
lithography, immersion lithography, nanoim-
print lithography, and advanced semiconductor
manufacturing technology approaches (117-122)
In such ARCs, the scattering from the nano-
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structures can effectively cancel the unwanted
reflection from a high-index semiconductor
substrate through destructive interference. It
was recently shown that the introduction of a
bimodal size distribution can be used to create
light-trapping ARCs (LARCs) where the reso-
nances in the differently sized elements can
work together to achieve both effective anti-
reflection and light-trapping functions across
the broad solar spectrum (712, 123). In this ap-
plication, codesign of the electronic and op-
tical properties is critical. The Mie resonators
offer light trapping if properly sized. At the same
time a thin, high-quality surface passivation layer
is needed for such nanopatterned surfaces
through thermal oxidation to achieve high power
conversion efficiencies. Figures 6, G to J, show
how very thin cells supplied with Mie-resonant
LARCSs can produce notable power conversion
efficiency for few-micrometer-thick cells (e.g.,
11.2% for a sub-3-um-thick c-Si solar cell) (112).

Perspective and future outlooks

The direct integration of metasurfaces in op-
toelectronic devices is poised to deliver trans-
formative advances. As the field evolves, we
can anticipate a surge in the development of
ultracompact, highly efficient, and multifunc-
tional devices that leverage the distinctive
light-manipulating capabilities of metasur-
faces (59, 124). However, realizing this potential
requires a careful codesign approach in which
both the photonic and electronic functional-
ities are optimized in tandem. Metadevices,
which simultaneously demand high photonic
performance and efficient electronic opera-
tion, present specific challenges that necessitate
a balanced consideration of both domains. In
particular, metasurfaces integrated into opto-
electronic devices must strike a delicate balance
between controlling light at the nanoscale and
maintaining efficient electronic functionality,
such as charge injection, field application, and
thermal management. Codesign efforts are es-
sential to ensure that while metasurfaces en-
hance light manipulation (e.g., beam steering,
polarization control, or wavelength selectiv-
ity), the electronic aspects of the device are not
compromised. The photonic and electronic
systems must be designed in harmony, from
the layout of the nanoresonators to the con-
figuration of electrodes, to avoid issues such as
current crowding, excessive resistance, or un-
wanted thermal effects.

Moreover, the integration of metasurfaces
into optoelectronic devices must consider the
choice of materials and device architecture.
Metadevices can incorporate a variety of mate-
rials, each with notable optical and electronic
properties. For instance, although high-index
dielectric materials like silicon can achieve
strong light-matter interaction through Mie
resonances, careful attention must be paid to
the material’s compatibility with the electronic
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layers. The overall device configuration, such as
the placement of metasurfaces relative to the
active layers and electrodes, plays a critical role
in optimizing both light manipulation and elec-
tronic performance.

To bring these metadevices to commercial
fruition, large-scale nanopatterning techniques
that are compatible with industrial standards
are indispensable. Scalability remains a partic-
ular challenge for metasurface technologies.
Developing manufacturing processes that can
reliably produce large-area metasurfaces with
subwavelength precision is critical (125-127).
Techniques such as nanoimprint lithography
or photolithography supported by advanced
semiconductor manufacturing technologies
will need to be adapted and refined for high-
throughput production, ensuring that meta-
surface-integrated devices can meet the demands
of industrial applications. Looking ahead, col-
laborative efforts across disciplines, bridging
photonics, electronics, materials science, and
manufacturing, will be key to overcoming these
challenges. The codesign approach, in partic-
ular, will be instrumental in realizing the full
potential of metasurface-based optoelectronic
devices. Additionally, strong partnerships be-
tween academia and industry, where scientists
and engineers work together, will be crucial for
translating research innovations into commer-
cially viable metadevices. These efforts promise
to unlock new possibilities in fields ranging from
advanced sensors and imaging systems to next-
generation displays, optical computing, and
quantum technologies.
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