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Abstract
Metasurfaces have been continuously garnering attention in both scientific and industrial fields, owing to their
unprecedented wavefront manipulation capabilities using arranged subwavelength artificial structures. To date,
research has mainly focused on the full control of electromagnetic characteristics, including polarization, phase,
amplitude, and even frequencies. Consequently, versatile possibilities of electromagnetic wave control have been
achieved, yielding practical optical components such as metalenses, beam-steerers, metaholograms, and sensors.
Current research is now focused on integrating the aforementioned metasurfaces with other standard optical
components (e.g., light-emitting diodes, charged-coupled devices, micro-electro-mechanical systems, liquid crystals,
heaters, refractive optical elements, planar waveguides, optical fibers, etc.) for commercialization with miniaturization
trends of optical devices. Herein, this review describes and classifies metasurface-integrated optical components, and
subsequently discusses their promising applications with metasurface-integrated optical platforms including those of
augmented/virtual reality, light detection and ranging, and sensors. In conclusion, this review presents several
challenges and prospects that are prevalent in the field in order to accelerate the commercialization of metasurfaces-
integrated optical platforms.

Introduction
Metasurfaces, two-dimensional (2D) arrays of sub-

wavelength artificial structures (also referred to as meta-
atoms), have emerged as alternatives to conventional
refractive optical elements (ROEs) and diffractive optical
elements (DOEs). They exhibit the ability to construct
compact form factors with arbitrary manipulation of out-
going light1–4. For example, metasurfaces provide
aberration-correction5 and diffractive limited resolution6 for
high-end imaging applications7. In addition, polarization-
selective focal points8, and edge-detections9,10 have been

demonstrated by spatially engineered polarization profiles
of output light from singlet metalenses. Similarly, various
unprecedented optical phenomena have been demonstrated
with metasurfaces that recode video by exploiting numer-
ous orbital angular momentum (OAM)11, focus with near-
unity efficiencies at the high-numerical-aperture (NA)12,13,
and create arbitrary polarization states in three-dimensional
(3D) spaces14. These sophisticated optical responses are
enabled with well-designed artificial structures15 and the
development of precise nanofabrication methods16–18,
opening new degrees of freedom for constructing high-end
optical devices with compact form factors.
Recently, metasurface research has reached the path to

commercialization through the integration of metasurfaces
with transitional components such as light-emitting diodes
(LEDs)19, organic LEDs20, vertical-cavity surface-emitting
lasers (VCSELs)21, charge-coupled devices (CCDs)22,
microelectromechanical systems (MEMS)23, liquid crystals
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(LCs)24–26, waveguides27, optical fibers28, and even con-
ventional ROEs29. By integrating metasurfaces with those
optical components, the performance of receiver/emitters
has been improved with better receiving/emitting effi-
ciencies. Tunable components offer an effective method for
implementing reconfigurable electromagnetic wave
manipulation. In addition, wavefronts and dispersion have
been precisely manipulated by engineering the optical sur-
faces of in-couplers, out-couplers, and ROEs. These
attempts confirm that metasurfaces can be inserted into
current devices via the integration of other standard optical
components. Moreover, they indicate several possible
methods for constructing structures for practical applica-
tions with metasurfaces.
To boost the applications of metasurface-integrated

optical systems, a review of integrated metasurfaces is
required to pave the way for guiding promising options for
high-end optical devices. Although many reviews have
carefully organized recent advances in the funda-
mentals30–33, multifunctionality34–36, design approach37–41,
fabrication42, and applications42–47, reports on the overall
concept of integrated metasurfaces for near-future photonic
devices are scarce. Certain reviews have focused on emit-
ter-48–50, LC-51,52, MEMS-51,52, waveguide-53, and optical
fiber-integrated metasurfaces28; however, they only focus on
the functionality and performances of metasurfaces and do
not comment on the practical usage of recent metasurface-
integrated optical platforms. From this perspective, this
review presents a careful selection of integrated meta-
surfaces that are expected to be employed in near-future
optical devices.
Here, we introduce integrated metasurfaces that are

used for hybridization with other standard optical com-
ponents such as emitters, receivers, MEMS, LCs, heaters,

ROEs, planar waveguides, and optical fibers (Fig. 1). In
addition, this review covers several metasurface compo-
nents used in practical photonic systems. In the second
half of the review, we discuss the recent development of
metasurface-integrated photonic platforms including vir-
tual/augmented reality (VR/AR)54, light detection and
range (LiDAR), and photonic sensors. In conclusion, we
summarize the entire review paper and introduce the
main challenge that should be overcome for re-
envisioning of near-future optical devices.

Integration with emitters and receivers
Light emitters and receivers are key components for

constructing photonic devices ranging from smartphone
cameras to LiDAR. Over the past years, metasurfaces have
improved the performance of the emitter and receivers in
terms of efficiency and resolution. Enhanced efficiencies
reduce the energy consumption of the total optical system,
enabling more lightweight with reduced battery sizes. The
increased resolution provides an immersive display with
high-quality visualization. Furthermore, non-classical light
sources such as single-photon and nonlinear emitters have
been integrated with metasurfaces, increasing the manip-
ulation capability of a single photon and nonlinear light.
Metasurface-integrated non-classical light sources provide
on-demand light emitters that have the potential to be used
for next-generation optical systems including quantum and
neuromorphic computing55–57. In addition, metasurface-
integrated optoelectronic devices have been recently
investigated, enabling flexible photodetectors58 and
environmental-friendly energy harvesting59. Here, this
review introduces metasurface-integrated emitters and
receivers, along with their performance and potential
applications.

… …
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Fig. 1 Overall concept of metasurface integration and its promising applications. Recently, metasurfaces have been integrated with standard
optical components, such as emitters, receivers, microelectromechanical systems (MEMS), refractive optical elements (ROEs), waveguides, and other
metasurfaces. Integrated metasurfaces gain extended functionalities and this will be further applied to a near-future device including virtual reality
(VR), augmented reality (AR), light detection and ranging (LiDAR), and bio/chemical sensors
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Metasurface-integrated light emitters
Light emitters, also known as light sources, are essential

optical components for the construction of display sys-
tems. In general, a compact form factor is in high demand
with the development of wearable devices; however,
conventional systems are still bulky because several ROEs
and DOEs are required to create the desired wavefront.
Furthermore, the use of several optical components sig-
nificantly decreases the efficiency of the emitters, which is
not compatible with sustainability. Recently, metasurface
research has been dedicated to creating desired emission
profiles with VCSELs and improving the light extraction
efficiencies from LEDs. These efforts provide a valuable
possibility for realizing a compact displaying system with
a highly immersive image. Also, metasurface-integrated
non-classical light sources (e.g., second harmonic gen-
eration (SHG), and single-quantum emitters) have been
proposed to enhance the capability of light sources. The
various metasurface-integrated light emitters are descri-
bed below.

One of the challenges of conventional LEDs is low light
extraction efficiencies due to total internal reflection
(TIR) at the encapsulation layers, whose critical angle is
30°. To suppress TIR, various nanostructures have been
designed to encapsulate layers with random wrinkles60

and photonic crystals61,62. However, early metasurface
designs required a complex fabrication process (e.g.,
multiple deposition63,64, post-annealing65,66, and photo-
lithography67,68) that incurred high production costs for
emitters. More recently, cost-effective index-matching
layers with disordered Ag nanoparticles have been pro-
posed for commercial GaN LEDs (Fig. 2a)19. The Ag
nanoparticles can be manufactured with a single-step
fabrication method which is gas-phase cluster beam
deposition. The disorder and density of Ag nanoparticles
have been optimized by adjusting fabrication parameters,
improving light extraction efficiencies by a factor of 1.65
by extracting photons at an incident angle beyond 60°.
The efficiency of SHG emitters has also been improved

by combining Ag metasurfaces with TiN/Al2O3 epitaxial
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Fig. 2 Metasurface-integrated light emitters for (a–c) efficiency improvement and (d–f) wavefront shaping. a.i Schematics and a.ii an SEM
image of disordered Ag nanoparticle-integrated GaN emitters. a.iii Electroluminescence (EL) intensity IEL with/without Ag nanoparticles,
corresponding to green and red curves, respectively. b Ag metasurface-integrated second harmonic generation (SHG) emitters. cMQWs: coupled
multiple quantum wells. Red arrow: incident direction of a pump laser. c.i Schematic of meta mirror-integrated organic light emitting diodes (LEDs).
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propagation direction. e.i Schematic of InGaN/GaN quantum-well metasurfaces for unidirectional luminescence. e.ii SEM images of fabricated InGaN/
GaN quantum-well metasurfaces. f.i Meta-atom of MQW-comprised metasurface SHG emitters. f.ii Magnitude of χ(2) as a function of the pump
wavelengths depending on bias voltages. f.iii Schematic of metasurface-integrated nonlinear emitters with various artificial structures. f.iv
Depending on grating patterns and bias voltages, the propagation direction of the emitted light is adjusted. a is reproduced with permission from
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multilayers coupled with multi-quantum wells (MQWs)
(Fig. 2b)69. The epitaxial multilayers have a TiN/Al2O3

thickness of 1.0/2.2 nm, producing SHG at 450 nm. The
Ag metasurfaces have two plasmonic resonances, which
corresponded to fundamental (920 nm) and SHG wave-
lengths (460 nm). At the resonance wavelength, the Ag
metasurfaces generate the desired z-direction polarized
light, increasing the energy transfer ratio of the incident
light onto the coupled MQWs. These Ag metasurface-
integrated SHG emitters record conversion efficiencies
(10−4) higher by several orders of magnitude under an
incident pulse intensity of 10 GW cm−2 compared to the
classical SHG emitters70. A similar approach has been
continuously investigated with various shapes of artificial
materials, such as plasmonic nanocross71, T-shaped
resonators72, split ring resonators73, and high-index
dielectric gratings74. Since metasurfaces can be fabri-
cated on flat surfaces, metasurfaces that improve the
efficiencies may be further applied to other types of SHG
emitters with 2D materials48,75.
Meta mirrors have been implanted in organic LEDs,

offering ultrahigh pixel densities (>10,000 pixels) with
twice the luminescence efficiency (Fig. 2c)20. Commercial
organic LEDs comprise two mirrors for the Fabry–Pérot
(F–P) cavity and an emissive layer located between the
two mirrors. Nanostructures are implanted on a back-
plane mirror, which is named meta-mirrors, and alter the
reflected phases depending on their dimensions20,76,77. By
optimizing reflected phases, cavities are designed to have
individual RGB resonances where luminance efficiencies
are the maximum while having the same cavity thickness.
Compared to conventional organic LED that has different
optical F–P cavity thicknesses depending on its target
color, the meta mirrors-integrated organic LED having
the physically constant thickness facilitates ultrahigh pixel
densities, allowing for a scalable, low-cost nanoimprinting
method. With these advantages, it has the potential to be
used for commercial VR/AR displays that require ultra-
high-resolution pixels with a low production cost.
Wavefront manipulation with illuminants has been

achieved by integrating metasurfaces with emitters.
Regardless of ever-increasing demands of precise beam
shaping from sources, wavefront manipulation of emitted
light had not been achieved with conventional ways (e.g.,
optical waveguides78, surface relief structures79, etc.). This
problem is circumvented by adopting metasurfaces on the
VCSELs80, collimating light with a divergence angle of 0.83°
(Fig. 2d)21. Furthermore, metasurface-integrated VCSELs
have been used to construct various wavefronts, including
those of Bessel beam generation21, vectorial holography
reconstruction81, and beam steering21,82. Because both the
VCSEL and metasurfaces are compatible with the same
CMOS process, they may be easily implanted into a com-
mercial wafer-scale manufacturing process.

Unidirectional luminescence from incoherent LEDs has
been demonstrated by implanting InGaN/GaN quantum-
well into patterned structures (Fig. 2e)83. Unidirectional
light emission from LEDs is highly demanded since
Lambertian light emission from conventional LEDs
induces light losses when applied to paraxial approxi-
mated optical systems. Thus, unidirectional luminescence
is essential to increase the efficiency of the total optical
components, which are designed with commercial ROEs.
Unidirectional luminescence has been achieved by
InGaN/GaN quantum-well patterns with 100-fold exter-
nal quantum efficiencies compared to photonic crystal
layers. Also, the direction of emitted light can be con-
trolled by varying the radius of patterned cylinders,
achieving a steering angle of 80°.
The propagation direction of the nonlinear light has

also been controlled using MQW-comprised meta-
surfaces (Fig. 2f)84. Conventionally, heterostructures
comprising stacked subwavelength layers can generate
nonlinear optical responses with a compact form factor.
However, their tunable nonlinear optical responses with
high efficiency have rarely been reported. To solve this
limitation, MQW-comprised metasurfaces are obtained
by engraving patterns on MQWs composed of
In0.53Ga0.47As and Al0.48In0.52As layers

84, and implanting
two metallic layers applied to bias voltages have been
proposed. When the applied voltages are adjusted, the
intensity and phase of the emitted SHG light are
manipulated at a wavelength of 10 µm, thus providing
free-space propagation tuning. This method can be fur-
ther applied to optical encryptions85,86 and nonlinear
switching systems87 with nonlinear wavefront shaping.

Metasurface-integrated single-photon emitter
Single-photon control has gained attention in the field

of quantum communication, benefiting from its high
speed and large information transfer capability compared
to those of classical computers. Many computational
methods have been developed using various schemes of
quantum computation optics56,88,89. However, a major
challenge encountered is the implementation of compu-
tational technologies for physically existing devices.
Although photonic machines offering quantum manip-
ulation have been recently proposed89,90, characteristics of
photons (e.g., spin angular momentum, OAM, optical
paths, and frequency) have not yet been fully controlled.
Recently, single-photon characteristics have been con-
trolled through the integration of metasurfaces with
single-photon emitters, and exotic optical responses have
been experimentally achieved using β-barium borate
(BBO) crystals, quantum-dots, 2D materials, and
nitrogen-vacancy (NV) centered diamonds.
Emitting multiple entangled photons, also known as

multiphoton states-generation, is required to realize
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quantum computation systems91; however, the current
spontaneous photon emission is limited by the number of
~2092. Through the integration of metalens arrays on
BBO crystals, spontaneous photon-emitters have been
demonstrated (Fig. 3a)93. The metalens arrays focus the
incident pump laser (λ= 415 nm) on the inside of BBO
crystals, triggering a spontaneous parametric down-
conversion that converts one high-energy single photon
to two lower-energy photons. With metalenses-integrated
spontaneous photon emitters, four- and six-photon gen-
eration can be achieved, and the emitted photons exhibit
indistinguishability from different metalenses. Consider-
ing that spontaneous photon emitters have a more com-
pact compactor compared to those of conventional
multiphoton emitters, they may be useful for miniaturiz-
ing multiphoton-based quantum computing systems.
Metalenses have also been implanted with diamond NV

centers, which are promising single photon emitters94,95.
Consequently, three challenges of conventional emitters are
circumvented: (1) limited collection efficiency of photo-
luminescence (PL), (2) TIR (θc=~25°) from the host dia-
monds, and (3) lack of polarization control. Improved PL
collection efficiency and suppression of TIR have been
achieved through patterning of high-NA metalenses onto
diamond surfaces, which collimates the emitted photons
from the individual NV center located ~20 µm beneath the
surface94. Furthermore, polarization splitting with a dia-
mond NV center has been demonstrated with patterned
hydrogen silsesquioxane (HSQ) metasurfaces on Ag mirror
substrates (Fig. 3b)95. The HSQ metasurfaces have HSQ
patterns comprising circular nanoridges with azimuthally
varied widths, which enable well-defined chirality and high
directionality95. Using the circular nanoridges, right-, and
left-circularly polarized single photons have been experi-
mentally controlled.
Various single-quantum emitters with 2D materials

have been integrated with metasurfaces for Purcell
enhancements. Deformed 2D materials, which are well-
known single photon emitters have been fabricated using
metasurfaces as substrates. For example, the precise and
accurate positioning of quantum emitters has been
demonstrated by depositing 2D materials onto nano-
patterned substrates. When 2D materials (e.g., WSe2 and
WS2) are placed on periodically arranged nanopillars, 2D
materials emit light where it is distorted but not pierced
by nanopatterns (Fig. 3c)96. They proved that meta-
surfaces can be used for scalable quantum emitters by
deforming 2D materials, and this method has been further
applied to other materials such as single-layered hBN97,
MoS2

98,99, MoSe2
100, MoTe2

101, and InSe102.
Another 2D material, hexagonal boron nitride (hBN) has

been integrated with a plasmonic nanocavity array, leading
to an enhanced emission rate and reduced fluorescence
lifetime (Fig. 3d)103. Plasmonic nanocavities support lattice

plasmon resonance, which generates a strong localized field
around the plasmonic structures. The plasmonic nanocav-
ities exhibit resonance at a wavelength of 641 nm, which is
the same as that of the photon sideband of hBN. By cou-
pling plasmonic resonance with the band, plasmonic
nanocavity-integrated emitters facilitate lifetime reduction
with PL enhancement.

Metasurface-integrated receiver
Receivers, also known as detectors, are optical compo-

nents that transfer light energy to electrical signals,
thereby enabling the capture and detection of light
information104. Recently, metasurfaces have been inte-
grated with receivers to increase detection efficiencies,
sort input light, and widen field of view (FoV).
The efficiency of CCDs has been improved by inte-

grating metalenses that focus incident light into pho-
tosensitive areas22,105. In single-wavelength CCDs,
metalenses have been used to focus incident unpolar-
ized UV light onto photosensitive areas (Fig. 4a)22.
When the focal point is located at the center of the
photosensitive area, the detection performance of the
devices is improved by 9.9%. Similarly, multiwavelength
CCDs have been integrated with dispersion-engineered
metasurfaces using interleaved GaN106, binary-type
Si3N4

107, and tall Si3N4 structures108. In a specific
example, binary-type Si3N4 achieves efficiencies of 58%,
59%, and 49% at red, green, and blue lights, respectively,
which are twice the values of commercial Bayer color
filters that filter out wavelength mismatched incident
light with a photosensitive area (Fig. 4b)107. These
metasurface-integrated CCDs innovate information
acquisition systems109.
Metasurfaces have been integrated with optoelectronic

devices to improve photoelectric conversion, enabling effi-
cient energy harvest and information science110,111. For
example, optoelectronic hybrid organic–inorganic per-
ovskite (HOIP) films have been integrated into meta-
surfaces, enhancing their optoelectrical conversion in the
broadband operating region from ultraviolet to visible
(Fig. 4c)110. Metasurfaces are directly patterned on HOIP
films, and a high refractive index of structured HOIPs
provides Mie scattering with strong light confinement.
Compared to planar HOIP films, the metasurface-
integrated HOIP films exhibit 10 times higher photo-
current at the voltage of 1 V. Similarly, color-sensitive
photodetectors have been proposed with silicon–aluminum
hybridized metasurfaces112. The silicon–aluminum hybri-
dized metasurfaces generate electron–hole pairs with high
color selection, achieving submicron photodetectors.
Metasurfaces have given wavefront sorting functionality

on CCDs. OAM has been sorted depending on the
number of topological charges by metasurface-integrated
CCDs113,114. Doublet TiO2 metasurfaces have been
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designed for the metasurface-integrated CCDs for OAM
sorters, which sort incident OAM light depending on
topological charges from −3 to 3 (Fig. 4d)113. The first
metasurface transfer donut-shaped OAM light to straight
lines at Fourier domains. And the second metasurface,
located on the Fourier plane, fan-out and focuses the light
on CCD detectors. Although the OAM sorting concept
had already been demonstrated with spatial light mod-
ulators115, the doublet TiO2 metasurfaces have meaning
that they suppress OAM sorting crosstalk by using sub-
micron meta-atom sizes and provide compact OAM
sorting devices by reducing the distance between Fourier
plane and optical components.
Similarly, complex wavefronts (e.g., hand-written digits,

alphabets) have been distinguished by integrating com-
mercial CMOS sensors with serially composited meta-
surfaces (Fig. 4e)116. Polarization-multiplexed metasurfaces
have been employed for recognizing complex wavefronts,
and optical responses of the metasurfaces have been
designed by conventional electronic neural networks. In
experiments, triple-layered TiO2 metasurfaces are used for
recognizing input images, and the output light from the
triple-layered TiO2 metasurfaces is clustered at the desired
spot. Also, metasurface-integrated CMOS sensors

distinguished eight different images with high accuracy.
This method is potentially applied for computer vision
processing and image recognition in automobile cameras.
The CCD detection angle has been steadily improved

through the integration of metasurfaces. Compared with
single ROE-integrated CCDs, singlet metasurfaces can
construct a compact wide-angle detecting optical system,
which has single focal distances regardless of the varied
incident angles117,118. However, early metasurface
research suffered from a trade-off between resolution and
detection angles. This problem has been circumvented by
using metasurfaces composed of multiple apertures whose
opening angle is oriented to specific angles (Fig. 4f)119.
Depending on the incident angle, the multiple apertures
vary spot position onto CCDs, and the multiple aperture-
integrated CCDs recognize the position of the target by
analyzing the spot position. The improved detection
angles facilitate various applications in LiDAR and time-
of-flight (ToF) cameras109.

Integration with electrically tunable elements
Although metasurfaces have received considerable

attention owing to their great attention with potential to
replace conventional bulky optics, achieving tunable
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optical responses of metasurfaces has been challenging
due to the static geometries of nanostructures, impeding
their versatile applications35,52,120–122. To circumvent
these limitations, tunable metasurfaces have been exten-
sively studied using various ranges of materials and sys-
tems, such as electrical123–127, optical128–130, and
thermal131 tuning mechanisms. Among those systems, the
electrical tuning mechanism has been actively investigated
with metasurfaces since the system enables their fast
response time and high feasibility with conventional
controllers. Many approaches have been developed to
integrate metasurfaces with electrically tunable compo-
nents including MEMS, LCs, and heaters.

MEMS-integrated metasurfaces
MEMS provides straightforward geometrical reconfi-

gurability at the micro-scale and has been applied to
changing the geometries of metasurfaces. Owing to their
high compatibility with mature CMOS technology,
MEMS-integrated metasurfaces have garnered significant
attention in industries with increasing demands for more
multifunctional devices. In this section, we discuss

MEMS-integrated metasurfaces including MEMS-
actuated metalenses132–135, on-chip beam steering devi-
ces23,136–138, and tunable structural-color pixels139,140.
Early MEMS-integrated metalenses have been devel-

oped by exploiting the mechanical deformation of the
substrates, varying distances of adjacent metalenses133 or
nanostructures141. For example, MEMS-integrated doub-
let metasurfaces have been proposed for electrically
reconfigurable focal distance (Fig. 5a)133. The doublet
metalenses are composed of converging and diverging
metalenses, and they achieve continuously tunable focal
lengths from 635 to 717 µm by changing the distances
between the two metalenses at the visible wavelengths.
Furthermore, astigmatism and shift have been accom-
plished with the MEMS-integrated metalens (Fig. 5b)134.
This MEMS-integrated metalens comprises a centimeter-
scale dielectric elastomer metalens with five reconfigur-
able voltage control electrodes to resolve precise mis-
alignment correction. Similarly, many MEMS-integrated
metalenses have been continuously demonstrated with
various functions such as a focal length change of 68 μm
at the infrared range 1550 nm)135 and collection of a beam
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in the mid-infrared region with a dynamic beam-focusing
angle (±9°) which can be used as 2D MEMS scanners132.
Dynamic beam-steering metasurfaces have also been

demonstrated using MEMS-integrated metasurfaces. For
example, MEMS-integrated metal–insulator–metal

(MIM) structures have enabled tunable optical responses
by mechanically changing the position of the top metallic
layers. The resonance wavelength and radiation phase
profiles are manipulated, and they form arbitrary wave-
front shaping, enabling a dynamic beam deflector137. In
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another example, metasurfaces capable of manipulating
complex dynamic 2D wavefronts have been demonstrated
through the integration with a MEMS mirror that reduces
the distance between metasurface and mirror to generate
gap-surface plasmon resonance (Fig. 5c)23. This platform
enables polarization-independent reflection angle control
(0°, 7.7°, and 15.5° in air corresponding to first, second,
and third diffraction orders, respectively) with a high
operating speed (0.4 ms) and over 50% efficiency. Addi-
tionally, MEMS-integrated metasurfaces with Si-air-Si
gap-controlled structures have been deployed in dynamic
beam steering, resulting in a high tuning speed (>105 Hz)
with full phase coverage (0–2π)138. It also covers the
steering angle in the range of 2°–12° regardless of the very
low voltage (~3.2 V).
MEMS-integrated color metasurfaces have imple-

mented various tunable structural colorations, achieving
low-energy consumption with ultra-high-density resolu-
tion and vivid color. MEMS-integrated metasurfaces have
been designed by changing the insulator thickness of
MIM structures (Fig. 5d)138. The MEMS-integrated
metasurface has two Si layers, and its distances can be
manipulated with low voltage (~2.75 V). By changing the
distance, its reflectance spectra are changed, and the
dynamic reflective color is exhibited. Most recently,
transmitted types of MEMS-integrated color metasurfaces
have been designed with an electrically controllable can-
tilever, which can function as a controller of light that
passes through plasmonic nanohole arrays (Fig. 5e)140. An
ultra-high modulation speed (~800 Hz) with full-color
coverage is achieved using this design.

LC-integrated metasurfaces
LCs have been steadily used for commercial display as

electrically tunable waveplates owing to their large
refractive index variation in the visible region
(Δn= 0.2–0.4)142. In the field of metasurfaces, LCs have
been recently applied for electrically tunable waveplates to
be integrated with polarization-sensitive metasurfaces,
and for background index changer of structural materials
whose scattering are influenced by the optical index of the
host medium. In this chapter, we focus on LC-integrated
metasurfaces including tunable structural-color pix-
els25,143,144, spatial light modulators (SLMs)142,145,146, and
multiplexed metalenses and metaholograms8,147–150.
Tunable color pixels have been demonstrated with two

types of metasurfaces: (1) LC-integrated plasmonic
metasurfaces, and (2) LC-integrated dielectric meta-
surfaces. The former type has been designed in both
reflectance143 and transmissive variations144. Reflective-
typed LC-integrated plasmonic metasurfaces have cov-
ered RGB coloration with voltage regulation, and their
reflectance varied according to the arrangement of electric
field-sensitive LCs (Fig. 6a)143. In the case of transmissive

types, polarization-sensitive color metasurfaces have been
implanted with LCs, and they have demonstrated dynamic
reflectance with low voltage (<5 V)144. The polarization-
sensitive color metasurfaces have been applied for tunable
color tags. On the other hand, all-dielectric metasurfaces
can provide directional Mie-scattering without Ohmic
losses at the visible spectrum, enabling vivid structural
coloration with subwavelength pixels. With this advan-
tage, dielectric metasurfaces have been integrated with
electrically tunable LCs, providing gradient colors for
photorealistic applications (Fig. 6b)25. These devices fully
control the on–off states of each pixel and thus they cover
the full RGB color gamut including white and dark black
without a second polarizer by mixing the reflectance
spectra, which has not been realized in the previous
tunable structural color pixels. This approach achieves
ultra-high-resolution tunable color printings and multi-
color cryptographies.
LC-integrated metasurfaces have accomplished abrupt

phase modulation via the application of spatially dif-
ferent biases on the LC, overcoming limitations on the
pixel sizes of conventional spatial light modulators
(Fig. 6c)142. One-dimensional transmissive metasurface-
based SLMs have been demonstrated, and they achieve a
transmittance efficiency of 36% and an FoV of 22° with a
small pixel size (~1 μm). However, they operate at a
single monochromatic wavelength. To overcome this
limitation, LC-coupled SLMs based on Fabry–Perot
nanocavities have been realized to operate at RGB
wavelengths (Fig. 6d)146. They are composed of sub-
micrometer LC cells, leading to a drastic improvement
in the response time and interaction between adjacent
pixels. These designs can be further expanded to
metasurface-based 2D SLMs, thereby rendering the
construction of an ultra-high resolution, large viewing
angle device possible.
LC-integrated metalenses8,147,148 and metaholo-

grams149–152 have been extensively studied to realize
tunable focal spots and multiplexed images, respectively.
In the case of metalenses, tunable bifocal metalenses have
been designed using LCs that act as electrically tunable
waveplates (Fig. 6e)8. The tunable bifocal metalenses
experimentally demonstrate two variable focal lengths of
7.5 and 3.7 mm with 44% focusing efficiency. Similar
results have been reported with graphene electrodes,
wherein a broadband achromatic performance in the
range of 0.9–1.4 THz is measured147. In the case of a
metahologram, LC-integrated bifunctional metasurfaces
that project color prints in white ambient light and exhibit
holography under coherent laser irradiation have been
demonstrated (Fig. 6f)150. This configuration is used as a
photonic security platform through its encryption into a
QR code with a color print and the encryption of numbers
as polarization-sensitive vectorial holography150.
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Heater-integrated metasurfaces
Heater-integrated metasurfaces exploit the thermo-

optic effect, which describes the change in the refractive
index in response to temperature, to change their
optical responses. Phase change materials (PCMs), such
as vanadium dioxide (VO2) and chalcogenide alloys, are
typically used owing to their large variable refractive
index range. When designing meta-atoms with these
PCMs, the optical responses of metasurfaces are
manipulated by changing temperature using electrical
heaters. This chapter introduces the achievements of
electro-thermal modulation of PCMs, heater-integrated
VO2

153–156, and chalcogenide metasurfaces157–159.
Heater-integrated VO2 metasurfaces have been

designed by exploiting the metal-insulator phase

transition between 300 and 340 K160, providing various
tunable optical responses including broadband tunable
resonators154, switchable waveplates153,156, and phase
modulators155. Specifically, these varied optical
responses are defined by the geometries of the VO2

structures, and their temperatures can be controlled
using electrical heaters. For example, when designed as
“L” shaped structures, heater-integrated VO2 meta-
surfaces exhibit tunable functionality between half-
and quarter-wave plates (Fig. 7a)156. The modulation
speeds of the heater-integrated VO2 metasurfaces
approach 65 and 245 ms when heating and cooling,
respectively. Furthermore, the modulation speeds can
be varied depending on the geometries of the VO2

metasurfaces.

LC
 A

na
ly

ze
r

Voltage

z (mm)2.5 f2 f1

x 
(μ

m
)

–150

150

x 
(μ

m
)

–150

150

RCP

LCP

c i) d i) ii)

e i) ii)

iii)

f i) ii)

a i) ii) b i) ii)

Liquid crystal
V1

V2
V3

Polarizer
superstrate

ITO
Rubbed polyimid

Left Bias

v

Zero Bias

w
ghLC

Right Bias

Left Electrode

Floating Electrode

Right Electrode

ii)

N
orm

alised intensity 
1

0

8.0

1.18 V 1.28 V1.03 V

1.34 V 1.38 V

f
1

f
2

400

R
ef

le
ct

an
ce

500 600
Wavelength (nm)

700 800

B

G

O

R

0.8

0.6

0.4

0.2

0.0

1.0

a-Si:H
SiO2

qGMR

v-

θLC= 90°
θLC = 0°

wAI

GP

E

k

x

z
y

LC

AI

lower DBR

upper DBR

θLC
hLC

620 630 670 680
Wavelength(nm)

0.5

0.4

0.3 T–1

T0

T+1

0.2

0.1

0.0

Tr
an

sm
is

si
on

640 650 660

Voltage (Vrms)
0 50

P
olarisation

 (°)

0

90

10 20 30 40

507080 60

Imprinted plasmonic
surface substrate 

SiO2

SiO2

IT0

v

Δf

�1d

�2d

�2u

�1u

LC
E

LC
E

–

–

–

Fig. 6 Liquid crystal (LC)-integrated metasurfaces for tunable (a and b) structural color pixel, (c and d) spatial light modulator (SLM), and (e
and f) metalens and metahologram. a Plasmonic metadisplay composed of addressable structural color using single pixel. a.i Schematic of the
polarization-dependent full-color pixel design. The ambient white light passes through a polarizer and LC and the plasmonic metasurfaces serve as
polarization-dependent absorbers, resulting in different colors reflection. a.ii Captured images of the LC-powered plasmonic device depending on
incident polarization. Pixel size: 1 × 1 inch2. b All-dielectric metasurfaces integrated with LC for dynamic colors. b.i Schematics of operational
principle. b.ii Optical microscope images of the full-color gradients by controlling linear polarizer axis from 0° to 90°. Pixel size: 100 × 100 μm2.
c Phase-only SLM device based on LC-integrated metasurfaces. c.i Drawings of the design and SEM images of fabricated SLM. Scale bars: 5 μm,
600 nm and 250 nm. c.ii Measured transmission at three diffraction orders. d LC-coupled SLM based on Fabry–Perot nanocavities. d.i Illustrations of
the device. d.ii Simulated reflectance as a function of wavelength, according to two different LC orientation angles (0° and 90°). e Electrically
controlled bifocal metalens. e.i Schematic of bifocal metalens. The focal lengths are shifted by applying a different electrical voltage. e.ii The
measured focusing intensity profiles at the x–z plane with different incident light, left-circularly polarized (LCP), and e.iii right-circularly polarized light
(RCP). f Bifunctional metasurfaces integrated with LC analyzer. f.i Schematic of the device. f.ii Different metahologram images were obtained by
applying different electrical bias and optical microscope images of a quick response code. a is reproduced with permission from ref. 143 Copyright ©
2017, Daniel Franklin et al., b from ref. 25 Copyright © 2022, Trevon Badloe et al., c from ref. 142, Reprinted with permission from AAAS, d from ref. 146

Copyright © 2022, Shampy Mansha et al., e from ref. 8 Copyright © 2021 Badloe, T. et al. Advanced Science published by Wiley‐VCH GmbH, f from
ref. 150 Copyright © 2021, Inki Kim, et al.

Yang et al. Light: Science & Applications          (2023) 12:152 Page 10 of 27



Chalcogenides are attracting significant attention as
next-generation application materials owing to their non-
volatile characteristics. Ge2Sb2Se5Te (GSST) has been
applied to heater-integrated tunable metasurfaces
(Fig. 7b)158. It comprises nanostructured GSST on
microheaters and achieves reversible tunability. Conse-
quently, beam-steering and tunable reflectance have been
experimentally demonstrated in the infrared region.
Additionally, various PCMs (e.g., Sb2S3

157, and Sb2Se3
157)

metasurfaces have been actively exploited to realize pro-
grammable or tunable optical components with various
types of heaters such as indium titanium oxide (ITO) in
the visible157. Owing to the development of various PCMs
for photonic platforms, heater-integrated metasurfaces
are a promising option for practical optical platforms.

Integration with conventional optical elements
As the demand for high-end LiDAR and VR/AR tech-

nologies has increased, optical systems have been con-
structed using a series of optical components, including
lenses, waveguides, and optical fibers. Metasurfaces offer
improved functionality while reducing the size and weight
of these optical devices for LiDAR and VR/AR applica-
tions. Furthermore, metasurfaces have expanded their
application field to include optical communication and

computing, which has gained attention due to its bright
prospects for high integration density and reduced heat
generation. This review introduces metasurface-
integrated refractive optical elements and waveguides,
along with their prospective applications.

Metasurface-integrated refractive optical elements
From telescopes to microscopes, ROEs are essential

elements for various instruments and have aided in sig-
nificant scientific discoveries and applications. Conven-
tional optical elements (e.g., prisms and lenses)
manipulate light paths by employing refraction to obtain
the desired optical functionality for practical photonic
devices. However, conventional optical components are
unable to fully control the optical dispersion, resulting in
spherical aberration, surface distortion of an image, and
chromatic aberration. These are attributed to the limita-
tion of the fabrication process of ROEs, which cannot
construct an ideal curve of the interfaces. These limita-
tions are solved by attaching metasurfaces on interfaces of
ROEs, realizing unprecedented wavefront manipulation
with spatially engineered dispersion.
Metasurfaces have been integrated with conventional

cylindrical and spherical refractive lenses to decouple the
optical function from the ROE geometries (Fig. 8a)161.
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with permission from ref. 156 Copyright © 2021 Wiley-VCH, b from ref. 158 Copyright © 2021 Springer Nature
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Traditionally, rays of light are defined by Snell’s law at the
interfaces of ROEs; therefore, the function of ROEs is
constrained by their physical geometries. Recently, con-
formal flexible dielectric metasurfaces have been used to
convert cylindrical lenses into aspherical lenses for
decoupling from physical geometries. The metasurfaces
consisted of Al2O3-capped amorphous Si nanoposts
embedded in a PDMS film. With the flexibility of PDMS
film, the metasurfaces can be attached to arbitrarily
shaped ROEs such as concave and convex reflecting len-
ses. The focal spot is adjusted as well, for example, 8.1 to
3.5 mm for a converging cylindrical lens (radius:
4.13 mm), and -12.7 to 8 mm for a concave glass cylinder
(radius: 6.48 mm). Consequently, metasurfaces have con-
tributed to decoupling geometries of ROEs by manip-
ulating phase profiles of their surfaces, allowing for
distortion correction of existing optical components even
with a small volume and weight gain.
Aberrations that are typically handled by cascading

several lenses are among the most important issues in
refractive optics. Metasurfaces can also be utilized to
control optical dispersion without stacking multiple
optical components. For example, the aberration of
prisms (Fig. 8b)162 and refractive lenses (Fig. 8c)29 have
been corrected using metasurfaces. When metasurfaces
are attached to the surfaces of ROEs, the desired phase
profile is analytically derived163 considering chromatic
and spherical aberration. Consequently, 80% of chromatic
and 70% of spherical aberration are compensated29. Thus,
artificially engineered interfaces with metasurfaces may

provide compact imaging devices through the replace-
ment of multiple systems of ROEs.
Miniaturization has been attempted by replacing con-

ventional ROEs with metasurfaces (Fig. 8d)164. Using
metasurfaces, spaceplates with an effective thickness deff
larger than the physical thickness d have been designed.
Spaceplates with deff > d are realized based on the equa-
tion165 φSP(kx, ky, deff)= deff(|k|

2−kx
2−ky

2)1/2, where k is the
momentum vector, kx and ky are the propagation vectors of
the k momentum vector, and φSP is the imparted phase
from the spaceplate. Two types of spaceplates are designed:
(1) alternating layers of subwavelength silicon and silica to
induce collective optical responses, named nonlocal meta-
materials, and (2) a uniaxial birefringent medium with an
ordinary refractive index larger than the extraordinary one.
The metamaterial spaceplate exhibited a compression factor
R of ~5 and a polarization-independent response. In con-
trast, the uniaxial spaceplate shows a small compression
factor of R= 1.12; however, it is found to be broadband in
the visible, achromatic, and high NA with a high trans-
mission efficiency. Because the reduction of air gaps
between optical lenses gaining traction in the current
consumer device market to miniaturize the total optical
imaging systems166, this result shows that the metasurface
can be a promising optical component in future imaging
systems with a compact form factor.

Metasurface-integrated planar waveguides
Compared to electrical wires that are used for electrical

computers, electromagnetic wave guiding offers the
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advantage of low heat generation and solves the integra-
tion density problem, enabling high-speed optic com-
puting167. Thus, several applications have been reported,
enabling high amounts and rates of data transmission
with low power consumption168. Optical components for
electromagnetic wave guiding further extended their
ability through their integration with metasurfaces owing
to the development of nanofabrication. This has resulted
in the fabrication of various sophisticated photonic chips
such as photonic-integrated circuits (PICs), waveguides,
and metaphotonics169,170.
One example of using a meta-structure with a PIC is

coupling guided waves to free space. When using a PIC
for free-space wavefront manipulation, the conventional
method involves the use of edge couplers171 and surface
gratings172; however, they cannot cover full-2π phase to
construct flexible wavefront control. In contrast, the
arrays of a grating are more versatile, although they
require considerable space, and high-order diffractions
generate a loss. However, by placing subwavelength-sized
Au/SiO2/Au with a metal-dielectric-metal sandwiched
configuration on top of the waveguide, each meta-atom
can extract and mold guided waves into the desired free-
space optical modes (Fig. 9a)27. The phase of the extracted
wave is calculated as ∅0+ βx+Δ∅(x), where ∅0 and

Δ∅(x) are the initial phase of the incidence and the abrupt
phase change by metamaterials, respectively; βx is the
phase accumulation from the propagation of the guided
wave. This type of structure can enable tightly squeezed
optical components by reducing the sizes of light sources.
Using the wavefront manipulation ability of

metasurface-integrated out-couplers, various multiplexing
holograms have been demonstrated with on-chip 3D
sliced holography (Fig. 9b)173. Three different letter ima-
ges are reconstructed at different vertical distances from
the metasurface chip. The desired phase profiles of the
outgoing wavefront are encoded by changing the position
of the α-Si meta-atom, which is placed on top of the Si3N4

waveguide. The phase of the extracted wave is
∅0+ β(nΛ+ dn), where ∅0 is the initial phase, β is the
propagation constant, Λ is the array period (360 nm), and
dn is the displacement of meta-atoms. It has also been
used to construct quad-fold multiplexed images depend-
ing on the input direction of light originating from dif-
ferent waveguides.
The creation of OAM light has been demonstrated

using an out-coupler of the meta-grating (Fig. 9c)174. The
out-coupler had two waveguide arms. The m1 order OAM
mode is produced by light from the left arm, and the m2

order is produced by light from the right arm under
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broadband input signals (1450–1650 nm). The meta-
grating is designed using a global optimization process,
which combined annealing and a genetic algorithm to
calculate the refractive index distribution. The proposed
OAM emitters have also been used for a commercial
frequency-division multiplexing system for new high-
capacity communication applications.
The integrated nanoantenna is used as a mode demul-

tiplexer with high-bit rate signal transmission (Fig. 9d)175.
The gold nanoantenna is placed on the silicon waveguide,
which can couple x-polarized incident light from free
space to the TM mode, and the other can couple y-
polarized incident light to the TE mode. By coupling
different light polarizations vertically to different indivi-
dual waveguide modes, the segregation of optical signals
with distinct polarizations has been demonstrated
through the separation of the direction of light traveling.
This method can be further applied to integrated quan-
tum optics, whose polarization control is a crucial degree
of freedom for producing entanglement.
Metasurface-integrated planar waveguides have achieved

a coupling efficiency higher than those of the previous
works175 by 10 times (67%) by rigorously applying phase
matching conditions (Fig. 9e)176. The phase-matching
condition is derived from the Jones matrix model and
generalized Snell’s law. The nanostructures comprise Si
nanoantennas on Si3N4 optical waveguide in the vicinity of
a telecommunication wavelength of 1.55 μm. The chip-
integrated twisted light generator is also described to show
the mode-control flexibility, which coupled free-space linear
polarization into 1ħ OAM.
Although most previous studies on metasurface-

integrated waveguides have focused on controlling the
characteristics of light when it is going into or out of
waveguides, nanoantennas can control guided waves177. For
example, on-chip asymmetric propagation by phase-
gradient metasurface has been accomplished over a
broadband THz spectrum (Fig. 9f)178. Depending on the
propagation direction and polarization, it decreases or
guides light through waveguides. The principle behind this
is based on the asymmetrically imparted momentum at
interfaces with phase discontinuities as represented in
kx

out= kx
in–NΔΦ/Λx, where ΔΦ and Λx are phase differ-

ence and periods, respectively. This method can facilitate
the development of THz-integrated functional devices. In
addition, various waveguided-integrated metasurfaces such
as spatiotemporally modulated metasurface179, super-
heterodyne metasurface180, and metasurface-assisted sec-
ond harmonic generation181 have been steadily proposed.

Metasurface-integrated optical fibers
Since optical fibers can guide electromagnetic waves

with highly flexible forms, they have been widely used in
various fields of photonic devices. However, the

commercial optical fiber components are exceedingly
large, preventing them from being compact in-fiber
optical systems. To solve this problem, metasurfaces
have been actively investigated for long-haul operation
with effective light directing with low optical loss.
In-fiber polarization-dependent optical filters have been

demonstrated by asymmetric nanostructure patterning a
plasmonic metasurface on polarization-maintaining pho-
tonic-crystal fibers (PM-PCFs) and conventional single-
mode fibers (Fig. 10a)182. Polarization-dependent trans-
mission with an efficiency of up to 70% in the tele-
communication wavelength has been experimentally
demonstrated. This result shows that the metasurface
filter can be implemented in standard optical fiber,
enabling a wavelength-selective filter. This filter can be
used for systems that require precise polarization control
even in long distances or the existence of external per-
turbations such as bending of fiber or mechanical
vibration.
Additionally, beam-steering metafiber modules have

been proposed through the integration of metalens with
fiber arrays (Fig. 10b)183. To construct a beam-steering
metafiber module, metalenses are first fabricated on a
SiO2 substrate and then attached to the end of the single-
mode fiber arrays. The outgoing light from different fibers
is steered in different directions according to the phase
profiles of the quadratic metalenses, achieving a large FoV
of up to 60° at λ= 1.55 µm. Furthermore, a LiDAR
application for parking-space monitoring using the pro-
posed 2D beam steering metafiber module working in a
scanning mode has been demonstrated. Moreover, by
enlarging the fiber array and expanding the metalens, a
larger scale with improved scanning precision can be
achieved.
3D achromatic metalenses have been attached to the

end-facet of a commonly used single-mode fiber (SMF-
28) has been demonstrated (Fig. 10c)184. Conventional
fibers suffer from dispersion when light is guided, and it is
strongly important because fiber is mostly used for long-
distance communication. The designed metafiber is
polarization insensitive considering perturbation in the
fiber and achromatic in 1.25–1.65 µm range of near-
infrared telecommunication wavelengths, covering the
entire single-mode domain of the fiber used in commerce.
The degree of freedom is increased by one dimension by
varying the height of the nanopillar and it is fabricated by
3D laser nanoimprinting via two-photon polymerization
using a femtosecond laser. The upper bound κ of the
time-bandwidth product κ ≥ΔTΔω in an achromatic
metalens is significantly increased by the height degrees of
freedom unlocked in a 3D nanopillar meta-atom (up to
21.34). This resulted in a broad group delay modulation
range from −8 to 14 fs. As a proof-of-concept, by using
this thin and flexible achromatic metalens-attached fiber
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for fiber-optic confocal imaging, clear and in-focus images
under broad-band light illumination have been provided.
A metasurface integrated with fiber can be applied to

endoscopic optical bioimaging (Fig. 10d)185. Specifically,
metasurfaces integrated with fibers are used as optical
coherence tomography (OCT) catheters. Standard com-
mercial catheters such as the graded-index (GRIN) lens-
prism configuration186 or angle-polished ball lens187 have
asymmetrical curvatures in the transverse plane of the
cylindrical outer protective sheath, which causes aberra-
tions such as astigmatism. Tangential and sagittal reso-
lutions are influenced by depth; the smallest measured
FWHMs are 6.37 (tangential) and 6.53 μm (sagittal). The

application of a metasurface achieves near-diffraction-
limited imaging by nullifying non-chromatic aberration
and reducing the tradeoff between the depth of focus and
transverse resolution. Considering that bioimaging with
metasurfaces such as high-resolution tomography188 has
been continuously developed, fiber-integrated meta-
surfaces will be a promising option for a practical bio-
imaging platform.
In addition to bioimaging, a lab-on-fiber biosensor can

be realized by integrated metasurfaces. Biosensing with a
phase gradient plasmonic metasurface has been demon-
strated to capture a wavelength shift by analyzing local
variations of the refractive index when the sensing
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material is attached. The integrated metasurface results in
a unique biosensing platform with extremely high sensi-
tivity for the detection of biomolecular interactions of
streptavidin (Fig. 10e)189. The phase gradient increases the
coupling of the incident field to the plasmonic resonance,
which allows a larger field enhancement to improve
sensitivity with a low fabrication cost. Additionally, owing
to its intrinsic compatibility with medical catheters and
needles, liquid biopsy applications involving real-time
diagnosis in various body regions are possible.

Optical platforms with composed metasurfaces
Metasurfaces comprising two or more metasurfaces can

realize multi-functionality with various degrees of free-
dom, extending the functionality of singlet metasurfaces.
Singlet metasurfaces suffer from many trade-offs when
multi-functionality is encoded. For example, when mul-
tiple metaholograms and multiple focal lengths are
encoded in singlet metasurfaces, the efficiency of each
mode is significantly decreased. Further, in dispersion
control, performance aspects of metalenses such as the
diameter, efficiency, and NA are sacrificed to acquire the
exact group-delay190–192. In this context, composed
metasurfaces have been investigated to solve these pro-
blems, and variously composed metasurfaces have been
customized by respectively changing the light properties
of each surface. With a composed structure, various
wavelength and polarization multiplexing processes have
been demonstrated for practical spectroscopy193 and
polarimetry194 application. In this chapter, this review
introduces additional functionalities of composed meta-
surface in terms of multiplexing, dispersion control, and
tunability.

Composed metasurfaces
Stacking the metasurfaces enables various multiplexing

functionalities (e.g., varied focal length, and multiple
metaholography), while they prevent the undesired dif-
fraction and low resolution caused by interleaved design
with large periods. Composed metasurfaces have been
demonstrated for multi-wavelength holography,
polarization-independent holography, and multi-
functional nonlocal metasurfaces. Composed meta-
surfaces for wavelength-multiplexed holography show
two independent holographic images under laser light of
ultra-violet (UV) and visible wavelengths (Fig. 11a)195.
The first layer of metasurfaces has a manipulation effi-

ciency of 18% in the visible range, although it cannot
manipulate UV (manipulation efficiency of 0%). However,
the second layer has high efficiency (72%) at λ= 325 nm
with lower efficiency (3.4%) at λ= 532 nm. By stacking the
two metasurfaces, UV and visible holography can be
decoupled and utilized as optical encryption platforms.
Another example is polarization-independent holography,

which has been demonstrated by composing two meta-
surfaces196. Because composed metasurfaces can control
two infrared wavelengths (1180 and 1680 nm) without
efficiency degradation of singlet interleaved metasurfaces
owing to space-filling limitations and cross-talk197,198,
they have a wide phase map with high transmittance at
two wavelengths. Consequently, two independent holo-
gram images at two wavelengths can be produced with
high efficiency of 48.1% and 50.3% at 1180 and 1680 nm,
respectively (Fig. 11b)196. In contrast to the metasurfaces
introduced above, non-local metasurfaces control both
spatial and spectral lights199, breaking bound states in the
continuum (BICs), where light interacts very strongly with
the material and is confined by an infinite Q-factor. The
non-local metasurfaces have been designed with
symmetry-broken meta-atoms to create quasi-BIC (q-
BIC) that allow for a leaky state, where confined light
merges with phase delay at a specific wavelength. Using
this, composed non-local metasurfaces manipulate the
wavefront only at multiple resonant wavelengths and
allow light transmission without modulation at non-
resonant wavelengths, where multiple layers comprise
independent meta-atom cells in the q-BIC mode (Fig.
11c). Non-local metasurfaces also make the stacking
process easy with the selective response at a specific fre-
quency, preventing it from degraded functionality from
misalignment contrary.
As composed metasurfaces can fully control the polar-

ization and phase of light without high optical losses, they
have been applied for highly efficient full-Stokes polari-
metric194 and phase grating measurements200. Full-Stokes
polarimetric measurements have been proposed with an
ommatidium-like double-layer metasurface (ODLM)
design, where each metasurface acts as a quarter-wave
plate (QWP) and a linear polarizer (LP) (Fig. 11d). Full-
Stokes polarimetric detection is realized on one chip via
integration of two ODLMs with nanowire gratings in four
different orientations. Random incident light is dis-
tributed with six polarization filters and the Stokes para-
meter is extracted by a photodetector (in Fig. 11d,
Additional two filters are for another wavelength)194.
A miniaturized quantitative phase gradient microscope

(QPGM) has been demonstrated with multilayer bire-
fringent metasurfaces, where a phase gradient image is
produced from quantitative phase data (Fig. 11e)200.
Mimicking a birefringent material that separates the
polarization states (TE and TM), the first-layer birefrin-
gent metasurface produces two images along the TM and
TE modes and separates these images equally into three
directions of the second layer composed of three bire-
fringent metasurfaces. They have received split images
from the first birefringent metasurfaces to form three
different differential interference contrast (DIC) images
via the utilization of different phase offsets of the received
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TM and TE images. Consequently, the QPGM obtains
three DIC images simultaneously and produces a phase-
gradient image by combining these images.
Multiple layers facilitate dispersion control with low

design complexity compared to singlet achromatic
metalenses that require various meta-atom designs201.
Recently, bilayer achromatic metalenses have been
achieved with a simple meta-atom design with a high NA

(0.8) and large diameter (1 mm) (Fig. 11f)202. The meta-
lenses comprise cylindrical and cuboid nanostructures,
which enable lower fabrication complexity, thereby
obtaining RGB achromatic images (633, 532, and
488 nm)108.
Dispersion engineering has been exploited with a

metasurface-integrated hyperspectral imager (HSI), which
records spectral data for whole images (Fig. 11g)193.
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Conventional HSI encounters challenges related to com-
pactness203, low-throughput204, and heavy postproces-
sing205. A metasurface-integrated HSI system comprises
three reflective and one transmissive metasurface fabri-
cated by a single lithography step on a glass substrate. The
input aperture has been placed in one gold mirror, and
metasurfaces have been placed in another. After entering
the light from an object through an aperture, the light is
vertically dispersed by a reflective lens, whose function-
alities are similar to the first-order blazed grating. The
other two reflective and one transmissive lenses focus
light into a 2D array detector. Finally, the light is dispersed
in the horizontal direction along the incident angle and
vertically along the wavelength after passing the HSI in
the transmissive metasurface. In addition, these meta-
surfaces have been optimized by ray tracing and particle
swarm optimization for the desired wavelengths
(750–850 nm) and spatial range ( ±15�).
Multilayered metasurfaces have been used to facilitate

tunable information encryption both optically and
physically. For example, shareholder metasurfaces have
been designed, and they show various images when
physically cascaded (Fig. 11h)206. If every shareholder is
collected, a secret share is observed, which is inde-
pendent of the information of each holder207. The
secret image of the cascaded holographic metasurface is
divided into two phase profiles via computational
division (encryption process), representing two inde-
pendent images pixel-wise. Each holder shows an
independent holographic image. However, the combi-
nation of holders 100 nm apart reveals the secret image
(decryption process). Furthermore, tunable hologram

images are demonstrated by encoding multiple images
across relative translational positions of two cascaded
metasurfaces.
Cascaded metasurfaces have also been applied to Moiré

metalenses, which provide a wide tunable focal length with
respect to the mutual rotation angle between two meta-
surfaces (Fig. 11i)208. Moiré metalenses have been demon-
strated at a NIR wavelength (900 nm) with insensitive
polarization meta-atoms, which comprise amorphous silicon
for a high index contrast, and they achieve the maximum
NA of 0.5. It also shows a range of focal length tunability
between ±1.73 and ±5mm along the mutual rotation angle
of ±90°. The fundamentals of Moiré metalenses lie in
asymmetric phase distribution, and their combination of
rotation becomes a symmetric lens phase distribution.
Positive rotation angles make the total phase combination of
the two layers resemble a convex Fresnel lens, whereas
negative angles exhibit a concave-like distribution. More-
over, an increase in the rotation angle produces a higher
phase gradient, resulting in a shorter focal length and higher
optical power.

Perspective on integrated metasurfaces for the
near-future applications
Recently, wearable displays (VR/AR), LiDAR, and bio/

chemical sensing have received considerable attention as
practical applications of metasurfaces. Although various
optical materials and devices have been developed in lab-
scale experiments with free-from optics161,209, it requires
many complex steps and efforts to result in actual com-
mercialization. However, metasurfaces have continuously
offered many advantages, such as compact size, wide FoV,
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and molecular level sensitivity, and they have steadily
gained great interest in the industry fields of VR/AR,
LIDAR, and bio/chemical sensing. Herein, we consider
the function and achievement of a metasurface in a large
application system.

Wearable display system (VR/AR)
VR and AR are crucial wearable display technologies

for the metaverse. VR technology replaces the real world
with virtual images, thereby providing users with an
immersive experience210. AR integrates computer-
generated three-dimensional (3D) images into the real
world. Despite the rapid development of related tech-
nology, VR/AR technology has suffered from several
problems such as chromatic aberration, narrow FoV, and
spherical aberration, resulting in a large form factor.
Consequently, current devices in the market are bulky
and have performance flaws.

Recently, metasurfaces have been widely used to con-
struct compact VR/AR systems. Metasurfaces have been
attached to contact lenses for a near-eye display, and
metasurfaces with spatially encoded phase maps project
virtual information using a pixel-wise method211. See-
through anisotropic metalenses correct chromatic aber-
ration with a wide FoV212. These metalenses use both
handednesses of the circular polarization state to achieve
a see-through mode. However, they work only at green
wavelengths with a low-quality hologram211 and require
additional optical components such as dichroic mirrors
and circular polarizers212.
One promising miniaturization approach is to reduce

the number of optical components by polarization-
insensitive achromatic metalenses. For example, large-
scale achromatic metalenses have been used as near-eye
optical components in VR imaging systems (Fig. 12a)213.
The achromatic metalens-integrated VR devices consist of
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a laser-illuminated micro-LC display (µLCD), an eyeball
model, and a meta-eyepiece. The meta-eyepiece corre-
sponds to an achromatic metalens with polarization-
insensitive properties and a diameter of 1 cm. Conse-
quently, compact optical systems have been realized with
achromatic metalenses showing grayscale VR images at
three wavelengths with arbitrary polarization states from
the µLCD.
Moreover, metasurfaces have demonstrated the feasi-

bility of wearable AR glass. Multiplexing hologram images
have been demonstrated by metasurface hybridized with
waveguides in AR projection systems214,215. Further,
Huygens’ metasurfaces demonstrate a continuous view of
a 3D hologram in a near-eye display to solve vergence-
accommodation conflicts with large pixel counts and
subwavelength pixels216. Coupled with these technologies,
eye-tracking in non-local metasurfaces can realize the real
application of AR glass.
An eye-tracking system that uses reflected light from

the faces of glasses has suffered from performance
degradation by the limitation of decoupling between
visible wavelengths for the real world and NIR for track-
ing. To solve this problem, non-local metasurfaces have
been applied in eye-tracking technology, facilitating a low-
rainbow background and high transparency (Fig. 12b)217.
Metasurfaces for AR systems have been designed with
guided-mode resonators (GMRs)218–220 and a high-Q
factor that selectively reflects NIR wavelength for

tracking. Polycrystalline Si (p-Si) strips with spectral
dependency on the absorption depth are placed on the
dielectric waveguide. In the visible spectral range, the low-
Q factor light has dominant optical losses in poly-Si
structures, which suppresses the undesired diffraction.
Consequently, visible light almost passes through the
metasurface without a rainbow effect while scattering at
λ= 870 nm, where the metasurfaces exhibit resonance.
Further, the NIR light operates a large internal electric
field, enabling diffraction at the desired angle while being
trapped and sufficiently guided in the waveguide, resulting
in the reflection with over 10% efficiency of the first dif-
fraction order. When the NIR LED illuminates the eye,
the metasurface reflects the NIR light from the eye to the
side camera which captures the front view of the eye
image to analyze the motion of the eye.

High-performance LiDAR
LiDAR is a depth-scanning technology that determines

the distance by analyzing the reflected light from target
objects used for autonomous vehicles, unmanned aerial
vehicles, or intelligent robots. Two representative depth
scanning methods have been used for LiDAR: (1) indir-
ect221,222 or direct-ToF, and (2) structured light (SL). The
direct ToF technique estimates the distance by analyzing
the round-trip flight time tlaser of the laser pulse, and the
distance is then calculated as ctlaser/2, where c is the speed of
light. The ToF technique is generally classified into
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scanning or non-scanning ToF system; The classical scan-
ning ToF suffers from the trade-off between framerate and
FoV owing to the inertia of its mechanical moving com-
ponent. Non-scanning ToF illuminates the entire scene and
measures the flight time from multiple points of the scene
in a single shot. Since the power of the incident laser is
divided by the number of illumination points, it requires a
highly-sensitive photodetector, such as a single-photon-
avalanche diode, in a 2D array, to acquire sufficient working
distance. In the SL imaging technique, light is spread into
predefined patterns (e.g., an array of dots, and lines) over a
large FoV, and the surface profile of the object is calculated
by analyzing distorted light patterns using a single camera
or capturing structured light at different viewpoint using
stereo cameras223. However, it suffers from low diffraction
especially at large angles because of the large pixel size of
conventionally used SL projectors (e.g., DOE, and SLM).
Although there is an increasing demand for high-quality
LiDAR systems, they face many challenges with conven-
tional ROEs or DOEs, such as bulkiness, vulnerability to
external impact, low scanning speed, and narrow FoV. Most
recently, metasurfaces have improved these problems
through incorporation within a LiDAR system221,224,225.
Herein, we briefly introduce a metasurface-integrated
LiDAR application in terms of scanning the ToF, and SL
with a stereo camera.
Electrically tunable metasurfaces have been implanted

with ToF scanning-type LiDAR system by exploiting their
fast manipulation of wavefront224. To improve the LiDAR
performance, a new electrical SLM is connected to the
metasurface without conventional devices, such as LCs, and
MEMS, which limits the reliability and speed. Electrically
tunable metasurfaces for LiDAR have been designed with
an Au nanoantenna, Al mirror as independent voltage gates,
and ITO layer as ground; between the ITO and metallic
layers, an oxide insulator is placed (Fig. 13a). The combi-
nation of each metallic gate voltage changes the reflectance
coefficient by varying the charge accumulation/depletion
layer at the interface between the ITO and insulator layers.
Consequently, the varied reflectance coefficients cover the
full 2π phases with an independent amplitude in the
metasurface, where the ITO layer is exceedingly thin for a
single gate to cover the full phase124,226,227. Electrically
tunable metasurfaces successfully control the steering angle.
Through the adoption of a receiver with electrically tunable
metasurfaces, the depth profile has been estimated by
measuring the light flight time. This ToF system achieves a
switching speed of 5.4MHz, which is sufficient for scanning
in commercial LiDAR systems; however, it has a limited
FoV of 6° × 4° with a diffraction efficiency of 1% for full
phase control in the metasurface alone.
Another LiDAR method, metasurface-integrated

acousto-optic deflector (AOD) has been also developed
to enlarge the limited FoV225. It simultaneously creates a

large FoV and high speed without compromising the
framerates or large FoV (Fig. 13b)225. The AOD can
rapidly repoint an incident laser at an arbitrary angle;
however, it has a small FoV (2° × 2°) which is not sufficient
for application in LiDAR. Its small FoV is enlarged to
150° × 150° by integrating metasurfaces with AOD, and
the metasurface-integrated AOD also achieved high-
speed alteration of the deflection angle up to 250MHz.
In addition, the additional AOD achieves two axial scans
for 3D imaging. When the metasurface-integrated AOD is
used to recognize and reconstruct a human motion, it can
simultaneously detect multizone images with the periph-
eral (low resolution) and fovea regions (high resolution)
using an irradicable zeroth-order beam from meta-
surfaces. Consequently, this system can mimic the human
vision system and be applied to advanced driver assistance
systems (ADASs).
A wide FoV has also been demonstrated with

metasurface-integrated SL imaging systems228–230 where
electrical scanning control is no longer needed for close-
range scans. Recently, metasurfaces have been designed as
point cloud spreaders to create a uniform dot-array form
with a high density of ~10K dot at a wide FoV230. They are
then used for SL imaging systems with two cameras for
point capturing (Fig. 13c). After spreading the point cloud
with metasurfaces, a stereo system reconstructs the 3D
depth of the object by capturing the scattered dot arrays
on the object surface using two cameras at different view
angles. The points of two camera images are matched
through comparison231, and the depth is calculated using
stereo camera trigonometry with the location coordinates
of matched pairs. If the metasurface is integrated with
commercial glasses using nanoimprinting, it is expected
to overcome the limitation of conventional bulky systems
that require mechanical rotators, which decreases the
framerate and robustness to external impact232,233.

Ultrasensitive bio/chemical sensors
Optical sensors infer the characteristics of a target by

analyzing scattered or absorbed light. Label-free bio-
chemical detection is an important technique that does
not modify molecules with fluorescent or radioactive dyes.
Thus, this technique, when applied to bio-analytics or
diagnostics, is inherently noninvasive and highly sensitive.
When a non-local metasurface with the q-BIC mode is
applied to a biochemical sensor, it provides label-free
detection via highly surface-sensitive resonance, enabling
high sensitivity and chemical specificity. The metasurface
can also provide compactness to the sensing system by
realizing a spectrometer-less system. In this review, we
investigate biochemical sensors that offer the advantages
of metasurfaces.
An HSI system has been demonstrated with non-local

metasurfaces for tracing biomolecules (Fig. 14a)234. Non-

Yang et al. Light: Science & Applications          (2023) 12:152 Page 21 of 27



local metasurfaces confine electric fields on the surface of
meta-atoms, enabling extreme responsibility for the local
refractive index change from the spatial overlap of indi-
vidual biomolecules235,236. When biomolecules are placed
on the sensor, a change in the local refractive index shifts
the resonance peak along the quantitative value of the bio-
samples. The system’s sensing performance has been
verified using a biorecognition assay with immunoglobu-
lin G (IgG). It has been found to achieve a higher mole-
cule per area sensitivity compared to that of the
conventional ensemble-average method.
The angle-multiplexed resonance of q-BIC metasurfaces

has been exploited to detect the molecular absorption sig-
nature associated with the vibrational mode and absorption
band of each molecular chemical bond, thereby enabling
molecular categorization (Fig. 14b)237. Angle-multiplexed
q-BIC metasurfaces are designed to exhibit continuous
resonance wavevector that changes along the incidence
angle with asymmetric structure in the x-axis, and the
resonance wavevector covers the range of 1080–1820 cm−1.
While illuminating light at variable incidence angles with a
moving mirror and spectrometer, molecules adsorbed on
metasurfaces cause attenuation of resonance line shape by
making near-field coupling. Consequently, the absorbance
spectrum of high sensitivity and spectral selectivity is
characterized by diverse molecules. The absorption spec-
trum of thin polymethyl methacrylate (PMMA) has been
demonstrated by obtaining a result similar to that of stan-
dard IR reflection absorption spectroscopy (IRRAS). The
bioassay process to detect human odontogenic ameloblast-
associated protein (ODAM) with a spectrometer-less sen-
sor, including a broadband source, has shown a detection
limit of 3000 molecules per µm2 and a surface mass sen-
sitivity of 0.27 pgmm−2.

Conclusions
In summary, metasurface-based optical systems have

accomplished great success by presenting high-resolution
receivers, polarization-controlled single-photon emitters,
and tunable wavefront controllers. Also, by combining
classical optical components, the performance of planar
waveguides, optical fibers, and ROEs has been extended.
Composed metasurfaces have provided spatial wavefront
control199, high-end optical security195, and polarization
analyzer200. In the perspective section, this review pro-
vides the future direction of metasurface-integrated pho-
tonic applications with examples of recent works
including VR/AR, LiDAR, and sensors.
However, from our perspectives, three challenges have

remained for the commercialization of metasurfaces-
based optical systems. In general, metasurfaces are mostly
manufactured with the CMOS process, and many
researchers argue that the CMOS process is advantageous
to commercialize when metasurfaces are implanted for

commercial devices. However, it is generally not feasible
with optic module manufacturing processes such as
injection molding or milling. Also, the CMOS process is a
higher-cost production method than that of ROEs and
DOEs, increasing the total production costs of a
metasurface-integrated optical platform. Another chal-
lenge is related to the low efficiencies of metasurfaces.
Although metasurface efficiencies reach over 90% at a
single wavelength, achromatic metalenses at visible238 still
have lower efficiencies (40%) than those of conventional
ROEs (>95%, Thorlabs, mounted achromatic doublet).
Since the efficiencies of the total optical system cannot
exceed the minimum efficiency of its optical components,
the use of metasurfaces is not suitable for applications
requiring efficient light manipulation. The other challenge
lies in the quantification methods of metasurfaces. Com-
pared to conventional ROEs and DOEs, the metasurface
quantification method has not been unified yet7. For
example, in the case of metalenses, various groups define
different definitions of efficiencies and use different
measurement systems7. The different figure of merits
prohibits them to be compared with not only meta-
surfaces but also other conventional optical systems when
they are integrated with metasurfaces.
Regardless of these challenges, we believe that meta-

surfaces will be essential components to designing future
optical platforms such as detectors of automobile vehi-
cles221, displays of wearable devices54, and healthcare
monitors for precise diagnostics239. Nanofabrication meth-
ods have been developed to be more compatible with
advanced optical materials, and their efficiencies have
continuously increased with the bandgap engineering of
optical materials. For example, particle-embedded
resin240–243 and large-area, low-loss dielectric deposition
methods244–248 have been recently demonstrated only for
metasurface manufacturing, achieving low-cost production
of large-area metasurfaces with near-unity efficiencies.
These methods enable the cost-effective process of meta-
surface manufacturing, and its production cost will be
compatible with conventional ROEs and DOEs. Moreover,
considering most recent reports have proposed unified
quantification methods of metasurfaces, we believe that
metasurface-integrated optical devices will be a promising
option to construct near-future photonic platforms,
enabling a broad range of applications for metasurface-
integrated photonics in everyday life.
It has been already proven that metasurface offers an

effective and feasible way to engineer electromagnetic
waves, while there is increasing demand for compressing
sizes and extremely manipulating light. To bring meta-
surfaces into real-life devices beyond the current proto-
types, many approaches should be conducted by
integrating metasurfaces with transitional components
rather than competing with conventional optical systems.
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