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1. Introduction

The development of miniaturized photonic 
devices to generate, transmit, manipu-
late, and retrieve increasingly enormous 
amounts of data for high-capacity optical 
networks is vitally important. During the 
1980s, optical communication experi-
ments driven by wavelength-division 
multiplexing were performed on large 
optical tables using expensive devices 
that were not meant for practical com-
munication systems. The development 
of cost-effective, integrated devices then 
followed, to enable wavelength-division 
multiplexing to be widely deployed. How-
ever, present-day optical communication 
systems using wavelength-division mul-
tiplexing are heading toward a capacity 
limit (Figure  1A). To further scale-up the 
capacity of photonic devices, twisted light 
multiplexing, based on an unbounded 
set of orbital angular momentum (OAM) 
modes, has been recognized as a viable 
space-division multiplexing approach to 
significantly increasing the multiplexing 
capacity of future optical communication 
systems.[1] In this context, OAM multi-

plexing has been employed for optical communications in free 
space,[2,3] optical fibers,[4] and quantum communications.[5–7] 
It should be mentioned, however, OAM modes are only a 
subset of the Laguerre–Gaussian modes of structured light,[8] 
and increasing optical multiplexing capacity can also be real-
ized from other sets of orthogonal spatial modes.[9] However, 
owing to the fast growing OAM research field, a broad range of 
photonic devices used for the OAM generation, multiplexing, 
detection, and demultiplexing have been developed, offering 
the OAM a compelling advantage to be largely deployed in 
future photonic information systems.

The angular momentum is a property to describe the rota-
tion of an object around an axis. When it applies to light beams, 
the angular momentum L can be defined as the cross-product 
between the position vector r and the linear momentum vector

L r E B rd0
3ε ( )= ∫ × × 	 (1)

where ε0 is the vacuum permittivity, E and B are the vectorial 
electric and magnetic fields of an electromagnetic wave. The 
angular momentum can be separated in the paraxial limit into 
two parts: the spin angular momentum (SAM) associated with 
circular polarization, and the OAM manifested by an optical 
vortex beam with a helical wavefront.[10] For both paraxial and 

Twisted light, an unbounded set of helical spatial modes carrying orbital 
angular momentum (OAM), offers not only fundamental new insights into 
structured light–matter interactions, but also a new degree of freedom to 
boost optical and quantum information capacity. However, current OAM 
experiments still rely on bulky, expensive, and slow-response diffractive or 
refractive optical elements, hindering today’s OAM systems to be largely 
deployed. In the last decade, nanophotonics has transformed the photonic 
design and unveiled a diverse range of compact and multifunctional nano-
photonic devices harnessing the generation and detection of OAM modes. 
Recent metasurface devices developed for OAM generation in both real and 
momentum space, presenting design principle and exemplary devices, are 
summarized. Moreover, recent development of whispering-gallery-mode-
based passive and tunable microcavities, capable of extracting degenerate 
OAM modes for on-chip vortex emission and lasing, is summarized. In 
addition, the design principle of different plasmonic devices and photode-
tectors recently developed for on-chip OAM detection is discussed. Current 
challenges faced by the nanophotonic field for twisted-light manipulation and 
future advances to meet these challenges are further discussed. It is believed 
that twisted-light manipulation in nanophotonics will continue to make 
significant impact on future development of ultracompact, ultrahigh-capacity, 
and ultrahigh-speed OAM systems-on-a-chip.
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nonparaxial beams (e.g., a tightly focused beam and near-field 
optics), the total angular momentum

�σ( )= +J l � (2)

is a conserved quantity, where the SAM carries two possible 
states σ = ± 1 per photon, and the OAM, lℏ per photon, can take 
any integer value l in [−∞,∞] (where ℏ is the Planck’s constant 
h divided by 2π). This total angular momentum conservation 
law underpins the photonic spin-to-orbital angular momentum 
conversion.[11]

Unlike the SAM related to the polarization helicity, light also 
carries OAM in its wavefront in both intrinsic and extrinsic 
terms and the latter is coordinate-dependent.[12] The intrinsic 
OAM, hereafter simply named as OAM, is carried by a helical 
wavefront that has a phase twist along the azimuthal direc-
tion in the transverse plane of an optical beam. In 1992, Allen 
et al. pioneered the discovery of the OAM in an optical vortex 
beam,[13] with a helical phase distribution that mathematically 
satisfies exp(ilϕ), where l is the azimuthal mode index and ϕ is 
the azimuthal angle of an OAM beam, respectively. Strikingly, 

the OAM degree of freedom has a theoretically unbounded set 
of eigenstates ±lℏ, where the integer number l determines how 
strong the wavefront is azimuthally twisted (Figure  1B). All 
OAM eigenstates are mutually orthogonal, opening the possi-
bility of using OAM modes as independent information chan-
nels to carry optical information with negligible crosstalk.

However, current OAM experiments inevitably use bulky, 
expensive, and slow spatial light modulators (SLMs) (Figure 1C) 
or digital micromirror devices (DMDs) (Figure 1D) to generate 
and detect OAM modes. More critically, the free-space pro-
cessing of OAM-multiplexing information via SLMs generally 
incurs undesired modal coupling caused by turbulence and 
turbidity, large beam divergence, and misalignment between 
the OAM transmitter and receiver, which represent key chal-
lenges facing today’s OAM-multiplexing systems. While DMDs 
are faster (≈10 µs), they typically offer lower resolution, as 
each micromirror forms a pixel. Although spiral phase plates 
(Figure 1E) could offer a high spatial resolution led to the gen-
eration of higher OAM orders up to 10 010,[14] the bulky phase 
plates cannot be used for photonic integration and the cost of 
fabrication is very high.

Adv. Mater. 2023, 35, 2106692

Figure 1.  Roadmap of photonic devices for twisted-light manipulation and motivation of nanophotonic integration. A) Evolution of transmission 
capacity of fiber-optic communication systems. B) Schematic of the OAM of light carried by a helical wavefront. C–E) Conventional free-space OAM 
generation based on spatial light modulators (C), digital micromirror devices (D), and spiral phase plates (E). F,G) Conventional free-space OAM detec-
tion based on an OAM mode converter (F) and a multiple-plane light converter (G). H) Nanophotonic manipulation of OAM of light allows footprint 
reduction and photonic integration for on-chip OAM applications. WDM: wavelength-division multiplexing. SDM: space-division multiplexing that 
harnesses the OAM multiplexing. Image for (D): Reproduced with permission, copyright Norxe AS. Image for (E): Reproduced with permission.[104] 
Copyright Vortex Photonics. Image for (F): Reproduced with permission.[105] Copyright 2014, Springer Nature. Image for (G): Reproduced under the 
terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[19] Copyright 2019, The 
Authors, published by Springer Nature.
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Even though the use of a SLM, a DMD, or a spiral phase 
plate can realize the OAM detection, it can detect only one 
OAM mode at a time (typical SLM or DMD devices have a 
much slower response (≈1  kHz) to process high data rate 
(≈10  Gb s−1) telecommunication signals) and simultaneous 
detection of multiple OAM modes demands the multiple use 
of these optical elements with a power-splitting setup.[1–4] To 
achieve more efficient OAM detection in free space, log-polar 
mode converters[15–18] (Figure  1F) and multiplane light con-
verters[19] (Figure  1G) are used that use multiple phase ele-
ments to convert and map the OAM phase into distinct lateral 
positions, without scarifying the power in each OAM mode. 
However, these methods typically rely on a large optical path 
(e.g., >100  mm@1.55  µm) to perform the conformal transfor-
mation and mapping of OAM modes. It is worthwhile men-
tioning that a compact log-polar mode converter has recently 
been demonstrated, although it relies on a large optical path 
and a free-space beamsplitter to implement the OAM detection 
and demultiplexing.[20]

As was the case for wavelength-division multiplexing in 
optical communications earlier, the future of OAM deploy-
ment would greatly benefit from photonic integration of OAM 
devices and systems (e.g., transmitters, multiplexers, demulti-
plexers, and receivers). Nanophotonics has opened the door to 
device miniaturization, leading to a diverse range of compact 
and multifunctional optical devices harnessing the generation 
and detection of optical vortices (Figure  1H), such as plas-
monic and dielectric OAM metasurfaces in both real[21–24] and 
momentum space,[25–30] vortex microemitters,[31] vortex micro-
lasers,[32–34] single-photon vortex emitter,[35] plasmonic vortex 
generators,[36,37] plasmonics-based OAM detectors,[17,38–43] and 
OAM photodetectors.[44] Here, we provide a comprehensive 
overview of nanophotonic devices and materials for the OAM 
generation and detection and discuss key challenges and new 
opportunities for these devices to be widely deployed.

2. Metasurface Generation of OAM in Real Space

2.1. Plasmonic Metasurfaces

In nanophotonics, both plasmonic and dielectric materials 
driven by different physics have recently been developed for 
compact OAM generation in real space. Since a helical wave-
front that carries the OAM can be imprinted by a phase-only 
metasurface, an optimal metasurface design would be based 
on a set of meta-atoms that offer a complete phase modulation 
(from 0 to 2π) and simultaneously a high reflection or trans-
mission efficiency. An intuitive plasmonic meta-atom design 
would be based on a single rod antenna, which exhibits a 
strong light–matter interaction through its electric dipole reso-
nances.[45] However, a single rod antenna features in principle 
at most π phase change governed by the first-order electric 
dipole resonance, while accompanied with a strong amplitude 
variation (Figure 2A). An empirical formula is used to predict 
the dipolar resonance of a perfect electric conductor, suggesting 
the resonance wavelength to be roughly twice of the length of 
the rod antenna.[21] However, this empirical formula predic-
tion becomes worse for metallic structures at high frequencies 

(e.g., optical frequencies), particularly when approaching the 
plasmon resonance of metals.[46,47] For instance, our simulated 
silver nanorod with a length of 320 nm on glass (414 nm for a 
freestanding silver nanorod in the air) forms an electric reso-
nance at a wavelength of 1.57 µm (inset of Figure 2A).

To achieve complete phase modulation in plasmonic meta-
surfaces, magnetic resonance has been exploited,[48,49] which 
can be supported by a metal–insulator–metal (MIM) structure 
that consists of a metallic subwavelength structure and a con-
tinuous metal film separated by a thin dielectric spacer. The 
MIM structure supports a magnetic resonance mode, which 
is also known as gap surface plasmon resonance.[49] When 
the MIM structure is illuminated by a linearly polarized field 
along the long axis of the metallic structure, antiparallel elec-
tric currents can be induced on two metallic layers due to 
the coupling between them, leading to an effective magnetic 
mode with a strongly enhanced magnetic field in the spacer 
dielectric layer. The MIM structure under the magnetic reso-
nance allows the complete phase modulation covering the full 
2π range, as well as a high reflection amplitude due to the 
total reflection by the metallic ground plane (Figure  2B). As 
an example, the induced antiparallel electric currents in the 
simulated silver nanostructure and the silver ground plate 
represent the excitation of the magnetic resonance at 1.44 µm 
(inset of Figure  2B). As such, plasmonic metasurfaces in a 
MIM configuration have been used for high-efficiency phase 
modulation in copolarization response (the same polarization 
as the incident light).[22]

In addition to the copolarization response, cross-polarized 
radiation (orthogonal polarization with respect to the inci-
dent light) offers another path for the phase modulation, the 
response of which depends on the design of a subwavelength 
wave plate that can be mathematically formulated by the Jones 
matrix calculus.[50] To offer strong cross-polarization conver-
sion, the subwavelength metallic structure in the top layer of 
a MIM structure can be designed into a rectangular bar that 
exhibits strong birefringence (Figure  2C). Its optical response 

can be predicted based on the Jones matrix: =
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in which Ao, Ae and ϕo, ϕe represent the amplitude and 
phase coefficients for the linear polarization along the long 
and short axes of the subwavelength metallic bar, respec-
tively. Without loss of generality, the meta-atom under the 
illumination of left-handed circular polarization (LCP) can 
be mathematically given as: ψ = Γ −Φ Γ Φ| ( ) ( ) |M L , where 
Γ(Φ) is the rotation matrix at an in-plane angle of Φ. As such, 
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After passing through the meta-atom, part of the LCP polari-
zation is converted to the right-handed circular polarization 
(RCP) accompanied with a local geometric phase (− 2Φ): 

1
2

o e
2o eR A e A e ei i iψ ( )= −ϕ ϕ − Φ . The cross-polarization conversion 

efficiency (CE) can be calculated as: CE A e A ei i= −ϕ ϕ| 1
2( ) |o e

2o e . 
The dimensions of the rectangular structure can be carefully 
designed to have a dominant cross-polarization response, 
exhibiting an in-plane rotation angle-induced geometric phase 
− (+ )2Φ for the LCP (RCP) illumination (Figure  2C). This 
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geometric phase response is also known as the Pancharatnam–
Berry phase in recognition of Pancharatnam and Berry’s inde-
pendent discoveries of this phenomenon.[51,52] As such, com-
plete phase modulation (0–2π) with a high efficiency can be 
achieved by rotating the metallic bar in the MIM configuration 
and the metallic bar works as a miniature half wave plate (inset 
of Figure 2C).

Apart from the geometric metasurface with strong cross-
polarization conversion in the circular polarization, strong 
cross-polarization can also be implemented for linear polariza-
tion. Plasmonic hybridization in a V-shaped plasmonic antenna 
allows the near-field interference of two electric resonances,[21] 
increasing the phase tuning range of plasmonic meta-
atoms based on orthogonal linear polarizations. Plasmonic 

Adv. Mater. 2023, 35, 2106692

Figure 2.  Design principle of metasurfaces in reflection and exemplary plasmonic metasurfaces for OAM generation in real space. A) Metasurface 
design based on electric resonance in a plasmonic rectangular structure. Inset: electric field distribution in a cross-section plane of a silver rectangular 
structure with a length of 320 nm under the electric resonance at λ = 1.57 µm, where the white arrows represent electric field vectors. The simulated 
meta-atom structure has a width and a height of 30 nm, sitting on a glass substrate with a pitch distance (px = py) of 800 nm. B) A copolarization 
metasurface design based on magnetic resonance in a MIM configuration. Inset: electric field distribution in a cross-section plane of a MIM meta-
atom structure under the magnetic resonance at λ = 1.44 µm, where the white arrows represent induced current density. The labeled parameters 
are: px = py = 500 nm, w = 200 nm, L = 282 nm, h1 = 30 nm, h2 = 50 nm, h3 = 80 nm. C) Cross-polarization geometric metasurface design based on 
magnetic resonance in a MIM configuration. Inset: transverse electric fields distributions along the propagation direction, suggesting a nearly equal 
amplitude and a π phase difference between the reflected Ex and Ey fields. The labeled parameters are the same as the ones in (B). D,E) Exemplary 
real-space metasurface generation of OAM beams in reflection, based on a V-shaped plasmonic metasurface (D)[21] and a gold MIM metasurface (E).[22]  
D) Reproduced with permission.[21] Copyright 2011, American Association for the Advancement of Science. E) Reproduced with permission.[22] Copyright 
2016, American Association for the Advancement of Science.
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metasurfaces with a high resolution have been designed and 
fabricated to create vortex beams carrying OAM.[21] As an 
example, a plasmonic metasurface consisting of eight V-shape 
antennas introduces a spiral-like phase shift with respect to 
the planar wavefront of the incident light, creating a vortex 
beam with l  =  +1 in real space (Figure  2D). The vortex beam 
has an annular intensity distribution in the cross-section, the 
dark region at the center corresponds to a phase singularity. 
The spiral wavefront of the vortex beam can be revealed by 
interfering the beam with a copropagating Gaussian beam, 
producing a spiral interference pattern. As another example 
of metasurface generation of OAM in real space, a plasmonic 
metasurface in a MIM configuration was developed to generate 
multiple spin-dependent optical vortices,[22] in which the MIM 
nanoantennas were randomly distributed into equal interleaved 
subarrays (Figure  2E). The far-field intensity distribution by 
illuminating the metasurface with circularly polarized light ver-
ifies the generation of three spin-dependent OAM wavefronts 
with l = 0, −1, and −2.

2.2. Dielectric Metasurfaces

Even though plasmonic metasurfaces can be designed for 
efficient wavefront manipulation, it works for reflected light 
from the metasurface. All-dielectric metasurfaces have been 
developed to achieve highly efficient wavefront shaping for 
transmitted light. Huygens’ metasurfaces,[53] which spectrally 
overlap electric and magnetic resonances of equal strength, 
have been developed to demonstrate full phase coverage in 
transmission with high efficiency. Here, we consistently used 
a low-loss amorphous silicon (a-Si) material to simulate var-
ious meta-atom designs with different physics. As an example, 
we show that an a-Si nanodisk with an ultrathin thickness 
of only 220  nm can be designed to satisfy the Kerker condi-
tion for a Huygens’ metasurface, wherein electric dipole 
resonance (EDR) and magnetic dipole resonance (MDR) are 
spectrally overlapped to cover the full phase coverage (inset of 
Figure 3A).

In addition to Huygens’ metasurfaces, a high-index dielec-
tric nanopillar can be designed as a truncated waveguide with 
modal dispersion,[54,55] and each spatial mode has a different 
effective mode index for light transmission. For a nanopillar 
with a symmetric transverse cross-section, its phase response 
depends on the spatial modes supported by the waveguide: 
ϕ(neff, H) = kneffH, where neff and H represent the effective 
mode index and height of the nanopillar, respectively. Since a 
typical metasurface has a uniform height (e.g., metasurfaces 
fabricated via an etching process), its phase response solely 
depends on the effective mode index: ϕ(neff) = kneffH. As such, 
to achieve full 2π phase modulation, the effective mode index 
tuning range should satisfy at least: ∆(neff)  =  λ/H, where λ is 
the wavelength of incident light. We simulated an a-Si nano-
pillar with a constant height of 1 µm to support the full phase 
modulation and simultaneously high transmission efficiency 
(Figure  2B). Higher order waveguide-like cavity resonances 
inside the a-Si nanopillar can be evidenced from the optical 
fields concentrated inside the dielectric nanopillars (inset of 
Figure 2B), although some electric fields on the corners of the 

nanopillar might present some scattering loss and near-field 
interactions with neighbor structures.

A high-index asymmetric nanopillar waveguide can be 
designed as a subwavelength wave plate with strong birefrin-
gence, exhibiting different phase responses for the polarization 
along the long and short axes.[56,57] This asymmetric nanopillar 
supports two classes of waveguide modes: transverse modes 

l _ effn  along the long axis and s _ effn  along the short axis, respec-
tively. Like the symmetric nanopillar waveguide, the phase 
response of an asymmetric nanopillar waveguide can be cal-
culated as: ϕ =( , )l l _ eff l _ effn H kn H  and ϕ =( , )s s _ eff s _ effn H kn H 
for the polarization along the long and short axes, respectively, 
where k is the wavevector of incident light. This anisotropic 
phase accumulation allows the design of an all-dielectric geo-
metric metasurface with both high transmission and polariza-
tion conversion efficiencies. A local geometric phase response 
of −(+)2Φ can be acquired by rotating the asymmetric nano-
pillar with an orientation of Φ for the LCP (RCP) illumina-
tion. As an example, we show that the in-plane rotation angle 
Φ of a rectangular a-Si nanopillar meta-atom can control the 
full phase modulation (Figure 3C). To visualize the strong bire-
fringence property of the simulated a-Si nanopillar, we placed 
the a-Si nanopillar to be 45° in the in-plane rotation angle and 
illuminate it with polarized light along the x-axis (Ex). After 
passing through the nanopillar, most of the electric field ampli-
tude is converted from Ex to Ey, representing the function of a 
half wave plate (inset of Figure 3C).

Thus far, our discussion focuses on geometric metasurfaces 
composed of identical meta-atoms with spatially varying orien-
tation (φ), which perform the general spin-to-orbital angular 
momentum conversion of |L⟩ →  |R⟩e−2ϕ and |R⟩ →  |L⟩e2ϕ,[58] 
where |L⟩ and |R⟩ represent the LCP and RCP polarizations, 
respectively. Because of the constant meta-atom design, the 
output phase response for the LCP and RCP illuminations, 
including the generated OAM states, are not independent and 
they are constrained to be conjugate values. Moreover, geo-
metric metasurfaces are typically limited to the interaction with 
orthogonal circular polarizations that represent only two of an 
infinite set of possible polarizations on the Poincaré sphere. 
Recently, multidimensional metasurfaces consisting of meta-
atoms with both varying orientations and sizes have been devel-
oped to control arbitrary orthogonal polarizations.[59,60] More 
importantly, the output phase response for arbitrary orthogonal 
polarizations can be decoupled from each other, leading to a 
new concept of arbitrary spin-to-orbital angular momentum 
conversion of light.[23] Such multidimensional metasurfaces 
can be designed by exploiting the complete and independent 
phase and polarization control of a single meta-atom based 
on the Jones matrix calculus.[24] In this case, a multidimen-
sional metasurface can perform two independent transforma-
tions: i) ( )eiλ λ→ ϕ+ + ∗+

; ii) ( )eiλ λ→ ϕ− − ∗−

, where |λ+⟩ 
and |λ−⟩ denote arbitrary orthogonal states on the Poincaré 
sphere, the output polarizations |(λ+⟩* and |(λ−⟩* have oppo-
site handedness with respect to their original polarizations. As 
such, a dielectric metasurface that performs the specific map-
pings of |L⟩ →  |R⟩| + 3⟩ and |R⟩ →  |L⟩| + 4⟩ has been realized 
for the metasurface generation of OAM modes in real space 
(Figure  3D–F).[23] Recently, a similar metasurface design by 
exploiting the independent and complete phase modulation on 

Adv. Mater. 2023, 35, 2106692
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orthogonal linear polarization states has been realized for the 
simultaneous generation of high purity OAM states of l = +10 
and +100 for the x- and y-linearly polarized incident light, 
respectively.[61] In addition, a dielectric metasurface, capable of 
switching between a Gaussian phase profile and an OAM spiral 
phase profile through incident circular polarization states, 
has been realized for bright-field and isotropic edge-enhanced 
phase contrast imaging, respectively.[62]

3. Metasurface Generation of OAM in Momentum 
Space

3.1. OAM-Preserving Metasurfaces

Metasurface technology has transformed the field of optical 
holography by developing ultrathin metasurface holograms that 
use subwavelength meta-atom pixels for unprecedented control 

Adv. Mater. 2023, 35, 2106692

Figure 3.  Design principle of metasurfaces in transmission and exemplary dielectric metasurfaces for the OAM generation in real space. A) Huygens’ 
metasurface design based on the interference of multiple Mie resonances. Inset: the Kerker condition achieved from spectrally overlapping electric 
dipole resonance (EDR) and magnetic dipole resonance (MDR) at λ = 1336 nm. Labeled parameters: h: 220 nm, px = py = 660 nm. B) Copolarization 
metasurface design based on a truncated dielectric waveguide. Inset: electric field distribution in a cross-section plane of the meta-atom, showing 
a strong cavity mode inside the waveguide at λ = 1.4 µm. Labeled parameters: h: 1 µm, px = py = 600 nm. C) Cross-polarization metasurface design 
based on a birefringent dielectric waveguide. Inset: electric field distribution in a cross-section plane of the meta-atom with a rotation angle Φ = 45°, 
exhibiting strong polarization conversion from incident Ex field to Ey field at λ = 1.4 µm. Labeled parameters: h: 1 µm, w = 225 nm, L = 450 nm, px = 
py = 600 nm. D–F) Exemplary real-space metasurface generation of OAM beams in transmission based on arbitrary spin-to-orbital angular momentum 
conversion (D), based on a hybrid dielectric metasurface with both dynamic and geometric phase manipulations (E). The experimental results of spin-
decoupled OAM fields are given in (F). D–F) Reproduced with permission.[23] Copyright 2017, American Association for the Advancement of Science.
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of the amplitude, phase, and polarization of light. However, the 
bandwidth of a metasurface hologram has remained too low for 
practical use, even though polarization,[60,63,64] wavelength,[65,66] 
and incident angles of light[67] have been exploited for metasur-
face holographic multiplexing.

Twisted light with an unbounded set of orthogonal OAM 
modes holds great promise to increase the bandwidth of a meta-
surface hologram. To achieve the OAM sensitivity, a hologram 
needs to be designed in momentum (Fourier) space.[25–27,68] 
To preserve the OAM property in each pixel of a reconstructed 
holographic image (the momentum space of a Fourier holo-
gram), it is necessary to spatially sample the holographic image 
by an OAM-dependent 2D Dirac comb function to avoid spatial 
overlap of the helical wavefront kernel, creating OAM-pixelated 
images (Figure  4A). The constituent spatial frequencies of an 
OAM-preserving metasurface hologram (OPMH) add a linear 
spatial frequency shift together with a helical wavefront to an 
incident plane-wave beam (kin). As such, outgoing spatial fre-
quencies leaving the OPMH (kout) possess an individually con-
trolled helical wavefront, which implies that the OPMH could 
create OAM-pixelated holographic images in the momentum 
space. An OPMH consisting of subwavelength gallium nitride 
(GaN) nanopillars with a fixed height of 1 µm and various radii 
was recently realized based on the phase-only modulation 
(Figure  4B).[25] OPMHs allow lensless reconstruction of OAM-
carrying holographic images with topological charges of l =  ±1 
and ±2  with image sampling (to preserve the OAM property) 
constants of 19.8 and 26.1 µm, respectively. Notably, adding a 
spiral phase profile onto each spatial frequency component of an 
OAM-preserved hologram allows the design of an OAM-selec-
tive hologram,[25] through which different incident OAM modes 
can be simultaneously detected in the momentum space.[69]

Even though the phase-only metasurface hologram was first 
developed for OAM holography,[25] the neglected amplitude infor-
mation breaks the linear superposition principle for holographic 
multiplexing and incurs strong crosstalk.[27] Mathematically, a 
complex-amplitude hologram with independent amplitude and 
phase control could allow the superposition principle to continue 
to hold and hence eliminating holographic multiplexing cross-
talk. Recently, a complex-amplitude metasurface hologram was 
developed to achieve ultrahigh-dimensional OAM-multiplexing 
holography in momentum space.[27] Unlike the typical metas-
urface with restricted degrees of freedom in a 2D plane, a novel 
metasurface fabrication platform based on 3D laser nanoprinting 
unlocks the height degree of freedom of a metasurface. Strikingly, 
the height (h) and in-plane rotation (Φ) of a birefringent polymer 
nanopillar are employed to independently control the amplitude 
and phase responses of transmitted light, respectively (Figure 4C).

Specifically, a polymer rectangular nanopillar with a low 
refractive index (n  =  1.52) and an aspect ratio of up to 15 was 
used as a 3D meta-atom. Such a high-aspect-ratio nanopillar 
can be designed to exhibit strong birefringence manifested by 
converting the polarization states of transmitted light (inset of 
Figure  4C). 3D laser nanoprinting technology based on two-
photon polymerization induced by a femtosecond laser was 
used to fabricate 3D metasurfaces. Notably, the designed and 
fabricated 3D meta-atoms can access arbitrary points in the 
complex plane, leading to a 64-level complex-amplitude meta-
surface that consists of polymer nanopillars with 8 different 

heights having 8 different in-plane rotation angles (Figure 4D). 
As such, a large-scale complex-amplitude OAM-multiplexing 
hologram (2.5  mm by 2.5  mm) consisting of 2000 by 2000 
pixels was designed and 3D laser nanoprinted (Figure 4E). The 
inset of Figure  4E shows an optical image of the fabricated 
metasurface, while the top- and oblique-view scanning electron 
microscopy images of enlarged areas in the metasurface are 
presented in the right panel of Figure 4E. As a result, two holo-
graphic videos consisting of 60 image frames were experimen-
tally reconstructed from a single metasurface hologram at two 
different planes in the momentum space (Figure 4F).

3.2. Polarization Optical Vortices in Momentum Space

In addition to the phase vortex control in momentum space, 
photonic crystal (PhC) slabs possess an inherent polarization 
vortex in momentum space around bound states in the con-
tinuum (BIC) of the periodic structures.[28–30,70–74] These polari-
zation vortices feature the in-plane winding of a vector field 
in momentum space, resulting from the topological property 
of the PhC slabs (Figure 5A). In such a system, the rotational 
symmetry (higher than twofold) of any singlet at the center of 
the Brillouin zone (the Γ point) mismatches the symmetry of 
any plane wave with in-plane wave vector k∥  = 0 (twofold).[30] 
As such, this singlet cannot couple to free space, forming a 
symmetry-protected BIC with an infinite radiative quality factor 
lying in the continuum. For the resonances near the Γ-point 
BIC, the resonant guided modes have high radiative quality 
factors, so that they can couple to the far field. The states of 
polarization of far-field radiation from these guided resonances 
are spatially rotating in a closed loop in momentum space, 
imparting an even-order phase vortex to an optical beam gov-
erned by the Pancharatnam–Berry phase (Figure 5B).[30] As an 
example, Figure  5C presents the polarization distributions of 
the isofrequency contours (dashed loops) near the Γ-point BIC 
of a PhC slab, in which the polarization distributions are labeled 
as orange arrows. These winding polarization vectors near the 
Γ-point BIC form a polarization vortex in the momentum space 
with topological charge of l  =  +1 (Figure  5D), giving rise to a 
geometric phase response for the LCP and RCP incidences as 
|L⟩ →  |R⟩e−2lφ and |R⟩ →  |L⟩e2lφ, respectively, where φ is the azi-
muthal angle in the transverse plane. Such polarization-induced 
optical vortices in momentum space have been experimentally 
observed from the far-field profiles of cross-polarized beams in 
the Fourier plane of a fabricated PhC slab (Figure 5E). Recently, 
an ultrathin perovskite film (220 nm thick lead bromide perov-
skite) perforated with a circular array was developed to realize 
a BIC-protected polarization vortex laser (Figure  5F).[72] This 
ultrathin polarization vortex laser provides a viable approach 
to achieving ultrafast all-optical switching between the vortex 
beam lasing and linearly polarized beam lasing (Figure  5G) 
within only 1–1.5 ps at room temperature.

4. OAM Generation Based on Microcavities

Apart from metasurfaces, dielectric and plasmonic resonators 
and microcavities with strong mode coupling have recently 

Adv. Mater. 2023, 35, 2106692
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been developed for on-chip generation and tuning of different 
OAM modes.[31–35,75,76] The first example of vortex microemit-
ters is based on a silicon-integrated microcavity, which uses 
angular gratings to extract OAM modes confined in degenerate 
whispering gallery modes (WGM) into free-space beams with 
well-controlled topological charges (Figure  6A). This WGM 
microcavity has a small ring diameter of 3.9 µm, embedded with 
subwavelength angular grating structures along the azimuthal 

direction to couple the confined high-quality factor resonant 
OAM mode into free space. Owing to their high-quality factors, 
WGM microcavities have recently been developed for achieving 
vortex microlasers.[31] By exploiting non-Hermitian photonics at 
an exceptional point, a vortex microlaser capable of producing 
a radially polarized vortex lasing mode was demonstrated 
(Figure  6B).[32] This WGM-based vortex microlaser has a peri-
odic alternation of single-layer Ge and bilayer Cr/Ge structures 

Adv. Mater. 2023, 35, 2106692

Figure 4.  Metasurface generation of phase vortices carrying different OAM modes in momentum space. A) Design of an OAM-preserving metasurface 
hologram (OPMH) in the momentum space through spatial frequency sampling of the OPMH, capable of parallel generation of different OAM modes 
in momentum space (Fourier domain of the OPMH). B) Exemplary use of an OPMH made of GaN nanopillar waveguides for the generation of OAM-
carrying holographic images in the Fourier plane. C) Schematic of a polymer-based rectangular nanopillar featuring strong birefringence that converts 
the incident polarization along the x-axis to the one along the y-axis when the nanopillar has a rotation angle of 45° (φ = 45° ). w, l, h, and Φ denote 
the width, length, height, and in-plane rotation angle of a polymer nanopillar, respectively. D) Schematic illustration of 64-level complex-amplitude 
modulation in the complex plane, based on the selected nanopillars with 8 different heights having 8 different in-plane rotation angles. E,F) Exemplary 
use of an OPMH made of polymer nanopillars (E) for reconstruing a range of OAM-dependent images in momentum space (F). B) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International licenses (https://creativecommons.org/licenses/by/4.0).[25] Copyright 2019, The 
Authors, published by Springer Nature. C–F) Reproduced with permission.[27] Copyright 2020, The Authors, published by Springer Nature.
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on top of a 500 nm thick InGaAsP multiple quantum wells on 
an InP substrate.

In addition to passive OAM microcavities, tunable vortex 
microlasers have also been demonstrated, wherein the heli-
city of the OAM wavefront can be optically controlled via inci-
dent SAM carried by the circular polarization (Figure  6C).[33] 
This is based on optically breaking time-reversal rotational 

symmetry by spin-polarizing a gain medium with a circularly 
polarized optical pump, creating spin-dependent vortex emis-
sion. This spin-controlled vortex microlaser embeds a single 
In0.05Ga0.95As quantum well, and spin–orbit coupling arises 
from the fact that photon hopping in planar microcavities with 
rotational symmetry is spin-dependent. However, the magni-
tude of the OAM (|l|) is not tunable in a fabricated device, and 

Adv. Mater. 2023, 35, 2106692

Figure 5.  PhC metasurface generation of polarization-induced vortices in momentum space. A) Schematic of a parabolic band of a PhC slab, which 
has a BIC in the center. The vortex structures formed by nearly linear-polarized guided resonances at different frequencies close to the BIC frequency 
are projected onto the momentum-space plane. B) Illustration of the vortex generation based on the geometric phase induced by the polarization 
change on the equator of the Poincaré sphere. C,D) Isofrequency contours (dashed loops) with polarization distributions (orange double-headed 
arrows) (C) and the azimuthal angle map of polarizations (D). E) Exemplary generation of polarization-induced vortices in momentum space of a PhC 
metasurface. Inset: the scanning electron microscopy image of the sample with a scale bar of 400 nm. F) Exemplary generation of a green vortex lasing 
mode in momentum space through pumping a perovskite metasurface by a blue laser. Inset: scanning electron microscopy image of the fabricated 
perovskite metasurface with a scale bar of 500 nm. G) Measured far-field pattern and the corresponding self-interference pattern of the vortex lasing 
mode. A–E) Adapted with permission.[30] Copyright 2020, The Authors, published by Springer Nature. F,G) Adapted with permission.[72] Copyright 2020, 
The Authors, published by American Association for the Advancement of Science.
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this device also demands a cryogenic environment. Recently, an 
OAM-tunable vortex microlaser based on photonic spin–orbit 
interaction and optical non-Hermitian symmetry breaking has 
been demonstrated,[34] which allows on-chip generation of tun-
able OAM states from l  =  −2 to +2 at a single telecommuni-
cation wavelength at room temperature (Figure  6D). This is 
controlled by an externally applied non-Hermitian coupling 
between the cavity modes. However, due to the conservation of 

the total angular momentum, this spin–orbit interaction-based 
OAM generation is inherently limited to a maximal topological 
charge of |l| = 2.

Conventional single photon sources carrying OAM have 
been realized via the spontaneous parametric downconversion 
process in bulk nonlinear crystals, with additional bulky spatial 
light modulator or spiral phase plates to impart OAM beams.[77] 
This suffers from a limited range of OAM modes with high 

Adv. Mater. 2023, 35, 2106692

Figure 6.  OAM emission and lasing based on microcavities. A) Vortex microemitters based on WGM microcavities engraved with angular gratings. 
B) A vortex microlaser based on the non-Hermitian photonics design at an exceptional point. C) A spin-controlled vortex microlaser based on the 
optical breaking of time-reversal symmetry in a semiconductor microcavity. D) A tunable vortex microlaser designed based on the properties of total 
momentum conservation, spin–orbit interaction, and optical non-Hermitian symmetry breaking. E) A single photon vortex emitter based on the 
deterministic coupling of single quantum dots to microcavities engraved with angular gratings. F) A plasmonic vortex generator based on sectional 
Archimedean spiral grooves. A) Reproduced with permission.[31] Copyright 2012, American Association for the Advancement of Science. B) Reproduced 
with permission.[32] Copyright 2016, American Association for the Advancement of Science. C) Reproduced with permission.[33] Copyright 2019, The 
Authors, published by Springer Nature. D) Reproduced with permission.[34] Copyright 2020, The Authors, published by American Association for the 
Advancement of Science. E) Reproduced with permission.[35] Copyright 2012, The Authors, published by Springer Nature. F) Reproduced with permis-
sion.[37] Copyright 2017, American Association for the Advancement of Science.
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brightness, OAM purity, complexity, and bulkiness of single 
photon systems. Recently, a bright solid-state single-photon 
OAM source was realized by the deterministic coupling of 
single quantum dots to on-chip microcavities with angular grat-
ings (Figure  6E).[35] This opens the door to fabricate compact 
single-photon OAM sources on a semiconductor chip. The gen-
eration of single photons in an OAM superposition state with 
a single-photon purity of g(2)(0) = 0.115(1) and a collection effi-
ciency of 23(4)% was reported. On the other hand, plasmonics 
opens the possibility of producing subwavelength OAM modes 
in a plasmonic vortex field in the near-field region.[36,37] For 
example, Figure 6F presents a plasmonic vortex generator that 
consists of sectional Archimedean spiral grooves in a gold film, 
which has recently been used to observe the ultrafast dynamics 
of plasmonic vortices.[37] Through precisely controlling the 
number of grooves, as well as the distance between inner and 
outer radii of each groove, plasmonic vortices carrying different 
OAM modes can be created. Both long- and short-range plas-
monic vortices confined to deep subwavelength dimensions 
on the scale of 100 nm have been experimentally characterized 
with nanometer spatial resolution and sub-femtosecond time-
step resolution.[37]

5. OAM Detection in Nanophotonics

In conventional optics, sorting and detecting OAM modes are 
usually achieved from an interferometer in real space,[21,22] spa-
tial filtering in momentum space,[25–27,78] log-polar,[15–17] spiral 
polar,[18] and Laguerre–Gaussian[19] mode transformations. How-
ever, these far-field approaches typically require a large propa-
gation distance to produce OAM-distinct diffraction patterns, 
restricting the OAM detection to diffraction-limited optical sys-
tems that hinder OAM applications for integrated photonics. 
Plasmonics breaks the diffraction limit by allowing subwave-
length localization of light, bridging the size mismatch between 
high-capacity photonics and nanoscale electronics.[45,79,80] Nano-
plasmonic detection[38–43,81–84] of OAM modes have recently 
been achieved through plasmonic structures designed to couple 
incident OAM beams into distinctive plasmonic fields. For 
example, a plasmonic OAM photodiode has been designed to 
detect a single OAM mode based on the principle of near-field 
holography, through the interference of focused surface plasmon 
polaritons and an incident optical vortex field.[38] An incident 
OAM beam with a given topological charge can be converted 
into a focused plasmonic field, under which a subwavelength 
grating array was engraved to transmit the focused plasmonic 
field into a photodetector (Figure  7A). On-chip OAM multi-
plexing of broadband light has been realized from a plasmonic 
chip that consists of OAM mode-sorting nanoring apertures 
and semicircular nanogrooves in a gold thin film (Figure 7B).[40] 
The nanogrooves were designed to convert the incident OAM 
beams into spatially distinct plasmonic fields at the position of 
the mode-sorting nanoring apertures. Four OAM-carrying beams 
were coupled into spatially separate plasmonic vortices that can 
be selectively transmitted through the mode-sorting nanoaper-
ture waveguides to the far-field. Furthermore, the nonresonant 
OAM mode-sorting sensitivity by the nanoring apertures enables 
on-chip OAM multiplexing over a broad bandwidth.

Traditional noble metals such as gold and silver suffer from 
high metal losses due to interband transitions in the ultra-
violet and visible frequency ranges. Topological insulators rep-
resent a new class of plasmonic materials with topologically 
protected electronic surface states and a high refractive index 
bulk state, making them attractive for various applications in 
plasmonics[41,85,86] and condensed matter physics.[41,87] Recently, 
complementary metal–oxide–semiconductor (CMOS)-integrat-
able OAM nanometrology in an ultrathin topological insulator 
film was demonstrated (Figure  7C).[41] Applying the superior 
plasmonic response in an ultrathin Sb2Te3 film to the linear 
displacement engineering of plasmonic OAM modes on a 
nanoscale, a CMOS-integratable OAM nanometrology device 
with a low modal crosstalk of less than −20  dB was demon-
strated. Spatially resolving these plasmonic fields with sub-
wavelength separation distances demands a high numerical 
aperture microscope by collecting the light scattering from 
subwavelength nanoapertures. Alternatively, near-field scan-
ning optical microscopy has been used to directly image the 
OAM-based linear displacement of plasmonic fields with nearly 
120 nm spaced mode intervals (Figure 7D).[39]

Nevertheless, strong dissipation of the highly localized OAM-
distinct plasmonic fields in the near-field region hinders on-
chip OAM transmission and processing. Superior transmission 
efficiency is offered by semiconductor nanowires sustaining 
highly confined optical modes, but only the polarization degree 
of freedom has been utilized for their selective excitation.[88,89] 
Until recently, an OAM-controlled hybrid nanowire plasmonic 
circuit was introduced.[43] Incident OAM beams with different 
topological charges offer a selective response on the excitation 
of single-crystalline cadmium sulfide nanowires, through cou-
pling OAM-distinct plasmonic fields into nanowire waveguides 
for long-distance transportation on-a-chip. For instance, two 
nanowires transferred on a gold film with a splitting angle of 
30° have been used to selectively couple the plasmonic fields 
excited from incident OAM beams of l = −4 and +4 for low-loss 
transportation (Figure  7E). An OAM-controlled optical logic 
operations including AND and OR gates were experimentally 
demonstrated through transferring the OAM signals into pho-
toluminescence signals from nanowires.[43]

To design an OAM-multiplexing chip, it is always important 
to consider both the number of multiplexing channels and 
multiplexing crosstalk. Recently, on-chip spin-Hall nanograt-
ings were developed for simultaneously detecting phase and 
polarization helicities (Figure  7F).[42] This nanograting is sym-
metry-breaking with different periods for the upper and lower 
parts, which enables the unidirectional excitation of the surface 
plasmon polariton depending on the topological charge of the 
incident OAM beam. Additionally, spin-Hall metaslits[90] are 
integrated onto the grating so that the structure has a chiral 
response for polarization detection. However, plasmonic 
devices mentioned so far rely on coupling OAM photons into 
spatially distinct surface plasmon polaritons and converting 
the coupled plasmonic fields into photons again via scattering, 
the latter of which typically involves strong loss. Alternatively, a 
novel concept of OAM-dependent photocurrent detection was 
recently introduced.[44] This is based on the OAM-dependent 
photogalvanic effect: the generated photocurrent is propor-
tional to the helical phase gradient. OAM-carrying incident 

Adv. Mater. 2023, 35, 2106692
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Figure 7.  Nanophotonic devices for the OAM detection. A) Design of an OAM photodiode based on the near-field holography principle. B) An OAM-
multiplexing chip consisting of plasmonic grooves and mode-sorting nanoring apertures. C) An OAM nanometrology chip based on a plasmonic 
topological insulator thin film. D) On-chip OAM sorting based on near-field scanning optical microscopy. E) An OAM-controlled hybrid nanowire circuit 
based on the integration of plasmonic grooves with semiconductor nanowires. F) Design of on-chip spin-Hall nanogratings for on-chip sorting both 
SAM and OAM with small crosstalk. G) An OAM photodetector based on the OAM photogalvanic effect, in which tungsten ditelluride is integrated 
with electrodes for direct characterization of topological charge of different OAM modes. A) Reproduced with permission.[38] Copyright 2012, Springer 
Nature. B) Reproduced with permission.[40] Copyright 2016, American Association for the Advancement of Science. C) Reproduced under the terms 
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[41] Copyright 2017, The Authors, 
published by Springer Nature. D) Reproduced with permission.[39] Copyright 2015, Royal Society of Chemistry. E) Reproduced with permission.[43] Copy-
right 2021, American Chemical Society. F) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).[42] Copyright 2020, The Authors, published Springer Nature. G) Reproduced with permission.[44] Copyright 2020, 
The Authors, published by American Association for the Advancement of Science.
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beams are modulated into left- and right-handed circular polari-
zation states, showing distinctive photocurrent responses that 
are proportional to the OAM topological charge. The electrodes 
were designed into a U shape on tungsten ditelluride substrate 
for collecting the photocurrent signals (Figure 7G).

6. Current Challenges and Future Perspective

Thus far, we have provided a detailed review on nanophotonic 
materials and devices recently developed for the generation and 
detection of twisted light carrying different OAM modes (Fig-
ures  2–7). Even though our highlighted nanophotonic struc-
tures and devices only take up a tiny portion of nanophotonic 
devices developed in the last decade, we anticipate that our 
review could have covered some of major concepts and hope-
fully provided a useful guidance on the material and structure 
choices for twisted light applications. Here, we list and com-
pare some key properties of different metasurface designs that 
could be used for OAM generation in real space (Table 1). It is 
clear to see that high efficiency metasurfaces can be designed 
for both co- and cross-polarization responses in both reflec-
tion and transmission. For reflection metasurfaces, plasmonic 
materials featuring MIM configurations can be applied. For 
transmission metasurfaces, low-loss and high-index dielectric 
meta-atoms featuring an ultrathin thickness (<λ) or a relatively 
large thickness (≈λ) can be designed for Huygens and wave-
guide-type metasurfaces, respectively. However, for the most 
accurate phase digitalization when considering the fabrication 
error, geometric metasurfaces exploiting the rotation-angle-con-
trolled phase response are more desired.

It should be mentioned that metasurface fabrication today 
involves a costly and time-consuming nanofabrication process. 
More specifically, planar metasurface fabrication usually relies 
on the use of electron-beam lithography followed by a reactive-
ion dry etching process, ending up with 2D metasurface of uni-
form height. Even though 3D laser nanoprinting technology 
offers a cheaper solution to fabricate large-scale 3D metasurfaces 
with unlocked height degree of freedom, a relatively low spatial 
resolution (pitch distance ≈1  µm) and a long processing time 
hinder its application for mass production of metasurface 

devices. Nevertheless, 3D laser nanoprinting technology could 
be useful for interfacing metasurfaces with fiber-end surfaces 
for optical fiber functionalization.[91,92] On the other hand, nano-
imprinting lithography may provide a viable approach to pro-
ducing large-scale, low-cost, and high yield metasurfaces,[93–95] 
although it faces two general challenges: overlay alignment and 
template fabrication. In addition to the fabrication challenges, 
most metasurface devices are still passive and unlikely to be 
able to dynamically switch OAM modes. Recent development 
of spatiotemporal OAM beams[96,97] and nonlinear OAM con-
version,[98] as well as active metasurfaces[99,100] promises new 
hopes to address this key challenge in the future.

Although OAM-preserved metasurfaces could be designed 
for parallel OAM generation, detection, and processing in 
momentum space, the number of OAM modes is fundamen-
tally limited by the Nyquist–Shannon sampling theorem and 
diffraction limit of light.[27] This makes a trade-off between 
the number and the highest order of the OAM modes. In 
addition, extending the OAM selectivity from a 2D Fou-
rier plane to 3D momentum space for 3D holography and 
other applications remains a challenge. On the other hand, 
main advantages of the BIC-induced polarization vortices 
in momentum space include robustness, which can be 
destroyed only by a large structural variation in the PhC slab, 
alleviation of coaxial alignment of the incident beam with the 
structure center, as well as unrestricted choice of materials 
for a broad frequency range. However, such systems designed 
near the BIC at the Γ point are typically sensitive to the inci-
dent wavelength and incident angle that may easily break the 
system symmetry.

Apart from metasurfaces developed for twisted light appli-
cations, we compare some key properties of different micro-
cavities and plasmonic structures designed for on-chip OAM 
generation (including OAM lasing) and detection, respectively 
(Table  2). For the OAM generation, it is expected to see the 
future development of more efficient, compact, ultrafast, and 
tunable OAM microcavities that can dynamically switch dif-
ferent OAM modes that are currently limited to a few lower 
orders. For the OAM detection, developing low-loss materials 
for on-chip OAM sorting, implementing the OAM sorting 
structures with optoelectronic components for all-on-chip 
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Table 1.  Comparison of different metasurfaces used for OAM generation. Metasurfaces are divided into four different types: dynamic phase metas-
urfaces, geometric metasurfaces, hybrid metasurfaces (both dynamic and geometric phase responses are used), and photonic crystal (PhC) slabs.

Type Material Meta-atom Efficiency  
[%]

Wavelength  
[µm]

Transmission or  
reflection

Co- or 
cross-polarization

Dynamic[21] Gold V shape ≈75 8 Reflection Cross

Geometric[22] Gold MIM-rect ≈79 0.76 Reflection Cross

Dynamic[53] Silicon Ultrathin disk >50 1.34 Transmission Co

Hybrid[23] Titanium dioxide Rect-nanopillar NA 0.53 Transmission Cross

Dynamic[25] Gallium nitride Circular nanopillar NA 0.63 Transmission Co

Hybrid[27] Polymer Rect-nanopillar NA 0.63 Transmission Cross

Hybrid[24] Titanium dioxide Rect-nanopillar ≈52 0.53 Transmission Cross

PhC[30] Silicon nitride Hole array NA 0.53 Transmission Co

PhC[72] Perovskite Hole array NA 0.55 Transmission Co
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photocurrent OAM detection, building advanced OAM-con-
trolled hybrid nanocircuits for on-chip OAM information 
transmission and processing, will make strong impact on future 
OAM-based photonic chips and communication systems.

In the last decade, nanophotonic materials have been largely 
exploited for twisted-light manipulation, it is outside the 
scope of this review to include all the demonstrated concepts 
in this rapid growing field, readers could also benefit from 
other review articles.[1,8,11,68,101–103] Overall, we believe twisted-
light manipulation in nanophotonics will continue its exciting 
journey by making significant impact not only on fundamental 
understanding of light–matter interactions, but also on wide-
ranging applications that benefit from ultracompact, ultrahigh-
capacity, and ultrahigh-speed OAM systems-on-a-chip.
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