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1. Introduction

Quantum information technologies, considered a major
scientific advancement of the 20th century, have seen impressive
progress in recent decades, especially in the fields of quantum
communication, quantum computing, and quantum metrology.
The fundamental unit of processing in this field is known as a
qubit. In quantum mechanics, a qubit is encoded by two orthog-
onal states, which can be designated as |0〉 and |1〉 respectively.
Different form the classical bit in computer science, a qubit can be

in a superposition state |ψ〉= α|0〉þ β|1〉,
in which α and β denote probability
amplitudes. Such a qubit signifies both 0
and 1 concurrently, unlike classical bits
which can only represent either 0 or 1,
demonstrating the distinctive quantum
parallelism of qubits. Besides, qubits
can be entangled with one another in non-
classical correlations. The presence of
quantum entanglement and quantum par-
allelism enables quantum computing to be
executed in a parallel fashion, leading to a
notably heightened computational speed in
comparison to classical computing, partic-
ularly when a substantial number of qubits
are entangled. Moreover, due to the indivis-
ibility of a single qubit and the no-cloning
theorem of quantum states, the unautho-
rized interception and duplication of quan-

tum states are fundamentally precluded in quantum information
technology. These inherent benefits of quantum information
technologies render them highly auspicious for the advancement
of next-generation information technology. A range of physical
systems can be utilized to implement qubits, such as photons,[1]

quantum dots (QDs),[2] trapped atoms,[3] nuclear magnetic reso-
nance,[4] and superconducting circuits.[5] Among these systems,
photons exhibit relatively weak coupling to their environment,
allowing them to sustain favorable quantum coherence.
Additionally, photons offer various dimensions for encoding
qubits, including path, polarization, phase, frequency, spin angu-
lar momentum (SAM), and orbital angular momentum (OAM).
Photonic qubits can be manipulated and transmitted effortlessly
by ordinary optical elements, making them an ideal carrier of
quantum information. Although traditional optical elements,
such as waveplates, mirrors, and beam splitters et al. can fulfill
the requirements for controlling photonic qubits in free-space
applications, their large size, intricate alignment procedure,
and limited mechanical durability make them incompatible with
the ongoing trend of miniaturization and integration in quantum
information systems. Fortunately, the rapid advancement of
metasurfaces, a recently proposed type of compact photonic
devices, has presented a pivotal breakthrough in addressing this
dilemma.

In 2011, Yu and Capasso et al. formulated the generalized
Snell’s law and realized anomalous reflection and refraction
by fabricating V-shaped gold antennas with spatially varying
phase responses.[6] This breakthrough marked the beginning
of metasurfaces, which are sophisticated artificial nanostructure
arrays with subwavelength spatial resolutions. Over the past
decade, metasurfaces have emerged as a research hotspot due
to their excellent capabilities for the precise manipulation of
light’s amplitude, phase, and polarization.[7] The basic building
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In recent decades, quantum information technologies have attracted significant
attention and experienced rapid development due to their ultrafast processing
speeds and high level of information security. A significant trend in this field of
study involves the ongoing pursuit of integrating and miniaturizing quantum
devices. Metasurfaces, which are artificially designed planar nanostructure arrays
with versatile wavefront shaping capabilities, present a promising platform
for the development of integrated photonic quantum devices by effectively
controlling quantum light in multiple degrees of freedom. In this review,
recent advances in the field of quantum photonics facilitated by metasurfaces,
encompassing quantum light sources, manipulation and measurement of
quantum states, and the intriguing functionalities of quantum metasurfaces, are
summarized. Additionally, potential future directions for the advancement of
quantum metasurfaces are discussed.
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blocks of metasurfaces are referred to as meta-atoms, which are
subwavelength resonators typically made of dielectric or metallic
materials. In contrast to conventional optical elements that
manipulate light through accumulated phase changes along dif-
ferent optical paths, metasurfaces with ultrathin thicknesses
shape the wavefronts of light by leveraging the localized
resonant or nonresonant modes of electromagnetic fields in the
meta-atoms. Despite the discrete nature of meta-atoms, the manip-
ulation of light by metasurfaces can be regarded as quasicontinu-
ous because of their subwavelength sizes. The physical principles
governing phase control in metasurfaces can be classified into
three categories: resonant phase,[8] propagation phase,[9] and geo-
metric phase.[10] The resonant phase and propagation phase
depend on the shape and size of meta-atoms, while the geometric
phase is influenced by the spatial orientation of meta-atoms.
Metasurfaces have been extensively employed to substitute conven-
tional waveplates, lenses, gratings, holograms, and vortex beam
generators due to their lightweight, ultracompact, integratable,
robust, and multifunctional characteristics enabled by the unparal-
leled design flexibility of meta-atoms.[11] Especially in recent years,
research on metasurfaces has expanded beyond the realm of
classical optics, sparking growing interest in incorporating these
versatile metasurfaces into the field of quantum photonics.

In this review, we provide a summary of the recent advances in
metasurface-empowered quantum photonics. As depicted in
Figure 1, notable progress has been made in three primary
aspects, including quantum light sources, manipulation of quan-
tum states, and unusual quantum functionalities. There are two
kinds of metasurface-assisted quantum light sources: one is
founded on quantum emitters (QEs) that generate single photons
through spontaneous emission, while the other relies on nonlin-
ear crystals that produce entangled photon pairs utilizing the pro-
cess of spontaneous parametric downconversion (SPDC). The
QEs integrated with metasurfaces or nanostructure antennas
can be QDs,[12] 2D materials,[13] and color centers within nano-
diamonds et al.[14] As for the photon-pair sources, the nonlinear
crystal films are combined with dielectric metasurfaces[15] or
directly molded into meta-atom arrays.[16] The manipulation of
quantum states via metasurfaces primarily focuses on the distil-
lation,[17] generation,[18] transformation, and distribution of
quantum entangled states.[19] Metasurfaces can also be used to
construct multiple projection bases to achieve the measurement
of quantum states.[20] Moreover, metasurfaces are capable of
achieving various intriguing functionalities, such as quantum
imaging,[21] coherent perfect absorption of quantum light,[22]

quantum sensing,[23] and quantum weak measurements.[24]

Figure 1. Metasurface-empowered quantum photonics. Schematic representation of the three major areas where metasurfaces can be utilized in quan-
tum photonics, including quantum light sources (top), manipulation of quantum states (bottom left), and quantum functionalities (bottom right).
Metasurface-assisted quantum light sources are classified into two categories: QEs for single photons (e.g., 2D materials[13] and color centers in dia-
monds,[14] top left) and nonlinear crystals for photon pairs (top right). Reproduced with permission.[13,14] Copyright 2020, American Chemical Society
(ACS), and Copyright 2018, Optical Society of America (OSA). Nonlinear crystals can be combined with metasurfaces[15a] or directly fabricated into
metasurfaces.[16b] Reproduced with permission.[15a] Copyright 2020, American Association for the Advancement of Science (AAAS). Reproduced under
terms of the CC–BY license.[16b] Copyright 2023, The Authors, published by Royal Society of Chemistry (RSC). Metasurfaces are also harnessed to dynam-
ically control quantum states[17b] and create entangled states.[18] Reproduced under terms of the CC–BY license.[17b] Copyright 2022, The Authors, pub-
lished by Springer Nature. Reproduced with permission.[18] Copyright 2018, AAAS. The detection of quantum light enabled by metasurfaces allows for
many novel functionalities, including imaging,[21] coherent perfect absorption,[22] et al. Reproduced under terms of the CC–BY license.[21] Copyright 2020,
The Authors, published by AAAS. Reproduced under terms of the CC–BY license.[22] Copyright 2015, The Authors, published by Springer Nature.
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2. Quantum Light Sources

Quantum light sources are essential components of quantum
information technologies, producing individual photons that
serve as carriers of qubits. The single-photon emitters (SPEs)
and SPDC photon-pair sources are two of the most readily
accessible quantum light sources in laboratory settings. The for-
mer contains single atoms,[25] single-dye molecules,[26] QDs,[27]

defects in 2D materials,[28] and color centers in diamonds
et al.[29] SPEs can transition from the ground state to the excited
state when stimulated by pumpwaves, followed by a spontaneous
return to the ground state accompanied by the emission of a pho-
ton. Generally speaking, there are three essential factors to eval-
uate the performance of a SPE: the indistinguishability of
generated photons, unicity, and emission efficiency. The concept
of indistinguishability implies that all produced photons share
the same quantum states and carry identical quantum informa-
tion. The unicity requires that the source emits no more than one
photon during a specified clock cycle, which excludes the possi-
bility of two photons arriving at the detectors simultaneously, a
phenomenon known as photon antibunching.[30] This single-
photon emission characteristic is typically evaluated through a
Hanbury Brown–Twiss experiment to measure the second-order
correlation function g(2)(t) of photons emitted from the SPE.[31]

Generally speaking, a light source with g(2)(0)< 0.5 can be
identified as a SPE. In contrast, the emission of photon pairs
from nonlinear crystals is enabled by the process of SPDC, in

which a single photon from the pump wave splits into two highly
correlated daughter photons known as signal and idler photons.
The signal and idler photons born at the same time and their
momenta and frequencies are correlated by the phase-matching
condition and energy conservation, respectively. Regrettably,
both spontaneous emission and SPDC process exhibit inherent
inefficiency. To address this issue, various metasurfaces have
been proposed to efficiently collect emitted photons or induce
resonances to amplify the local electromagnetic field in the
vicinity of the QEs for facilitating the spontaneous emission
in quantum light sources.[32]

2.1. SPEs Integrated with Metasurfaces

It is well known that the emission characteristics of SPEs can be
approximated to those of electric dipoles. In other words, pho-
tons emitted from the free-standing emitters are radiated in
all directions, which seriously impedes their collection and colli-
mation. One feasible solution is demonstrated in Figure 2a.[33] A
monolithic immersion metalens, composed of nanopillars, is
etched onto the surface of a diamond substrate that contains a
nitrogen-vacancy (NV) center located about 20 μm underneath
the surface. The presence of the metalens can effectively sup-
press the refraction and reflection caused by the air/diamond
interface. Taking advantage of the high refractive index of
the diamond substrate, this ingenious design utilizes the
diamond substrate as an immersion medium for the metalens,

Figure 2. SPEs integrated with metasurfaces. a) Monolithic immersion metalens for enhancing single-photon collection and collimation of an NV center.
Reproduced under terms of the CC–BY license.[33] Copyright 2019, The Authors, published by Springer Nature. b) Bifocal metalens for spin-state splitting
and enhancement of single-photon emission. Reproduced under terms of the CC–BY license.[27] Copyright 2020, The Authors, published by AAAS.
c) Metasurface-enabled structuring of single-photon emission in multiple DOFs. Reproduced under terms of the CC–BY license.[34] Copyright 2023,
The Authors, published by Springer. d) OAM-encoded SPE based on photon–plasmon–photon conversion process. Reproduced under terms of the
CC–BY license.[29] Copyright 2022, The Authors, published by AAAS. e) Multichannel SPE with free controls of independent SAMs and LMs.
f ) Measured 3D scattered field intensity distributions of the proposed multichannel SPE in e). (e,f ) Reproduced with permission.[12] Copyright
2023, Wiley-VCH GmbH.
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contributing to a high numerical aperture (NA: ≈1.0) of the met-
alens. As a result, the metalens not only allows for imaging of the
NV center but also facilitates efficient collection and collimation
of its emission. Likewise, Bao et al. proposed a spin-splitting bifo-
cal metalens to manipulate the spin state of single photons emit-
ted from a QD.[27] Compared to the last design, this metalens has
an additional attractive function: it can split the single-photon
emission into two arbitrary directions with opposite spin states.
As shown in Figure 2b, a QD is embedded in the middle dielec-
tric layer within a metal–dielectric–metalens structure, where the
metal layer operates as a mirror to reflect the downward propa-
gating photons. The splitting of spin states is achieved by a geo-
metric phase metasurface. The emission from the QD with
random polarization can be decomposed to right and left circular
polarizations (RCP and LCP). Therefore, when the RCP and LCP
components pass through the metasurface, they are converted to
the opposite circular polarizations and emitted in two desired
directions (denoted by θ1 and θ2 shown in the inset). The total
energy emitted by the QD has four dissipative channels: upward
scattering through the metasurface, scattering along the dielec-
tric layer, absorption by the metasurface, and absorption by the
metal layer. Since only the first term contributes to the desired
single-photon beam, the photon collection efficiency of this
source is defined as the proportion of the energy of the first
channel in the total energy. To maximize the photon collection
efficiency, the positions of both the QD and its mirror image are
precisely aligned with two focal points of the metalens.
Compared to a structure with only a metasurface and no metal
mirror, the peak intensity of far-field scattered light in a complete
structure is doubled. Thus, the introduction of the metal mirror
significantly enhances the collection of QD emissions, resulting
in a 32% collection efficiency. This method allows for the simul-
taneous manipulation of single-photon emission in two degrees
of freedom (DOFs)—SAM and path. Lately, the manipulated
DOFs of single-photon emission have been further extended
to include polarization and OAM.[34] The highest DOFs yet in
manipulating single-photon emission have been achieved by a
multifunctional metalens based on the propagation phase prin-
ciple. As shown in Figure 2c, the metalens is composed of
cuboid-shaped meta-atoms arranged in a square lattice. The indi-
vidual meta-atom with a fixed height operates as a truncated rect-
angular waveguide, and its birefringence property can be
adjusted by varying its transverse sizes. Consequently, indepen-
dent wavefronts can be encoded in two orthogonal polarized
components of the hBN single-photon emission. By combining
the phase profiles of a polarization-selective grating and a lens
into one metasurface, the single-photon emission can be col-
lected and split into two directions with orthogonal linear polar-
izations. Furthermore, substituting the phase profile of the
polarization-selective grating with that of a vortex grating results
in the generation of distinct OAM modes with orthogonal
polarizations in two emission channels.

Another configuration is to place the metasurfaces on the
same plane as the SPEs, which is typically associated with the
excitation of surface plasmon polaritons (SPPs). Figure 2d
depicts a layer-by-layer representation of an OAM-encoded
SPE, which consists of a SiO2-coated Ag substrate and a spiral
grating containing a centrally located NV center.[29] The NV cen-
ter is carefully selected through luminescence measurements to

ensure that its transition dipole is normal to the substrate surface
for maximizing the single-photon emission efficiency. Once the
selected NV center is pumped by a tightly focused radially polar-
ized laser beam, the resulting single-photon emission will excite
radially diverging SPPs supported by the air–SiO2–Ag interface.
After propagating over azimuthally varied distances, the SPPs are
outcoupled by the Archimedean spiral grating as well-collimated
single photons. Based on numerical analysis, the far-field polari-
zation state of generated single photons can be denoted by
|ψm〉= (|R〉|mþ 1〉� |L〉|m� 1〉)/

p
2, where m is the arm num-

ber of the Archimedean spiral grating, |R〉 and |L〉 represent the
RCP and LCP states, |m〉 represents the OAM state with a topo-
logical charge of m. Obviously, this study clearly demonstrates a
practical method for producing well-collimated single photons
carrying SAM–OAM entangled states. For the designed one-
armed OAM-encoded SPE, the simulation results reveal that
78.4% of the total single photons produced by the source are
transformed into SPPs. Only 38.2% of these SPPs are scattered
by the spiral grating to produce the desired vortex beam, while
the rest is either absorbed or continues as SPPs. In addition, Jia
et al. proposed an alternative metasurface for outcoupling the
SPPs excited by the emitted single photons from a CdSe QD,
as shown in Figure 2e.[12] The basic nanoscatterer consists of
two identical nanogrooves etched into the metal film. By adjust-
ing the orientations and radial distance of two nanogrooves, their
respective scattered linearly polarized (LP) lights can be super-
posed into arbitrary polarization states, including circular polar-
izations. The nanoscatterers are arranged to manipulate the
emission directions (corresponding to linear momentums,
LMs) based on the constructive interference condition of the scat-
tered field. Figure 2f shows the experimental far-field scattered
light distribution from a clover-shaped metasurface designed
using the aforementioned principle, with the color indicating
the chirality. The SAM-encoded single photons exhibit three
emission directions, with two of them being filled by single pho-
tons in LCP (SAM=þ ħ) and the remaining direction being
filled by single photons in RCP (SAM=� ħ). Compared to
the SPE-metalens configurations depicted in Figure 2a–c, the
final two schemes may demonstrate reduced emission efficiency
as a result of unavoidable Joule losses in plasmonic metasurfa-
ces. Nevertheless, the coplanar positioning of the SPE and meta-
surface streamlines their alignment and fabrication procedures
following the selection and marking of the SPE. Furthermore, it
should be emphasized that all the measured g(2)(0) of SPEs
discussed above is significantly less than 0.5, indicating that
the single-photon emission characteristics of SPEs are well
preserved after integration with the metasurfaces.

2.2. SPDC Photon-Pair Sources

One straightforward approach to enhance the probabilistic
emission of photon-pair is to employ nonlinear crystals with
high second-order susceptibilities χ(2), which plays a crucial role
in the SPDC process. However, the miniaturization of photon-
pair sources involves a tradeoff between compactness and the
generation rate of photon pairs, as a result of the decreased
volume of nonlinear crystals. From the perspective of quantum
mechanics, the spontaneous transition of a quantum light source

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2024, 2300352 2300352 (4 of 16) © 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202300352, W

iley O
nline L

ibrary on [21/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


is stimulated by the quantum vacuum field, and the transition
probability scales with the density of states. By inducing various
resonances in metasurfaces to increase the density of states, one
can strengthen the quantum vacuum field and thus facilitate the
SPDC process.[35]

For example, Santiago-Cruz et al. proposed leveraging the
Mie-like resonance in the lithium niobate (LN, with a high
χ(2)) metasurface to boost the SPDC process.[16a] As shown in
Figure 3a, the metasurface is composed of truncated pyramids
etched from a LN film on a transparent substrate. The pump
laser is injected from the substrate side, and the photon pairs
are collected in a reflective manner. The results show a 130-fold
enhancement in photon-pair generation compared to the unpat-
terned LN film, attributed to the electric resonance in the LN
metasurface. Besides, the spectrum of the emitted photon pairs
can be effectively tuned by controlling the detuning wavelength
between the electric resonance and SPDC degenerate wave-
length. Son et al. designed a GaP metasurface that supports a
quasi-bound state in the continuum (quasi-BIC) resonance to
enhance photon-pair generation and split the single and idler
photons in opposite directions.[16b] As shown in Figure 3b,
the basic unit of the metasurface consists of two elliptical nano-
cylinders. Tilting two ellipses with respect to each other leads to
the emergence of a high-Q-factor quasi-BIC resonance within the
metasurface, resulting in a net in-plane electric dipole and
opening a leaky channel for photon-pair emission. Due to the
amplified density of states at the resonance wavelength, the
photon-pair generation rate of the metasurface is significantly
enhanced by a factor of 67 compared to that of an unetched

GaP film with the same thickness. The emission directivities
of the signal and idler photons are further investigated using
the experimental setup depicted in Figure 3c. By connecting
ports A and E to individual single-photon detectors, the for-
ward–backward emission geometry (one photon is emitted for-
ward and the other is emitted backward) is studied. For the
two unidirectional cases (forward–forward and backward–back-
ward), a fiber splitter is used to separate the photon pairs into
two single-photon detectors. According to the coincidence counts
obtained from three emission geometries, it is determined that
the majority (56%) of the generated photon pairs prefer to be
emitted bidirectionally. This is an intriguing phenomenon that
has never been observed before in metasurface-based SPDC
sources. Furthermore, the use of nonlocal guided-mode resonan-
ces leads to a significantly higher spectral brightness of emitted
photon pairs compared to the previously mentioned localized
resonances.[15b] Figure 3d shows the sketch of the proposed pho-
ton-pair source, which features a thin LN film coated with a silica
metagrating. The proposed design eliminates the need for an
etching process on the LN film and ensures the preservation
of its total volume. The electric field intensity in the LN film
is significantly enhanced due to the metagrating-supported
guided-mode resonances, effectively promoting the transverse
phase matching of the SPDC process. Meanwhile, the longitudi-
nal phase matching condition is relaxed because of the subwa-
velength thickness of the LN film.[36] It should be noted that
in other metasurface-based SPDC photon-pair sources character-
ized by subwavelength thicknesses, the requirement for longitu-
dinal phase matching can also be alleviated by exploiting the

Figure 3. Metasurface-based SPDC photon-pair sources. a) Reflective nonlinear metasurface for enhancing photon-pair emission via Mie-like resonan-
ces. Reproduced under terms of the CC-BY license.[16a] Copyright 2021, The Authors, published by ACS. b) Bidirectional emission of photon pairs from a
resonant nonlinear metasurface. c) The experimental setup for examining the bidirectionality in (b). (b,c) Reproduced under terms of the CC-BY licen-
se.[16b] Copyright 2023, The Authors, published by Royal Society of Chemistry (RSC). d) Photon-pair emission enhancement leveraging the nonlocal
resonance in a LN nanofilm incorporated with a dielectric metagrating. e) Coincidence histograms of SPDC photon pairs from the sources in (d)
and an unpatterned LN film with the same thickness. (d,e) Reproduced under terms of the CC-BY license.[15b] Copyright 2020, The Authors, published
by AAAS. f ) Nonlinear metasurface supporting quasi-BIC resonance for generating complex quantum states. Reproduced with permission.[16c] Copyright
2022, AAAS.
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position–momentum uncertainty relation of the generated
photons.[37] The coincidence counts of the SPDC photon pairs
depicted in Figure 3e manifest a 450-fold enhancement in the
photon-pair generation rate. In addition to facilitating the
SPDC process, metasurface-supported resonances also have
the capability to regulate the SPDC spectrum, especially in terms
of their potential for creating complex quantum states. Santiago-
Cruz et al. demonstrated that a carefully designed GaAs metasur-
face possessing a high χ(2) has significant potential in quantum
state engineering.[16c] As shown in Figure 3f, the metasurface is
composed of GaAs nanoblocks arranged in a square lattice. Each
nanoblock is designed as a cube with a small notch to introduce
structural asymmetry for exciting high-Q-factor quasi-BIC reso-
nance in the metasurface. Due to the enhancement of the quan-
tum vacuum field induced by the high-Q-factor resonance, the
SPDC efficiency is three orders of magnitude higher than that
in a GaAs film of the same thickness. It’s found that altering
the wavelength and polarization of the pump laser, or the spectral
location of the resonances, results in the generation of frequency-
degenerate and nondegenerate narrowband photon pairs without
significant efficiency fluctuations. Moreover, by exploiting
the single resonance or multiple resonances in a uniform or mul-
tipatch metasurface, it is possible to generate nondegenerate
photon pairs at multiple frequencies, bringing forth complex
quantum states, including cluster states. These findings reveal
a novel nanoscale quantum source for generating complex
entangled states, which is promising for facilitating the miniatur-
ization of quantum information processing.

Table 1 provides a clear and intuitive comparison of the var-
iances in the operational mechanisms and performance of the
photon-pair sources depicted in Figure 3. The photon-pair gen-
eration rate, a critical performance metric, is determined by
dividing the coincident photon pair counts per unit time by
the power of the pump light. Although the generation rates
are low due to the subwavelength thickness of the metasurface-
based sources compared to bulk sources, the resonance enhance-
ment effect ensures that the generation rates remain significant.
In general, integrating metasurfaces with photon-pair sources
conforms to the miniaturization trends in quantum optics
and opens up new possibilities for enhancing emission efficiency
and directing photon streams by leveraging a range of
resonances supported by metasurfaces.

2.3. Quantum Vacuum Engineering Dictated by Metasurfaces

Additionally, metasurfaces can be exploited to create an aniso-
tropic quantum vacuum (AQV) for regulating the spontaneous
radiation characteristics of multilevel QEs over a macroscopic
distance. This regulation is the consequence of quantum

interference among different radiative decay channels of a QE
with nearly degenerate excited sates. In an isotropic quantum
vacuum, quantum interference strictly requires nonorthogonal
transition dipole moments, which is difficult to achieve for
atomic QEs.[38] To overcome this constraint, researchers have
proposed several theoretical methods for creating an AQV near
an atomic QE for achieving quantum interference with orthogo-
nal transition dipole moments, such as putting a multilevel atom
in a multilayer dielectric medium[39] or near-metallic nanostruc-
tures.[40] In all of these efforts, the precise control and addressing
of multilevel atoms in the near field of optical nanostructures
pose significant challenges. Metasurfaces with remarkable ability
of phase control offer realistic opportunities for engineering the
quantum vacuum over macroscopic distances.[41] As shown in
Figure 4a, Jha et al. designed a polarization-dependent plasmonic
metasurface to create an AQV near the atomic QE situated in the
far field. The QE is a three-level atom in a V configuration with
two degenerate excited states |a1〉 and |a2〉 and one ground state
|b〉. As shown in Figure 4b, the incident y–z polarized light
experiences mirror reflection at the metasurface, while the
incident x-polarized light is reflected back to the source. When
placing a two-level QE with in-plane (x–y plane) transition dipole
at the focal point of the metasurface, the calculated radiative decay
rate varies distinctly with the orientation of dipole, which verifies
the presence of AQV over a long distance from the metasurface. It
should be noted that the focal length of the metasurface is much
larger than the wavelength. When replacing the two-level atom
with a three-level atom, quantum interference between two
orthogonal transitions (|a1〉! |b〉 and |a2〉! |b〉) emerges, result-
ing in abnormal excited state populations. As plotted in Figure 4c,
the population of the excited state |a1〉 decays exponentially and the
population of state |a2〉 remains at 0 when the atom is placed in an
isotropic quantum vacuum. In contrast, with the metasurface-
engineered AQV, the decay of the state |a1〉 population slows
down, and the population of the state |a2〉 becomes nonzero.
These findings indicate that metasurfaces can serve as an unex-
pected tool to regulate the radiation characteristics of atomic
QEs based on the AQV-induced quantum interference.

Analogously, the metasurface-engineered AQV can further be
exploited to realize the exciton valley coherence in transition
metal dichalcogenide (TMDC) monolayers.[42] It is known that
the TMDC monolayers possess direct bandgaps located at the
energy-degenerate K and K 0 valleys at the corners of the hexago-
nal Brillouin zone.[43] As a long-sought goal in valleytronics, the
coherent manipulation of excitons (Coulomb-bound electron–
hole pairs) in K and K 0 valleys has been vastly researched,
because it may provide a new dimension for quantum informa-
tion encoding and processing, namely valley degree of freedom.
However, due to the valley-dependent optical selection rule of

Table 1. Comparison of the photon-pair generation rates of the SPDC photon-pair sources illustrated in Figure 3.

References Material Resonance Photon-pair wavelength [nm] Thickness [nm] Rate [mHzmW�1] Enhancement

[15b] LiNbO3 Guided-mode ≈1570 304 21 450

[16a] LiNbO3 Mie-like ≈1576 680 77 130

[16b] GaP Quasi-BIC ≈1188 150 3.4 67

[16c] GaAs Quasi-BIC 1446.8 320 8 >103
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excitons in TMDC monolayers, the interband transition of exci-
tons in the K (K 0) valley can only be excited by LCP (RCP) pho-
tons.[44] Thus, the interband transition in the K valley emitting
LCP photons cannot excite the exciton transition in the orthogo-
nal K 0 valley, making the coherence of excitons between the K
and K 0 valleys naturally impossible in free space. To tackle this
issue, Jha et al. innovatively proposed using a polarization-depen-
dent metasurface to achieve exciton intervalley coherence in
TMDC monolayers, as shown in Figure 4d. The electron–hole
pairs in degenerate valleys in a TMDC monolayer can be
modeled as an in-plane excitonic circularly polarized dipole with
a V-shaped energy-level configuration. The geometric phase
metasurface is designed to refocus the emission of the excitonic
dipole to its origin for both x- and y-polarized dipoles (refer to
Figure 4e). The imaginary part of the scattered field is enhanced,
while the real part is suppressed. It can be seen from the insets in
Figure 4e that such a design minimizes the imaginary part of
the scattered field for an x-polarized dipole (maximizes for a
y-polarized dipole) at the dipole position, resulting in an engi-
neered AQV represented by two unequal normalized decay rates
γxx (0.53) and γyy (1.47). The AQV-mediated coupling parameter
κ, which describes the coupling between two orthogonal transi-
tions in K and K 0 valleys (as shown in the inset of Figure 4d),
is given by κ= (γxx� γyy)/2. Only when κ is nonzero does the
exciton intervalley coherence emerge. The calculated exciton

populations in different valleys are plotted in Figure 4f.
Clearly, the situations are quite similar to those in Figure 4c.
In free space, the population of K valley excitons (dashed line)
decays exponentially, while K 0 valley excitons do not appear.
When the TMDCmonolayer is placed in an AQV, the population
decay of K valley excitons is suppressed. The K 0 valley excitons
initially increase and then decrease slowly (solid lines), indicating
the generation of exciton intervalley coherence. Other than the
previously reported schemes that require external coherent
fields,[45] the metasurface-based AQV breaks the limit of
valley-dependent optical selection rules and may promote the
development of novel valleytronic devices.

3. Manipulation and Measurement of Photonic
Quantum States

As the heart of quantum information processing, coherent
manipulation of quantum states is indispensable for implement-
ing quantum logic gates and quantum algorithms. Typically,
these manipulations are performed on entangled states. When
considering the manipulation of entangled states, a primary con-
cern arises regarding whether the metasurface will disrupt the
quantum entanglement. To figure this out, Altewischer et al.
placed two perforated plasmonic metasurfaces separately on

Figure 4. Far-field AQV-induced quantum interference based on metasurfaces. a) Schematic illustration of metasurface-enabled macroscopic quantum
vacuum engineering. b) Polarization-dependent response of the metasurface proposed in (a). c) Population evolution of excited states of a three-level
atom with normalized time γ0t. (a–c) Reproduced with permission.[41] Copyright 2015, American Physical Society (APS). d) Spontaneous generation of
valley coherence in TMDCmonolayer enabled by a metasurface-engineered AQV. e) Simulated scattered field intensity distribution of x-polarized excitonic
dipole, where the metasurface is represented by bottom gray zone. The left inset shows the nondegenerate imaginary part of scattered field for x- and
y-polarized dipoles. The right inset depicts the normalized decay rates for x- (γxx) and y-polarized dipoles (γyy). f ) Population evolution of excitons in K and
K 0 valleys with normalized time γ0t, with (solid lines) and without (dashed line) a metasurface-engineered AQV. (d–f ) Reproduced with permission.[42]

Copyright 2018, APS.
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two paths of entangled photon pairs and detected the transmitted
photons.[46] According to the two-photon coincidence counting
measurement, it was first demonstrated that entanglement
can survive in the interaction between photons and metasurfa-
ces, even in the presence of significant metallic loss. Hence-
forth, the exploration of metasurfaces for quantum state
manipulation has expanded beyond plasmonic and dielectric
metasurfaces[17a,18,20b,47] to include composite nonlinear
metasurfaces.[17b]

For instance, Zhang et al. designed a composite nonlinear
metasurface, as shown in the inset of Figure 1 (labeled “dynamic
control”), to achieve all-optical control and distillation of quan-
tum states.[17b] The metallic split ring slit array is coated with
a polymer film containing ethyl red, a type of nonlinear photo-
isomeric material. Under the illumination of a control laser, the

molecular chains of ethyl red fold, resulting in a reversible
decrease in the refractive index of the polymer film and further
tuning the plasmonic resonance of the metasurface. Thus, the
anisotropic responses of the nonlinear metasurface, such as
the transmission efficiencies and phase delay of orthogonally
polarized photons, can be efficiently tuned by optically switching
the ethyl red between its two isomeric states. Figure 5a shows the
conceptual scheme for dynamically controlling entangled states
using the nonlinear metasurface. A polarization-entangled two-
photon state is achieved by pumping a pair of SPDC crystals
stacked with their optical axes being orthogonal to each other.
The entanglement is intentionally reduced by inserting a
birefringent crystal in the path of the signal photon. The signal
photon is then sent to pass through the nonlinear metasurface,
while the idler photon is directly detected to herald the

Figure 5. Manipulation and measurement of quantum states assisted by metasurfaces. a) All-optical control of quantum entangled states by a composite
nonlinear metasurface. b) The density matrices of the initial nonmaximally entangled state and distilled maximally entangled state after applying control
light on the metasurface. (a,b) Reproduced under terms of the CC–BY license.[17b] Copyright 2022, The Authors, published by Springer
Nature. c) Generation of high-dimensional entanglement through the geometric phase metasurface-induced spin–orbital interaction. Reproduced with
permission.[49] Copyright 2022, OSA. d) Entanglement distribution and transformation via two GSI metasurfaces. e) Experimental setup for verifying the
generation of M�N distributed entangled states. f ) The reconstructed density matrices of two output states obtained from the designed 2� 2
entanglement distributor. (d–f ) Reproduced with permission.[19] Copyright 2022, APS. g) Multiphoton polarization quantum state measurement using
dielectric metasurface composed of multiple interleaved metagratings. Reproduced with permission.[20a] Copyright 2018, AAAS. h) Binary-pixel metasur-
face enabled complete measurement of polarization Bell state. The right panel showcases the two supercells of each metasurface and their functions.
Reproduced under terms of the CC-BY license.[20b] Copyright 2023, The Authors, published by De Gruyter. i) Multiplexing metasurface for the measure-
ment of single-photon OAM states. Reproduced with permission.[20c] Copyright 2023, ACS.
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presence of the signal photon. By performing quantum state
tomography,[48] Figure 5b shows the measured density matrix
ρ of the entangled two-photon state with (upper panel) and with-
out (lower panel) irradiating a control light onto the nonlinear
metasurface. The initial unbalanced four corner elements in
the real part of ρ become more balanced, and the original non-
zero two antidiagonal elements in the imaginary part of ρ
approach zero. In other words, the nonmaximally entangled state
is almost restored to a Bell state, which has the highest degree of
entanglement, confirming the entanglement distillation enabled
by the optically switched nonlinear metasurface. This discovery
provides valuable guidance for solving quantum state degrada-
tion caused by decoherence and dissipation in practical quantum
systems.

It’s worth noting that quantum entanglement exists not only
between photon pairs generated in SPDC, but also between dif-
ferent DOFs of a single photon.[18] For instance, a geometric
phase metasurface is devised to mimic the action of a liquid crys-
tal q-plate, as shown in the inset of Figure 1 (labeled “Generation
of entanglement”). Capitalizing on the optical spin–orbit interac-
tion caused by the metasurface, the quantum state of a single
horizontally or vertically polarized photon with zero OAM can
be transformed into a Bell state encoded in the dimensions of
SAM and OAM. Based on this study, Li et al. proposed amodified
geometric phase metasurface to manipulate one of the
polarization-entangled photons for generating high-dimensional
entanglement.[49] As shown in Figure 5c, the metasurface seam-
lessly combines the functionalities of a q-plate and a polarization
grating. The LCP (RCP) photons pass through the metasurface
and are converted into RCP (LCP) vortex photons that propagate
along the þ1st (�1st) diffraction order with a topological charge
of 2q (�2q). In this way, a two-photon state generated by a
bidirectionally pumped SPDC source, (|R〉|R〉þ |L〉|L〉/

p
2, is

transformed into (|R〉|2q〉|a〉|L〉þ |L〉|� 2q〉|b〉|R〉)/
p
2, a high-

dimensional four-qubit state, where a (b) denotes the photon
path corresponding to the þ1st (�1st) diffraction. This multi-
functional metasurface provides a convenient framework to
encode quantum information across multiple DOFs of photons,
potentially enhancing the capacity and security of quantum
communication.

Apart from the distillation and generation, the transformation
and distribution of quantum entanglement can also be con-
ducted by meticulously designed metasurfaces. Gao et al.
reported a metasurface known as geometrical-scaling-induced
(GSI) metasurface, which diffracts the LP incident light into dif-
ferent diffraction orders with different polarization states.[50] The
GSI metasurface is composed of birefringent resonators, each of
which converts LP light into a circularly polarized state and
imparts a GSI phase determined by the geometrical features
of the resonator. The superposition of all the diffraction fields
from each resonator results in the desired combinations of out-
put beams. The polarizations and propagation direction of these
beams can be controlled by the enantiomorphism, size, spatial
sequence, and the period of resonators in the metasurface super-
cell. Soon after, the GSI metasurface was introduced into the
field of quantum photonics.[19] As shown in Figure 5d, the
polarization-entangled photon pairs are spatially separated and
directed toward two different GSI metasurfaces, MS1 (with M
diffraction orders) and MS2 (with N diffraction orders). Each

diffraction order is considered as a distinct output channel.
The two entangled photons may be respectively diffracted out
from any channel of MS1 and MS2, leading to M�N channel
pairs for the transformation and distribution of quantum entan-
glement. By elaborately designing the resonators in the unified
supercell, the entangled state distributed to each channel pair
appears as a Bell state or a superposition of Bell states. Bell states
refer to four maximally entangled states of a two-qubit system,
denoted as |ϕ�〉= (|0〉A|0〉B� |1〉A|1〉B)/

p
2 and |ψ�〉= (|0〉A|

1〉B� |1〉A|0〉B)/
p
2, where the subscripts A and B represent

two different qubits. These four orthonormal Bell states form
a complete basis to describe a two-qubit system and provide a
valuable platform for implementing diverse quantum informa-
tion technologies. Figure 5e depicts the experimental setup for
generating, transforming and distributing, as well as detecting
the two-photon entangled states. The original two-photon Bell
state |ψþ〉= (|HV〉þ |VH〉)/

p
2 is produced by bidirectionally

pumping a periodically poled SPDC crystal embedded in a
Sagnac interferometer.[51] Then, the polarization beam splitter
(PBS) separates two entangled photons, which are then trans-
formed and distributed by two metasurfaces, respectively.
Finally, the entangled states distributed to each output channel
pair are measured through quantum state tomography. The 2� 2
and 4� 4 entanglement distributors are designed and fabricated
to manipulate two entangled photons in the two paths. As a
result, under the illumination of the entangled photon pairs
in the Bell state |ψþ〉, the 2� 2 distributor operates as a Bell state
generator, distributing four Bell states to four different channel
pairs. Two of the reconstructed density matrices are demon-
strated in Figure 5f, both showing high fidelities compared to
the ideal entangled states. In order to quantitatively describe
the efficiency of entanglement distribution for each channel pair,
the authors define it as the ratio of the two-photon coincidence
counts of that channel pair to that of the photon pair source. For
the 2� 2 distributor, the efficiencies of each channel pair are
measured as 9.95%, 9.93%, 7.11%, and 6.86%, respectively.
The overall transmission efficiency of the metasurface is
33.26%. In the case of the 4� 4 distributor, it is verified that
the consequent entangled states of the 16 channel pairs contain
four Bell states, 8 superpositions of 2 Bell states, and 4 superpo-
sitions of all Bell states. The average efficiency of the 16 channel
pairs is measured as 2.22%, and the overall transmission effi-
ciency of the metasurface increases slightly to 35.56%. Based
on this scheme, a large number of photon states can be readily
distributed toM�N users without a mass of conventional bulky
optical elements, which could greatly facilitate the miniaturiza-
tion and integration of quantum networks.

The metasurface-assisted manipulation of quantum states
can also be utilized for quantum state measurements.
Conventionally, the measurement of an unknown quantum state
is achieved through quantum state tomography, which involves
sequentially projecting numerous photons prepared in the same
quantum state to a set of measurement bases.[48] According to
statistical photon counting from various projective measure-
ments, one can reconstruct the density matrix of an unknown
quantum state. The projections require various combinations
of reconfigurable wave plates, PBSs, and even spatial light mod-
ulators in cases involving OAM.[52] However, the switching
between different projections is time-consuming and unstable
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due to potential fluctuations and misalignment among these
optical elements. The excellent ability of metasurfaces in manip-
ulating photonic quantum states offers new opportunities to
improve and simplify the projection elements in a compact
and robust manner. In 2018, Wang et al. proposed to accomplish
multiple projections of quantum states simultaneously with a
single dielectric metasurface.[20a] As shown in Figure 5g, the
metasurface consists of M/2 interleaved metagratings, each
designed to split two orthogonal elliptical polarization states
using the principles of geometric phase and propagation phase,
resulting inM diffracted beams from the entire metasurface. The
N-photon polarization quantum state can be projected intoM dif-
ferent measurement bases and then detected by M polarization-
insensitive single-photon click detectors. For the case with N= 2
and M= 6, two polarization-entangled photons pass through the
metasurface and arrive at arbitrary combinations of the six ports
in each time frame. After recording and totalizing all the two-
photon coincidence events over a sufficient amount of time
frames, all fifteen twofold correlations between the six ports
are obtained, which provides full information for reconstructing
the input two-photon density matrix with high fidelity. It is worth
mentioning that when dealing with multiphoton quantum states,
the required number of output ports M is proportional to the
photon number N, indicating the appealing scalability of this
metasurface-based state reconstruction method. Besides, the
metasurface can be integrated with single-photon-sensitive
electron-multiplying charge-coupled device (CCD) cameras to
ascertain spatial correlations, thereby expediting and simplifying
the measurement of multiphoton quantum states.

Bell state measurement (BSM) is an essential procedure in
various quantum information technologies, such as quantum
teleportation, quantum dense coding, and entanglement swap-
ping.[53] Normally, the standard setup for measuring the polari-
zation Bell state consists of a 50:50 beam splitter and two PBSs.
However, this configuration can only distinguish two out of the
four Bell states, that is, 50% discrimination probability. To actu-
alize perfect BSM, Gao et al. proposed substituting two different
polarization-multiplexed metasurfaces for the PBSs in the stan-
dard configuration, as shown in Figure 5h.[20b] The right panel of
Figure 5h displays the constituent supercells A (A 0) and B (B 0) of
the designed binary-pixel metasurface M1 (M2), which are
exploited for different polarization control in two output paths.
Each supercell is composed of eight GaN nanopillars with vary-
ing widths and lengths, designed to meet the required polariza-
tion control functions based on the propagation phase principle.
Between the metasurfaces and the single-photon detectors, there
are four polarizers to orientationally project the polarization
states of the transmitted photons. Based on this metasurface-
enhanced configuration, the two-photon coincidence counting
signals from both path c and d (in Figure 5h) can directly distin-
guish only the antisymmetric Bell state |ψ�〉. While the coinci-
dence counting signals are collected from each path of c and
d, they give two different linear superpositions of the residual
symmetric Bell states |ψþ〉, |ϕþ〉, and |ϕ�〉, which are associated
with the orientations of four polarizers. By rotating the polarizers
to specific angles, the coincidence counting statistics of one
symmetric Bell state are anticorrelated with those of the rest
two symmetric Bell states, which makes the former distinguish-
able. According to the two preceding linear superposition

relationship, one can measure two of the symmetric Bell states.
Thus, single-coincidence counting measurement makes one
antisymmetric and two symmetric Bell states discriminated
(75% discrimination probability). After implementing coinci-
dence counting measurements twice under different sets of
polarizer orientations, the complete measurement of polariza-
tion Bell state is achieved. Compared to other methods aimed
at increasing the discrimination probability of BSM, such as
introducing auxiliary photons[54] or hyperentanglement,[55] this
metasurface-based BSM scheme effectively reduces the number
of bulky optical elements and can be performed by simply rotat-
ing the polarizers, bringing out great convenience and feasibility.

Metasurfaces with multiplexing capabilities across different
DOFs of photons offer a streamlined solution for the measure-
ment and reconstruction of complex quantum states. For exam-
ple, Figure 5i shows a well-designed multiplexing metasurface
intended for the measurement of single-photon OAM quantum
states.[20c] Conventionally, the measurement of OAM quantum
states depends on the apparatuses such as q-plates,[56] spiral
phase plates,[57] and spatial light modulators loaded with
computer-calculated holograms to realize the projection of
OAM states.[58] To achieve a similar OAM projection, the pro-
posed metasurface is designed to multiplex in three DOFs: path,
polarization, and OAM. The metasurface made of elliptical nano-
pillars acts as a binary vortex grating for horizontal polarization
and as a sine/cosine vortex grating for vertical polarization. To be
specific, the OAM states of incident photons are chosen to be
constructed by the qubit basis (|þ2〉, |� 2〉), where �2 denotes
the topological charges. As depicted in Figure 5i, the incident
photons with |� 2〉 OAM state are diffracted into Path1 and
Path2 by the metasurface. By diversely setting the OAM evolu-
tion in Path1 and Path2 and utilizing the polarization multiplex-
ing of the birefringent metasurface, four different OAM
projective bases |þ2〉, |� 2〉, (|þ2〉þ |� 2〉)/

p
2, and (|þ2〉þ

i|� 2〉)/
p
2 are obtained in a single metasurface, allowing for

the single-photon OAM state tomography with high fidelity.

4. Applications of Quantum Metasurfaces

Metasurfaces have shown considerable promise in the field of
classical optics for light detection, facilitating various applica-
tions such as optical sensing,[59] imaging,[60] polarization and
OAM detection,[61] and spectral measurement.[62] Despite these
advancements in the classical domain, metasurfaces can also play
a surprising role in detecting nonclassical light by virtue of the
nonintuitive quantum entanglement or quantum interference,
giving rise to a wide range of novel applications, including
quantum sensing,[23] quantum weak measurement,[24] quantum
coherent absorption,[22,63] and quantum imaging.[21,64]

In terms of quantum sensing, Georgi et al. utilized a
metasurface-based interferometer (MBI) to quantify the relative
phase between the two components of a quantum superposition
state.[23] The geometrical phase metasurface is specifically
engineered to function as a circular polarization splitter. Due
to metasurface-induced quantum interference, an initial quan-
tum state ψi ¼ â†H â†V

� ��� ��0i in the linear polarization basis will
be converted to a two-photon NOON state in the circular polari-
zation basis, that is, ψi ¼ â†H â†V

� ��� ��0i¼ �i=2 â†L â†L � â†Râ
†
R

� �j0i,
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where â† is the photon creation operator. Thus, when a single-
photon pair (with the initial quantum state of ψi ¼ â†H â†V

� ��� ��0i )
from SPDC source interacts with the proposed metasurface, the
two photons bunch within either of the two output ports of the
metasurface, resulting in path entanglement. In contrast, when
the photon pair passes through the metasurface for a second
time, the path-entangled two-photon state becomes spatially dis-
entangled as its state is restored back to ψi ¼ â†H â†V

� ��� ��0i.
Figure 6a presents a schematic representation of the constructed
MBI, in which the photon pair passes through the metasurface
twice. A tilted 130 μm-thick glass plate is inserted in the
upper arm of the interferometer to change the phase delay φ
between the two optical paths. Accordingly, the output
state can be derived as ψiφ ¼ �i=2 â†L â†L e�i2φ � â†Râ

†

R

� ��� ��0i
¼ 1=2 e�i2φ þ 1

� �
â†Hâ

†
V 0i � i=4 e�i2φ � 1

� �
â†Hâ

†
H � â†Vâ

†
V

� ��� ��0i.
It’s obvious that the output state will remain identical to the ini-
tial state â†Hâ

†
Vj0i for φ= nπ (n∈ℤ), whereas it will be

1=2 â†Hâ
†

H � â†Vâ
†

V

� �j0i for φ= (nþ 1/2)π (n∈ℤ). In the former
case, the two output photons are separated by the PBS, with
one photon detected by detector A and the rest one collected
by detector B, leading to the maximum coincidence rate between
the two detectors. In the latter case, two photons bunch at either
the detector A or detector B, resulting in the minimum coinci-
dence rate. More generally, the coincidence rate is theoretically
and experimentally demonstrated to oscillate with the phase

delay φ, following a cos2(φ) function. The findings confirm that
the metasurface can not only retain quantum coherence (i.e., the
phase information in the quantum superposition state) but also
provides a viable strategy for quantum sensing andmeasurement
utilizing the phase sensitivity of the coincidence rate.

Metasurfaces can also contribute to an essential aspect of
quantum detection, namely, weak measurements.[24] The upper
panel of Figure 6b illustrates the concept of weak measurement,
which was initially developed in electronic system as an improve-
ment over Stern–Gerlach experiment. In this experiment, the
original magnetic field is intentionally set to be extremely weak
to interact with the preselected electron spin quantum state, and
an additional strong magnetic field in a perpendicular direction
is introduced to postselect the final state. It is crucial to ensure
that the preselected quantum state remains nearly undisturbed
when coupled with the weak magnetic field. The amplification
effect resulting from the postselection process enables the acqui-
sition of a significant observable physical quantity (in this case,
the transverse distribution of the electron beam) that reflects the
quantum information of the measured state. In the context of
weak measurement in optics, the initial state refers to the polari-
zation state of the incident photons, which is preselected by the
first Glan laser polarizer (GLP1). A tiny phase gradient created by
a dielectric metasurface acts like the weak magnetic field in an
electronic system, which endows the spin photons slight
momentum shifts. A quarter-wave plate and GLP2 are then used
to postselect different final states. By rotating the quarter-wave

Figure 6. Diversified applications of quantum metasurfaces. a) MBI for detecting the phase information in a quantum superposition state. Reproduced
under terms of the CC-BY license.[23] Copyright 2019, The Authors, published by Springer Nature. b) Comparison of quantum weak measurements in an
electronic system and a metasurface-based optical system. Reproduced with permission.[24] Copyright 2017, AIP Publishing. c) Coherent perfect absorp-
tion of entangled photons in a plasmonic metasurface. Reproduced with permission.[63a] Copyright 2017, ACS. d) Switchable quantum edge detection
supported by a geometric phase metasurface. e) Experimental setup for implementing quantum edge detection. f ) Edge detection images obtained from
coincidence imaging (upper) and direct imaging (lower). (d–f ) Reproduced under terms of the CC-BY license.[21] Copyright 2020, The Authors, published
by AAAS.
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plate and GLP2, the tiny shifts in the position and momentum of
the photon wavefunction are amplified and observed in the
beam intensity distribution collected by the CCD. The presented
metasurface-based weak measurement, implemented with a
simple setup and easy operability, offers an effective method
for analyzing the wavefunction of photon quantum states.

The metasurface-enabled coherent perfect absorption was
initially demonstrated by Zhang et al, showcasing a 100%
light-by-light modulation without the use of nonlinear media.[65]

In order to attain a modulation efficiency of 100%, a plasmonic
metasurface is engineered to absorb 50% of incident light when
illuminated by a traveling wave. Next, the well-designed metasur-
face is placed in a Sagnac-style interferometer. Due to the inter-
ference of two counterpropagating coherent light beams, the
metasurface can exhibit complete light absorption or transpar-
ency, depending on the relative phase between the beams.
This process not only introduces an innovative method for sur-
passing the theoretical constraint of 50% absorption in ultrathin
films,[66] but also inspires the development of high-performance
solar cells, optical filters, and modulators. It’s worth noting that
this coherent perfect absorption process is independent of the
intensity of light and can operate even with extremely low power
levels. Roger et al. demonstrated that coherent perfect absorption
can also be observed in the single-photon regime.[22] In their
experimental setup, the photon pair generated from a SPDC crys-
tal is separated, with one photon being launched into the inter-
ferometer and the other photon used for heralding. It’s founded
that the signal photon in the interferometer can be deterministi-
cally absorbed or transmitted by translating the metasurface
along the beam propagation direction, as a standing wave is
formed through single-photon interference. However, when
one of the input channels of the metasurface is blocked, the inter-
ference ceases to exist, and the single photon from the traveling
wave will be absorbed with a 50% probability. Moreover,
Altuzarra et al. successfully confirmed the quantum nonlocal cor-
relation of two polarization-entangled photons by adapting the
interferometer to be polarization sensitive.[63a] The modification
involves two steps. First, a polarizer is added to the idler photon
channel to select the idler photon’s polarization and project the
signal photon into the corresponding polarization. Second, a
half-wave plate is introduced into one of the arms of the inter-
ferometer to manipulate the path-entangled state of the signal
photon. By rotating the polarizer, the path distinguishability of
the signal photon is either created or erased, which determines
whether a standing wave can be formed at the metasurface. As
shown in Figure 6c, the absorption of signal photons can be
remotely controlled by selectively detecting the polarization of
idler photons. If the idler photon is selected to be horizontally
or vertically polarized, the absorption of the signal photon is
probabilistic and approximates the traveling wave absorption
of the metasurface. Instead, when the idler photon is selected
to be LP at 45°, the path distinguishability of the signal photon
is erased, leading to the formation of a standing wave and the
deterministic dependence of signal photon absorption on the
metasurface position. A recent study conducted by Lyons et al.
demonstrated that the coherent absorption enabled by a lossy
metasurface can also be applied to multiphoton states.[63b]

In their experiment, both photons of a photon pair were
injected into the interferometer, and the metasurface exhibited

a two-photon absorption of 40%, which approaches the theoreti-
cal maximum and is twice that of a classical absorption process.
The quantum coherent absorption process provides a new oppor-
tunity to investigate the mechanism of quantum interference and
to potentially realize quantum logic gates by precisely controlling
the absorption of quantum light.

Recently, metasurfaces have emerged as a promising tool for
quantum imaging employing nonclassical photon-pair sour-
ces.[21,64,67] In these imaging systems, only the signal photons,
which are heralded by the idler photons, interact with the meta-
surface and participate in the imaging process. Compared to
imaging with classical light, the nonlocal correlation of photon
pairs holds a distinct advantage: the imaging operation in the
signal arm can be remotely controlled by the heralding arm with-
out any adjustments in the signal arm. For example, Altuzarra
et al. imprinted two overlapping polarizing patterns on a meta-
surface: a star and a triangle. These patterns acted as polarizers,
allowing only horizontally and vertically polarized light to trans-
mit, respectively.[64a] When the signal photons from polarization-
entangled photon pairs irradiate the metasurface, the resulting
image can be deterministically switched between the star and
the triangle by selectively measuring the polarization of idler
photons. However, in the case of unentangled input photons,
a superimposed image of both patterns is obtained. Based on this
heralded single-photon imaging technique, Zhou et al. proposed
an advanced version of remote quantum imaging control.[21] As
shown in Figure 6d, a geometric metasurface placed in a 4f sys-
tem is used to induce the photonic spin Hall effect to achieve
edge detection. The input two-photon polarization-entangled
state of this switchable edge detection system is selected as
(|HH〉þ |VV〉)/

p
2. After the beam of signal photons with

unknown linear polarization passes through the cat-shaped aper-
ture, it will be separated by the metasurface into LCP and RCP
components with a lateral shift. In the region where LCP and
RCP components overlap, the beam’s polarization will be recov-
ered to the same linear polarization as that of the signal photons.
In the nonoverlapping region, the beammaintains circular polar-
ization, and its shape precisely matches the outline of the cat.
Utilizing quantum entanglement to nonlocally determine the
polarization of signal photons, the LP output beam in the over-
lapping region can be selectively blocked or transmitted through
a linear polarizer, which enables the activation or deactivation of
edge detection. Figure 6e shows the experimental setup for
implementing quantum edge detection. Once an idler photon
is detected by a single-photon avalanche detector (SPAD), an elec-
trical signal is sent to the intensified charge-coupled device
(ICCD) camera, triggering the camera to be exposed in an ultra-
short time window to capture the corresponding signal photon.
So, the noise is only accumulated within the ultrashort coinci-
dence time window, resulting in a superior signal-to-noise ratio
(SNR) of the edge image compared to the direct imaging where
the camera is continuously exposed. The improvement of the
SNR in edge images is evident from Figure 6f, where the upper
edge image is obtained through coincidence imaging and the
lower one through direct imaging. Similarly, Yang et al. demon-
strated quantum vectorial holography by illuminating the
heralded signal photons onto a multichannel polarization-
multiplexed metasurface.[64b] By choosing different input and
output polarization channels, three distinct holographic images
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as well as their combinations can be reconstructed, showcasing
the high information density of the proposed quantum imaging
system. The incorporation of functional metasurfaces into the
heralded the single-photon imaging technique shows great
potential for developing novel imaging and image processing
schemes with appealing SNR and reliability.

5. Conclusion and Outlook

In this article, we present an overview of the recent significant
advancements in the rapidly evolving field of quantum metasur-
faces. First, we focus on two kinds of quantum light sources
based on metasurfaces, the SPEs, and SPDC photon-pair sour-
ces. The integration of SPEs and metasurfaces can be realized
in two configurations, wherein the metasurfaces function as met-
alenses or photon–plasmon–photon converters to improve the
collection efficiency and engineer the single-photon emission
in multiple DOFs. As for the SPDC photon-pair sources, meta-
surfaces typically support various resonances to increase the den-
sity of states and facilitate the SPDC process in nonlinear
crystals. Specifically, metasurfaces can be used to generate an
AQV in the far field, which provides a practical and realistic strat-
egy to regulate the radiation characteristics of multilevel atomic
QEs. Then, we review the manipulation and measurement of
quantum states with the assistance of metasurfaces. The compact
and efficient generation, distillation, transformation, and distri-
bution of entangled states are successively demonstrated by
leveraging the design flexibility and versatility offered by meta-
surfaces. The lossless dielectric metasurfaces can be used to
replace the conventional bulky projection elements, enabling
the construction of compact and robust quantum state tomogra-
phy systems for high-fidelity reconstruction of quantum states.
Finally, we summarize several exemplary applications of meta-
surfaces in nonclassical light detection, including quantum sens-
ing, quantum weakmeasurement, coherent perfect absorption of
quantum light, and quantum imaging.

Due to the sophisticated nanostructures of metasurfaces,
their manipulation of quantum light is inevitably constrained
by fabrication errors. The fabrication errors of metasurfaces typ-
ically stem from under-etching or over-etching processes, which
can cause the actual lateral dimensions of all meta-atoms to be
larger or smaller than the designed values, while maintaining the
periodicities of the meta-atoms close to the design values. These
errors can deviate metasurfaces from their intended functions,
such as disrupting the frequency, direction, polarization, and
mode purity of the output beam of a quantum light source,
reducing the fidelity of quantum state control and measurement,
among other consequences. There are several approaches
available to address this concern. One strategy is to optimize
the fabrication procedure of metasurfaces to improve fabrication
accuracy. Another alternative is to utilize geometric phase meta-
surfaces in place of resonant phase and propagation phase meta-
surfaces. Unlike the latter two types of metasurfaces, where the
size of the meta-atoms is a critical factor, geometric phase meta-
surfaces achieve phase control by rotating the orientation of the
meta-atoms, exhibiting strong robustness to errors in meta-atom
size. For certain applications of metasurfaces, such as quantum
state measurement and reconstruction, it is common practice to

characterize the fabricated metasurface using classical light
before quantum measurement, in order to determine the trans-
fer matrix that includes all the fabrication imperfections of the
metasurface.[20a] Using the transfer matrix, precise corrections
can be made to quantum measurement outcomes, effectively
reducing the impact of fabrication errors on the results of
quantum measurements.

Despite all the remarkable advances signifying that metasur-
faces have introduced a new paradigm for exploring quantum
phenomena by simultaneously controlling multiple DOFs of
photons, the full potential of metasurfaces in quantum optics
remains unachieved. Further investigation is necessary to over-
come existing challenges. For example, although the theoretical
proposal of far-field AQV-induced quantum interference
between two orthogonal transitions of atomic QEs facilitated
by metasurfaces exists, the corresponding experimental setup has
not been achieved yet. In addition, a challenge in metasurface-
based photon-pair sources is how to directly produce photon
pairs with desired quantum states encoded in different DOFs,
similar to the cases of single-photon sources. Ma et al. made
an instructive attempt by improving their metasurface design
in Figure 3d. By leveraging the principle that the polarization
of emitted photon pairs aligns with the metagrating’s orientation,
it is theoretically feasible to achieve arbitrary two-photon polari-
zation-entangled qutrit states by integrating three distinctively
oriented metagratings into a unified metasurface.[68] Apart
from this scheme, we anticipate a growing number of innovative
metasurface-based photon-pair sources capable of generating
diverse entangled states.

On the other hand, the vast majority of metasurfaces that has
been used in manipulating quantum states lack real-time tunabil-
ity or reconfigurability. Metasurfaces composed of static struc-
tures often feature fixed optical functionalities, rendering
them unsuitable for addressing the intricate and variable require-
ments of quantum information processing. An effective
approach is to integrate or fabricate metasurfaces with tunable
optical materials such as graphene, semiconductors, liquid crys-
tals, nonlinear materials, and phase-change materials, among
others.[69] By subjecting the metasurfaces to mechanical stress
or applying external electrical, optical, and thermal fields, it
becomes feasible to dynamically manipulate quantum states.
Impressively, Kort–Kamp et al. presented the concept of
space–time quantum metasurfaces (STQMs) for continuously
molding quantum light in both space and time domains.[70]

When passing through the STQM, the input single-photon state
will evolve into a state with color-spin-path hyperentanglement,
showcasing the powerful ability of STQMs in manipulating
quantum states across multiple DOFs. The development of
dynamical STQMs shows promising potential for catalyzing
breakthroughs in quantum optics and stimulating the emer-
gence of novel photonic devices, including nonreciprocal quan-
tum routers and active quantum sensors.

Furthermore, investigating innovative approaches that go
beyond the traditional design principles of classical metasurfaces
to create advanced quantum metasurfaces represents an intrigu-
ing area for further research. For instance, Bozhevolnyi et al.
recently proposed an enlightening method called scattering
holography to design quantum emitter--coupled metasurfaces
capable of generating single-photon emissions with predesigned
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sizes, polarizations, and propagation directions.[71] Unlike the
previous cases illustrated in Figure 2d–e, they adopt the
QE-excited radially diverging SPPs as reference waves, while
designating the in-plane electric field components of desired
single-photon emissions as signal waves. The holographic meta-
surface is constructed based on the interference pattern created
by reference and signal waves. The invention of novel design
schemes like this will inject new vitality into the development
of quantum metasurfaces. For readers seeking further insights
into the future development of quantummetasurfaces, it is advis-
able to refer to additional pertinent reviews published recently.[72]

Based on the above discussion, it is conceivable that the conver-
gence of metasurfaces and quantum photonics will greatly
expedite the discovery of new quantum physics and facilitate
the on-chip integration of quantum information systems.
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