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Engineering Quantum Light Sources with Flat Optics
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Quantum light sources are essential building blocks for many

quantum technologies, enabling secure communication, powerful computing,
and precise sensing and imaging. Recent advancements have witnessed

a significant shift toward the utilization of “flat” optics with thickness

at subwavelength scales for the development of quantum light sources. This
approach offers notable advantages over conventional bulky counterparts,
including compactness, scalability, and improved efficiency, along with added
functionalities. This review focuses on the recent advances in leveraging

flat optics to generate quantum light sources. Specifically, the generation of
entangled photon pairs through spontaneous parametric down-conversion in
nonlinear metasurfaces, and single photon emission from quantum emitters
including quantum dots and color centers in 3D and 2D materials are explored.
The review covers theoretical principles, fabrication techniques, and properties
of these sources, with particular emphasis on the enhanced generation and
engineering of quantum light sources using optical resonances supported by
nanostructures. The diverse application range of these sources is discussed
and the current challenges and perspectives in the field are highlighted.

1. Introduction

Flat optics, which are surfaces at sub-
wavelength scales, have been the sub-
ject of extensive scientific inquiry for over
a decade.”l Metasurfaces incorporating
nano-patterned structures are one of the
pivotal subjects of flat optics, showing on-
going success in miniaturizing bulky opti-
cal devices with added functionalities in tai-
loring the directionality, polarization, wave-
front, and spectral properties of light.[3] Flat
optics was recently introduced to advanced
quantum technologies,!*] where metasur-
faces have been leveraged to generate, ma-
nipulate and detect quantum light sources,
offering unlimited potential to realize ultra-
compact quantum devices with flexible and
customized features.l>®! Here, this review
focuses on the latest achievements in the
metasurface-based quantum light sources.
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Quantum light sources are the funda-
mental component of photonic quantum
technologies. We divide the sources into
two major categories: i) probabilistic en-
tangled photon pairs (called signal and

idler photons) generated from nonlinear optical interactions such
as spontaneous four-wave mixing and spontaneous paramet-
ric down-conversion (SPDC), and ii) on demand, single pho-
tons emitted from atom-like transitions in solid-state materials—
including quantum dots (QDs) and color centers. The genera-
tion of photon pairs adheres to the conservation of energy and
momentum, resulting in correlated or entangled photons in po-
larization, spectral, and spatial degrees of freedom. The non-
classical correlation or entanglement features of photon pairs,
which do not exist in classical light, empower quantum appli-
cations in communication,”®! sensing, and ghost imaging.[*1°]
Millimeter- or centimeter-scale nonlinear crystals are conven-
tionally used to produce photon pairs. However, these crystals
are not only bulky but manifest limited flexibility in engineering
the photon properties. With regards to the other type of quan-
tum light sources, single photon emitters (SPEs) are generally
compact and have been discovered in many different platforms,
including QDs,['!l color centers,['?] and 2D materials.'3] While
the emitters have found applications in quantum sensing,'*l se-
cure communications, > and quantum computing,**! there are
still open challenges in optimizing their efficiency, purity, inte-
gration into practical devices and achieving operation at room
temperature.l'’] With continuing advances in nanofabrication
technology, it has been a critical task to develop both types of
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Figure 1. Sketch of the review. We review two types of flat-optics quantum light sources: i) entangled photon pairs from nonlinear films and metasur-
faces (left column) and ii) single photon emission from an unstructured 2D material, a 2D material metasurface, and an epitaxial quantum dot (QD)
metasurface (right column). The sources empower a variety of quantum applications (middle column), including quantum sensing, Reproduced with
permission.!'8] Copyright 2022, The Royal Society of Chemistry. quantum communication, Reproduced with permission.[’?] Copyright 2023, John Wiley
& Sons Inc. and quantum imaging. Reproduced with permission.[2%] Copyright 2023, Optica Publishing Group.

quantum light sources that can address their respective chal-
lenges to suit the needs of advanced quantum technologies.

Here, we will discuss the state-of-the-art advancements in
applying flat optics to overcome challenges in quantum light
sources. We first introduce functionalities of metasurfaces sup-
porting local and nonlocal resonances, including the enhanced
light-matter interaction and multifunctional control of wave-
front, polarization, and spectral properties of light. Leveraging
these unique features of metasurfaces, we review, as shown
in Figure 1, the latest development of flat-optics photon pair
sources, from ultra-thin nonlinear films to nonlinear optical
metasurfaces, which facilitate the enhanced generation of spa-
tially, spectrally, and polarization-entangled photons. Further, we
discuss the progress in metasurface-assisted single photon emis-
sion from epitaxial QDs and defects in 2D materials, allowing
Purcell enhancement, directional emission, and other function-
alities. Lastly, we compare the two types of quantum light sources,
discuss the prevailing challenges within the field, and offer in-
sights into the potential directions for the future advancement of
quantum light sources.

2. Multi-Functional Metasurfaces

Before delving into the flat-optics quantum light sources, we will
give a brief introduction to metasurfaces and their functionali-
ties (see Figure 2), which will bridge the gaps between traditional
quantum light sources and metasurfaces.
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Metasurfaces, comprising dielectric or metallic nanostruc-
tures (known as “meta-atoms”) at subwavelength thickness, serve
as excellent platforms for miniaturizing optical devices and pro-
viding additional functionalities. The nanostructures can be tai-
lored to control almost all degrees of freedom of incident light, in-
cluding its polarization, spatial, and spectral properties. Local and
nonlocal metasurfaces represent two different categories in meta-
surface design, each offering unique capabilities in manipulating
optical waves. As illustrated in Figure 2a,b, local metasurfaces
can independently control the amplitude and phase of light at in-
dividual meta-atoms in real space while nonlocal metasurfaces
exhibit a collective interaction of light across many meta-atoms.
Consequently, these two resonance types manifest distinct angu-
lar dispersions and offer different functionalities for applications.

One key function of metasurfaces is to enhance light-matter
interactions, where the optical intensity enhancement is char-
acterized by quality factors (Q factors) of the resonant modes.
Figure 2c depicts the mode profiles for local and nonlocal res-
onances supported by metasurfaces. The optical modes in lo-
cal resonances are confined within individual meta-atoms and
are defined by their geometries, featuring reasonable Q fac-
tors and intensity enhancement at the scale of a few tens. In
addition to Mie-type resonance,?!?°] local resonances include
waveguide-like modes that are supported by nanopillars with dif-
ferent geometries!?*28] and toroidal modes which are distinct
from the magnetic and electric dipoles.[*3% These resonances
enable the tailoring of Q factors and dispersion. In contrast,
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Figure 2. Functionalities of metasurfaces. a) Local metasurface. Reproduced with permission.!?] Copyright 2023, Nature Publishing Group. The ampli-
tude and phase of light can be manipulated in real space at each individual meta-atoms of local metasurfaces. b) Non-local metasurface. Reproduced with
permission.[?] Copyright 2023, Nature Publishing Group. The function h(x, x') represents the metasurface response in real space. A collective interaction
of light involving many meta-atoms is manifested in non-local metasurfaces. c) Enhanced light-matter interaction. Reproduced with permission.[21]
Copyright 2015, John Wiley & Sons Inc. Reproduced with permission.[?2] Copyright 2021, Nature Publishing Group. Optical resonances supported by
metasurfaces can enhance light-matter interactions. d) Wavefront control. Reproduced with permission.[?3] Copyright 2017, American Association for
the Advancement of Science. The wavefront of light can be shaped by metasurfaces incorporating spatially configured arrays of meta-atoms. e) Polar-
ization control. Reproduced with permission.[?4] Copyright 2021, Nature Publishing Group. Metasurfaces facilitate the manipulation of polarization in
multiple planes along the direction of light propagation. f) Spectral control. Reproduced with permission.[?2] Copyright 2021, Nature Publishing Group,

Non-local metasurfaces enable fully decoupled optical functions at multiple wavelengths of light.

optical fields in nonlocal resonances propagate transversely be-
tween meta-atoms and are influenced by their couplings. In gen-
eral, a large lattice of meta-atoms is required to guide the mode
propagation. The nonlocal resonances are controlled by the lattice
arrangement along with meta-atom geometries.’"*?) Recently
metasurfaces formed by meta-atom lattices with broken in-plane
symmetry were observed to support high-Q resonances, result-
ing from the distortion of symmetry-protected bound states in
the continuum (BIC).** The concept of BIC has opened the door
to achieving Q factors >10*.1343%] The strong field enhancement
facilitated by local or nonlocal resonances offers the underlying
mechanism for significantly enhancing the photon flux rate of
flat-optics quantum light sources, as elaborated in the subse-
quent sections.

Metasurfaces can impose desired amplitude and phase
changes on incident light, allowing precise control of the light
wavefront. This feature was typically realized with localized and
low-Q modes of nanostructures,['3¢ facilitating optical wave-
front manipulation for applications like lensing and holography.
As illustrated in Figure 2d, orbital angular momentum (OAM)
holography was demonstrated with a metasurface incorporating
GaN nanopillars with discrete spatial frequency distributions, en-
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abling lensless reconstruction of OAM-dependent holographic
images. Recent attention to wavefront manipulation has shifted
toward nonlocal metasurfaces. Diaz-Rubio et al. introduced a
novel approach to designing perfect reflectors through energy
surface channelling, experimentally validating a highly reflective
surface with rectangular metal patches and a metallic plate.(?*!
Malek et al. demonstrated a versatile multispectral wavefront
shaping platform, achieved by employing a stack of metasurfaces,
each capable of independently controlling quasi-BIC to tailor op-
tical wavefronts at multiple wavelengths.l*’) These works with
nonlocal resonances enable wavefront transformation with much
higher efficiency than is possible with local metasurfaces.?l As
will be discussed in the following, metasurfaces have emerged
as an ideal platform for shaping the wavefront of quantum light.

An extended application of wavefront control with metasur-
faces is the pixelated polarization manipulation of the incident
light at the subwavelength scale. Conventionally polarization
control is realized with local metasurfaces, where subwavelength
anisotropic structures enable substantial refractive index contrast
for both TE and TM polarized light.*®! This allows each meta-
atom to induce dual independent phase shifts in transmitted
light. Mueller et al. introduced a method to independently
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impose arbitrary phase profiles on orthogonal states of
polarization (including linear, circular, or elliptical) us-
ing linear birefringent metasurfaces composed of sim-
ple wave plate elements.?®! Later, Dorrah et al. have ad-
vanced polarization control over multiple planes along the
direction of light propagation.’*l Recently nonlocal reso-
nances were also developed to control*! and detect*!l po-
larizations of light at multiple wavelengths. The advanced
control over polarization using either local or nonlocal metasur-
faces opens up a myriad of applications, including polarization
imaging, data encryption, display, and optical communica-
tion. These metasurfaces also open the door to controlling
the polarization states of photons or generating polarization
entanglement, as will be discussed in the next section. Related
applications such as full-Stokes imaging polarimetry!*?! could
also be extended to the quantum regime.

Additionally, nonlocal metasurfaces provide a higher degree of
spectral control over the light wavefront, as shown in Figure 2f,
which is desirable in many emerging sensing, imaging, hologra-
phy, augmented reality, and nonlinear optics applications. While
conventional local metasurfaces can be tailored to possess spe-
cific transfer functions at discrete angles and frequencies, their
optical response exhibits only limited dependence on the angle
and exhibits relatively low Q factor.[?l Nonlocal metasurfaces pro-
vide an excellent solution to this challenge by virtue of their pro-
nounced spatial and spectral dispersion, as well as potentially
high Q factor. Recent studies have leveraged these platforms to ef-
fectively control light with independent functions across various
wavelength bands.[??! This unique feature enabled by nonlocal
metasurfaces paves the way to engineering the spectral entangle-
ment of quantum light sources.

These functionalities of metasurfaces serve as the building
blocks for engineering quantum light sources using flat optics.
They can be used to tailor the quantum states of photons in all
degrees of freedom, achieving applications beyond what is possi-
ble with traditional means.

3. Generation of Quantum Entangled Photon Pairs
from Nonlinear Flat-Optics

Photon pairs can be generated through the nonlinear processes
such as SPDCI*] or spontaneous four-wave mixing.**] These
sources have advanced to achieve production rates exceeding mil-
lions of heralded single photons per second, allow the prepara-
tion of specific quantum states, and exhibit customized spectral
characteristics. Here, this review focuses on the SPDC process
in which a pump photon is split into two photons called “signal”
and “idler” via second-order nonlinear interactions. This process
adheres to energy conservation, ensuring that their frequencies
satisfy @, = o, + w; (with subscripts “p, s, 1" denoting pump, sig-
nal, and idler, respectively). The SPDC process in nonlinear bulky
crystals must also satisfy the phase-matching condition, where
the pump wavevector (k,) equals the sum of the signal (k) and
idler wavevectors (k;), i.e., (k, = k, + k;). Transverse phase match-
ing is generally determined by the pump wavevector distribution,
while longitudinal phase mismatching, i.e., Ak, =k, — (k;; +
k;)) # 0, is inherently unavoidable due to material dispersion.
Several experimental techniques have been introduced to address
this issue, such as perfect phase matching by orienting the crystal
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angles or quasi-phase-matching through periodic poling. These
techniques necessitate dedicated temperature control of nonlin-
ear crystals to counteract changes in material dispersion. Only
a few nonlinear materials, such as barium borate,*! periodi-
cally poled potassium titanyl phosphate,!**! and periodically poled
lithium niobate,!*’] were developed to achieve the phase-matched
SPDC process.

The longitudinal phase matching becomes unimportant as the
nonlinear crystal length L decreases to the scale at which the
photon pairs are always generated in phase no matter how large
Ak, is. In other words, Ak,L ~ 0 is always satisfied. As shown
in Figure 3a, Okoth et al. report the observation of photon-pair
generation free of phase matching using a 6 pm thick layer of
lithium niobate.l*¥] The ultrathin structure results in a signif-
icantly wider frequency spectrum compared to phase-matched
SPDC. While the generation of nanoscale photon pair source
was first demonstrated in a 100 nm thick carbon nanotube
film(*] via four-wave mixing, the generation of entangled pho-
tons via SPDC at subwavelength scale was realized in lithium nio-
bate and gallium phosphide nanofilms,*%*!] bottom-up grown
lithium niobate microcubes®?l and GaAs Nanowires.>3l These
works bridged the gaps between flat optics and quantum optics,
opening the door towards the development of quantum nonlin-
ear metasurfaces. Just recently, Sultanov et al. demonstrated the
production of photon pairs in an ultrathin GaP layer with control-
lable polarization entanglement, by adjusting the pump polariza-
tion while maintaining state purity.°!] Notably, this field is mov-
ing toward 2D materials. Guo et al.>*! introduced niobium oxide
dichloride (NbOCIL,) (Figure 3b), a van der Waals crystal with min-
imal interlayer electronic coupling, enabling monolayer-like exci-
tonic behavior and exceptionally strong second-harmonic gener-
ation. This property enables the first demonstration of correlated
photon pair generation through spontaneous parametric down-
conversion in ultra-thin flakes. Most recently, Weissflog et al. re-
ported polarization entanglement from a 3R-stacked transition
metal dichalcogenide crystal,®>! where the entanglement is tun-
able via pump polarization. These works offer the potential for
compact on-chip photon sources and high-performance photon
modulators in quantum technologies.

Although the photon pair sources based on nonlinear films
opened a novel avenue in quantum state generation at the
nanoscale, it came at the cost of decreased SPDC efficiency be-
cause of ultra-short nonlinear interaction length. Nonlinear di-
electric metasurfaces, employing ultra-thin nonlinear materials
at the scale of a few hundred nanometers, are emerging as
promising platforms for enhanced, compact, versatile, and highly
flexible photon pair sources.

Theoretically, it was proposed that nonlinear nanoresonators
supporting local resonances can produce polarization-entangled
photons over a very large range of emission directions and
frequencies,l®®! as depicted in Figure 3c. Green’s function
method!®3%] along with quasi-normal mode theory!®-%"! was in-
troduced to analyze the SPDC processes in the nanoresonators,
offering a useful SPDC toolbox at the nanoscale. Furthermore,
quantum-classical correspondencel®®%! allows a simple calcu-
lation of the two-photon wave function in SPDC through the
simulations of its classical counterpart of sum-frequency gen-
eration. It was then proposed that entangled photon pairs can
be produced from plasmonic metasurfaces’’) and nonlinear
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Figure 3. Generation of quantum entangled photon pairs from nonlinear flat-optics. a) Photon pairs with very wide spatial and frequency spectra
were generated from a lithium niobate film of 6 um thickness via SPDC, in which the phase matching condition becomes irrelevant. Reproduced with
permission.[“8] Copyright 2019, The American Physical Society. b) Entangled photon pairs were produced from a NbOCl, crystal, a van der Waals 2D ma-
terial. Reproduced with permission.[*] Copyright 2023, Nature Publishing Group. c) Nonlinear nanoresonators were theoretically predicted as natural
sources of Bell states with a large range of emission directions and frequencies. Reproduced with permission.[>®] Copyright 2024, American Institute of
Physics. d) A dielectric nanoantenna made of crystalline AlGaAs nanocylinder was used to experimentally demonstrate enhanced SPDC. Reproduced with
permission.[’”] Copyright 2019, Optica Publishing Group. e) The emission rate of photon pairs from resonant metasurfaces was enhanced by two or-
ders of magnitude as compared to unstructured film. Reproduced with permission.[°®] Copyright 2021, American Chemical Society. f) Spatially entangled
photon pairs were experimentally generated from lithium niobate nonlocal metasurfaces. Reproduced with permission.[>®] Copyright 2022, American
Association for the Advancement of Science. g) Resonant metasurfaces were employed to produce complex quantum states in spectral degree of free-
dom of photons. Reproduced with permission.[¢°] Copyright 2022, American Association for the Advancement of Science. h) A lithium niobate nonlinear
metasurface incorporating multiplex metagratings enabled the polarization engineering of entangled photons. Reproduced with permission.[¢'l Copy-
right 2023, American Chemical Society. i) High-dimensional and multiphoton quantum source with a linear metasurface. A metalens array is integrated
with a bulky nonlinear material to achieve high-dimensional path entanglement of two photons and generation of four and six photons. Reproduced
with permission.[®2] Copyright 2020, American Association for the Advancement of Science.

hyperbolic metamaterials.%*] Further enhancement of photon-
pair rate was made possible with extended BIC resonances.[”72!
Parry et al.l’!l theoretically predicted a regime of nondegenerate
photon-pair generation in nonlinear metasurfaces, driven by the
interaction of multiple BIC resonances and enabled by the hy-
perbolic topology of transverse phase matching, offering the po-
tential for significant enhancements in photon rate and spectral
brightness compared to the degenerate regime. Enhanced gen-
eration of angle-correlated photon pairs was also predicted in
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a nonlocal metasurface composed of nanostructured nonlinear
metagratings.l’?

The first experimental demonstration of enhanced photon
pair generation in nanoresonators was realized in a dielec-
tric nanoantenna made of crystalline AlGaAs nanocylinder by
Marino et al.,””! as shown in Figure 3d. The experiments pave
the path for coherent multiphoton quantum state generation
through antenna multiplexing. Santiago-Cruz'*®! reported the en-
hanced photon pair generation in lithium niobate metasurfaces
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featuring electric and magnetic local resonances!”?! across di-
verse wavelengths (Figure 3e). The spectral brightness is signifi-
cantly increased by two orders of magnitude in contrast to unpat-
terned films of similar thickness and material, opening the door
to flat optics sources of entangled photons.

Beyond enhancement, metasurfaces facilitate the generation
of complex quantum states in spatial, spectral, and polariza-
tion degrees of freedom. Zhang et al. predicted and experimen-
tally demonstrated, as depicted in Figure 3f, spatially entan-
gled photon pair generation using a metasurface with a lithium
niobate film and silica meta-grating.>®! The spatial correlations
of photon pairs violate the Cauchy-Schwarz inequality, indicat-
ing multimode entanglement. Photon-pair rates increase 450-
fold due to high-quality resonances, offering the potential for
miniaturizing quantum devices with ultrathin metasurfaces as
room-temperature entangled photon sources. At the same time
(Figure 3g), Santiago-Cruz et al. produced entangled photons
using semiconductor metasurfaces with high-quality factor
quasi-bound states in the continuum (qBIC) resonances, enhanc-
ing the quantum vacuum field and boosting the emission of
nondegenerate entangled photons across multiple narrow reso-
nance bands.l® Single or multiple resonances, pumped at vari-
ous wavelengths, can be used to create multifrequency quantum
states such as cluster states. A metasurface carrying qBIC also
allows the bi-directional emission of photon pairs,” which can
be used for demultiplexing of photons at the nanoscale. Addi-
tionally, Ma et al. introduce a versatile method for engineering
polarization states in photon pairs generated from a nonlinear
metasurfacel®! (Figure 3h). It enables the preparation of arbi-
trary polarization Bell states and qutrits, offering the potential
for miniaturized, room-temperature polarization-entangled pho-
ton sources in optically re-configurable quantum devices.

Nonlinear flat optics has been successful in miniaturizing
photon-pair sources and engineering photon states. Compar-
ing its performance with bulky materials reveals several advan-
tages and potential improvements in the quality of the generated
quantum states. The degree of spectral and spatial entanglement
achieved in flat optics significantly outperforms its bulky coun-
terparts due to the relaxation of longitudinal phase-matching
conditions.[*875] As flat optics is sub-wavelength thick, entangle-
ment degradation due to material properties such as dispersion
is negligible. Furthermore, metasurfaces enable flexible tuning
of spatial entanglement!”®! and the generation of complex cluster
states.!®0) While the purity and heralding efficiency of two-photon
states from nonlinear films are inherently lower than those from
bulky materials, a time distillation approach has been introduced
to achieve a photon purity of ~0.99.1”7]

One important aspect requiring further development in flat-
optics photon pair sources is the photon flux rate, which cur-
rently lags behind that of nonlinear bulky crystals by three to
four orders of magnitude because of the ultra-short interaction
length within the material. This challenge could be potentially ad-
dressed by employing triple resonances at the pump, signal and
idler wavelength, incorporating Fabry—Pérot cavities,[”®! and engi-
neering high-Q optical resonances with flat-band emission. Such
improvement is an essential step closer to replacing bulky non-
linear material. In an alternative approach, linear metasurfaces
were introduced to transform and measure the quantum states
of bright photon sources from bulky nonlinear material.[627%-83]
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Furthermore, as shown in Figure 3i, a metalens array integrated
with a bulky nonlinear crystal has been employed to generate
high-dimensional and multiphoton quantum states.[®”) However,
the operation and dimensions of the whole device are still sub-
ject to the longitudinal phase-matching and size of the non-
linear crystals and related components. A prospective direction
may involve incorporating nonlinear with linear metasurfaces to
achieve highly efficient and ultra-compact multi-functional pho-
ton pair sources.

4. Flat Optics Engineered Solid-State SPEs

4.1. Quantum Dots and Color Centers

Solid-state SPEs such as epitaxial semiconductor QDs and color
centers in wide bandgap materials are able to generate determin-
istic single photons. Photonic nanostructures can improve the
performance of SPEs in several aspects. First, by embedding an
SPE into a photonic cavity or resonator, the photon radiative rate
can be increased through the Purcell effect, or a reduced pump
power is needed to reach a similar photon emission rate. Second,
photonic structures can route the emitted photons into a desired
free space mode and increase the collection efficiency of the pho-
tons into an objective or fiber. Third, photonic structures can add
an additional degree of freedom to the performance of the SPE,
including, for instance, altering the spectrum, polarization, direc-
tion, and OAM of the photons. These controls can increase the
degree of indistinguishability of photons from different trials. For
epitaxial semiconductor QDs, it is possible to generate entangled
photon pairs through the biexciton-exciton (XX-X) cascaded ra-
diative process.[®] In this case, a broadband photonic structure
can increase the emission rate of both photons with close wave-
lengths and fidelity of entanglement.

Compared with other photonic structures, flat optical struc-
tures such as metasurfaces have advantages in the fabrication
and precise positioning of SPEs. Among all flat optical structures,
circularly symmetric or near-symmetric arrangements of nanos-
tructures have received the most attention, including the circu-
lar Bragg grating (bullseye grating), metalens, and circularly ar-
ranged metasurfaces. These structures are relatively easy to de-
sign as structure variation only happens along the radial direc-
tion. By putting an SPE in the center of the circular structure,
it is straightforward to control the Purcell factor, emission pat-
tern, polarization, and other properties of the photons. Circu-
lar structures are also most suitable for working with collecting
objectives and fibers, which are all circular optics. For example,
a circular Bragg grating (CBG) fabricated in a suspended GaAs
membrane (Figure 4a) can shape the emission pattern of a sin-
gle InAs quantum dot located in the center into a nearly Gaussian
far field transverse profile, which facilitates an increased collec-
tion efficiency of a low-NA objective by 20 times when compared
with a quantum dot in unpatterned GaAs.!®) The same CBG also
accelerates the spontaneous emission rate of the emitter through
Purcell enhancement. An increase in the emission rate will mini-
mize the dephasing effect and thus augment the coherence of the
SPE emission. This can increase the indistinguishability of the
emitted photons. Particularly, employing the resonance or cavity
effect can potentially mitigate the disparity in coherence lengths
between the coherent metasurface and incoherent photon
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Figure 4. Flat-optics SPE source with QDs and color centers in 3D materials. SPEs modulated by flat-optics nanostructures including a—d) circular
Bragg gratings (CBGs), e,f) metasurfaces, and g,h) metalenses. a) CBG in a suspended GaAs membrane to enhance the emission efficiency of a single
quantum dot located in the center through the Purcell effect and shape the emission mode into a nearly Gaussian profile which increases the collecting
efficiency. Reproduced with permission.[®%] Copyright 2011, The American Institute of Physics. b) CBG with slight asymmetry to enable polarized single
photon emission with efficiency exceeding the 50% limit imposed by the polarization filtering. Reproduced with permission.!?°l Copyright 2019, Nature
Publishing Group. c) CBG with broadband response to support generation of strongly entangled photon pairs with high brightness, degree of indis-
tinguishability, and collecting efficiency. Reproduced with permission.['%] Copyright 2019, Nature Publishing Group. d) CBG with gradient width along
the azimuthal direction to enable generation of circularly polarized single photons. Reproduced with permission.[®®] Copyright 2020, Wiley-Blackwell.
e) Metasurface enabled the generation of circularly polarized single photons with orbital angular momentum. Reproduced with permission.['%] Copy-
right 2023, American Association for the Advancement of Science. f) Anisotropic metasurface enabled multichannel single photon emissions with
on-demand spin states in each spatial channel. Reproduced with permission.[194] Copyright 2023, Wiley-Blackwell. g) Metalens to collimate the single
photons emitted from a color center inside the diamond. Reproduced with permission.['%] Copyright 2019, Nature Publishing Group. h) Metalens to
collimate the single photons emitted from a QD and split the photons with different spin states into two directions. Reproduced with permission.[1%6]
Copyright 2020, American Association for the Advancement of Science.
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emission, thereby enhancing the feasibility of utilizing metasur-
faces for controlling SPE emission. A similar concept has been
demonstrated for epitaxial semiconductor QDsl[*%] and color
centers in diamond.**8 Importantly, by introducing a small
asymmetry to the CBG (Figure 4b), it is possible to break the
50% efficiency limit imposed by polarization filtering. Based on
this idea, Hui Wang and co-workers reported a QD single pho-
ton source emitting polarized single photons with an efficiency of
56% and an indistinguishability near 100%, which paves a way to
realize an ideal polarized single photon source.l®”! Furthermore,
a broadband CBG (Figure 4c) is also able to improve the perfor-
mance of generating entangled photon pairs from QDs.[100-102] A
gradient-width bullseye grating has enabled the direct generation
of circularly polarized single photons from a nitrogen-vacancy
center in a nanodiamond (Figure 4d).l!

Metasurfaces composed of separate nanostructures with var-
ious at-will shapes have more design degrees of freedom when
compared with CBG. This enables more complex control of the
SPEs through, for example, simultaneous control of multiple de-
grees of freedom of the single photons. Examples include single
photon emissions with specific orbital angular momentum while
having desired linear!!”’] or circular polarizations (Figure 4e),1%!
and multichannel generation of single photons with different
spin angular momenta (Figure 4f).[104]

When the SPE is not on the front surface where nanostruc-
tures can be made, a metalens is a promising flat optical element
to efficiently control the emitted photons from the SPE. This is
done by designing the metalens such that the SPE is at the focal
point. As shown in Figure 4g, a metalens was fabricated on the
surface of the diamond to collimate the emission from a nitrogen-
vacancy center inside the diamond.['%! Apart from collimation,
metalenses can further manipulate the spin state and direction
of the single photons from a semiconductor QD (Figure 4h).[1%]
Recently, a metalens was also directly fabricated on the wide-
bandgap silicon carbide,['%] and integration with SPEs hosted
within SiC is a promising avenue of research.

4.2. 2D Materials

Initial efforts to isolate SPEs in transition metal dichalcogenides
(TMDs) like WSe, relied on local excitons bound to intrinsic
atomic defects present in as-grown!'”! or exfoliated"'®) mono-
layers. The confining potential provided by the defects yielded
single photon emission with bright, narrow photoluminescence
(PL) peaks slightly redshifted from the broader delocalized mono-
layer exciton at cryogenic temperature, although the localized
emission was randomly distributed across each TMD flake. An
effective step toward the systematic investigation of these single
photon sources was provided by Palacios-Berraquero et al.,[1!1]
who used arrays of nanopillars patterned onto a silica substrate
to artificially impose confining potentials in TMD monolayers
through local strain gradients. Exfoliated monolayer WSe, was
dry-transferred onto the patterned substrate, draping tightly over
the nanopillars, with bright and localized cryogenic PL observed
over unpierced regions of the strained monolayer, as shown in
Figure 5a.

Beyond simply activating the quantum emitters, a metasur-
face can be designed to simultaneously introduce local strain in
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the integrated 2D material and act as a cavity for electric field
enhancement, leading to modulation of the recombination rate.
Luo et al."?] used an array of gold nanocubes on a sapphire sub-
strate to support monolayer WSe,, finding strain-activated single
photon emission over each corner of the top face of each
nanocube with high probability. An initial characterization of
these emitters through power saturation and exciton lifetime
measurements provided a baseline for the subsequent analysis
of the cavity effects. A closed plasmonic gap mode was then in-
troduced by transferring the entire WSe, /Au/Sapp structure onto
a gold mirror, as illustrated schematically in Figure 5(b), and the
performance of the same emitters was reassessed. The plasmonic
resonance of the gold nanocavity exhibited strong spectral over-
lap with the WSe, PL emission, leading to significant Purcell en-
hancement and an average 15-fold reduction in exciton lifetime.
The gap width in this approach is limited only by the thickness
of the TMD monolayer together with the 2 nm aluminium oxide
spacer layer required to isolate the gold components, which pro-
duces a very small mode volume. However, the plasmonic res-
onance was broad in order to achieve spectral overlap with the
wide distribution of exciton emission wavelengths, leading to a
small Q factor. Hence, spatial control of emitter creation should
ideally be accompanied by spectral control for optimal Purcell en-
hancement.

In the TMD system, the excitonic nature of the SPE emission
necessitates cryogenic conditions. In contrast, the wide bandgap
of hBN allows for deeply protected defect states that provide
SPEs in the visible wavelength range at room temperature.[118-124]
Room temperature PL spectra typically feature a bright and nar-
row zero phonon line (ZPL) together with a dimmer phonon side
band (PSB) redshifted by ~160 meV. The ZPLs occur over a wide
range, from 550 to 730 nm, and distinct classes of emitters were
proposed.['?°] The exact defect structures are yet unknown, how-
ever, carbon-related defects are a likely candidate for the visible
emitters.[12¢]

Nanoscale pillars have been used to control the spatial dis-
tribution of visible SPEs in hBN. Few-layer flakes draped over
an array of flat-topped silica nanopillars, similar to the scheme
presented in Figure 5a, yielded strain-induced SPEs with a nor-
mally distributed range of ZPLs centered at 570 nm.l'”’] An
alternative approach utilized direct chemical vapor deposition
(CVD) growth onto the nanopillars, with the number of SPEs per
nanopillar found to be proportional to nanopillar diameter.['?®]
The smallest investigated diameter of 250 nm resulted in a
near unity yield of SPEs, with ZPLs clustered around 600 nm,
which was attributed to the reduction in available CVD nucle-
ation sites and hence defect creation over the smaller pillar
surface area.

Without spatial control of emitter activation, alighment with
metasurface cavities is challenging. Tran et al.l3) were able
to utilize the pick-and-place capabilities of hBN to overcome
this issue. The left image in Figure 5c illustrates the initial
PL characterization of visible emitters created via thermal an-
nealing in a flake exfoliated onto a silicon substrate. The posi-
tion of bright, single candidate emitters was recorded relative
to lithographic markings, and the same flake was then trans-
ferred using a spin-coated PMMA layer onto a metasurface con-
sisting of either gold or silver nanocube arrays, as shown in
the right of Figure 5c. Comparing the lifetime measurement of
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Figure 5. Single photon emission from 2D material flat optics. a) Spatial control of SPE creation in TMDs using localized strain. Reproduced with
permission.["1"] Copyright 2017, Nature Publishing Group. b) Closed plasmonic nanocavities leading to enhanced emission from SPEs in TMDs. Repro-
duced with permission.["12] Copyright 2018, Nature Publishing Group. c) Enhancement of SPE emission in hBN using an open plasmonic nanocavity
array. Reproduced with permission.['13] Copyright 2017, American Chemical Society. d) Strong coupling between a metasurface BIC mode and monolith-
ically integrated hBN SPEs. Reproduced with permission.['1] Copyright 2022, arXiv. e,f) Controlling the photon degrees of freedom of SPEs in hBN using
a multifunctional hBN metalens. Reproduced with permission.l''] Copyright 2023, Springer Open. g) Quantum efficiency enhancement of spin-active
defects in hBN using a metasurface qBIC mode. Reproduced with permission.['1] Copyright 2024, Nature Publishing Group. h) PL enhancement of spin
defects in hBN using plasmonic resonances in a trenched metasurface. Reproduced with permission.!""7l Copyright 2023, American Chemical Society.

an emitter over the bare silicon substrate, with the same relo-
cated emitter positioned over a nanocube, a modest Purcell en-
hancement was observed, leading to a doubling of brightness.
The silver metasurface performed better, owing to the lattice
plasmon resonances being more robust against lossy interband
transitions around the target ZPL wavelength. Further enhance-
ment may be possible by closing the gap mode, as depicted
in Figure 5b, or by scaling the nanocube dimensions to opti-
mize cavity spectral overlap after the identification of emitter
ZPLs. Purcell enhancement in the weak coupling regime can
also be achieved with dielectric nanostructures, where cavity res-
onances have been tuned in situ using, for example, piezoelec-
tric actuators to set the spacing in a dielectric Bragg mirror!'?’!
or gas condensation to modulate the geometry of a 1D photonic
crystal cavity.[13"] Coupling emission to guided modes in dielec-
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tric nanostructures offers additional capabilities for metasurface
integration.[131:132]

The use of sub-diffractive arrays in metasurface design allows
for the creation of BICs, optical modes with relatively low dissi-
pative decay rates. A BIC mode could be a route toward strong
electron-photon coupling in conditions where a large mode vol-
ume is unavoidable. This approach was pursued by Do et al.,['!4]
using a thin hBN film transferred onto an array of TiO, nanopil-
lars as shown in Figure 5d. The BIC resonance is associated with
a magnetic dipole along each nanopillar vertical axis, with a cor-
responding circulating electric field throughout each nanopillar
that can couple to a well-aligned emitter dipole. Energy-resolved
back focal plane imaging revealed weak coupling between an
emitter with ZPL slightly detuned from the BIC resonance, and
evidence suggestive of strong coupling for an emitter at zero
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detuning. The BIC resonance energy can be selected by defin-
ing the nanopillar diameter and array spacing, however, this ap-
proach is still subject to the probabilistic spectral and spatial lo-
cation of hBN emitters.

One of the unique properties of SPEs in hBN is their bright-
ness. This enabled an interesting demonstration that combined
the control of propagation direction, polarization, and OAM of
photons emitted from SPEs employing a metasurface, as de-
picted in Figure 5e. Li et al.'"] fabricated a metalens consisting
of an array of hydrogenated amorphous silicon meta-atoms of
varying lengths and widths. When the dimensions vary linearly
across the metalens, transmitted light is deflected according to
polarization, while a spiral variation is employed to structure the
OAM of the incident beam. Superimposing these lens geome-
tries yields a polarizing beam splitter with output modes possess-
ing distinct topological charges (Figure 5f).

An important defect within the hBN family is the negatively
charged boron vacancy (V;).['*¥] The spin of the V; defect is
optically addressable at room temperature via the optically de-
tected magnetic resonance (ODMR) that enables precise mea-
surements of magnetic and electric fields('**1%] at the nanoscale.
One of the major drawbacks of V7 is its low quantum efficiency
that limits the signal-to-noise ratio in ODMR measurements and
requires longer integration times. Metasurfaces are an avenue for
enhancing the intrinsically low quantum efficiency and weak PL
intensity of the V; defect. Sortino et al.l"'! introduced an asym-
metric scaling into an hBN nanopattern in order to access a high-
Q gBIC resonance, as shown in Figure 5g. The resonance energy
was easily specified by controlling the magnitude of the asym-
metry parameter AL, providing flexibility in the spectral overlap
with the naturally broad V; emission. Nitrogen beam irradiation
introduced V; ensembles directly into the hBN metasurface, and
such monolithic integration leads to greater coupling efficiency
than is possible with hybrid structures using multiple materials.
While the reduction in lifetime induced by this qBIC metasurface
was small, ensemble brightness was found to increase around 20-
fold, leading to a stronger ODMR signal.

The case of hybrid coupling was explored with
nanocubes!3¢1%8] ag well as trenched structures, where Cai
et al."”] found that the plasmonic resonance of a gold metasur-
face was redshifted with every extra layer of hBN transferred on
top. As Figure 5h shows, the field enhancement provided by the
gap plasmon mode drops off in proportion to the surface normal
distance Hp, whereas the V, ensemble depth Di is ideally
minimized for the greatest magnetic field sensitivity. A combi-
nation of nanotrench spacing and hBN depth contributed to the
optimal coupling conditions, which yielded a 40-fold increase in
brightness compared to V;; ensembles located over flat regions
of the gold substrate. Hence, metasurface performance appears
to depend closely on the nature of the integration with the target
material, and this consideration should be incorporated at the
design stage.

There exist myriad approaches to modulating the emission
from deterministic single photon sources, with those above con-
centrating on increasing the brightness through the Purcell ef-
fect, improving collection efficiency, or altering photon degrees
of freedom such as polarization or OAM. From the quantum light
perspective, these engineering controls must ideally have negli-
gible impact on the single photon purity and indistinguishabil-
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ity, meaning the flat optics introduced to the bulk material sup-
porting the SPE are required not to enhance background emis-
sion or introduce dephasing mechanisms. The flat optics devices
utilizing QDs,!*”! SPEs in diamond,['®] and SPEs in hBN[1>13]
have indeed demonstrated purities and, where applicable, in-
distinguishabilities comparable to the same class of emitter in
bulk, unstructured material.1**-2] This indicates that increases
in brightness and enhanced polarization control can hence be
achieved with minimal drawbacks.

5. Challenges and Future Prospects

The combination of flat optics and quantum light sources is
rapidly gaining momentum as a research field in its own right.
Achieving highly efficient, coherent, and deterministic quan-
tum light sources is a paramount objective, with room temper-
ature operation being an added benefit. However, where meta-
surfaces add a critical advantage is with the possibilities of
functionalities. As was described above, metasurfaces can en-
able wavefront control or spatial localization with a single pur-
posely designed nanostructure. It is important to emphasize that
the metasurfaces as a whole are agnostic to the use of prob-
abilistic (SPDCs) or deterministic sources. Both avenues have
their own promises and should be pursued in the coming
years.

The SPDC process inherently allows the generation of in-
distinguishable photons, facilitating the preparation of complex
quantum entanglement. There are two primary challenges in
the generation of photon pair sources via SPDC. The first one
is the strict requirements for longitudinal phase matching con-
ditions, which need dedicated temperature control. The incor-
poration of flat optics has successfully addressed this concern
and provides a potential for scalable production of photon pair
sources with added functionalities. However, this solution comes
at the cost of significantly reduced photon pair rate due to the
ultra-short interaction length of the materials. One may com-
bine bulky nonlinear materials with linear metasurfaces to reach
a high photon flux rate with added functionalities, as discussed
earlier. One ideal solution for achieving ultimate compactness
and functionalities is to integrate nonlinear with linear metasur-
faces, but novel approaches (such as triple resonances at pump,
signal and idler photon wavelength, improved design and fabri-
cation of metasurfaces for high-Q resonances, etc.) ought to be
developed to improve the rate of photon pairs from nonlinear
metasurfaces. The second challenge arises from the probabilis-
tic nature of the SPDC process. The chances of a pump photon
splitting into signal and idler photons are rather low. While the
photon-pair rate in the state-of-the-art experiments has reached
the megahertz range, the generation remains spontaneous and
non-deterministic, posing difficulties for quantum computing
applications. The potential of resolving this issue through the
utilization of ultrafast switching and photon routing in metasur-
faces remains an unexplored avenue.

The production of photon pairs via SPDC was recently re-
ported from 2D materials. Due to their remarkable thinness
and high efficiency, they provide an avenue for developing
miniaturized on-chip SPDC sources and high-performance pho-
ton modulators. We anticipate that their potential extends be-
yond unstructured 2D materials. Metasurfaces composed of
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2D material structures offer unlimited potential toward the next-
stage development of quantum light sources.

Solid-state SPEs and QDs, in contrast, offer high efficiency and
deterministic characteristics, enabling precise control over the
timing of emitted photons. This property is indispensable for ap-
plications such as quantum repeaters where precise synchroniza-
tion and manipulation of single photons are required. Although
the development of metasurface-based quantum emitters has led
to Purcell enhancement, improved collection efficiency, and com-
plete control of light over its emission direction and polarization,
it is still an open question to realize coherent and indistinguish-
able single photons. Addressing this challenge may be possible
by employing metasurfaces with ultra-high Q factors. Further-
more, single photon emission from 2D materials primarily oc-
curs within the visible wavelength range. The development of
infrared SPEs will be a critical step toward the applications of
quantum telecommunications. In this regard, the exploration of
tunable metasurfaces in the generation of quantum light sources
holds significant promise to dynamically control quantum states
and will bring this field to a new milestone. Additionally, com-
bining multi-functional metasurfaces with integrated platforms
such as SPEs in silicon nitride waveguide!'*3144] is another inter-
esting direction worthy of further exploration.

The ability to control photon polarization and angular momen-
tum using metasurfaces could yield compact in situ filtering ca-
pabilities. Whether SPEs are excited with above-resonant or on-
resonant laser energy, scattered laser light must be filtered to iso-
late the quantum light. In particular, on-resonant excitation is
preferable for the greatest photon coherence, however, the sep-
aration of the laser from the ZPL photons requires complicated
bulk cross-polarization optics or emission into orthogonal waveg-
uide modes. Ideally, a laser extinction method would be inte-
grated with a metasurface hosting the SPE, which would allow
for the generation of maximally coherent single photons on de-
mand.

A key promise with metasurfaces and defects may in fact arise
from the area of quantum sensing. Integration of spin defects
with a metasurface on top of an optical fibre may be utilized to
engineer a plug-and-play quantum sensing device. Fabrication of
fiber-based metasurfaces is an emerging field,!'*>14¢] and the abil-
ity to deterministically transfer 2D materials onto fibres may play
a key role in this direction.

An interesting avenue that is still in its infancy is nonlocal
metasurfaces for SPEs. Nonlocal resonances feature strong an-
gular dispersion, a characteristic not present in local metasur-
faces. Exploiting this unique property provides the opportunity
to tailor the emission directions and photon frequency of quan-
tum light sources. Additionally, its unique advantages in wave-
front control have not yet been implemented in quantum light
sources.

Finally, incorporating inverse design,['*-1>2] including topol-
ogy optimization, evolutionary optimization, and machine learn-
ing techniques, has arisen as a revolutionary approach for ad-
dressing the challenges associated with metasurface design. Un-
like conventional forward design methods, inverse design is char-
acterized by its method-agnostic nature and its objective of solv-
ing physics problems through the use of mathematical tools. No-
tably, inverse design remains unexplored in the context of flat
optics for quantum light sources, representing a promising av-
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enue to unlock novel possibilities for nanoscale control over light
sources with multifunctional capabilities.
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