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Abstract: Metasurfaces, composed of artificial meta-atoms

of subwavelength size, can support strong light–matter

interaction based on multipolar resonances and plasmon-

ics, hence offering the great capability of empowering non-

linear generation. Recently, owing to their ability to manip-

ulate the amplitude and phase of the nonlinear emission

in the subwavelength scale, metasurfaces have been rec-

ognized as ultra-compact, flat optical components for a

vast range of applications, including nonlinear imaging,

quantum light sources, and ultrasensitive sensing. This

review focuses on the recent progress on nonlinear meta-

surfaces for those applications. The principles and advances

of metasurfaces-based techniques for image generation,

including image encoding, holography, and metalens, are

investigated and presented. Additionally, the overview and

development of spontaneous photon pair generation from

metasurfaces are demonstrated and discussed, focusing on

the aspects of photonpair generation rate and entanglement

of photon pairs. The recent blossoming of the nonlinear

metasurfaces field has triggered growing interest to explore

its ability to efficiently up-convert infrared images of

*Corresponding authors: Constantino De-Angelis, Department of

Information Engineering, University of Brescia, Brescia, Italy,

E-mail: costantino.deangelis@ino.it. https://orcid.org/0000-0001-8029-

179X; and Lei Xu, Department of Engineering, Advanced Optics and Pho-

tonics Laboratory, School of Science Technology, Nottingham Trent Uni-

versity, Nottingham, UK, E-mail: lei.xu@ntu.ac.uk. https://orcid.org/0000-

0001-9071-4311
Ze Zheng, Cuifeng Ying and Mohsen Rahmani, Department of Engi-

neering, Advanced Optics and Photonics Laboratory, School of Science

Technology, Nottingham Trent University, Nottingham, UK. https://orcid

.org/0000-0002-9676-2856 (Z. Zheng). https://orcid.org/0000-0002-7279-

1388 (C. Ying). https://orcid.org/0000-0001-9268-4793 (M. Rahmani)

DavideRocco, Olga Sergaeva and DomenicodeCeglia, Department of

Information Engineering, University of Brescia, Brescia, Italy. https://orcid

.org/0000-0002-5678-0531 (D. Rocco). https://orcid.org/0000-0003-0922-

8768 (O. Sergaeva). https://orcid.org/0000-0001-5736-6298 (D. de Ceglia)

Hang Ren, Yipei Zhang and K. Birgitta Whaley, Department of

Chemistry, University of California, Berkeley, CA, USA

arbitrary objects to visible images and achieve spontaneous

parametric down-conversion. This recently emerged direc-

tion holds promising potential for the next-generation tech-

nology in night-vision, quantum computing, and biosensing

fields.
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1 Introduction

Since the first observation in 1961 [1], the nonlinear genera-

tion, also called frequency conversions, has been intensively

studied for nearly six decades, leading to a vast range of

related applications, including nonlinear microscopy [2–4],

quantum light sources [5–8], and ultrasensitive sensing

[9–11]. To date, the platform carrying on the nonlinear gen-

eration has been updated from nonlinear crystals to more

compact andminiature elements, such as fibers and waveg-

uides [12–15]. Nevertheless, the basic concept of efficiently

converting the fundamental light from one frequency to

a new frequency still relies on utilizing the long distance

along the propagating direction, where the phase-matching

and propagating loss terms significantly limit its applica-

tions [13, 16, 17]. Although the periodically poled crystals

have improved the dependence of conversion efficiency on

phase-matching conditions, these limitations continue to

affect their practical applications [18–20]. Based on these

reasons, it is notable to explore a new concept as an alter-

native option to strongly enhance the nonlinear generation,

thereby overcoming the current shortcomings.

Thanks to the recent developments of the technology

for the growth and nanofabrication of nonlinear materials,

metasurfaces, composed of subwavelength constituent res-

onant atoms, have become an ideal nanoscale platform to

shape light with extremely confined and enhanced electric

field [21, 22]. The abilities of metasurfaces on light confine-

ment can be precisely controlled by the careful design of

geometric parameters for each unit composing the whole

metasurfaces [23–25]. Currently, manyworks have reported
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on the utilization of metasurfaces to control the intensity,

phase change, and polarization of incident electromagnetic

waves, covering from deep UV to microwaves [21–23]. This

kind of control can be independently implemented in each

pixel of metasurfaces, offering massive flexibility and com-

patibility for real-world applications. To date, the control

of light properties using metasurfaces has been dilated

into the freedom of frequency by employing nonlinear

generation.

Instead of relying on the propagating distance of light,

nonlinear metasurfaces can support highly-concentrated

light confinement based on the excitation of multipolar

resonances and plasmonics. This unique approach can sig-

nificantly boost nonlinear generation [26–41]. The con-

version efficiency of nonlinear metasurfaces can be sev-

eral hundred times higher compared to the same size of

unpatterned films [42, 43]. Nowadays, manyworks reported

on enabling enhanced nonlinear generation by nonlin-

ear metasurfaces, including second-harmonic generation

(SHG), third-harmonic generation (THG), sum-frequency

generation (SFG), four-wave mixing (FWM), and high-order

harmonic generation [44–53]. Nonlinear materials used in

metasurfaces vary from metallic materials to second-order

and third-order dielectric materials and semiconductors,

such as gold, LiNbO3, AlGaAs, GaP, ZnO, and silicon [45,

51, 54–56]. Due to the subwavelength thickness, the light

confinement and the light–matter interaction within meta-

surfaces play a crucial role in improving the conversion

efficiency of nonlinear generation, instead of being limited

by propagation losses and phase-matching condition.

Bound states in the continuum (BICs), originating from

quantum mechanics, have now been admitted as an ideal

tool to manipulate the light confinement within meta-

surfaces [57]. The concept of BICs has been extensively

observed and applied in constructing nonlinear metasur-

faces and enhancing the nonlinear generation [47, 52, 55,

58, 59]. By breaking the symmetry, BICs can be trans-

formed into high-Q resonances, possessing controllable

light confinement within metasurfaces, and hence tremen-

dously enhancing the nonlinear generation. Moreover, non-

linear metasurfaces have shown remarkable potential in

the wavefront shaping and phase control of harmonic

waves [60]. These properties of nonlinear metasurfaces fur-

ther expand their applications, one of which is nonlinear

imaging.

The nonlinear imaging technique utilizes nonlinear

generation to create and convert images, thereby surpass-

ing the limitations of linear optics, which is limited by

the incident light frequencies [61]. Nonlinear imaging has

attracted increasing attention due to its extensive potential

in future applications, including sensing, night vision, and

spectroscopy [61, 62]. Nonlinear metasurfaces, serving as

exceptional imaging components, offer unique compatibil-

ity and flexibility for application in nonlinear imaging. Ben-

efiting from the enhanced nonlinear generation, nonlin-

ear metasurfaces can efficiently convert the infrared image

into visible light, realizing the concepts of night vision and

infrared imaging [61–63]. Due to the eased phase-matching

condition, nonlinear imaging techniques based onmetasur-

faces have a larger acceptance angle and a wider operat-

ing range compared to other platforms, such as bulk crys-

tals, fibers, and waveguides. Additionally, with the ability

of wavefront engineering, nonlinear metasurfaces bring

futuristic possibilities into current nonlinear imaging tech-

niques, such as nonlinear holography [64–66] and nonlin-

ear metalenses [60, 67, 68]. Via encoding the amplitude and

phase distribution on each subwavelength pixel of meta-

surface, the concealed image becomes discernible solely

within the nonlinear signal. This concept is known as image

encryption. Under the required phase distribution, non-

linear metasurfaces can extend their functions, serving as

compact lenses. These metalenses lead to the development

of multifunctional nonlinear metasurfaces, crucially broad-

ening their practical use.

Over the last decades, quantum optics played an

increasingly important role in quantum computing as one

of the fundamental ways of constructing and building

quantum systems [69]. To date, the photon-based quantum

computer specialized in the boson sampling problem has

been realized in 2020 [70]. However, it is rather difficult

to build up such a complex optical system with numerous

bulky components for commercial applications. Aiming for

manipulating and controlling the photons at the nanoscale,

the concept of integrated photonic quantum computing

attracts tremendous attention to replace traditional bulky

optical blocks [71, 72]. Metasurfaces, with extraordinary

capabilities of tailoring and manipulating light at the nano-

scale, have been recognized as a feasible platform to be

applied in a vast range of quantum optical technologies,

including quantum light sources [73–75], photon operator

[76, 77], and quantum tomography [78]. Particularly, non-

linear metasurfaces have been widely applied in construct-

ing quantum light sources to generate photon pairs with

high efficiency and entanglement in the momentum and

polarization domain [74, 79]. It has been generally revealed

as a promising approach for the generation of entangled

photon pairs via carefully designing the resonant response

of nonlinear metasurfaces.

Optical sensors, detecting absorption, emission, scatter-

ing, dielectric constant, and chirality of biological samples,
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have an increasingly important role in the biosensing field.

Compared to linear optical interaction, nonlinear gener-

ation enables high-sensitivity sensing at low concentra-

tions. As super-compact and feasible nanodevices, non-

linear metasurfaces facilitate the detection of nonlinear

light–matter interaction within biological samples, broad-

ening the accessibility of nonlinear biosensing or bioimag-

ing for a wider range of applications [68, 80, 81].

Considering the rapid growth of the nonlinearmetasur-

faces research field, there are several review papers focus-

ing on the development of nonlinear metasurfaces instead

of their related applications [26–30, 32]. Here we introduce

the evolution of nonlinear metasurfaces and their close

connections with other fields, including nonlinear imag-

ing, quantum computing, and nonlinear sensing (Figure 1).

This paper is organized as demonstrated below. Section 2

provides an overview of nonlinear metasurfaces and out-

lines several approaches to enhance nonlinear generation.

In Section 3, we discuss the use of nonlinear metasurfaces

for nonlinear holography, nonlinear metalenses, and image

conversion. In Section 4, we review the increasing role of

nonlinear metasurfaces in constructing quantum light

sources. In the last section, we provide an outlook on devel-

opments of metasurfaces in the quantum computing and

nonlinear sensing fields.

2 Nonlinear optical interaction

in metasurfaces

In this section, we briefly review the current develop-

ment on enhancing nonlinear light–matter interactionwith

metasurfaces, and showcase several examples that employ

different approaches to enhance optical nonlinear genera-

tion and facilitate the realization of nonlinearmetasurfaces.

These cutting-edge approaches have greatly expanded the

ability to harness and control nonlinear processes, opening

up promising avenues for further advancements in nonlin-

ear applications.

Nonlinear optical processes are universally described

by the Taylor expansion of the polarization P(t) depending

Figure 1: Overview of the diverse applications of nonlinear metasurfaces. Nonlinear imaging part: the figures from left to right are respectively from

[62, 64, 82]. Quantum light source part: the figures from top to bottom are respectively from [73–75]. Nonlinear sensing part: the figures from top

to bottom are respectively from [9, 80] with permission (Copyright 2012 and 2016, American Chemical Society).
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on the electric field strength (which must be large) E(t)

[16, 83]:

P(t) = 𝜖0

(
𝜒
(1)E0(t)+ 𝜒

(2)E2
0
(t)+ 𝜒

(3)E3
0
(t)+ · · ·

)
(1)

where 𝜖0 – is the dielectric permittivity of vacuum, and 𝜒
(x)

stands for the dielectric susceptibility tensor of xth order

related to the symmetry properties of the crystal lattice.

The first order, 𝜒 (1), describes the linear response while the

second – 𝜒 (2) – (being the first nonlinear term) is respon-

sible for the second harmonic generation (SHG), as well as

sum-frequency generation (SFG), spontaneous parametric

down-conversion (SPDC) and difference-frequency genera-

tion (DFG) [84] in nonlinear materials with no inversion

symmetry of the crystal lattice (this applies to all even-

order processes as all susceptibilities of even orders are

equal to zero in isotropic and centrosymmetric materials).

The term 𝜒 (3) defines instead the third order nonlinear

response including third harmonic generation (THG) and

four-wave mixing (FWM), Raman effect, Kerr effect, which

canmanifest in symmetrical materials. Please note that fur-

ther terms in eq. (1) are involved in higher-order harmonic

generation. The 𝜒 (2) is a third-rank tensor and consists of 27

elements, and 𝜒 (3) is a fourth-rank tensor with 81 separate

elements, but some of them are equal to zero and some

others are not independent due to the symmetry of the

crystal lattice,which canbededucedbased on the type of the

crystal lattice (cubic, hexagonal, etc.) [16]. Let us underline

that the phase matching condition between involved waves

must be satisfied in conventional nonlinear processes in

bulk materials, but it becomes negligible in nanostructures

andmetasurfaces. Nanostructuredmaterials also overcome

the limitation on the manifestation of second-order non-

linear processes in centrosymmetric materials by break-

ing the symmetry at the surface of the nanostructure or

the interface between different materials [85–91] and using

various types of optical resonances, including plasmon

and Mie resonances, guided-mode resonances, and BICs

[26–41, 92–94].

In the process of SHG, which was the first discovered

nonlinear generation process (1961 [1]), the electron in the

material absorbs two incident photons with frequency 𝜔

and emits one photon at a double frequency 2𝜔 (Figure 2(g))

[1, 95, 96]. In 1961, the theoretical description of various

nonlinear generation effects (SHG, SFG, THG, FWM) was

published [95]. SFG was also first experimentally shown in

1962 [97]; in this nonlinear process two laser photons with

two wavelengths being absorbed in the media induce the

emission of a photon with a third wavelength, according to

Figure 2: Optical nonlinear processes with resonant metasurfaces. (a) Schematic illustration of SHG with plasmonic-ENZ metasurface consisting

of Au meta-atoms on an indium-tin-oxide (ITO) layer. Adapted from [130]. Copyright 2020, American Chemical Society. (b) Experimentally measured

polarization-dependent SHG spectra of hybrid plasmonic-ENZ C3-ITO metasurface. Adapted from [130]. Copyright 2020, American Chemical Society.

(c) Si metasurface with symmetric defects that supports quasi-BICs. Adapted from [138]. (d) comparison of the THG in quasi-BIC metasurface and

a reference Si thin film with the same thickness as the metasurface. Adapted from [138]. (e) Schematic illustration of an optical metamixer consisting

of a square array of subwavelength GaAs dielectric resonators, where seven nonlinear optical processes occur simultaneously under two femtosecond

near-IR pulses pump. Adapted from [152]. (f) Schematic illustration of boosting SHG from a metasurface-slab hybrid system driven by high-Q guided

resonances and bound states in the continuum [153]. (g) Illustration of enhanced SHG from TMDs combined with a Si metasurface hosting BICs.

Adapted from [58]. Copyright 2020, American Chemical Society. (h) Illustration of THG diffraction tailoring by hybrid modes in Si high-Q metasurfaces.

Adapted from [49]. Copyright 2021, American Chemical Society.
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the energy conservation law, in the frequency terms it can

be written as 𝜔1 +𝜔2 = 𝜔3 (Figure 6(a), left panel). Please

note that the SHG can be considered a case of SFG with

𝜔1 = 𝜔2 = 𝜔. The conservation of momentum requires the

wave vectors to obey the phase-matching condition k3 =
k1 + k2 +Δkwith |Δk| ≪ |k3|, which can be difficult to sat-

isfy because of the material dispersion [16, 83, 95]. Polariza-

tion in SFG is written as P(𝜔1 +𝜔2) = 2𝜖0𝜒
(2)E0(𝜔1)E0(𝜔2).

In the process of DFG (SPDC) 𝜔3 = 𝜔1 −𝜔2 and P(𝜔1 −𝜔2)

= 2𝜖0𝜒
(2)E0(𝜔1)E

∗
0
(𝜔2) [16]. In terms of optical parametric

generation SPDC (Figure 6(a), right panel, and (b))) is a para-

metric process of the spontaneous decay of absorbed pump

photon with frequency 𝜔1 into a pair of output signal (𝜔3)

and unwanted idler (𝜔2) photons via two-photon emission

[16]. In the parametric processes, virtual short-living elec-

tron energy levels are involved, while in the non-parametric

processes, like Raman scattering, the initial and final states

are the real electron energy levels, and the photon energy

is partially irretrievably absorbed. Theoretical description

of optical parametric processes was published in 1961 [98]

and the first quantum mechanical description of SPDC was

published in 1967 [99], later the experimental demonstra-

tion was published [100–102], and ideas of using parametric

processes for image conversion and holography started to

emerge [103–105]. THG was demonstrated in [106]. THG can

be considered a case of FWM with 𝜔1 = 𝜔2 = 𝜔3; FWM in

a non-degenerate case is a process that originates from the

interaction of three incident waves in a medium charac-

terized by the susceptibility 𝜒 (3) generating the fourth one

𝜔4 = 𝜔1 +𝜔2 +𝜔3 [16, 95].

In nonlinear nanophotonics the characteristics of the

transmitted or reflected light strongly depend on the pump

polarization and direction, geometry, symmetry and ori-

entation of the meta-atoms as well as on the crystalline

structure of the material they are made of. Works on the

effects of crystal symmetry in harmonics generation pro-

cesses started in [95, 107–110]. The interplay between the

symmetry of a nanoparticle and the crystal structure of its

material and thepolarization of the pumpand the generated

signal in nonlinear generation processes was discussed in

[31, 111–124], etc. for plasmonic and semiconductor cen-

trosymmetric and non-centrosymmetric materials.

Plasmonic and dielectric nanostructures have been

extensively investigated to create various shapes and clus-

ters to enhance the optical nonlinear generation through

the excitation of plasmonic resonances or multipolar Mie-

type resonances. By designing the localized surface plas-

mon resonances at the excitation or harmonic emission

wavelengths, nonlinear harmonic generation can be sig-

nificantly enhanced using plasmonic nanoantennas [125].

The strong local field enhancement near the nanoantenna’s

surface can induce a much stronger nonlinear response

as compared to traditional plasmonic materials. Substan-

tial efforts have been devoted to advancing nonlinear

generation using plasmonic metasurfaces, often in combi-

nation with various designing approaches. For instance,

researchers have explored the coupling of electromag-

netic modes supported by plasmonic metasurfaces with

quantum-engineered electronic intersubband transitions in

semiconductor heterostructures. This experimental work

[126] has demonstrated the possibility of engineering vir-

tually any element of the nonlinear susceptibility tensor

in these structures. As a notable achievement, a 400-nm-

thickmetasurface with a nonlinear susceptibility exceeding

5 × 10−4 pm∕V for SHG at an approximately 8-μm wave-

length under normal incidence has been realized. Various

other combinations have also been investigated in this con-

text. For instance, materials with epsilon near zero (ENZ)

properties, such as indium tin oxide (ITO), have shown

strong nonlinearity and the ability to confine light, reducing

the requirement for phase matching conditions [127–129].

However, in ITO material, the anisotropy of the nonlinear

response and the continuity of the electric field compo-

nents normal to the interface typically result in a general

enhancement of the nonlinear signal only under the oblique

incidence of the pump light on the ITO films. To address this

limitation, researchers have designed a hybrid metasurface

comprising plasmonic nanostructures on an ENZ nanofilm:

Ahybrid plasmonic-ENZmetasurfacewas constructed using

30-nm thick plasmonic (Au) meta-atoms with 3-fold (C3)

rotational symmetry. These meta-atoms were arranged in

a hexagonal lattice with a period of 550 nm and then posi-

tioned on an ITO layer. The metasurface was composed of a

30 nm Au layer, followed by a 15 nm ITO layer, and a SiO2

substrate [130]. Through near-field coupling between the

ENZ layer and the meta-atoms on the interface, a remark-

able enhancement of SHG at normal incidence was exper-

imentally observed, enabling enhanced SHG from ITO film

even when the pump light impinged perpendicularly to the

surface, as illustrated in Figure 2(a and b).

The combination of plasmonic resonances and

advanced engineering approaches opens up new avenues

for tailoring and optimizing nonlinear optical processes

in nanoscale systems. However, plasmonic materials are

usually associated with significant losses at the optical

frequencies, resulting in relatively low damage thresholds.

Moreover, the field is localized near the interface of

plasmonic nanostructures, leading to a relatively small

mode volume. All of these limitations have hindered the

practical applications of nonlinear plasmonicmetasurfaces.
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In contrast, nonlinear dielectric metasurfaces have

garnered intense exploration in recent years [26, 27, 36,

93, 131]. Made of dielectric, they exhibit exceptionally

low losses at optical frequencies and can support various

electric and magnetic resonant multipoles. By exciting

these resonant multipoles and their interferences, strong

near-field enhancement can be achieved at the pump

frequency. Additionally, the nonlinear radiation can be

engineered through the nonlinearly generated multipoles.

The use of nonlinear dielectric metasurfaces presents a

promising platform for advancing nonlinear nanophotonics

towards practical applications.

Metasurfaces, due to the coupling between adjacent

nanostructures, can generally support modes with much

higher Q-factors compared to individual nanoresonators.

This property plays a critical role in enhancing nonlin-

ear light–matter interaction. A considerable amount of

research has been devoted to creating high-Q resonances

in metasurfaces to enhance light confinement, including

conventional Mie resonances and lattice resonances, Fano

resonances, topologically protected states, etc. [48, 132–137].

Modes of different symmetry classes remain completely

decoupled and can form strongly bounded states with

no radiation, known as symmetry-protected Bound States

in the Continuum (BICs). By introducing asymmetry or

defects in such systems, these BICs with infinite Q-factors

can be transformed into quasi-BICs with finite Q-factors.

These quasi-BICs can be externally excited under plane

wave incidence, making them suitable for facilitating non-

linear light–matter interaction [50, 51, 55, 59, 138–142].

For instance, Si metasurfaces with symmetry-protected BIC

modes arranged in a square lattice demonstrate a magnetic

dipole type BIC at the Γ point of the first Brillouin zone

[138]. By introducing an asymmetric defect in the meta-

surface, the Q-factors of such metasurfaces can be tuned.

Researchers have experimentally achieved a Q-factor of

18,511 by engineering the symmetry properties and the num-

ber of unit cells in the metasurface. Subsequently, these

high-Q quasi-BICs exhibit exceptional conversion efficiency

for third harmonic generation in Simetasurfaces (Figure 2(c

and d)) [138]. Materials with high nonlinearities, includ-

ing second-order nonlinear processes (GaP, GaAs, etc.) and

third-order nonlinear processes (Si, Ge, lithium niobate

(LiNbO3), etc.) have been widely explored by researchers

to boost the nonlinear generation in nanoresonators and

metasurfaces of different shapes [48, 53, 137, 141, 143–151].

By employing multiple laser pump sources, different non-

linear processes can occur simultaneously within a sin-

gle metasurface. For instance, researchers have demon-

strated the generation of 11 new frequencies spanning from

approximately 380 nm to 1 μmusing a GaAs-based dielectric

metasurface. This generation arises from 7 different con-

current nonlinear processes when pumping the metasur-

face with two femtosecond pulses at approximately 1.24 μm
and 1.57 μm wavelength, near the magnetic and electric

dipole resonances of the metasurface, creating an ultra-

compact nonlinear metamixer, as illustrated in Figure 2(e)

[152].

Recently, attention has been drawn to the integration

of waveguides and metasurfaces to explore high-Q guided

resonances through waveguide modes and Mie resonances

in dielectric metasurfaces. For instance, a configuration

involving a LiNbO3 disk array placed on a thin LiNbO3 film

enables the transformation of guided modes supported by

the LiNbO3 thin film into high-Q guided resonances that can

be directly excited under plane-wave illumination, as illus-

trated in Figure 2(f). This structure can also tailor both the

Q-factor and the field confinement by controlling the radia-

tive features of the metasurface resonances. The numerical

simulations predict a significant SHG efficiency of 5% with

a relatively low pump intensity of 0.4 mW∕cm2 [153].

The metasurface platform offers the capability to

manipulate both near-field confinement and far-field radi-

ation. By integrating metasurfaces with other materials

possessing strong nonlinearities, it is possible to enhance

their nonlinear emission intensity as well as to control the

nonlinear emission pattern. In recent years, phase-change

materials have emerged as a powerful platform for non-

linear applications. These materials offer the unique capa-

bility to tune the nonlinear emission from metasurfaces,

making them highly versatile for various nonlinear optical

applications [154, 155]. Additionally, some of these materials

exhibit large nonlinearities, enabling the formation ofmeta-

surfaces that can generate sizeable nonlinear emissions

[156]. For example, placing the WS2 monolayer on top of

the Si resonant BIC metasurface can result in a remarkable

enhancement of the effective nonlinear susceptibility, as

depicted in Figure 2(g). This enhancement leads to a sub-

stantial increase in SHG intensity, surpassing three orders

of magnitude when compared to aWS2 monolayer on top of

a flat Si film with the same thickness [58].

As mentioned before, nonlinear metasurfaces not only

can enhance the near-field by the excitation of the res-

onances, but also can manipulate the nonlinear emis-

sion through engineering the multipolar excitation at the

pump and harmonics [49, 145] frequencies. For example, by

designing a Si metasurface supporting hybrid Mie-quasiBIC

modes, the control of the TH diffraction by switching

between different TH diffraction orders was achieved, as

illustrated in Figure 2(h) [49]. This can be interpreted by
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the modification of the local electric field in the meta-

atoms leading to the generation of different nonlinear mul-

tipoles and thus the switching between THG diffraction

orders. Themanipulation ofwavefronts in the linear regime

has been extensively explored through the utilisation of

Huygens’ metasurfaces to achieve full 2𝜋 phase modula-

tion while maintaining near-unity transmission. However,

in the nonlinear regime, shaping the wavefront for non-

linear emission becomes considerably more intricate com-

pared to the linear scenario. In this context, effective phase

modulation must be accompanied by achieving high and

consistent nonlinear conversion efficiency. The most used

approach involves positioning the pump frequency at a

carefully designed resonance to amplify the electric field

and the intensity of induced nonlinear currents within each

meta-atom of the metasurface. Consequently, this ampli-

fication leads to a significant enhancement in nonlinear

emission. Moreover, by engineering the geometry of the

meta-atoms to leverage multipolar interference effects aris-

ing from different multipoles [157–159], and by exploiting

the nonlinear tensor properties of material [160], one can

exert precise control over the nonlinearly generated mul-

tipoles. This control allows for the shaping of the non-

linear radiation pattern, thereby achieving both high effi-

ciency and high directionality while enabling phase tuning.

This approach presents a promising platform for a diverse

range of applications, including nonlinear holography, non-

linear meta-lenses, background-free nonlinear sensing, and

more.

In summary, nonlinear light–matter interaction with

metasurfaces offers a versatile and powerful platform for

controlling and enhancing nonlinear optical processes, with

potential applications in areas such as frequency con-

version, nonlinear imaging, and quantum photonics. As

research in this field continues to advance, metasurfaces

hold promise for transformative breakthroughs in nonlin-

ear optics and light manipulation technologies.

3 Nonlinear image generation

and conversion/processing

based on metasurfaces

In this section, we review recent advances in nonlin-

ear imaging enabled by metasurfaces. Indeed, nonlinear

metasurfaces perform the nonlinear optical transformation

incorporating many of the functionalities of their linear

counterparts [67, 161–163]. Recently, research in this field

has gained increasing interest thanks to many achieve-

ments in various application areas, as discussed in recent

reviews on nonlinear metamaterials [26–41]. Newly, non-

linear metasurfaces have found applications in holographic

multiplexing, image conversion and processing and as

metalenses. In the following, we will discuss the main

results concerning each of the aforementioned research

streams.

3.1 Nonlinear metasurfaces for holography
and image encoding

Holographicmultiplexing based on nanoscale platforms has

recently gained a lot of attention due to its potential of

encapsulating different images in a small volume, hence

increasing the information capacity with ultrasmall foot-

print [164–166]. For nonlinear holography, the image is

formed at a different frequency than that of the pump (e.g.,

the double or triple, or sum). In [167] the authors developed

a nonlinear metasurface, composed of plasmonic meta-

atoms with rotational symmetry, which can hide images

under fundamental frequency illumination. The hidden

image can be read in SHG signal, realizing the image encryp-

tion. Employing a modified design of nonlinear metasur-

face composed of similar meta-atoms and illuminated by

circularly polarized light, authors of [168, 169] showed infor-

mation encoding in both real and Fourier space in polar-

ization and amplitude-controlled nonlinear holography. In

[170], the authors demonstrated the computer-generated

hologram based on THG in the multilayer plasmonic meta-

material, which allowed generating images in transmis-

sion with low background. Subsequently, the first demon-

stration of THG hologram in all-dielectric metasurface was

reported [171].

Nonlinear holography by metasurfaces has been

demonstrated to increase the multiplexing capability by

using the strong nonlinear effects due to the interaction

of the incident pump field with the nonlinear medium

[64, 170–173]. In fact, by appropriately designing the

metasurface, it is possible to generate reconstructed images

both at the linear and nonlinear frequency, which may

further enhance the spectral holographic multiplexing

capacity. Many pioneering works on nonlinear holography

have been presented as paradigms. For instance, it has been

proved that an optimized grating structure in the proximity

of dielectric nanoantennas allows the phase control of the

nonlinear wavefront generated by the nanoantennas [174].

In particular [174], in-plane dielectric gratings reshaped

the quadrupolar SHG mode from cylindrical dielectric

nanoantennas into a dipolar-like emission pattern. The

SH emission profile obtained in the far-field showed the

potential for complex engineering of the nonlinear emission

at the single meta-atom elements. Moreover, different SH
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patterns resembling a flower or a bird appeared in the far

field of the structures, depending on the design parameters

and pump polarization. Therefore, applying this concept

to the single nano-structure, nonlinear holography was

subsequently implemented in the case of metasurfaces

[174].

In [64] a Pancharatnam–Berry (PB) phase approach to

encode phase gradients and holographic images on silicon

metasurfaces is reported. We note that the concept of PB

phasemetasurface (or geometric phasemetasurface) allows

for achieving a continuous phase variation by exploiting the

rotational degree of freedom of the optimized meta-atom.

In more details, by tuning the orientation angles of the

silicon nanofins that form the proposed metasurface [64], it

was possible to guarantee the desired phase profile of the

emitted third-harmonic signal, see Figure 3(a). Hence, the

results for the phase-gradientmetasurface demonstrate that

the spatial phase of the nonlinear signal canbe controlled by

the spatial orientation of identical meta-atoms. This concept

can be used to encode more complex spatial phase profile

into a metasurface as a function of the polarization state.

In [64] the authors also demonstrated that metasurfaces,

which have encoded the phase distribution of a computer-

generated hologram, can provide two different nonlinear

phases of the TH (third harmonic) light for two gener-

ated polarization states. Since both TH polarization states

carry different phases and are orthogonal to each other,

this design has been successfully employed for nonlinear

multiplexed holograms. The dynamic switching between

two TH images was achieved by switching the observed

polarization from co-to cross-polarized with respect to the

pump polarization.

More complex methods to expand the spatial and spec-

tral holographic multiplexing have also been considered

[171, 175–179]. For instance, in [175] it was proposed to

exploit FWM nonlinear process in a metasurface composed

Figure 3: Nonlinear holography and image encoding with metasurfaces. (a) Schematic sketch and scanning electron microscopy (SEM) image

of a geometric-phase silicon metasurface. The platform is excited with a right-circularly polarized (RCP) light and the nano-resonators that form

the metasurface are displaced in order to encode the desired phase gradient at the RCP or left-circularly polarized (LCP) generated THG signal.

Adapted from [64]. (b) Nonlinear holography based on nonlinear silicon nanofins metasurface. The top panels display the sketch of the proposed

platform and a SEM image of the fabricated one. The bottom panels show the comparison between theoretical calculation and experimental results.

The measured nonlinear hologram is obtained when the metasurface is shined with a fundamental wavelength (FW) signal with LCP light. For the

co-polarized TH signal, a well-defined holographic pattern can be seen, whereas for cross-polarized TH signals, nothing can be seen. Adapted from

[65]. (c) Illustration of the concept of generation of images with the silicon nitride metasurface on the quartz crystal for nonlinear wavefront

engineering (top panel). Experimentally recorded SHG images from the device (bottom left panel). SEM image of the fabricated metasurface.

Scale bar: 500 nm (bottom right panel). Adapted from [66].
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of nano-hole arrays in a gold film for achieving ampli-

tude computer-generated holograms, which carry differ-

ent information at different frequencies. FWM was also

shown in plasmonic [180, 181], hybrid [182], and all-dielectric

metasurfaces [51]. Such nonlinear metasurfaces have great

potential in high-security optical encryption, anti-fraud

applications, and multicolor holography displays [168, 172].

Let us underline that the concept of nonlinear holograms

not only inspires new imaging technologies but also pro-

vides a solid background for modulating the nonlinear opti-

cal waves. Indeed, as it has been studied in [65] the cir-

cularly polarized TH signal coming in the forward direc-

tion from the dielectric metasurface, composed of silicon

nano-resonators with different in-plane rotational symme-

tries, carries the geometric phase, as predicted by the third

harmonic generation selection rules. The nonlinear k-space

holography by using the aforementioned metasurfaces has

been successfully proved [65], see Figure 3(b).

Interestingly, in [183] the concept of asymmetric

response has been introduced. In particular, the authors

demonstrate that properly designed all-dielectric metasur-

faces can generate different TH images in transmission for

the two opposite illumination directions [183]. The work-

ing principle relies on interplay between magneto-electric

coupling and nonlinear light–matter interaction. The res-

onators that form the metasurface consist of two layers

of different materials with diverse refractive indices (sil-

icon nitride and amorphous silicon) and they can gener-

ate light via THG processes with different intensity. Hence,

the resonators have been optimized to generate different

nonlinear signals to achieve completely different images for

the two incident excitation directions [183]. In this context,

the multiplexing capability may be reached by varying the

direction of the incident light by properly designing meta-

surfaces whose nonlinear response is strongly asymmetric

with respect to the pump direction. However, the possibility

to have a platform with concurrently high nonlinear opti-

cal efficiency and powerful wave shaping is still difficult

to realize. To overcome this limitation, in [66] it has been

proposed to use a dielectric metasurface on top of quartz

crystal to prove the efficient generation of nonlinear vortex

beams and SH holographic images, as shown in Figure 3(c).

This strategymay have important impacts in nonlinear light

manipulation and metalens design. In [179] a multiplexed

four-channel hologram based on THG in a chiral Au–ZnO

hybrid metasurface, in which LCP- and RCP-components of

TH-holographic images are formed independently and the

TH signal from each pixel of the metasurface can be turned

on or off by LCP or RCP excitation, has been experimentally

demonstrated.

The authors of [184] proposed the PB-phase-based non-

linear plasmonic metasurface made of split-ring resonators

with different orientations, which can realize 1 bit, 2 bit, and

3 bit coding at the THG, fundamental frequency (FF), and

SHG; also, based on the same design nonlinear ultrathin flat

metalens with different focal lengths for THG, FF, and SHG

was demonstrated.

3.2 Nonlinear metalenses

Metalens is generally defined as an array of optical nanores-

onators on a surface that is capable of manipulating the

properties of the scattered light wavefront. Hence, metal-

enses are able to focus the electromagnetic radiation with

a significantly more compact footprint with respect to con-

ventional bulky lenses. By exploiting nonlinear responses

in passive metasurfaces, the optical functionalities of such

structures can be further enriched, leading to entirely new

application areas. In this case, the functionality of the lens

can be obtained by a proper spatially variant phase, which

is simultaneously added to the nonlinear light emitted at

each meta-atom on the surface. In particular, light from an

object at the fundamental frequency is collected by the met-

alens, converted to the harmonic frequency, and projected

to the image plane. The image plane is defined by the focal

length, f , and the distance of the object to the lens. In a first

approximation, the relationship of the required phase dis-

tributionΦxy (in the xy plane) and the distance f that metal-

ens should guarantee to focus the light at can be expressed:

Φxy = 2𝜋∕𝜆(
√
(x2 + y2 + f 2)− f ), (2)

where 𝜆 is the operating wavelength. The first implementa-

tions by using this approach were obtained with plasmonic

meta-atoms. For example, in [60], one of the first demon-

strations of SH metalens has been reported by using the

concept of the nonlinear PB phase for SHG from plasmonic

meta-atoms with threefold rotational symmetry. By adjust-

ing the orientation angle of the meta-atom, the local phase

of SHG can be continuously tuned over the entire phase

range (0–2𝜋), thereby resembling the desired phase profile

of a lens for the SH frequency. Following this procedure,

helicity-dependent nonlinear beam focusing and nonlinear

imaging by using SHG at visible wavelengths have been

successfully demonstrated alongwith keeping unaltered the

propagation of the fundamental light [60].

Recently, high refractive index dielectric nanores-

onators have been proved to significantly increase the effi-

ciency of nonlinear processes. Consequently, dielectric met-

alens implementations are soon followed.When encounter-

ing dielectricmeta-atoms, the electromagnetic radiation can
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penetrate inside the nonlinear material and can therefore

excite Mie resonances. In this framework, the geometrical

aspect ratio of the nano-elements controls the wavefront

shape via the nonlinear Huygens’ principle. When operated

at a wavelength of 1550 nm, a TH metalens, composed of

silicon nanopillars on a glass substrate, generated a TH

emission in the visible range (i.e. 517 nm) [185]. The silicon

pillars with elliptical basis were designed to concurrently

guarantee almost the same level of TH magnitude and pro-

vide different phases in the range of 0–2𝜋 for different

semiaxes values. The fabrication of metalenses of 200 ×
200 μm2 footprint with f equal to 300 μm and 400 μm and

TH generation conversion efficiency of the order of 10−6

is both theoretical and experimental proved [185]. How-

ever, the crucial milestone of realizing an efficient SH all-

dielectric metalens has been possible by implementing a

slightly more complex meta-atoms geometry also known as

nano-chair [186], see Figures 4(a) and (b). In [82], making

use of a look-up table relying on (100) AlGaAs nano-chair

elements, the authors demonstrated SH beam steering and

a Fresnel lenses metasurface, see Figure 4(c). In particular,

a SHG efficiency of 1.3 × 10−5 is experimentally measured.

This value is six orders of magnitude higher than the record

SH one from plasmonic metasurfaces [39] and, importantly,

one order of magnitude higher than the record value for TH

in silicon metalens [185].

More recently, a metalens that generates (by nonlin-

ear SHG) and focuses light in the vacuum ultraviolet (VUV)

spectral region has been proved [56]. VUV light is useful for

many applications frommolecular spectroscopy to biomed-

ical procedures and spans a range between 100 nm and

200 nm. However, the poverty of low-absorption VUV mate-

rials limits the realization of classical bulky VUV platforms.

Various designs of VUV metasurfaces were introduced [56,

135, 187–189] to help overcome this drawback. In particu-

lar, in [56], a metalens made of zinc oxide nanoresonators

has been demonstrated. This metalens converts the inci-

dent light (at a wavelength of 394 nm) into well-focused SH

radiation (at 197 nm), eliminating the need for additional

optical elements. The metalens has a diameter of 45 μm
and it is composed of 8400 zinc oxide nanoresonators with

triangular basis. The SH phase control with a range of 0–2𝜋

rad is obtained by rotating each meta-atom, providing the

desired phase variation for VUV radiation. Figure 4(d) sum-

marizes the focusing features of the latter platform. All the

aforementioned results prove that, in aminiaturized optical

Figure 4: Nonlinear metalens with metasurfaces. (a) SEM views of nonlinear metalens made by AlGaAs nano-chairs. Adapted from [82].

(b) Experimental set-up for the characterization of nonlinear metalens. Adapted from [82]. (c) Experimental SHG focusing for two different metalens

design parameters. Adapted from [82]. (d) The focusing experimental measurements of the VUV nonlinear metalens. Adapted from [56].
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system, metalenses can provide plenty of functions, includ-

ing phase control and focusing. Further advanced optical

performance can be reached by optimizing nano-resonators

on the metalens surface. We strongly believe that metal-

enses will have significant impacts on different imaging

systems, such as optical cameras, coherent tomography, and

microscopy).

3.3 Nonlinear metasurfaces for image
conversion and processing

Nonlinear metasurfaces represent a promising technology

in the field of optics and photonics, with a strong potential

for image conversion and processing. Indeed, by exploit-

ing the nonlinear optical properties of their meta-atoms,

nonlinear metasurfaces offer a wide range of possibili-

ties for image manipulation, conversion, and processing

beyond the limits of the traditional optics. One of the major

applications of nonlinear metasurfaces in image processing

is frequency conversion. In fact, these devices can efficiently

translate input light from one frequency to another. For

example, they can convert infrared images to visible images,

enabling night vision applications or medical imaging [61,

62]. Moreover, the fast response of nonlinear metasurfaces,

which is on the order of femtoseconds or picoseconds,

makes them suitable for ultrafast imaging applications,

including the study of dynamic processes in biology, mate-

rials science, and chemistry [38]. While nonlinear metasur-

faces hold huge potential for image conversion and process-

ing, their practical implementation and widespread adop-

tion are still ongoing areas of research and development.

Challenges include optimizing the efficiency of nonlinear

processes, expanding the range of accessible wavelengths,

and improving the scalability of manufacturing techniques.

The extensive advancement and implementation of dielec-

tric metasurfaces have been amply favored by the concept

Figure 5: Upconversion imaging with nonlinear metasurfaces. (a) Left panel: conceptual sketch of TH generation and nonlinear image tuning through

quasi-BIC MD resonators. The near-infrared signal passes through the target, then being converted into the visible signal via the metasurfaces,

forming the target image on the CCD camera. The other four smaller panels display the experimental transformed visible images of the target via

membrane metasurfaces under NIR light illumination. Adapted from [62]. (b) Infrared upconversion imaging using a GaAs metasurface through SFG

processes. The IR signal beam passes through a target, which is imaged on the metasurface. By mixing the IR image with the pump beam is possible

to obtain a visible image of the target (in the SFG beam), which is subsequently imaged by a lens onto a camera. The panels (i)–(iv) display

the upconverted images for different transverse positions of the target. Adapted from [61]. (c) Top panel: schematic illustration of the nonlinear

computational imaging metalens for edge-detection. Bottom panels: the phase image of the designed metalenses and the obtained edge image by

using the designed metalens. Adapted from [63].
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of bound-state-in-the-continuum (BIC). Although BIC is asso-

ciated with the Q-factor going to infinity, the so-called quasi-

BIC can be achieved by adding some asymmetry in the

system. This quasi-BIC results in a reduced Q-factor, but

allows for easier excitation of such modes with an exter-

nal light source. The possibility of exciting a quasi-BIC in

dielectricmetasurface for efficient harmonic generationhas

suggested and further motivated the use of such structures

for imaging applications.

For instance, the concept of quasi-BIC in silicon meta-

surfaces has been investigated for achieving dynamic spa-

tial control of the nonlinear TH emitted signal [59]. The

metasurfacewas composed of silicon nanodisks with awell-

designed off-centered hole, which was necessary to break

the symmetry and open a leaky channel for the BIC. The

authors demonstrated the capability of such a platform

to encode two different images into the metasurface by

using resonances at different wavelengths or under distinct

pump polarization. Similarly, in [62] the demonstration of

the nonlinear conversion of an infrared image to the visible

range has been proved in silicon dimer-hole membrane

metasurfaces (Figure 5).

Metasurfaces made of As2S3 [190], Si [191], GaAs [192] or

GaP [193] patterned [190], or grown [191–193] nanowires in

transparent (PMMA [190]) and also flexible (PSMS [191–193])

polymers have been proposed as efficient tunable wave-

length converters from IR to UV [190] and from IR to visible

[191–193] via THG [190, 191] and SHG [192, 193] for imag-

ing. We note that infrared upconversion imaging in dielec-

tric metasurfaces has also been proved by using Gallium

Arsenide (GaAs), in which lower-order nonlinear processes

such as Sum Frequency Generation (SFG) can be efficiently

realized. In [61] the authors demonstrated nonlinear wave-

mixing of two infrared pumps (at 1530 nm and 860 nm),

which generated a SFG upconverted emission in the visible

range (around awavelength of 550 nm). The incident excita-

tion at 1530 nmwas also namedas the signal,while the beam

at 860 nm was referred to be the pump. The metasurface,

which was composed of GaAs cylindrical nanodisks embed-

ded in a lower refractive index medium, was designed to be

resonant at the three wavelengths of interest to maximize

the nonlinear efficiency of the process. Moreover, the crys-

talline axis orientation [i.e. [110]] allows the generation of

SFG signal in the vertical directionwhen both the pump and

signal are normally incident to the metasurface. Notably,

in [61] it is experimentally proved that when the signal

beam carries the image of a target, the spatial information

of the target is preserved in the nonlinear SFG process.

Hence, the ultrafast nonlinear upconversion process allows

infrared imaging with femtosecond temporal resolution.

The reported achievements may open new perspectives for

ultrafast imaging of chemical reactions in a conventional

microscope device and for multi-color imaging at room

temperature.

More recently, metasurfaces have also been tested for

nonlinear computational imaging without requiring any

additional optical components. One of the core operations in

optical analog image processing is the edge-detection. In [63]

a metalens made of nanoresonators with a static geometric

phase and a nonlinear metallic quantum well layer is pro-

posed as a good candidate for optical edge detection. Newly,

in [194], by exploiting a simplified scenario of a uniform 𝜒 2

thin sheet, the authors theoretically demonstrated the edge

detection operation. The non-resonant nature of the non-

linear interaction permits edge detection over a broadband

spectrum with ultra-high contrast and resilience to noise.

All these results demonstrate that nonlinear flat optics can

open concrete possibilities in numerous applications rang-

ing from image processing to item recognition for computer

vision.

4 The quantum light sources

empowered by nonlinear

metasurfaces

This section explores the advances in spontaneous pair

photon generation from nonlinear metasurfaces. Recent

progress has extended the quantum light source based

on nonlinear metasurfaces from photon pair generation

to spatially entangled photon pair generation, and even

to the generation of complex quantum states based on

pairwise coupling. In subsection 4.1, we first introduce the

quantum–classical correspondence, connecting nonlinear

metasurfaces to quantum light sources. We then discuss

the recent works on improving the efficiency of sponta-

neous photon pair generation from nonlinear metasur-

faces. In subsection 4.2, we demonstrate the efforts to pro-

duce entangled photon pairs via designing the resonant

response of nonlinear metasurfaces. The entanglement of

photon pairs is first exhibited in the momentum domain

and then extended to the freedom of polarization. Finally,

an approach called pairwise coupling can be applied to cre-

ate the correlation between photon pairs in metasurfaces,

which can prepare complex quantum states, such as cluster

states.
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4.1 Efficient spontaneous photon pair
generation from nonlinear metasurfaces

Traditional production of photon pairs relies on the

two-order and three-order nonlinear crystals utilizing

spontaneous parametric down-conversion (SPDC) and spon-

taneous four-wave mixing (SFWM) processes. Aiming to

confine the quantum light source into compact and inte-

grated devices, fiber-based and waveguide-based optical

systems have been well-investigated as the key integrated

optical components over the last decades [8, 195–199]. The

strong nonlinearities of fibers and waveguides play an

important role in generating photon pairs via SPDC and

SFWM. Under phase-matching condition, the conversion

efficiencies of SHG based on the MoS2-functionalised fiber

[200] and the heterogeneous titanium oxide/lithium nio-

bate waveguide [15] can reach to 0.2 × 10−3 m−2 W−1 and

6.5 cm−2 W−1, which can enable the sufficient production of

photon pairs. However, the phase matching condition and

light propagation loss are significant factors in fibers and

waveguides. They play a key role in determining the photon

pair generation rate as part of the key performance for

quantum light sources [199, 201]. Besides, the main loss in

modern integrated waveguides comes from the scattering

induced by the sidewall roughness inherently originated in

fabrication processes [202]. Conversely, the phase matching

condition is not superior in the sub-wavelength scale within

nonlinear metasurfaces. The material absorption, as the

main source of propagation loss in metasurfaces, can be

minimized by selecting low absorption nonlinear materials

in all-dielectric metasurfaces [203]. Additionally, nonlinear

metasurfaces have unique abilities to empower their non-

linearities based on plasmonic resonances or multipolar

Mie resonances via careful structural design. This approach

does not rely on controlling propagating loss and the phase-

matching term in fibers and waveguides. For these reasons,

it is of great value to analyze how nonlinear metasurfaces

can be applied as quantum light sources with their special

functionalities.

The quantum–classical correspondence between SPDC

and its reversed process (SFG) has been demonstrated,

where the photon pair generation rate for SPDC can be

predicted by utilizing the parameters of signal, idler inci-

dents and generated far-field signal [206, 207]. This relation

can be applied in quadratic nonlinear structures, including

waveguides and metasurfaces, which can be expressed as

below:
1

Pp

dNpair

d𝜔dt
= 𝜔i𝜔s

2𝜋𝜔2
p

𝜂
SFG
nsni

(𝜔s, 𝜔i) (3)

Here, Pp is the pump beam power for SPDC,

dNpair∕d𝜔dt is the photon pair generation rate per

unit signal frequency, and 𝜂SFG
nsni

(𝜔s, 𝜔i) = PSFG∕PsPi is

the conversion efficiency of SFG. 𝜔s, 𝜔i, and 𝜔p are the

frequencies of signal, idler, and pump beams, respectively.

Such a correlation between classic and quantum allows

for estimating the photon pair generation rate of SPCD via

the conversion efficiency of classical SFG. This correlation

also makes the connection from classical nonlinear

metasurfaces to quantummetasurfaces. All the approaches

that have been applied to enhancing SHG and SFG in

nonlinear metasurfaces are also beneficial for designing

metasurfaces-based quantum light sources. In [73], the

degenerated photon pair generation from an AlGaAs

nanoantenna has been experimentally demonstrated

(shown in Figure 6(a)). Via designing the Mie resonances

at the pump and photon-pair wavelengths, the photon

pair generation rate reaches up to 35 Hz, which is 1

order of magnitude higher than conventional on-chip

or bulky photon-pair sources after normalization. There

is also an attempt to theoretically infer the polarization

state of correlated photon pairs using the quantum–

classical correspondence. It illustrates the potential in

nanostructures that one can deduce the quantum state

of the polarization-entangled photon pair by calculating

the conversion efficiencies of the reversed SFG processes

under the incidents with different signal and idler

polarizations. Moreover, the application is extended from

the single nanoantenna to metasurfaces. The lithium

niobate metasurfaces supporting electric and magnetic

Mie resonances have been experimentally revealed as a

quantum light source via SPDC with degenerated photon-

pair generation rate of 5.4 Hz, which is 20 times higher

than the unpatterned lithium niobate film shown in

Figure 6(b) [204]. Apart from utilizing the semiconductor

materials, the nonlinear plasmonic metasurfaces are

felicitous to be exploited in photon pair generation [208].

It has been theoretically demonstrated that plasmonic

metasurfaces based on silver nanostripes combined with

a lithium niobate film can be an efficient non-degenerate

SPDC source. Additionally, the BIC-enhanced nonlinear

metasurfaces can significantly improve the generation

rate of the photon pair for SPDC. In [209], the hyperbolic

topology of the transverse phasematching is constructed by

two quasi-BICs, enabling the orders-of-magnitude increase

of the nondegenerate photon pair rate and spectral

brightness, theoretically. The experimental contribution

is achieved using GaP metasurfaces with remarkable

emission directivities at the vicinity of quasi-BIC resonance

(Figure 6(c)) [205]. The photon pair generation rate is

enhanced 67 times compared to an unpatterned film of

the same thickness and material. More importantly, the
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Figure 6: Spontaneous photon pair generations enhanced via resonant metasurfaces. (a) Left: The schematic of the SFG process based on an AlGaAs

nanoantenna. Middle: Measured reflected SFG emission patterns in k-space for different polarization combinations. Right: Coincidence histograms

of degenerate SPDC from an AlGaAs nanoantenna. Adapted from [73]. (b) Top left: The schematic of SPDC from a lithium niobate metasurfaces. Top

right: Scanning electron microscopy (SEM) image of a fabricated metasurfaces and electric field distributions inside a nanoresonator at the electric

resonances (𝜆ER) and magnetic resonances (𝜆MR). Bottom: Coincidence histograms of degenerate SPDC from two different metasurfaces, shown by red

diamonds and blue circles, respectively. Adapted from [204]. (c) Top: SPDC in a metasurfaces with the signal and idler photons emitted in opposite

directions. Bottom: The shape and dimensions of the unit cell and the electric field distribution. Adapted from [205].

bidirectional emission is observed: photons are mostly

emitted backward at the vicinity of quasi-BIC resonance,

while their partners are partially emitted forwards.

This observation indicates the capabilities of nonlinear

metasurfaces, which can not only generate photon pairs,

but also split and filter the bi-photons. It shows the

possibility of designing multifunctional metasurfaces, for

example, as a quantum light source and also a quantum

operator manipulating the quantum state of produced

photon pairs. In this subsection, we report the recent

progress of nonlinear metasurfaces as quantum light

sources with enhanced photon pair generation rates, from

single nanoantennas to metasurfaces, from all-dielectric to

plasmonic metasurfaces, from ED and MD Mie resonances

to quasi-BICs empowering remarkable light–matter

interaction. In the end, we discuss the potential of the
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multifunctional metasurfaces combining the capabilities of

generating photon pairs and manipulating their quantum

state into one integrated nanodevice.

4.2 Entangled photon pair generation
from nonlinear metasurfaces

In the modern quantum technical treatments of sponta-

neous photon generation, the generation rate is not the

only index to be concerned with. The entanglement of

produced photon pairs is also essential in the quantum

industry. To date, how to construct highly entangled qubits

such as bell states and cluster states has been notably

demanded [210–215]. A vast range of platforms including

nonlinear crystals, fibers, waveguides, microcavities, and

quantum dots have been widely used to generate photonic

entanglement in all degrees of freedom (frequency, time,

polarization, spatial mode, and orbital angular momen-

tum) [216, 217], including polarization-entangled [218],

momentum-entangled [219], time-bin-entangled [220], and

energy-time-entangled [221] photon pairs. Nowadays, non-

linear metasurfaces, with the ability to engineer the wave-

front and the potential on integrating the manipulation of

quantum states with producing a massive amount of corre-

lating photon pairs, aim to construct the desired entangled

quantumstates. It has beendemonstrated thatmetasurfaces

incorporating a nonlinear thin film of lithium niobate can

generate spatially entangled photon pairs through SPDC, as

revealed in Figure 7(a) [74]. Via adding the grating on top of

the film, the continuous translational symmetry is broken

to excite the guided-mode resonances inside the lithium

niobate layer. The guided mode with even field distribution

Figure 7: Entangled photon pair generations enhanced via resonant metasurfaces. (a) Left: The schematic of spatially entangled signal and idler

photon generation from a lithium niobate thin film covered by an SiO2 grating and pumped by a continuous laser. Middle: Simulated transmission

spectra of the metasurfaces, showing a single guided mode resonance at normal incidence and two resonances with a nonzero incident angle.

Right: The real coincidence rate of collected photon pairs versus the aperture position, normalized to the maximum value. Adapted from [74].

(b) Left: The schematic of experimental setup for measuring the quantum state of entangled photon pairs encoded by polarization states. The sample

is fabricated with its normal at 15◦ to the [100] crystalline direction of GaP crystal. Continuous-wave pump focused by lens L1 into the GaP film; photon

pairs are collected by lens L2 and filtered from the pump by long-pass filters LP and bandpass filter BP. Nonpolarizing beam splitter BS sends

the photons into arms A and B, each containing a quarter-wave plate (QWP), a half-wave plate (HWP), a polarizer (P), and a superconducting nanowire

single-photon detector (SNSPD). A time tagger builds a histogram of arrival time differences. Right: Real and imaginary parts of the density matrix

𝜌 of the photon pairs generated by the H- (V-) polarized pump, indicating that photon pairs are shifted from the highly entangled state with

the horizontally polarized pump to nearly disentangled with the vertically polarized pump. Adapted from [79].
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forms a BIC under the protection of rotational symmetry.

When breaking the rotational symmetry by changing the

incident angle, two high-Q resonances appear at both sides

of the resonance atΓ point, forming a topological frequency
splitting. This kind of splitting supports the strong entangle-

ment of photons in space, for satisfying the transverse phase

matching of SPDC while the longitudinal matching require-

ments are significantly eased because of an ultra-thin thick-

ness. As a result, the spatial correlations of photon pairs and

the violation of classical Cauchy–Schwarz inequality (CSI),

as a criterion of spatial antibunching andmultimode entan-

glement, are experimentally detected. Moreover, the pho-

ton pair generation rate is around 450 times stronger than

unpatterned structures, exhibiting a purely linear polariza-

tion state of the photonswith a high extinction ratio of above

99 percent – a nearly pure polarization state. This work

indicates that via designing the resonance with transverse

wave numbers satisfying the transverse phase matching,

nonlinear metasurfaces can be the source of highly entan-

gled photon pairs in space.

To date, the entanglement of photon pairs from non-

linear metasurfaces via SPDC has been experimentally

achieved in the momentum domain. The freedom of the

polarization state is the next set required to be comple-

mented. The polarization entanglement of the photon pairs

can be tuned by changing the pump polarization in “flat-

optics” [79]. demonstrates the generation of degenerate

photo pairs via SPDC from 400-nm GaP film with its normal

at 15◦ to the [100] crystalline direction, where the polariza-

tion state of photon pairs can be tuned via changing the

pump polarization (shown in Figure 7(b)). Through inde-

pendently selecting different polarization states in each

beam splitter output port, the polarization state and the

density matrices 𝜌 of the generated pairs can be charac-

terized by utilizing the two-qubit polarization tomography.

From the reconstructed densitymatrices, it has been clearly

demonstrated that the photon pairs are highly entangled

with the horizontally polarized pump and nearly disentan-

gled with the vertically polarized pump. By changing the

pump polarization, the photon pairs are shifted from highly

entangled states to almost disentangled states. These results

indicate the capability of nonlinear metasurfaces on con-

structing numerous entangled photon pairs with manipu-

lated polarization states, which can be encoded as qubits

in quantum computing. However, the direct experimental

achievement of constructing Bell states, as the maximally

entangled two-qubit state, via nonlinear metasurfaces is

remaining unimplemented.

Apart from the entanglement between one photon

pair, the coupling between different photon pairs has been

recognized as an essential phenomenon to create complex

quantum states to obtain multiple qubits in quantum com-

puting, such as cluster states. The SPDC from resonant

nonlinear metasurfaces based on high-Q quasi-BIC reso-

nances is revealed, including a feasible approach that can

generate multifrequency quantum states, including cluster

states [75]. A nondegenerate photon pair is path-correlated

between each other after the beam splitter. These nonde-

generate photon pairs can be connected to create multifre-

quency pairwise correlated qubits by emitting one photon

from each pair at the resonant wavelength |𝜆res⟩. To do so,
it requires the photons at the resonant wavelength from

each pair to be indistinguishable. Nonlinear metasurfaces

can be designed to be divided into several pixels. Each pixel

can generate nondegenerate photon pairs with mutually

coherent pumps, which allows the realization of pairwise

correlated qubits. When each photon pair is bell states

(maximally entangled states), this strategy called pairwise

coupling can be utilized in generating cluster states. This

increases the number of qubits that nonlinear resonant

metasurfaces can construct via SPDC, and expands its appli-

cation range in the quantum computing field.

5 Outlook and conclusion

The field of nonlinear metasurfaces has been widely

explored in the past decade. We present an overview of

the recent progress of nonlinear metasurfaces for imag-

ing, quantum, and sensing applications. Despite significant

progress has beenmade in these domains, there is still a rich

variety of opportunities awaiting further exploration:

5.1 Outlook on quantum applications
of nonlinear metasurfaces

The utilization of photonic qubits in optical platforms offers

promising opportunities for realizing large-scale quantum

processors and long-distance quantum communications,

leveraging photons’ room-temperature stability and long

coherence time [222, 223]. Nonlinear metasurfaces, with

their ability to precisely modulate the polarization, phase,

and amplitude of photons, hold significant potential in

preparing, manipulating, and measuring quantum states

with high fidelity.

In previous sections, we have discussed the creation of

a wide variety of photonic quantum states, including single

and entangled photons by harnessing the nonlinear opti-

cal effects such as SPDC and SFWM in nonlinear metasur-

faces (see Section 4). However, themomentum conservation

limitation for participating photons restricts the versatility
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and efficiency of the resulting quantum states. To overcome

this limitation, resonant nonlinear metasurfaces have been

proposed to enable the creation of versatile and complex

quantum states [75]. For instance, the use of cross-Kerr non-

linearmetasurfaces has been proposed for high-quality Bell

state preparation [224]. Thesemetasurfaces naturally gener-

ate various polarization-entangled Bell states over a broad

range of wavelengths and emission directions, requiring

little to no engineering effort [224]. This advancement holds

great potential for the development of quantum communi-

cation techniques, particularly quantum key distribution,

where Bell states serve as the initial shared key [225]. Addi-

tionally, the generation of photon–plasmon quantum states

using nonlinear hyperbolic metamaterials [206] indicates

the potential application of nonlinearmetasurfaces in cross-

platform quantum technologies, which involve quantum

states composed of multiple physical entities and enable the

creation of unique spatial patterns or optical modes that

carry quantum information.

In terms of quantum operations, the interaction

between photons poses challenges due to their bosonic

nature. However, nonlinearmetasurfaces offer the potential

to enhance photon interactions, making them promising

candidates for engineered quantum gates. One advantage

of using metasurfaces as quantum gates is their tunability

through external optical stimuli, enabling dynamic manip-

ulation of photonic quantum states for quantum informa-

tion processing purposes [226, 227]. This tunability elimi-

nates the need for reconfiguration and complicated experi-

mental setups. For instance, tunable quantummetasurfaces

with phase-changing materials enable polarization tuning

at optical frequencies [228]. By influencing the properties of

the nonlinear material with one photon and subsequently

interacting with other photons, entangled gate photons

can be achieved [229]. Furthermore, quantum nonlinear

metasurfaces, such as subwavelength arrays of ultracold

atoms, form a quantum metasurface that enables strong

photon–photon interactions. This interaction can convert

an incoming classical beam into strongly correlated pho-

tonic states with minimal photon losses, providing oppor-

tunities to explore quantummany-body phenomena in two-

dimensional systems of strongly interacting photons [230].

The compactness and scalability of these metasurfaces are

crucial for building practical quantum computing systems

with a large number of qubits.

Moreover, the thin and planar design of metasurfaces

allows for easy integration with other elements of a quan-

tum system, such as waveguides, detectors, or quantum

memories, to create more complex quantum circuits and

enhance the overall flexibility of the system [231, 232].

In solid-state-based quantum computing platforms, such

as quantum dots or nitrogen-vacancy centers, nonlinear

metasurfaces can interact with embedded quantum emit-

ters, enabling entanglement between the emitters and pho-

tons and facilitating the implementation of gate operations

that couple different components of the quantum system

[233]. Metasurfaces integrated with photonics can facili-

tate on-chip trapped ion and atoms quantum computing

by enabling efficient optical interfacing and enhancing the

performance of on-chip optical components [234]. With the

help of metasurfaces, strong light–matter interactions at

the quantum level can be achieved [235]. This opens up

possibilities for implementing quantum gates and quantum

memories, which are critical components in quantum infor-

mation processing.

Nonlinear metasurfaces also find wide applications in

high-dimensional quantum information encoding and pro-

cessing [236], where the multiple spatial or polarization

modes of photons can enhance encoding capacity and pro-

cessing capability of photonic qubits. Nonlinear metasur-

faces can also enable holography with multidimensional

optical data storage [172].

In terms of measurements, linear metasurfaces can be

designed to project photons to different directions based

on their polarizations. This approach inherently provides

uniformly sampledmeasurements over the commonly used

Pauli measurement bases [78]. Unlike superconducting

or trapped ion quantum processors where changing the

measurement basis requires introducing additional gates,

metasurface-based detectors guarantee that the state infor-

mation can be extracted from the photon counts without

reconfiguring the optical apparatus. Furthermore, this mea-

surement approach is scalable since the complexity ofmeta-

surface design scales linearly with the number of qubits

[237]. With fabrication precision improved, the polarization

projection basis of metasurfaces can be designed to follow a

quantum t-design, which has been proven to be the optimal

measurement scheme for photonic qubits [238]. When com-

bined with error mitigation techniques, metasurfaces can

be used as devices implementing robust randomized mea-

surements, which enables efficient estimation of properties

of the photonic qubits.

The response of metasurfaces to incoming photons

may produce a measurable signal that signifies the pres-

ence of the photon. When combined with superconduct-

ing nanowire single-photon detectors instead of traditional

avalanche photodiodes (APDs), the detection efficiency can

be improved, and the time-domain resolution is sufficient

to resolve photon counts [239]. These factors makemetasur-

faces ideal candidates for versatile photonic qubit detectors.
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The sensitive response feature of metasurfaces enhances

the sensitivity of quantum sensors, enabling the detection of

weak signals with higher precision. This has applications in

quantum metrology, where precise measurements are nec-

essary, such as in gravitational wave detection or magnetic

field sensing [240]. By engineering a metasurface to interact

with specific wavelengths of light or photons relative to the

behaviors of biological systems, there exists the potential

to advance the development of innovative bioimaging and

quantum biosensing tools [241, 242].

In summary, nonlinear metasurfaces hold significant

promise in the quantum field. Their ability to prepare and

manipulate quantum states, serve as engineered quantum

gates, and enhance quantum measurement and detection

makes them versatile and valuable tools.

5.2 Nonlinear sensing with metasurfaces

Optical sensors exploit different light–matter interactions

in biological samples, detecting optical parameters like

absorption, emission, scattering, dielectric constant, and

chirality, etc. These interactions include both linear (e.g.

absorption, scattering, interference) and nonlinear (e.g.

Raman scattering, fluorescence) processes. Linear interac-

tions give rise to a wide range of biosensing techniques

including absorption spectroscopy, interferometry, refrac-

tometry, circular dichroism (CD) spectroscopy, dynamic

light scattering (DLS), etc. Nonlinear interactions, including

Raman scattering, fluorescent emission and up/down con-

versions, lead to techniques such as Raman spectroscopy,

fluorescencemicroscopy, and SHGmicroscopy. As discussed

in previous sections, metasurfaces possess unique ability

to manipulate the amplitude, phase and polarization of

the light at subwavelength scales. Through specific design,

metasurfaces can selectively enhance light–matter interac-

tions in the biosensing, enabling high-sensitivity sensing at

low concentrations. This unique feature positions metasur-

faces as ideal candidates for advanced biosensors. Over the

past decades, metasurfaces have revolutionized the opti-

cal biosensing field, promoting both linear and nonlinear

biosensing [68, 81, 243].

In the linear realm, metasurfaces have significantly

improved refractive-based biosensing. Their ability of being

highly sensitive to the environmental refractive index

allows them to detect biomolecules at ultra-low concentra-

tions, pushing the limits of the detection several orders of

magnitude compared to the traditional methods. Metasur-

faces have also proven to be highly effective in improv-

ing the sensitivity of chiral biomolecular sensing [244–247],

which is important for detecting supra-structural chiral-

ity of proteins or DNA. Besides amplifying the optical

signals, metasurfaces have overcome the bottleneck of

optical devices, for example, optical tweezers. Traditional

optical tweezers face restrictions in manipulating objects

smaller than hundreds of nanometres due to the diffraction

limit. Metasurfaces provide highly confined optical fields

smaller than the diffraction, making it possible to trap

nanoscale objects. In particular, the concept of self-induced

back-action (SIBA) trapping has emerged, enabling the trap-

ping of single proteins (several nanometres in size) for a

long duration [248, 249]. Analyzing the scattering signals

from the nanostructure provides valuable information on

protein folding states [250]. This aperture-based nanostruc-

ture makes it possible to size proteins, detect protein con-

formational changes, and follow the protein-protein inter-

actions [251–254].

Nonlinear optical processes offer effective separation

in the signal frequency from the excitation light, enabling

low-background detection and a high signal-to-noise ratio

in biosensing. Metasurfaces play a crucial role in enhanc-

ing the nonlinear biosensing processes, making significant

contributions to the technologies such as surface-enhanced

Raman scattering (SERS), and single-molecule fluorescent

biosensing.

Raman spectroscopy detects the inelastic light scatter-

ing raised from molecular vibrations, providing a unique

“fingerprint” of the molecules based on the energy shift of

the scattered photons corresponding to the chemical bonds

[255]. However, due to its inherently weak activity – one in

108 of the incident photons undergoes spontaneous Raman

scattering [256] – Raman spectroscopy often requires either

long scanning time or highly concentrated sample. The

invention of surface-enhanced Raman spectroscopy (SERS)

[257], which greatly improved the Raman efficiency, makes

it widely applicable in biosensing. Since the Raman signal

enhancement is proportional to the fourth power of the

local electric field, plasmonic metasurfaces could provide

extremely strong near-field enhancement due to the local-

ized surface plasmonic resonance [258–260]. Plasmonic

metasurfaces have been demonstrated to enhance Raman

scattering of the order of 2 × 105, enabling quantitative SERS

at the single molecular level (SM-SERS) [261], or even single

amino acid discrimination [262].

Fluorescent-based biosensing is another approach that

enables the detection of low-concentration species. This

technique relies on the fluorescence emission from the bio-

logical sample or the fluorophores that are attached to the

biosamples of interest. Fluorescence biosensing, due to its

highest sensitivity, led to the development of various single-

molecule biosensing techniques such as fluorescence cor-

relation spectroscopy (FCS), fluorescence resonance energy
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transfer (FRET), and super-resolution microscopy. Both

metallic and dielectric metasurfaces demonstrate their

great contribution to the fluorescent labelled sensing, either

amplifying the excitation electric field or enhancing the

emission efficiency. Metasurfaces Metallic metasurfaces

have proved to enhance the fluorescent intensity up to

three orders of magnitude [263–268]. However, plasmonic

materials have the high Ohmic loss, limiting their practical

use. Dielectric metasurfaces, on the other hand, offer low

loss and minimal heat generation, making them highly suit-

able for enhancing the fluorescence signal of the bio sam-

ple [269–274]. Metasurfaces have significantly improved

the sensitivity of fluorescent sensing, achieving the level

as low as pg/mL (fM) [275–278] and further pushed limit

of detection (LoD) to 5.86 aM [279]. Another remarkable

application of metasurfaces in fluorescence microscopy is

generating metalenses that create specific beam shapes and

break optical limitations for high-resolution microscopy

[280, 281].

SHG biosensing exploits the intrinsic nonlinear proper-

ties of biomaterials, making it highly suitable for character-

izing specificmolecule interactions at the surface [282]. SHG

microscopy techniques have been instrumental in examin-

ing biological interfaces and interactions with exceptional

spatial resolution. By using the plasmonic silver nanohole

structure, scientists have improved the resolution of SHG

signatures down to single molecule detection and visual-

ized 3D orientation of individual rhodamine 6G molecule

[283].

Until now, the majority of nonlinear biosensing using

metasurfaces, as mentioned above, has relied on the intrin-

sic nonlinear properties of specific biological samples. How-

ever, this dependence onmaterial’s intrinsic properties lim-

its its application to certain materials and may require

specialized expertise, such as site-specific labelling. To

overcome these limitations, one potential direction is to

design nonlinear metasurfaces capable of converting linear

light–matter interaction signals into nonlinear signals. For

instance, nonlinear metasurfaces can be designed so that

the nonlinear efficiency is sensitive to the frequencies. By

utilizing the refractive index sensing principle, the presence

of biomolecules can induce a shift in resonance, thereby

altering the metasurface’s nonlinear emission. By detecting

the nonlinear signals of the metasurface, such as SHG, SFG

or FWM, one can effectively detect the linear light–matter

interaction processes in the biological sample, similar to

the concept of nonlinear imaging with metasurfaces [260].

This approach has the potential to broaden the accessibility

of metasurface-assisted nonlinear biosensing or bioimaging

for a wider range of biological samples.

In conclusion, the field of nonlinear metasurfaces is

rapidly advancing and evolving into a prominent fron-

tier within photonics research. This evolution is marked

by a shift from fundamental research to the active devel-

opment of practical applications. The thriving research

in nanophotonics and nanotechnology serves as a fertile

ground for the continued integration of nonlinear meta-

surfaces with other research areas. Exploring complemen-

tary directions such as reconfigurable and programmable

metasurfaces, as well as investigating the intersection of

nonlinear metasurfaces with promising fields like topo-

logical photonics to locally engineer the field proper-

ties, presents a promising opportunity for extending the

capabilities of current nonlinear metasurfaces in imaging,

quantum, and sensing applications through the develop-

ment of dynamic and multi-functional active nonlinear

meta-devices.
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