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Abstract
We reveal that strongly enhanced generation of photon pairs with narrow frequency spectra and
sharp angular correlations can be realised through spontaneous parametric down-conversion in
metasurfaces. This is facilitated by creating meta-gratings through nano-structuring of nonlinear
films of sub-wavelength thickness to support the extended bound state in the continuum
resonances, associated with ultra-high Q-factors, at the biphoton wavelengths across a wide range
of emission angles. Such spectral features of photons can be beneficial for various applications,
including quantum imaging. Our modelling demonstrates a pronounced enhancement, compared
to unpatterned films, of the total photon-pair generation rate normalized to the pump power
reaching 1.75 kHz mW−1, which is robust with respect to the angular bandwidth of the pump,
supporting the feasibility of future experimental realisations.

1. Introduction

Metasurfaces, periodic sub-wavelength arrangements of nanoresonators, have brought forth significant
advances in photonics. By tailoring the geometry and permittivity of the constitutive scattering elements,
known as meta-atoms, advanced optical functionalities have been realized (see e.g. [1–6] and references
therein). In particular, all-dielectric metasurfaces have been demonstrated to exhibit enhanced nonlinear
optical responses due to the exploitation of Mie resonances in the meta-atoms and the subsequent high field
enhancement at the nanoscale [7–11].

The increased nonlinear efficiency in resonant nanostructures can also facilitate the development of
quantum sources based on spontaneous frequency mixing, such as spontaneous parametric
down-conversion (SPDC) in media with quadratic nonlinearity [12, 13]. Indeed, miniaturization of
photon-pair sources below the micron scale is particularly sought after, because of the possibility of working
in the absence of the longitudinal phase matching condition, especially in configurations operated at room
temperature [14–17]. A sub-micron photon-pair source exploiting the excitation of Mie resonances in
isolated cylindrical nanoantennas has been demonstrated [18]. Recently, a resonant enhancement of
photon-pair generation in metasurfaces was observed [19]. These first demonstrations prove the
applicability of metasurfaces as quantum photon sources, however the relatively low Q-factor of the
employed Mie resonances motivates research towards further enhancement of photon-pair rates, as well as
tailoring of the quantum correlations.

Notably, the strongest enhancement of nonlinear interactions in metasurfaces can be achieved through
resonances based on bound states in the continuum (BICs) [20–22]. It was recently suggested theoretically
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that BICs in metasurfaces composed of reduced-symmetry nanoresonators can be used to enhance the
photon-pair generation rate and spectral brightness [23]. However, the photon emission was predicted to
occur primarily in the close to normal direction. It remained an outstanding question how to facilitate
BIC-enhanced photon-pair emission over a large range of angles, which can lead to new opportunities for
quantum imaging [24] based on angle-correlated photons.

Among the plethora of metasurface configurations so far reported in the literature, 1D meta-gratings in
the form of sub-wavelength arrays of resonant nanowires have been recently thoroughly investigated [25]. It
was suggested that arrays of silver nanostripes can enhance generation and emission in the normal direction
of photon pairs [26], however plasmonic losses may detrimentally affect the quantum fidelity and we
therefore consider all-dielectric structures. Although there are fewer design degrees of freedom compared to
2D patterns, 1D structures can sustain highly tunable BICs both at and off the Γ-point of the first Brillouin
zone [27, 28]. The simpler design also results in fewer restrictions during the fabrication process, thus
leading to a clear-cut observation of high Q-factor resonances associated with BICs [29] and enhanced
second-harmonic generation [30].

The paper is organised as following. In section 2, we report on the theoretical design of a 1D nonlinear
metasurface, based on AlGaAs material with strong quadratic nonlinearity, which supports off Γ BIC
resonances in the telecom range. We demonstrate in section 3 that the high field enhancement achieved at
the fundamental frequency leads to second-order nonlinear optical processes with efficiencies several orders
of magnitude higher than both the unpatterned film and the Mie resonant metastructure configurations.
Through a combination of finite element methods (FEM) and semi-analytical modeling of the BIC
dispersion, we calculate the photon-pair generation rate. We predict that the high contrast in field
enhancement at resonance results in an extremely narrow angular and temporal bandwidth for the emitted
photon-pairs, accordingly implying their sharp angular correlations. Finally, we demonstrate that the total
SPDC efficiency, integrated over all angles and frequencies, is weakly dependent on the angular bandwidth
of the pump beam, demonstrating the experimental feasibility of the proposed system. We present
conclusions in section 4.

2. Meta-grating with photon-pair bound states in the continuum

Our design consists of a periodic arrangement of filleted nanowires, or nanofins, as presented in figure 1(a).
The pump photon (green arrow) is impinging from the substrate side, and consequently a signal (orange
arrow) and an idler (blue arrow) photons are emitted in the forward direction (on the air side), conserving
transverse momentum and energy of the pump photon, as sketched in figure 1(b). This implies strong
angular correlations between the signal and idler photons, since they are emitted with the opposite
transverse momenta components.

Whereas our concept can be applied to different quadratically nonlinear materials, in numerical
simulation we consider the nanofins made of (110)-cut Al0.18Ga0.82As, positioned on a dielectric substrate
(εsub = 2). AlGaAs poses an enticing alternative to GaAs, as it is possible to blue-shift the material band gap
by increasing the aluminum fraction of the semiconductor [31], which enables us to operate in a
wavelength range which was previously inaccessible. In particular, an aluminum fraction of 0.18 leads to a
band gap of Eg = 1.65 eV (corresponding to λg = 751 nm) [32]. Accordingly, this can facilitate the
photon-pair generation in the telecommunication band with the wavelengths ∼1500 nm.

Our idea for the SPDC enhancement is to exploit the left/right symmetry of the metasurface so as to
simultaneously support two degenerate BICs for the generated photons emitted at opposite angles. To
design the structure, we choose a sub-wavelength periodicity of D = 530 nm, which ensures that no
diffraction orders are present at either the photon-pair fundamental frequency (∼1500 nm) or at the
sum-frequency pump wavelength (∼750 nm). By doing so, we avoid the SPDC generation in unwanted
radiation channels, which could otherwise lead to a lower quantum state fidelity.

We aim to employ the ‘non-accidental’ BIC resonances, where slight variations in the geometry would
lead to a detuning of the BICs present in the structure, with no detrimental effect on the overall efficiency
[27]. The resonant frequency matching for the photon-pairs is a key design aspect, which can be satisfied by
tuning the structure geometry. Additionally, there are other aspects to be considered in the design, namely:
the field enhancement pattern should be peaked inside of the nanofin, for maximum conversion efficiency;
the direction of emission should be angled, so to allow for signal and idler to be emitted at different optical
paths; the BIC mode should have a non-zero overlap with a propagating mode (e.g. a plane wave or a
Gaussian beam), to successfully couple to a radiative channel.

We performed eigenfrequency studies of the structure based on FEM simulations with COMSOL
Multiphysics 5.6, and tuned the geometry to satisfy the requirements formulated above. The search for
quasi-BIC modes was performed by eigenfrequency analysis of the configuration of figure 1(a), using
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Figure 1. (a) Proposed design of the metasurface, in the form of meta-grating composed of nanofins. The scale bar corresponds
to the metasurface periodicity D = 530 nm. Thick double pointed arrows that are transverse to the ks,i wavevectors shown above
the metasurface indicate the p-polarization of the signal and idler electric field corresponding to off-normal resonance.
(b) Sketch of energy and transverse (x, z components) momentum conservation in the SPDC process: a pump photon (green) is
absorbed by the active material and a pair of lower energy photons is emitted, a signal (orange) and an idler (blue) photon.
(c) Normalized field enhancement and field components patterns in correspondence of three different quasi-BIC resonances,
sustained by the nanofins metasurface at kz = 0.

Floquet periodic boundary conditions (BCs) on the lateral boundaries (parallel to the y axis), and perfectly
matched layers (PMLs) on the upper (air side) and lower (substrate side) domains. We took into account
the translational invariance of the metasurface geometry along the z-direction, while the period along the
x-direction has been tailored to forbid emission in the higher-order diffracted orders both at the
fundamental and sum-frequency wavelengths. We then ran multiple simulations sweeping over kx and kz,
corresponding to different polar and azimuthal angles of incidence (α,φ) as sketched in figure 1(a), and
identified the frequency and linewidth of the quasi-BIC resonances associated with the highest Q-factor
values.

We find the optimal nanofins dimensions with a lateral width of w = 360 nm and a height of H =

850 nm. In order to avoid unphysical field distribution at the sharp-edges, we smoothed the top edges of the
nanofins with a fillet radius Rf = 100 nm. It is worth noting that by considering a supported configuration
with a substrate and a rounded profile for the top edges of the nanofins, we account for the realistic
experimental conditions at the cost of eliminating the up/down inversion symmetry of the metasurface with
respect to the z-axis. The symmetry breaking results in radiation losses of the BIC, which then becomes a
quasi-BIC [33, 34]. Most importantly, these resonances are robust with respect to a specific geometry of the
top edges, provided that the array periodicity is accurately satisfied, which is within the standard capabilities
of modern top–down nanofabrication technology.

We identify several BIC resonances in the infrared spectral region, and show their field profiles in
figure 1(c). We find that the most suitable for nonlinear enhancement at the off Γ BIC is at νBIC =

199.42 THz (λBIC = 1503.35 nm). This particular resonance is well-coupled to a p-polarized plane wave
(since the z-component of the electric field is null), at a propagation polar angle of α ≈ 23◦, and the field
enhancement pattern is mostly uniform inside the resonator. For comparison, there appear two other BICs
at normal incidence with much higher Q-factors than the off-normal BIC, since the latter resonances are
not affected by the top–down symmetry breaking. Specifically, the one at 181 THz has an odd symmetry of
the in-plane electric field component Ez, while the one at 259 THz has most of the electrical field along the
y axis, which is the direction normal to the metasurface. Since our aim is the generation of angle-correlated
photons, only the off-normal BIC is suitable, and we analyze the associated p-polarized photon emission in
the following. It is worth noting that this kind of quasi-BIC can be easily tuned by adjusting the geometrical
parameters. In particular, for a fixed ratio between the width of the nanofin and the air gap, an increase of
the array periodicity results in a redshift of the quasi-BIC and a smaller emission angle of BIC
resonance [35].
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Figure 2. (a) Simulated modulus squared of the average electric field inside the nanofin in correspondence of two different
incidence angles for the driving plane wave. Black arrows indicate the FWHM of the feature and the central angular frequency.
(b) and (c) Analytical approximation of (b) resonant frequency and (c) linewidth of the field enhancement inside of the nanofin
as a function of the in-plane wave vector. The quasi-BIC position is marked by a dashed black curve in both panels. The red circle
and black cross represent the excitation conditions for the red and black curves in panel (a), respectively. Inset shows the α and φ
angles for which the resonance has minimum linewidth, corresponding to the dashed line in k-space shown in panel (c).

3. Enhanced photon-pair generation

We study the photon-pair generation and quantify the enhancement due to BIC resonances by employing
the general theoretical methodology formulated in references [13, 18, 23], which was previously applied to
nanoresonators and 2D metasurfaces.

We begin our study by obtaining an analytical approximation of the BIC dispersion relations in the
metasurface. We ran an ensemble of linear simulations for the p-polarized signal beam, scanning the plane
wave frequency, polar and azimuthal angles of incidence (α,φ) as sketched in figure 1(a). As characteristic
examples, we show in figure 2(a) the square of the average electric field norm inside of each nanofin vs the
frequency of a plane wave impinging at α = 22.5◦ and φ = 0◦ (black trace), and at α = 23.5◦ and φ = 30◦

(red trace). Note that, even considering the presence of a substrate in our model, both of these features are
particularly narrow, corresponding to a Q-factor of approximately 3.5 × 104. We find that, at the BIC
resonance, the resulting electric field modulus squared is well approximated by a Lorentzian function [36]
defined as:

L(ω, kx, kz) =
1

π

1
2ΓAN(kx, kz)[

1
2ΓAN(kx, kz)

]2
+ [ω − ωAN(kx, kz)]2

, (1)

where ωAN(kx, kz) is the peak position and ΓAN(kx, kz) is the full width at half maximum (FWHM) of the
resonance.

Based on the results gathered by FEM calculations, we find an accurate analytical fitting for the
dispersion of peak position and FWHM as follows:

ΓAN(ks,x, ks,z) = a(ks,z)[ks,x − kBIC
s,x (ks,z)]2 + Γ0,

ωAN(ks,x, ks,z) = b[ks,x − kBIC
s,x (ks,z)] + ω0,

(2)

where ω0 = 2πνBIC is the angular frequency of the quasi-BIC, Γ0 = 2π 16 GHz is the minimum FWHM of
the resonance, and kBIC

s,x (ks,z) = −0.36 μm k2
s,z + 1.6 μm−1 is the function that describes the position of the

BIC in ks-space. Lastly, we determined the fitting parameters a = −8.2 × 10−6 Hz m3|ks,z|+ 11.5812 Hz m2

and b = −52 MHz m.
We show the dependencies of the resonance linewidth and frequency, calculated using equation (2), on

the transverse wavevector components of a signal photon in figures 2(b) and (c). Note that the quasi-BIC
exhibits a parabolic dispersion in the ks-space (dashed black curve). Along this parabola in the reciprocal
space, the peak frequency is roughly constant (νBIC = ω̄0/(2π)) and the linewidth is equal to Γ0, showing
that the wavelength and Q-factor are weakly dependent on the angle of emission of the quasi-BIC. These
features are satisfied in the considered transverse wavevector domain where the polar angle α remains close
to 23.5◦ as shown in the inset of figure 2(c). The resonance broadens and ceases to exist when kx is reduced
further, and we do not consider this regime in the following.

With the dispersion of the BIC resonance at hand, we perform a quantitative estimation of the quantum
photon-pair rate generated through SPDC by employing the quantum–classical correspondence with the
inverse process of SPDC: that is, sum-frequency generation (SFG) [12, 13, 37]. We thus considered two
plane waves (the signal and the idler) impinging from air, that generate a SFG signal (corresponding to the
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pump in the SPDC process) propagating in the substrate (which is the opposite direction of the process
sketched in figure 1(a)) and numerically evaluated the efficiency of this process, referred to as ηSFG. This is
defined as the ratio between the intensity of the SFG signal and the product of the signal and idler incident
intensities, i.e. ηSFG = ISFG/IsIi. Then the quantum photon-pair rate of the SPDC process is retrieved
according to the equations:

dNpair

dt
=

λ2
p

(2π)3λsλi
PpηSPDC, (3)

ηSPDC =

∫∫∫
ηSFG(ωs, ks,⊥)dωs dks,⊥, (4)

where Npair is the number of generated photon pairs, Pp is the pump beam power, λp, λs, and λi are the
pump, signal, and idler wavelengths respectively, ωs = 2πc/λs is the signal angular frequency, and ks,⊥ is the
projection of the signal wave vector on the metasurface plane (x, z). Because the BIC exists for a broad
range of transverse wavenumbers, the result in equation (3) depends on the integration limits ω and
ks-space. In the following, we limit the integration to the reciprocal space represented in figure 2(b),
corresponding to a numerical aperture NA ∼ 0.34. Such a choice represent characteristic experimental
conditions.

We determine the SFG efficiency by simulating the nonlinear response of the metasurface under
symmetric illumination with two (signal and idler) p-polarized plane waves, such that the in-plane
wavevectors are opposite (ks,⊥ = −ki,⊥), which satisfies transverse momentum conservation with the
sum-frequency wave that propagates normally with respect to the metasurface. We consider the signal and
idler waves impinging from the air-side at angles α around ±23◦, in a range of frequencies close to the
quasi-BIC. According to the quantum–classical correspondence, we need to analyse the SFG in the regime
of low conversion efficiency, when the signal and idler dynamics is linear. Accordingly, we perform
numerical FEM analysis by defining two independent linear studies, which determine the total
electromagnetic field in the structure for the signal and idler beams, with Floquet BCs on the sides and
ports excitation conditions on the above and below. The resulting fields inside of the nanofins are used to
calculate the nonlinear polarization defined through the quadratic susceptibility tensor, which drives the
time-harmonic Maxwell equations at the SFG frequency. For this last step, the port conditions are replaced
by PMLs backed by scattering BCs, and the SFG intensity is retrieved as the projection of the calculated field
onto the plane wave basis that describes the transmitted spatial spectrum after the metasurface, as detailed
in [38]. However, because of the sub-wavelength periodicity, there is only one output sum-frequency plane
wave in the forward direction, i.e. emitted on the substrate side, with a purely real k vector.

Importantly, the orientation of the crystallographic axes plays an important role in defining the total
throughput of the SFG process [23, 39]. Indeed, the most appropriate crystal cut would lead to a higher
nonlinear current in the material, as well as a better overlap between the nonlinear polarization mode and
the radiating SFG pattern. As an example, we present the nonlinear polarization vector norm in the case of
a (111)-cut crystal (figure 3(a)) and (110)-cut crystal (figure 3(b)). In the latter, we consider an additional
rotation of the crystal axes by π/4 around the y-axis, since this proved to be the configuration with the best
performances. Note that although the spatial patterns are similar, the intensity is much higher, by around a
factor of three, in the (110)-cut case. The higher nonlinear drive results in a three orders of magnitude
higher SFG efficiency when both signal and idler are at the resonant condition, as shown in figure 3(c).
Furthermore, the forward (black) and backward (red) efficiencies for a (110)-cut (solid traces) and
(111)-cut (dashed traces) show that the (110)-cut configuration is more efficient in radiating SFG in the
forward direction, as opposed to the (111)-cut. We further analyze the most efficient case of (110)-cut, and
find that the SFG radiation has negligible z component of the electric field. We therefore consider the
p-polarized pump for the SPDC process in the following.

For comparison, we also compute the SFG efficiency from an unstructured film of AlGaAs (dotted
traces) with the same thickness as the nanofin metasurfaces, which turned out to be in the range of
10−22–10−21 m2 W−1. This highlights the much higher nonlinear efficiency introduced by the
nanostructuring, despite of the removal of part of the nonlinear medium, when exploiting resonant
metasurfaces. Moreover, note that the typical value achievable with Mie resonances is ∼ 10−17 m2 W−1

[18, 40], which is nevertheless from 3 to 6 orders of magnitude lower than in the 1D metasurfaces with
extended BICs, considered in our design.

To confirm the origin of SFG enhancement, we show in figure 3(d) the ratio between the SFG efficiency
and the product of the squared moduli of the signal and idler electric fields for the (110)-cut metasurface.
Note that this ratio is weakly dependent on the signal beam frequency. Indeed in the same frequency range
for which the SFG intensity changes by three orders of magnitude (figure 3(c), solid black curve), this figure

5



New J. Phys. 24 (2022) 035006 A Mazzanti et al

Figure 3. (a) and (b) Nonlinear polarization vector norm at the sum-frequency wavelength inside of the nanofin, in the case of
(a) (111)-cut or (b) (110)-cut AlGaAs crystal. (c) Logarithmic plot of the SFG efficiency (in m2 W−1), emitted in the forward
(black) or backward (red) direction, as a function the signal frequency in the case of a thin film of AlGaAs (dotted) a (111)-cut
metasurface (dashed) or (110)-cut metasurface with an additional rotation of π/4 with respect to the y-axis (solid). (d) SFG
efficiency in the forward direction for the (110)-cut metasurface, divided by the product of the moduli squared of the average
field enhancement norm inside the resonator for signal and idler.

of merit is relatively constant. Therefore, we conclude that the SFG efficiency linearly scales with the
product of signal and idler electric fields modulus squared, i.e. ηSFG ∝ |Es|2|Ei|2. We also performed
simulations at different incident angles of the signal and idler, and found agreement with this relationship.
Accordingly, using the analytical expression for the field enhancement and considering that in the SPDC
process energy and transverse momentum have to be conserved, the SFG efficiency can be evaluated as:

ηSFG(ωs, ks,⊥;ωp, kp,⊥) = η0L(ωs, ks,⊥)L(ωp − ωs, kp,⊥ − ks,⊥), (5)

where ωp, ωs, kp,⊥, ks,⊥ are the angular frequency and parallel wave vector (i.e. belonging to the x, z-plane)
of the pump and signal photon respectively, and η0 = 3.617 98 × 1010 m2 s2 W−1 is a constant factor,
extrapolated from FEM analysis.

We can estimate the narrowness of the emission angular spectrum for the SPDC process by calculating
ηω , defined as the integral over ωs of the SFG efficiency. Interestingly, it can be expressed analytically as
follows:

ηω(ks,⊥;ωp, kp,⊥) =

∫ +∞

−∞
ηSFG(ωs, ks,⊥;ωp, kp,⊥)dωs

=
η0

π

[
1
2Γ

(s)
AN + 1

2Γ
(i)
AN

]
[

1
2Γ

(s)
AN + 1

2Γ
(i)
AN

]2
+
[
ωp − (ω(s)

AN + ω(i)
AN)

]2 ,

where the superscripts (s) or (i) imply the evaluation of the analytically defined functions in equation (2) at
the k⊥ of the signal or idler, respectively.

We anticipate the maximum SPDC enhancement when both the generated photons correspond to a BIC
resonance. This can be achieved, in particular, in the degenerate configuration by exploiting the same BIC
appearing at positive and negative emission angles. This case can be realised for the pump frequency
ωp = 2ω0 at normal incidence, kp,⊥ = 0. Indeed, under these assumptions, Γ(s)

AN = Γ(i)
AN and ω(s)

AN = ω(i)
AN,

corresponding to a maximum efficiency in equation (6). For a high Q-factor resonance, this lead to a very
narrow angular emission as shown in figure 4(a). Note that emission is expected to be present only at k
values corresponding to the quasi-BIC, indicated by the dashed line in figures 2(b) and (c) with the inset
representing the associated emission angles, with a giant contrast with respect to the background. We
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Figure 4. (a) and (b) Normalized SPDC efficiency, as a function of the signal wave vector, in the case of (a) pump beam at
normal incidence or (b) slightly angled pump beam at α = 2◦ and φ = 45◦ corresponding to kp,x = kp,z = 0.2 μm−1.
(c) Integrated SPDC efficiency as a function of the pump beam wave vector. Markers A and B represent the loci of the angle
dependent efficiency represented in panels (a) and (b) respectively. The efficiency degradation is relatively low considering the
large k values. Inset shows the angle integrated efficiency of SPDC as a function of the pump beam angular bandwidth, for a fixed
total pump power.

checked that the peak SPDC efficiency values are fairly constant, with a relative variation below 10%, along
the quasi-BIC line in the range of plotted wavenumbers in figure 4(a).

To better appreciate the narrowness of the emission pattern, in figure 4(b) we report ηω in the case of off
normal excitation. We observe that the symmetry breaking of the excitation condition has two main effects:
(i) a shift of the emission pattern in the signal reciprocal space due to transverse momentum conservation
and (ii) a noticeable broadening of the emission peak.

A fundamentally interesting question is what would happen to the total photon-pair rate if one realises a
perfect BIC with an infinite Q-factor, corresponding to Γ(s)

AN = Γ(i)
AN = 0. Then, although the expression in

equation (6) would diverge along the BIC parabola in momentum space, we find that its integral over
k-space defining the overall SPDC efficiency according to equation (3) will be always finite. This suggests
that a perfect BIC may not be required in practice, since similarly strong enhancement can be achieved
based on quasi-BICs.

To further link our study to future experiments, we analyse the effect of the pump beam width on the
SPDC process. The beam width is inversely proportional to the beam extent in the transverse momentum
space. Accordingly, we analyse the SPDC efficiency dependence on kp,⊥. The integral in ks,⊥-space of
ηω(ks,⊥;ωp, kp,⊥)|ωp=2ω0 , which defines ηSPDC, does not possess a general analytical form. We calculated it
semi-analytically, by determining numerically the poles of ηω, and then making analytical evaluation of the
integral via the residue theorem.

We show the total SPDC efficiency ηSPDC as a function of the pump transverse wavevector kp,⊥ in
figure 4(c). Most remarkably, the efficiency reduction compared to the normal incidence is marginal, even
for extremely large values of |kp,⊥|. Indeed, note that the two conditions shown in figures 4(a) and (b)
correspond to relatively close loci in the ηSPDC map (markers A and B in figure 4(c)), and the total
efficiently is roughly equal in both cases. Following these considerations our modeling proves that, once all
of the contribution in the reciprocal space are considered, off-normal pump excitation does not impact on
the overall efficiency of the SPDC process, yet it affects the angular width of the photon-pairs emission
pattern.

The weak dependence demonstrated by ηSPDC with respect to kp,⊥ is advantageous when considering a
practical pump beam with finite angular bandwidth. Indeed, we estimate that the degradation of the overall
efficiency introduced by a pump angular profile described by a Gaussian distribution
G(kp,x, kp,z) = (2πσ)−1 exp(−(k2

p,x + k2
p,z)/2σ2), is relatively negligible, approaching a factor of 0.5 in

correspondence of a pump angular width of σ ∼ 1.05 μm−1.
Finally, and most interestingly, when substituting ηSPDC in equation (3), we estimate a photon pair

generation rate, normalized to the pump power, of 1.75 kHz mW−1. This magnitude is similar to the
prediction for BIC-enhanced in a 2D metasurface that emits in the normal direction [23], whereas the 1D
metasurface considered in this work allows for a broad off-normal angular emission that may be desirable
for different types of applications. We note that the aperture angle of signal or idler photon emission is
relatively narrow, being about 8◦, centred at 23◦ emission angle (i.e. from 19◦ to 27◦), which can be
efficiently captured with high-NA optics. On the other hand, the quantum source can provide wide-angle
object illumination for quantum imaging with a single-photon sensitive camera.
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4. Conclusions

In conclusion, we predicted that metasurfaces in the form of meta-gratings, created by periodic
nanopatterning of a nonlinear film with sub-wavelength thickness, can facilitate strongly enhanced
generation of photon-pairs through SPDC with a narrow spectrum across a broad range of emission angles.
We presented a practical design based on AlGaAs material with strong quadratic nonlinearity, that provides
the enhancement based on extended BIC resonances at the telecommunication wavelengths around the
1500 nm wavelength. We determined an accurate analytical approximation for the BIC dispersion and
employed a rigorous quantum–classical correspondence to calculate the SPDC efficiency. We estimate the
photon-pair generation rate of 1.75 kHz mW−1, which is sustained under practical experimental conditions
of a finite pump beam width. While the SPDC rate is similar to the maximum predicted enhancement in
2D metasurfaces with normal emission, the angular emission in our structures can offer new opportunities
for diverse applications. Furthermore, we envisage a generalization of our design for the enhancement of
angle-correlated and frequency non-degenerate photon-pair generation via a double-BIC metasurface
configuration, which would be beneficial for quantum imaging. There is also an interesting possibility to
realize resonant enhancement at the pump wavelength, allowing the use of less powerful pump lasers, which
can benefit the integration in end-user devices.
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[10] Krasnok A, Tymchenko M and Alù A 2018 Nonlinear metasurfaces: a paradigm shift in nonlinear optics Mater. Today 21 8–21
[11] Carletti L, Li C, Sautter J, Staude I, De Angelis C, Li T and Neshev D N 2019 Second harmonic generation in monolithic lithium

niobate metasurfaces Opt. Express 27 33390–7
[12] Poddubny A N, Iorsh I V and Sukhorukov A A 2016 Generation of photon-plasmon quantum states in nonlinear hyperbolic

metamaterials Phys. Rev. Lett. 117 123901
[13] Poddubny A N, Neshev D N and Sukhorukov A A 2020 Quantum nonlinear metasurfaces Nonlinear Meta-Optics ed C De Angelis,

G Leo and D N Neshev (Boca Raton, FL: CRC Press) pp 147–80
[14] Okoth C, Cavanna A, Santiago-Cruz T and Chekhova M V 2019 Microscale generation of entangled photons without momentum

conservation Phys. Rev. Lett. 123 263602
[15] Okoth C, Kovlakov E, Bonsel F, Cavanna A, Straupe S, Kulik S P and Chekhova M V 2020 Idealized Einstein–Podolsky–Rosen

states from non-phase-matched parametric down-conversion Phys. Rev. A 101 011801(R)
[16] Santiago-Cruz T, Sultanov V, Zhang H, Krivitsky L A and Chekhova M V 2021 Entangled photons from subwavelength nonlinear

films Opt. Lett. 46 653–6

8

https://orcid.org/0000-0002-1661-0810
https://orcid.org/0000-0002-1661-0810
https://orcid.org/0000-0002-4009-5070
https://orcid.org/0000-0002-4009-5070
https://orcid.org/0000-0003-0117-2683
https://orcid.org/0000-0003-0117-2683
https://orcid.org/0000-0002-4508-8646
https://orcid.org/0000-0002-4508-8646
https://orcid.org/0000-0002-5116-5425
https://orcid.org/0000-0002-5116-5425
https://doi.org/10.1126/science.1232009
https://doi.org/10.1126/science.1232009
https://doi.org/10.1038/nmat3839
https://doi.org/10.1038/nmat3839
https://doi.org/10.1038/nmat3839
https://doi.org/10.1038/nmat3839
https://doi.org/10.1002/smtd.201600064
https://doi.org/10.1002/smtd.201600064
https://doi.org/10.1038/s41377-018-0058-1
https://doi.org/10.1038/s41377-018-0058-1
https://doi.org/10.1038/s41566-021-00793-z
https://doi.org/10.1038/s41566-021-00793-z
https://doi.org/10.1038/s41566-021-00793-z
https://doi.org/10.1038/s41566-021-00793-z
https://doi.org/10.1038/s41467-017-00019-3
https://doi.org/10.1038/s41467-017-00019-3
https://doi.org/10.1021/acsphotonics.7b00544
https://doi.org/10.1021/acsphotonics.7b00544
https://doi.org/10.1021/acsphotonics.7b00544
https://doi.org/10.1021/acsphotonics.7b00544
https://doi.org/10.1038/s41467-018-04944-9
https://doi.org/10.1038/s41467-018-04944-9
https://doi.org/10.1016/j.mattod.2017.06.007
https://doi.org/10.1016/j.mattod.2017.06.007
https://doi.org/10.1016/j.mattod.2017.06.007
https://doi.org/10.1016/j.mattod.2017.06.007
https://doi.org/10.1364/oe.27.033391
https://doi.org/10.1364/oe.27.033391
https://doi.org/10.1364/oe.27.033391
https://doi.org/10.1364/oe.27.033391
https://doi.org/10.1103/physrevlett.117.123901
https://doi.org/10.1103/physrevlett.117.123901
https://doi.org/10.1103/physrevlett.123.263602
https://doi.org/10.1103/physrevlett.123.263602
https://doi.org/10.1103/physreva.101.011801
https://doi.org/10.1103/physreva.101.011801
https://doi.org/10.1364/ol.411176
https://doi.org/10.1364/ol.411176
https://doi.org/10.1364/ol.411176
https://doi.org/10.1364/ol.411176


New J. Phys. 24 (2022) 035006 A Mazzanti et al

[17] Duong N M H et al 2021 Broadband photon pair generation from a single lithium niobate microcube (arXiv:2109.08489)
[18] Marino G et al 2019 Spontaneous photon-pair generation from a dielectric nanoantenna Optica 6 1416–22
[19] Santiago-Cruz T et al 2021 Photon pairs from resonant metasurfaces Nano Lett. 21 4423–9
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