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Here we demonstrate the efficient photon-pair generation via spontaneous parametric down conversion from
a semiconductor metasurface supporting dual quasibound states in the continuum (quasi-BICs). In a simple
metasurface composed of AlGaAs elliptical nanocyclinders, the two high-Q quasi-BIC resonances that coincide
with the generated signal and idler frequencies significantly boost the local electric field. This leads to a substan-
tial enhancement in the reverse classical nonlinear process of sum-frequency generation and subsequently the
remarkably high generation rate of photon pairs under the quantum-classical correspondence principle. Within
a narrowband wavelength regime around the quasi-BIC resonances, the rate of pair production is enhanced up
to ~10* Hz, two orders of magnitude larger than that in the Mie resonant AlGaAs nanoantennas. Moreover, the
photon pair emission is mainly concentrated in the normal direction with respect to the metasurface, and shows
a tunable rate with the Q factor by engineering the rotation angle of nanocylinders. The presented work enables
nanoscale sources of high-quality entangled photons which will find applications in advanced quantum imaging
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I. INTRODUCTION

The ability to generate and manipulate complex optical
photon states involving entanglement between multiple op-
tical modes is not only the fundamental key to advancing
photonic quantum technologies, but will revolutionize a wide
range of applications such as quantum communication, com-
putation, imaging, and microscopy [1,2]. The spontaneous
parametric down conversion (SPDC) is arguably the most ver-
satile source of heralded single photons and entangled photon
pairs, owing to high indistinguishability, room-temperature
operation, simple signal filtering, and coherent emission as
well as entanglement in several degrees of freedom. Despite
these advantages, the stringent phase matching and the sig-
nificant volume footprint have been major challenges facing
current research. One main path to lifting these limitations
is the miniaturization of SPDC-based photon sources to the
sizes smaller than the coherence length. The earlier ap-
proaches were demonstrated in ultrathin films of nonlinear
materials [3-5]. However, the achieved photon-pair genera-
tion rates were modest due to the extremely weak parametric
amplification of the vacuum field. Recently, strong resonant
modes in the all-dielectric nanostructures have been prompted
to boost the nonlinear light-matter interactions, bringing ad-
vances to the generation of photon pairs [6-9]. Several
pioneering works reported that in such compact nanostruc-
tures, for example nanoantennas [10—13] and metasurfaces
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[14], the enhanced SPDC process was realized for quantum
state generation and effective manipulation of the quantum
features of emitted photons, via taking advantage of the signif-
icant field confinement from Mie resonances. In these studies,
the Q factor of the resonances related to the capability of
local electromagnetic field confinement becomes a principal
indicator in enhancement of nanoscale nonlinear interactions.
This leads to significant research interests in high-Q factor
resonances for nanoscale photon-pair sources.

Most recently, ultrahigh-Q factor resonances based on
bound states in the continuum (BICs) are suggested to facil-
itate the light-matter interaction in dielectric nanostructures
[15-17]. Optical BICs are the peculiar discrete-energy modes
embedded to the radiation continuum but remain perfectly
confined without any radiation. True BICs exist in ideal loss-
less infinite structures, exhibiting an infinitely high-Q factor
and zero resonant width, while they can be transformed into
quasi-BICs by breaking symmetries such as adding or re-
moving part of nanoresonators [18-22], or by adjusting the
geometrical parameters including the period, gap, and rotation
angle [23-27]. In practical, the quasi-BIC resonances with
remarkable local field confinement have been demonstrated
to enhance the efficiency of harmonic generation [28-39] and
wave mixing processes [40—45], by several orders of mag-
nitude. Due to the similarities between classical parametric
frequency conversion and SPDC, comparable enhancements
for SPDC can be expected. It has been suggested that a
single quasi-BIC resonance enhances the quantum vacuum
field at the signal wavelength, which, in turn, increases the
rate of SPDC [46]. In further exploration, metasurfaces with
quasi-BIC resonances at both the signal and idler frequencies

©2024 American Physical Society
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FIG. 1. Dual quasi-BIC metasurface for nonlinear processes. (a) The schematic of the designed metasurface for SPDC and its reverse SFG
process. (b) The unit cell consists of four AlGaAs elliptical nanocylinders on the AlO, substrate. The refractive index of AlGaAs is taken from
experimental measurements and plotted in Fig. S1(a) [49] (see also Ref. [50] therein). The index of AlQ, is set to 1.6. (c) The energy diagram

of SFG and SPDC processes.

can be employed to enhance the photon-pair generation rate
and spectral brightness. This approach has been theoretically
and experimentally studied in recent reports of symmetry-
protected BIC metasurfaces, such as metasurfaces composed
of a square array of AlGaAs cylinders with two holes [47],
or GaAs cubes with a small notch [48]. The photon emission
was greatly enhanced by quasi-BICs in such metasurfaces
with reduced-symmetry nanoresonators, however, symmetry
breaking by adding or removing part of nanoresonators in-
evitably burdens the fabrication process, and the fabrication
imperfections may detrimentally affect quantum fidelity.

In this work, we resolve these problems by designing a
dual quasi-BIC metasurface consisting of elliptical nanocylin-
ders to efficiently generate correlated photon pairs via SPDC.
In the designed metasurface, the two quasi-BIC resonances
at signal and idler in the telecommunication band around
1550 nm wavelength generate extremely strong electric field
enhancement around the edges or within the nonlinear di-
electric cylinders. Benefiting from the enhanced electric
energy, the reverse classical nonlinear process, sum-frequency
generation (SFG) is substantially increased with nonlinear
efficiency up to 2.64 x 1073, and the pair generation rate cal-
culated from the quantum-classical correspondence relation
is substantially increased by two orders of magnitude larger
compared to the Mie resonant AlIGaAs nanoantennas. Due to
the nonlocal ultrahigh-Q feature of quasi-BIC resonances, the
photon pairs are emitted only in a narrow wavelength range.
By engineering the rotation angles of elliptical nanocylin-
ders in the proposed metasurface, we demonstrate the tunable
SPDC efficiency arising from the changing Q factors. Its ef-
ficient SPDC response, and simple and compact design are
beneficial for various emerging free-space quantum optical
devices. These results open the way to build nanoscale sources
for high-quality entangled photon pairs and can find a plethora
of interesting applications in advanced quantum imaging and
communications.

II. DUAL QUASI-BICS IN ALL-DIELECTRIC
METASURFACES

We consider the SPDC photon-pair source of an AlGaAs
metasurface supporting dual quasi-BIC resonances at signal
and idler frequencies. In the SPDC process, a higher-energy
pump photon at @, spontaneously decays due to the strong
second-order nonlinear susceptibility x ®), and downconverts
into two correlated and entangled photons called signal and
idler at the angular frequencies ws and wj, respectively. This
process is schematically shown in Fig. 1(a). Restricted from
the typical limitation of phase-matching conditions for nonlin-
ear optical process, the energy conservation of w, = ws + wj
is always satisfied, while the ultrathin source of metasurfaces
leads to the longitudinal momentum conservation relaxed.
Since the characterization of SPDC process requires random
variables with complex computation, we first use the meta-
surface in the reverse classical nonlinear SFG process, and
then investigate the SPDC process based on the quantum-
classical correspondence between them. In SFG process, the
two photons with frequencies w; and w, merge to become a
higher-energy photon at wsrg, which is in the reverse direction
to the SPDC process with a single pump photon splitting into
two, as sketched in Fig. 1(c). Accordingly, the efficiency of
SPDC generated photon pairs can be predicted by studying
a classical SFG process under reversed direction interacting
waves.

We use a specific design of a nonlinear all-dielectric meta-
surface which comprises four AlGaAs elliptical nanocylinders
in each unit cell, as shown in Fig. 1(b). The corresponding
lattice constant is denoted by p, = 1240 nm and p, = 1360
nm. The parameters of the elliptical nanocylinders are long
axis a = 600 nm, short axis b = 220 nm, and height 7 = 360
nm, respectively. The nanoresonators are positioned on top of
an AlO, substrate. The material of AlGaAs is well known
for its strong second-order nonlinear susceptibility x ), and
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FIG. 2. Transmission spectra of the dual quasi-BIC metasurface
under normal incidence of x-polarized plane waves propagating
along the z axis. (a) The transmission spectra as a function of
rotation angle of the elliptical nanocylinders. (b) The transmission
spectrum around the two quasi-BIC resonances with a rotation angle
of 10°. The insets are the electric field distributions at the resonant
wavelengths.

it poses an excellent alternative for nonlinear interaction
in metasurface platforms operating in the telecommunica-
tion wavelength of interest [10,28,38,51-53]. The meta-atom
design in the form of elliptical nanocylinders has been exper-
imentally demonstrated in several works [46,54-58], showing
the efficiency in enhanced nonlinear processes and reliability
in fabrication and experimental setups. This AlGaAs meta-
surface is designed so that it supports two high-Q quasi-BIC
resonances. The orientation of each cylinder is denoted by ro-
tation angle 6 to constitute the adjusting parameter. When the
cylinders are parallel with 6 = 0°, the metasurface supports
infinite high-Q eigenmodes at the I point at the wavelengths
of interest, due to the completely decoupling from the far
field, as shown in Fig. S2(a) [49]. By tilting the elliptical
nanocylinders with different 6, the coupling can be controlled
and the Q factors of the resonances can be tuned. Figure S2(b)
schematically depicts the evolution process of the two quasi-
BICs with reducing the Q factor as the larger rotation angle 6
enables the stronger mode coupling to the far field. The mode
symmetry and radiative features under rotation perturbation
are discussed in Figs. S3, S4, and Table S1 with the group-
theoretical description [49] (see also Refs. [26,59,60] therein).

We identify the two quasi-BIC resonances in the near-
infrared spectral region in Fig. 2(a). As 6 increases from 0°
to 15°, two distinct resonance dips can be observed under
normal incident illumination. For the metasurface with par-
allel cylinders, i.e., & = 0°, the two resonance width vanishes
with an infinite Q factor. The metasurfaces with increasing 6
exhibit the gradually broadening resonance widths, because

of the increasing coupling to far field. This tendency agrees
well with the evolution of the Q factor in Fig. S2(b) [49].
The transmission spectrum in the metasurface with 6 = 10° is
exemplified in Fig. 2(b). The transmission dips due to the dual
quasi-BIC resonances are observed at 1471 nm (Q-BIC 1) and
1571 nm (Q-BIC 2), respectively. The simulated spectrum can
be fitted with the Fano formula T = |a; + iap + w_wl; T %
where a;, a>, and b are real numbers, wq is the resonance
frequency, and y is the leakage rate [20,21,29,36,43]. Derived
from these, the Q factors of the two resonances are calculated
by wy/2y as 856 and 440 corresponding to Q-BIC 1 and
Q-BIC 2, respectively. Since all materials are subject to some
level of loss [61,62], we introduce the loss to AlGaAs and
then illustrate its effect on the dual quasi-BIC resonances in
Fig. S1(b) [49]. Besides, the finite size in practical condi-
tions of the experiments may also degrade the resonant Q
factors, therefore a series of finite sized AlGaAs metasurfaces
composed of 10 x 10, 30 x 30, and 50 x 50 unit cells are
considered in Fig. S6 [49]. The required size of the meta-
surface array for the robust excitation of the dual quasi-BIC
resonances is not expected to be large. Some previous inves-
tigations have also demonstrated the similar size effect on the
performance of high-Q quasi-BIC resonances [32,35]. The
two high Q quasi-BICs provide large field enhancement of
the photon-pair emission. As shown in the inset of Fig. 2(b),
the electric field enhancements are around the edges of Al-
GaAs cylinders for Q-BIC 1 or inside the cylinders for Q-BIC
2. To characterize the ability of quasi-BIC resonances to
maximize the excitation density within nonlinear materials,
we analyze the electric energy stored inside the AlGaAs res-
onators by integrating the electric energy over the cylinder
volume. In Fig. S5, the two maxima can be observed at the
resonant wavelengths [49].

III. QUANTUM-CLASSICAL CORRESPONDENCE
BETWEEN SPDC AND SFG

To gain a quantitative estimation of the quantum photon-
pair rate generated through the SPDC process, we first
consider its classical reverse process SFG. For the SFG
process here, the two plane waves illuminate from air and
generate SFG signal (wspg = w + w») propagating in the
substrate, all in the opposite directions to the signal (wy), idler
(i), and pump (w,) photons in the SPDC process sketched
in Fig. 1(a). The quantum-classical correspondence between
SPDC and SFG has been performed for arbitrary nonlinear
structures with quadratic nonlinearity based on the general
Green’s function formalism [63]. It allows a mathematically
equivalent approach to predict the SPDC efficiency in a more
convenient approach of numerical modeling instead of the
complicated quantum calculations. Based on the quantum-
classical correspondence, the quantum photon-pair rate of the
SPDC process is derived by the classical reverse SFG process
as [10,47,64-66]

A e
= 21 Bspg (D

Ldeair Tp 84
A Ay

o, dt

where @, is the SPDC pump flux, c¢ is the light speed in
vacuum, and A,, As, and A; denote the pump, signal, and
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idler wavelengths, respectively. AA is the nonlinear resonance
bandwidth at the signal/idler wavelengths. Considering SPDC
is produced from the spontaneous parametric amplification of
vacuum thermal noise photons, occurrence of all the combina-
tions of Ag and A; satisfying the energy conservation condition
can be possible from the quantum vacuum fluctuations. Thus,
the bandwidth AA is primarily dependent on the spectral
response of the structure and especially the bandwidth of
the detector. The normalized efficiency Espg is defined as
the ratio of the corresponding SFG output power Psgg to the
product of the incident intensities of the fundamental pumps
I, I, at the signal and idler frequencies, namely, Espg =
Psrg/11 /1. According to the quantum-classical correspon-
dence, the photon-pair rate of SPDC in the designed resonant
metasurface is proportional to the normalized efficiency of the
reverse SFG process.

In this framework, the SFG process is first investigated
for predicting the photon-pair generation rate of SPDC. The
classical SFG process is simulated using the coupled elec-
tromagnetic wave frequency domain interfaces in COMSOL
Multiphysics based on the finite element method solver. The
first and second electromagnetic models are simulated at the
fundamental wavelengths A; and X, to retrieve the local field
distributions and compute the nonlinear polarization induced
inside the nonlinear material, then this polarization term is
employed as the only source for the third electromagnetic
model at the sum-frequency wavelength to obtain the gen-
erated photon power flux propagated to the substrate. In the
AlGaAs material, the nonlinear polarization term PN" is given
by

PN (wsr6) = eox R IEj(@)Ex(@) + Ex(@)Ej(@)],  (2)

where g is permittivity of free space, i, j, and k represent
the Cartesian components x, y, and z, respectively. Due to the
zincblende lattice, AlGaAs has the only nonvanishing terms
of the second-order nonlinear susceptibility tensor Xi-zk) with
i # j # k. Following the experimental reports [67], we set all
components of the x® to 100 pm/V. Here the fundamental
pump intensities are initially set to 1 GW/cm?. The SFG
power Psgg is computed by integrating the Poynting vector
over the output plane on the transmission side.

Figure 3 shows the simulated conversion efficiency of the
SFG process in the proposed AlGaAs metasurface support-
ing dual quasi-BIC resonances. The conversion efficiency is
defined as the output power of generated SFG signal nor-
malized by the sum of input powers of the two fundamental
waves, 7 = Pspg/(P1 + P»). As shown in Fig. 3(a), when the
input fundamental waves with wavelengths are close to the
quasi-BIC resonances, the SFG process is remarkably en-
hanced. As the fundamental wavelengths match with the two
quasi-BIC resonances at 1471 nm and 1571 nm, respectively,
the largest efficiency reaches 1 = 2.64 x 1073, Meanwhile,
n shows strong dependence on the input wavelength, mani-
fested by a narrow range of boosted SFG efficiency within
2 nm. This feature of narrowband enhancement arises from
nonlocal ultrahigh-Q resonance nature of the quasi-BICs that
exhibit narrow resonant widths as depicted in Fig. 2(b). To
elaborate the resonant enhancement effect of the quasi-BICs
in SFG process, the simulated n around the two quasi-BIC
resonances are provided in Figs. 3(c) and 3(d), respectively.
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FIG. 3. Enhanced SFG efficiency in the dual quasi-BIC meta-
surface. The SFG conversion efficiency as a function of (a) the
pump wave incident wavelengths around the resonances, (b) the input
intensity of the pump waves, (c) the pump wavelength A, for the case
of A, fixed at Q-BIC 2, and (d) the pump wavelength X, for the case
of A, fixed at Q-BIC 1.

When one of the input beams is fixed at the resonance wave-
length 1571 nm of the Q-BIC 2, the conversion efficiency
of the SFG signal reaches the maximum at the Q-BIC 1
resonance with wavelength 1471 nm. The peak efficiency can
also be observed for the similar situation in Fig. 3(d). It can be
concluded that the maximum enhancement of the SFG process
only appears at the fundamental wavelengths corresponding to
the two quasi-BIC resonances, confirming the collaboratively
increased SFG efficiency from resonant enhancement of dual
quasi-BICs at the two fundamental wavelengths. Meanwhile,
the linear dependence of the SFG power on the fundamental
power can be derived from Fig. 3(b). It suggests that the non-
linear SFG process can be further boosted by modifying the
input power, for example, the efficiency up to ~3 x 1072 can
be achieved by increasing input power at the two fundamental
wavelengths to 10 GW /cm?.

Based on the quantum-classical correspondence, we can
predict the efficiency of quantum photon-pair generation
of SPDC process. For calculations, we assume the pump
photon is uniformly perpendicularly incident on the meta-
surfaces with a power of 2 mW and a 2 um (diameter)
diffraction-limited spot [10]. The normalized SFG efficiency
is independent on the incident intensities and relies only on
the resonant nanostructure. The estimated photon-pair rates
of the SPDC process are shown in Fig. 4. Similar to the SFG
efficiency, the prominent SPDC enhancement are located near
the wavelengths of the quasi-BIC resonances for both the
generated photons. Such strong enhancement of photon-pair
rate in the designed metasurfaces results from the resonant en-
hancement effect of the dual quasi-BICs, because the efficient
photon-pair generation requires a high density of states at
both signal and idler wavelengths. In particular, an important
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FIG. 4. Enhanced photon-pair generation rate of SPDC in the
dual quasi-BIC metasurface. The SPDC photon-pair rate as a func-
tion of (a) the wavelengths of signal and idler beams and (b) the
signal wavelength when the pump wavelength is constant at A, =
760 nm.

feature of the spectral brightness in Fig. 4(a) is the giant
enhancement of the SPDC rate within a narrow resonance
bandwidth. It is the direct consequence of the ultrahigh-Q
quasi-BIC resonances with narrow transmission spectra of
signal or idler beams. To further confirm the resonant en-
hancement of photon generation, the photon-pair rate as a
function of signal wavelength A is shown in Fig. 4(b), with
a fixed pump wavelength of A, = 760 nm. The photon-pair
generation rate curve shows the peak with the high value of
1.05 x 10* Hz. It highlights the significant contribution of
quasi-BIC resonances in enhancing density of states for the
vacuum field fluctuations in the SPDC process. Compared
with that of Mie resonant nanostructures composed of isolated
AlGaAs nanoantennas with similar pump intensities [10], the
SPDC rates in the proposed metasurface driven by dual quasi-
BICs is increased by about two orders of magnitude.

We then explore the dependence of the SFG efficiency and
photon pair rates on the rotation angle of AlGaAs ellipti-
cal nanocylinders in the proposed resonant metasurface. As
shown in Fig. 5, both the nonlinear conversion efficiencies in
SFG and SPDC processes show a dramatic decline as rota-
tion angle 6 gradually increases. The rapid decline tendency
can be explained by the reduced Q factors of the quasi-
BICs with larger 6. Because the rotation angle of AlGaAs
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-
107 = [ =
u 103
| . B
5 10 b B 1 =
r Q
5 . F100 %
103+ ., -
- N

104 : : : 10°

0 5 10 15
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FIG. 5. SFG efficiency and photon-pair rate of SPDC at quasi-
BIC resonances as a function of the rotation angle of the metasurface.
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FIG. 6. Photon-pair generation rate of SPDC at the quasi-BIC
resonances in the metasurface at different observation angles, with
the Ay = 1471 nm, A; = 1571 nm, and A, =760 nm. The SPDC
photon-pair rates as a function of (a) the signal and idler wave
observation angles (6 and 6;) and (b) the observation angles of signal
beam when the idler beam is observed with 6; = 0° at A, = 760 nm.

nanoresonators controls the mode coupling and radiation loss
of the metasurface to the far field, it is able to engineer the
Q factor of the two quasi-BICs. As depicted in Fig. S2(b),
the Q factor dramatically reduces with increasing 6 [49]. This
also agrees well with the broad transmission dips in Fig. 2(a).
Accordingly, the capability of electric field confinement of the
quasi-BIC resonances which are directly related to Q factors
are weakened for reduced nonlinear efficiency. Note that both
the resonant enhancement of SFG and SPDC processes are the
combined results of the two quasi-BICs in the proposed meta-
surface, the SFG efficiency and the photon-pair rate of SPDC
are jointly related to the Q factors of the two resonances. Thus,
the sensitivity of Q factor to the rotation angle 6 brings the
flexibility to engineer the quantum photon generation rate.

Finally, we provide the photo-pair generation rate at differ-
ent observation angles of the signal and idler waves in Fig. 6.
The generated photon pairs at the dual quasi-BIC resonances
of the metasurfaces are considered, with the signal and idler
at wavelengths of 1471 nm and 1571 nm and the pump at
760 nm, respectively. The observation angles of signal and
idler denoted as 6 and 6;, respectively, are defined with re-
spect to the normal direction of the metasurface. The emitted
signal and idler photon rates are centered around the normal
direction, as shown in Fig. 6(a). Considering the resonant
wavelengths of the quasi-BICs in the metasurface are sensi-
tive to the incident angle of the fundamental waves due to
the high-Q features, in turn, the photo-pair generation of the
SPDC process exhibits narrowband brightness within a few
degrees of the observation angles. The photon pair rate keeps
at a high value around 10* Hz within observation angle 6;
from —2° to 2° and 6 from —0.5° to 0.5°, respectively, and
dramatically reduces beyond these observation scope. This
tendency can also be illustrated in Fig. 6(b) by the dependence
of the generated photon rates on the observation angles 6.
In the proposed metasurface, the optimized observation angle
for the maximum radiation power is normal to the surface,
and the wider observation angle 6; relative to 65 can be ex-
plained by the smaller Q factor and broader transmission
linewidth of Q-BIC 2 for idler wave than those of Q-BIC 1
for signal wave.
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IV. CONCLUSIONS

In conclusion, we have theoretically investigated the ef-
ficient photon-pair generation via SPDC from a nonlinear
dielectric metasurface. In the simple metasurface design using
AlGaAs elliptical nanocylinders as building blocks, the two
quasi-BIC resonances with ultrahigh-Q factors are employed
to generate efficient nonlinear processes. By coinciding the
two resonances with the generated signal and idler frequen-
cies, the electric field energy in the nonlinear material is
significantly enhanced. Due to the strongly enhanced nonlin-
ear light-matter interactions, the reverse classical nonlinear
process of SFG is substantially boosted with the efficiency
up to 2.64 x 1073, According to the quantum-classical cor-
respondence relation, the generation rate of photon pairs is
remarkably increased to 1.05 x 10* Hz, which is two orders
of magnitude larger than that in the Mie resonant AlGaAs
nanoantennas. Enhanced emission of photon pairs is produced
only in a narrow wavelength range due to the nonlocal feature
of quasi-BIC resonances. Furthermore, the generation rates of
photon pair via SPDC could be controlled through engineer-
ing Q factors via adjusting rotation angles of nanocylinders.
We also demonstrate that the generated signal and idler
photons are emitted mainly concentrated in the normal di-
rection with respect to the metasurface. These results will
help in the design of metasurface for the generation of high-
quality entangled photon pairs, fueling the development of

the nanoscale sources of quantum light. Finally, it is worth
while to note that the strategy and metasurface design here
can be extended for highly selective enhancement of SFG and
SPDC processes at alternative wavelengths via the scalability
of Maxwell’s equations, thus enabling multifrequency quan-
tum states including cluster state generation from a single
metasurface chip. Two-dimensional materials with x® non-
linear susceptibility can be integrated for these nonlinear and
quantum phenomena as well [68—75].
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