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Quantum state engineering, the cornerstone of quantum photonic technologies, mainly relies on spontaneous
parametric downconversion and four-wave mixing, where one or two pump photons spontaneously decay
into a photon pair. Both of these nonlinear effects require momentum conservation for the participating
photons, which strongly limits the versatility of the resulting quantum states. Nonlinear metasurfaces have
subwavelength thickness and allow the relaxation of this constraint; when combined with resonances,

they greatly expand the possibilities of quantum state engineering. Here, we generated entangled photons via
spontaneous parametric downconversion in semiconductor metasurfaces with high—quality factor, quasi-bound
state in the continuum resonances. By enhancing the quantum vacuum field, our metasurfaces boost the
emission of nondegenerate entangled photons within multiple narrow resonance bands and over a wide
spectral range. A single resonance or several resonances in the same sample, pumped at multiple wavelengths,
can generate multifrequency quantum states, including cluster states. These features reveal metasurfaces
as versatile sources of complex states for quantum information.

ptical quantum state engineering mainly
relies on nonlinear optical effects such as
spontaneous parametric downconversion
(SPDC) or spontaneous four-wave mixing
(SFWM). These effects have been used to
create a vast variety of photonic quantum states,
including single (7) and entangled (2) photons,
squeezed states (3), and cluster states (4-6).
However, both SPDC and SFWM in conventional
nonlinear crystals and waveguides require strict
momentum conservation for the involved pho-
tons, which strongly limits the versatility of the
states they produce. The emergent concept of
quantum optical metasurfaces (QOMs) helps
to overcome this constraint. Metasurfaces (i.e.,
arrays of nanoresonators) feature unique abil-
ities to manipulate and control the amplitude,
phase, and polarization of light in the non-
linear (7-9) and quantum (10, II) regimes using
a single ultrathin device. In particular, all-
dielectric metasurfaces made of materials
with high second-order nonlinearities offer a
potential route for on-chip quantum state gen-
eration (12-14). As a result of the subwave-
length thickness of metasurfaces, the momentum
conservation (or phase-matching) requirement
is relaxed (15), enabling multiple nonlinear
processes to occur with comparable efficiencies
(16). In addition, optical resonances in meta-
surfaces and nanoresonators enhance the vac-
uum field fluctuations through enhanced
density of states at certain wavelengths, boost-
ing the spontaneous emission of photons (7).
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Vacuum fluctuation enhancement scales
with the quality (Q) factor of the resonance.
In metasurfaces, Q-factors are especially high
for bound states in the continuum (BIC) res-
onances (18, 19), which are discrete-energy
modes whose energy levels overlap with a
continuous spectrum of radiating modes (20).
In symmetry-protected BIC metasurfaces, the
outcoupling of radiation in the normal direc-
tion is forbidden by symmetry (19). Hence,
Q-factors of these modes may be infinite;
in theory, they could infinitely enhance the
spontaneous emission of photons and photon
pairs. In practice, symmetry breaking (quasi-
BICs) leads to finite enhancement (19), which
can still be as high as 10 to 10*.

Here, we report on the experimental gen-
eration of tunable photon pairs via SPDC
driven by high-Q quasi-BIC resonances in gal-
lium arsenide (GaAs) QOMs. Our QOMs emit
frequency-degenerate and nondegenerate
narrowband photon pairs tunable over more
than 100 nm by changing either the optical
pump or the spectral location of the resonances
without appreciable loss of efficiency. More-
over, by judicious choice of resonance and
pump wavelengths, we can simultaneously
drive as many SPDC processes as necessary,
obtaining frequency-multiplexed entangled
photons and enabling multichannel heralding.
Our work paves the way for building nanoscale
sources of complex tunable entangled states
for quantum networks.

In SPDC, a pump photon of a higher fre-
quency o, downconverts in a second-order
nonlinear material into a pair of signal and
idler photons of lower frequencies, ws and
w;, following energy conservation (Fig. 1A).
Unlike in bulk crystals, SPDC in subwave-
length sources does not require longitudinal
momentum conservation (15), leading to the
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broadband emission of photon pairs over a
wide range of angles (21, 22). In optical nano-
antennae and metasurfaces, however, the
resonances select the range of wavelengths
and wave vectors where the photon emission
is enhanced (12, 14, 23). Therefore, with
judicious choice and design of optical modes
and resonances, metasurfaces can be used to
generate tunable and unidirectional entangled
photons.

To demonstrate SPDC with quasi-BICs, we
fabricated various arrays of broken-symmetry
resonators arranged in a square lattice of dif-
ferent periodicities and scaling by means
of standard electron beam lithography and
chlorine-based dry etching. Subsequent fab-
rication steps included epoxy bonding and
curing, substrate lapping and polishing, wet
etching, and transferring the metasurface onto
a transparent fused silica substrate. We chose
GaAs because it possesses one of the highest
second-order susceptibilities among tradi-
tional materials, x* = 400 to 500 pm/V, for
the range of pump wavelengths involved in
this work; these susceptibilities exceed those
of ferroelectric nonlinear materials such as
lithium niobate by more than an order of mag-
nitude (24). The structure of the metasurfaces
is shown in Fig. 1B.

The existence of symmetry-protected BICs
can be explained through symmetry breaking
and coupling between allowed and forbidden
optical Mie modes (25), or using group theory
arguments (26). A metasurface consisting of
square nanoresonators obeys C, and C, rota-
tional symmetry; photons at the BIC frequency
are trapped inside the resonators because of
zero coupling to radiating modes. A small
notch in the cube breaks the rotational sym-
metry (Fig. 1C) and transforms these symmetry-
protected BICs into quasi-BICs, which can
outcouple to the far field. Spectrally, they ap-
pear as narrow transmission peaks in the
white-light far-field transmittance (Fig. 1D).
The modes, labeled electric dipole (ED)-gBIC
and magnetic dipole (MD)-gBIC, reach Q-factors
of QBIC(ED) ~ 330 and QBIC(MD) = 1000, respec-
tively. The ED-gBIC and MD-qBIC have different
coupling efficiencies with respect to the incident
beam polarization. For the lowest-order quasi-
BICs, simulated electric field profiles resemble
those of out-of-plane dipole modes (see Fig. 1D,
insets, and fig. S1).

By tuning the period of the array and the
proportions of the resonators, the central wave-
lengths of the quasi-BIC resonances can be
tuned over a wide range. For emission normal
to the QOM, the Q-factor is the highest be-
cause most of the system symmetry is pre-
served. Off-normal excitation leads to coupling
to free-space radiation, reducing the Q-factor
of each quasi-BIC resonance and lowering the
field enhancement (fig. S2). Thus, we should
also expect the emitted SPDC photon pairs to
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Fig. 1. Spontaneous parametric
downconversion (SPDC)

using symmetry-protected
quasi-BIC resonances in a semi-
conductor metasurface.

(A) Conceptual diagram of
multiplexed entangled photon
generation in a multiresonance
semiconductor metasurface.

(B) Scanning electron micrograph
of the metasurface at an
intermediate step of nanofabrica-
tion (see supplementary
materials). (C) Structure of

the broken-symmetry resonators
(see table Sl for the various

metasurfaces’ dimensions). The E
addition of a small rectangle
(pink) breaks the rotational sym-
metries C,, C4 of the metasurface,
turning the BIC into a quasi-BIC.
(D) Simulated (top) and measured
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mission spectra of one QOM, for
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[1107 crystal direction (magenta)
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and orthogonal to it (blue). Gray areas highlight the locations of the quasi-BIC resonances: ED-gBIC (A = 1446.9 nm) and MD-gBIC (A = 1511.8 nm). The insets
show the normalized distribution and direction (black arrows) of electric field xy calculated at the center of the nanoresonator for both resonances. (E) Typical
distribution of the photon arrival time difference for two detectors, demonstrating photon pair generation. Error bars denote the statistical uncertainty.

be radiated almost unidirectionally along the
metasurface normal, as observed for emission
from quantum dots embedded inside a symmetry-
protected, quasi-BIC metasurface (17).

To demonstrate multiplexed entangled pho-
ton generation via SPDC, we investigated three
QOMs, labeled QOM-A, QOM-B, and QOM-C,
with different resonator sizes and spacings,
such that the ED-gBIC and MD-qBIC optical
modes were resonant at different wavelengths
(Fig. 2, A to C, upper panels; also see table S1
and fig. S3). All metasurfaces were pumped
with linearly polarized continuous-wave lasers
of different wavelengths, focused into 140-um
spots. Two superconducting nanowire single-
photon detectors placed at the two outputs of
a fiber beamsplitter (fig. S4) enabled registra-
tion of photon pairs as joint detection events.
For all QOMs considered, we registered a high
number of simultaneous photon detections—
coincidences (Fig. 1E)—which indicates the
presence of photon pairs. For further details,
see the supplementary materials. Figures S5 and
S6 also show the results of second-harmonic
generation, which is mediated by the same
nonlinear tensor as SPDC and was therefore
helpful for optimizing the experiment.

We then performed fiber-assisted spectros-
copy of photon pairs with 3-nm resolution (see
supplementary materials). The three correspond-
ing SPDC spectra are shown in Fig. 2, A to C
(bottom panels), each one below its white-light
transmission spectrum. Thanks to the relaxed
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momentum conservation, the pump wavelength
Ap can be arbitrary, and thus we use different
pumps and different QOMs to demonstrate
various types of photon pair generation.

For QOM-A, we used A, = 723.4 nm, such
that the degenerate wavelength 2, overlapped
with the ED-gBIC resonance wavelength. In
this case, both SPDC photons were emitted
within a single narrow peak, centered at the
resonance wavelength 2, = 1446.8 nm (Fig. 2A).
The full width at half maximum (FWHM) of
4.3 nm matched the linewidth of the ED-gBIC
resonance. This corroborates previous obser-
vations on QOMs (12) that the presence of an
optical resonance enhances the quantum vac-
uum field within the resonance’s bandwidth.

However, very different spectra were ob-
tained when we pumped QOM-B at 718.2 nm,
such that the degenerate wavelength 21, was
off-resonance from the ED-qBIC modes. Now,
we found that the SPDC spectrum exhibited
two narrow peaks, one centered at the ED-qBIC
peak wavelength (As = 1390.9 nm) and the other
at a wavelength 2; = 1485 nm (Fig. 2B). Here, the
ED-gBIC resonance enhances the vacuum field
at the signal wavelength, forcing the QOM
to emit a photon at this wavelength simul-
taneously with its partner at the idler wave-
length, as dictated by energy conservation:

(1 1\
T A

@
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This indicates that narrowband, frequency-
nondegenerate photon pairs (ubiquitous in
photonic state engineering, i.e., for heralding)
have been generated from a nanostructured
photonic device such as a metasurface.

The spectrum of the entangled photons gets
richer when both ED-qBIC and MD-gBIC
resonances are active in SPDC (Fig. 2C). We
achieved this by pumping our third meta-
surface QOM-C at 725.4 nm, with the pump
radiation polarized at 175 so that the MD-gBIC
resonance was activated. We now observed four
peaks, two of them corresponding to signal
photons emitted at the ED-gBIC (1359.4 nm)
and MD-gBIC (1429.4 nm) resonances, and
the other two to their idler partners. We found
that because the MD-qBIC resonance has a
higher Q-factor than the ED-gBIC resonance,
its emission FWHM is smaller, causing the
signal and idler SPDC spectra to also be nar-
rower. It might be possible to obtain higher
rates (i.e., larger peak heights), but we note
that the Q-factor of a resonance provides only
the upper boundary for SPDC enhancement,
which also depends on the vacuum field
distribution in the nanoresonators and the
nonlinear tensor symmetry and values.

We also found that our QOMs can produce
degenerate and nondegenerate photon pairs
over a broad spectral range without consid-
erable reduction of efficiency (Fig. 2D). As a
consequence of the high-Q resonances, the ef-
ficiency is at least three orders of magnitude
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Fig. 2. SPDC spectra for the QOMs considered in this work. (A to C) Measured white-light transmission
spectra (top) and SPDC spectra (bottom) for QOMs A, B, and C, respectively. The SPDC spectra show

(A) degenerate photon pairs at wavelength 21, = 1446.8 nm (vertical dashed line), which overlaps with the
ED-gBIC resonance of QOM-A; (B) nondegenerate photon pairs, where only the signal photon is emitted at
the ED-gBIC mode wavelength A = 1390.9 nm (purple vertical solid line) of QOM-B; (C) two types of
nondegenerate photon pairs, where signal photons are emitted at wavelengths A = 1359.4 nm of the ED-gBIC
resonance (orange vertical solid line) and A = 1429.4 nm of the MD-gBIC resonance (green vertical solid
line) of QOM-C. Both ED- and MD-gBIC modes are active in SPDC because of the choice of pump polarization.
Black dashed lines show the degenerate wavelength 21,.. The peak heights at signal and idler wavelengths are
unequal because of the different detection efficiency of the two IR detectors and the asymmetric splitting
ratio of the fiber splitter. (D) Coincidence rate, with 9.6 mW pumping at 725.4 nm, versus wavelength
detuning AL = 2, - Aepqric between the degenerate wavelength (21,) and the ED-qBIC resonance, Aep.qsic.
of five different QOMSs. Error bars denote the statistical uncertainty.

higher than in an unpatterned GaAs film of
the same thickness (see supplementary text
and fig. S7).

To verify the nonclassicality of our photon
pairs, we measured the pump-power depen-
dence of the second-order cross-correlation
functlon (CF) at zero time delay, defined as
g; <NS >/<NS><N> where Ny; are
photon-number operators for the signal and
idler modes. The cross-CF is measured as
géf) (0) = Rc/(RsR;iT.), where R,; are the rates
of the signal-idler coincidences, signal photon
detections, and idler photon detections, re-
spectively, and 7 is the coincidence resolution
time (27). Because all three numbers R, scale
linearly with the pump power, g (0) has an
inverse dependence on it, as 1ndeed we ob-
served (Fig. 3A). Although this dependence
indicates photon pair detection, a formal proof
of nonclassicality requires the violation of the
Cauchy-Schwarz (CS) inequality (28),

2
20 <e20 &0 @
where gg?ﬁ(o) are second-order auto-CFs
for signal and idler modes, respectively. For
QOM-B, which generates signal and idler
photons at two distinguishable wavelengths
(1390.9 nm and 1485 nm), we measured the
auto-CFs of modes s and i after 50-nm FWHM
bandpass filters centered at 1400 nm (s) and
1475 nm (i), respectively (Fig. 3, B and C).
Single-count graphs for each measurement
are shown in flg S9. We obtained gSS (O)
1.6+0.3 and g (O) 1.2+0.2. The cross-CF,
measured w1thout bandpass filters (Fig. 3D),
was gg)(o) =10.5#1.1. Hence, the CS in-
equality is violated by >50 standard deviations,
g5 (0))” = 1102, g (0) - 87 (0) = 1.9:0.3,
revealing the nonclassical character of photon
pairs.

Fig. 3. Second-order A
cross-correlation 5
and autocorrelation 107+
functions. (A) Pump-power

dependence of the second-
order cross-correlation

function at zero time delay ~ £ )
measured for photon P 10 -

pairs emitted by QOM-A

(points) and its theoretical 'y
fit (line). For raw data,

see fig. S8. (B and 0
C) Second-order auto- 10° - | | | | 0
correlation functions gg) and 0 30 60 90 120 -10

gfiz) measured for QOM-B
at the signal (1390.9 nm)
and idler (1485 nm) wave-

Pump power (mW)

|
-5 0 5
Arrival time difference (ns)

10

lengths, respectively. (D) Second-order cross-correlation function gg? measured for QOM-B. Error bars are obtained from the statistical uncertainties via the

propagation of errors.

Santiago-Cruz et al., Science 377, 991-995 (2022) 26 August 2022

3of5

220z ‘9z snfiny uo AysieAiun BuifueN e Biooue !OS'MMM//SGInu woJj papeojumoq



RESEARCH | REPORT
A B
)\1 )\res )\2
o— 0 1
=1
)\1 )\res )\2 %
€
3
A (¢}
’ 0
)\1 )\res 1 )\2 )\res 2
)\res 3 )\3 )\res 4 )\4
c

bt

I
1540

1 1
1360 1420 1480

Wavelength (nm)

Fig. 4. Cluster state generation with QOMs. (A) Examples of cluster states: a linear three-qubit state
(top), a Greenberger-Horne-Zeilinger state (middle), and a more general graph state (bottom). Links between
the vertices are provided by different pumps. (B) SPDC spectrum illustrating how a linear three-qubit graph
state of photons |As), |A1), |X2) can be generated from QOM-C. (C) Spatial multiplexing of four

metasurfaces for generating the state of (A), bottom,

The presence of narrow optical resonances
allows one to create, apart from entangled
states, more complicated graph quantum states
(Fig. 4A). In our setup (fig. S4), the state prep-
aration relies on the fiber beamsplitter send-
ing a photon to each detector; events where
both photons arrive at the same detector are
ignored. For a nondegenerate photon pair at
wavelengths A, (resonant) and A; (matching
via energy conservation), after the beam-
splitter, photon |A.s) is path-entangled with
photon |,). For a second nondegenerate pair
at wavelengths A..s and A, photon |A.g) is
also path-entangled with photon |A,) after the
beamsplitter. Note that this photon pair needs
another pump for its generation. If photons
|Ares) from each pair are indistinguishable,
which requires two mutually coherent pumps,
alinear graph state of three pairwise entangled
qubits is created (Fig. 4A, top). This strategy for
cluster state generation, called pairwise coupling
(6), can be implemented using pump beams

Santiago-Cruz et al., Science 377, 991-995 (2022)

using a single multifrequency pump beam.

at wavelengths of 725.4 nm and 718.2 nm and
an ED-gBIC resonance at A, = 1359.4 nm.
Figure 4B shows the corresponding spectra
with orange and blue colors, respectively, with
only two entangled photon pairs (|A.s) and [Ay),
[Ares) and |A,)) marked for simplicity. In our
experiment, the pump beams are incoherent,
but they still provide the desired spectrum.
By adding a third pump, generating photon
pairs at wavelengths A, and A3, a more com-
plicated graph state can be created, called a
Greenberger-Horne-Zeilinger state (5) (Fig. 44,
middle).

The state becomes increasingly complex by
adding multiple coherent pump beams at dif-
ferent wavelengths—that is, using a frequency
comb or a filtered supercontinuum as an ex-
citation source. By appropriately matching the
wavelength separation of the comb and the
optical resonances of the QOMs, photons at
multiple wavelengths can be entangled via
pairwise couplings. With this approach, one

26 August 2022

could implement a scalable cluster state, needed
for one-way quantum computation (5), as
shown in Fig. 4A (bottom). Such methods of
quantum state engineering are enabled by the
use of our QOMs with relaxed phase match-
ing and engineered high-Q resonances, and
are impossible with bulk crystal or waveguide
SPDC sources. Moreover, QOMs provide a
unique way to spatially multiplex multiple
metasurfaces within the area of a single pump
beam (possibly multifrequency) by exciting
resonances at different wavelengths and en-
tangling multiple photon pairs across separate
wavelengths with a single multifrequency pump
beam, as shown in Fig. 4C. But even without
links between different pairs, the existence of
multifrequency or multispatial channels sug-
gests a new architecture for heralding single
photons in many different modes (29).

The use of a highly nonlinear metasurface
with narrowband resonances at arbitrary, dis-
crete, and multiple wavelengths enables new
opportunities for generating quantum states
that have no counterpart when using tradi-
tional nonlinear optical crystals or passive (30)
or conventional Mie-type metasurfaces (12).
First, we have shown enhancement in pair
emission rates of at least three orders of mag-
nitude relative to an unpatterned film of the
same material and thickness. Second, we have
demonstrated nonclassical correlations be-
tween downconverted photons at broadly
separated wavelengths, opening the possi-
bility of photon heralding. Third, combining
single or multiple coherent laser sources with
two or more quasi-BIC resonances from a single
or multi-patch metasurface, we can create pho-
ton pairs at multiple frequencies with compa-
rable efficiencies. Such a multitude of photon
pairs can be used to create complex photon
quantum states, including cluster states and
multichannel single photons, that could facil-
itate compact quantum information process-
ing (4, 5, 29). Finally, achieving this level of
quantum state engineering with a single nano-
scale source can potentially lead to future
miniaturization of photonic quantum process-
ing, not possible today with other photonic
platforms.
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Quantum metasurfaces

Metasurfaces are specially designed arrays of dielectric components that transform the function of bulk optical
components into thin films. Exploiting the physics of bound states in the continuum for the highly efficient trapping of
light, Santiago-Cruz et al. design and fabricate metasurfaces that can operate as quantum sources of light. Patterned
in GaAs, the quantum source provides entangled pairs of photons across a broad range of wavelength, allowing

the formation of complex quantum states. The approach will be useful for the development of integrated optical and
quantum optical devices. —ISO
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