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The development of two-dimensional metasurfaces has shown great potential in quantum-optical
technologies because of the excellent flexibility in light-field manipulation. By integrating a metalens
array with a nonlinear crystal, we demonstrate a 100-path spontaneous parametric down-conversion
photon-pair source in a 10 × 10 array, which shows promise for high-dimensional entanglement
and multiphoton-state generation. We demonstrate two-, three- and four-dimensional two-photon
path entanglement with different phases encoded by metalenses with fidelities of 98.4, 96.6, and
95.0%, respectively. Furthermore, four-photon and six-photon generation is observed with high
indistinguishability of photons generated from different metalenses. Our metalens-array–based
quantum photon source is compact, stable, and controllable, indicating a new platform for
integrated quantum devices.

Q
uantumoptical systems, benefiting from
the fast speed, long coherence time, ver-
satile controllability, and large infor-
mation capacity of photons, is one of
the most attractive physical systems for

the investigation of quantum information
processing. They are widely used in quantum
communication (1–4), quantum computation
and simulation (5–8), and quantum metrol-
ogy and sensing (9, 10). With the development
of quantum technologies, the requirement
for both entanglement dimensionality and
photon number increases, demanding large-
scale, controllable, and stable quantum pho-
tonic sources (11, 12). For example, quantum
communication and imaging require pho-
tons with high-dimensional entanglement,
which can be achieved by using different
degrees of freedom of photons, including or-
bital angular momentum (OAM), time-bin,
energy-time, frequencymode, and optical paths.
However, none of these meets the require-

ment of high fidelity with large dimensional-
ity for practical applications. Photonic quantum
computation and metrology rely on multi-
photon states, which can be synthesized with
multiple single-photon sources from spon-
taneous parametric processes in nonlinear
materials or by time-multiplexing the spon-
taneous emission of quantum dots (13), but
the largest photon number is limited to ~20
(14). Although quantum dots show excellent
performance in generating single photons, the
spontaneous parametric process continues
to be the main method for the generation of
high-dimensional and/or multiphoton entan-
gled states (13). Recent progress on integrated
photonic systems based on such a process pro-
vides an ideal platform for large-scale quantum-
optical sources (15).
Metasurfaces consist of a dense arrange-

ment of dielectric or metallic subwavelength
antennas in an ultrathin interface (16). By con-
trolling the phase distribution, metasurfaces
have been widely used to manipulate the
wavefront of a light field (17–23).Metasurfaces
have also found applications in the nonclassi-
cal region (24–27).However, quantumphotonic
sources based on metasurfaces have not yet
been demonstrated.
Here, by using a metalens array, we dem-

onstrate a 100-path spontaneous parametric
down-conversion (SPDC) photon source. The
100-path SPDC photon source is realized by
combining a metalens array with a 0.5-mm
type II b-barium borate (BBO) crystal (Fig. 1, A
to D). The metalens array consists of 100 de-
signedmetalenses (arranged in a 10 × 10 array),
composed of GaN nanopillars fabricated by
electron beam lithography (EBL), dry etching,
and resist removing (13). Each metalens is
designed with a uniform focal length of f =
1.1 mm at a working wavelength of 404 nm
and an area of 100 mm by 100 mm. The period

of the unit element is 200 nm and the height
of the nanopillars is 800 nm [design details of
the metalens are in the supplementary mate-
rials (13)]. The image of the focal spot array of
the pump laser, with a wavelength of 404 nm
(Fig. 1E), shows that the measured focusing
efficiency of eachmetalens has a uniform value
of 56.0 ± 6.6%, owing to the precise fabrica-
tion (fig. S1).
When a pump laser is incident on the

metalens array, a 10 × 10 array of focal spots
is formed inside the BBO crystal. Each of the
spots can trigger a SPDC process and generate
a pair of photons in a probabilistic manner.
The phase-matching condition of the BBO
crystal is designed to ensure that each photon
pair has two well-defined beam-like spatial
modes (28). The uniform intensity and spatial
distributions of these focal spots enable the
further realization of high-dimensional en-
tangled and multiphoton quantum photonic
sources. As a preliminary test, a vertically po-
larized diode laser (404 nm, 100 mW) is inci-
dent on the metalens–BBO system. An array
of 10 × 10 SPDC photon pairs with nearly
equal intensities is observedwith an electron-
multiplying charge-coupled device (EMCCD)
(Fig. 1F).
First, the path-encoded quantum entangle-

ment is demonstrated. Each metalens in the
system generates a pair of photons in a pair
of conjugate spatial modes (figs. S2 and S3).
These modes are defined as s0 to s99 for the
signal photon (vertically polarized) and as i0
to i99 for the idler photon (horizontally po-
larized). In the case that only one pair of pho-
tons is generated from the source, without
knowing whichmetalens the photons are gen-
erated from, the two-photon state can be writ-
ten as 1

10 ðj0; 0i þj1; 1i þj2; 2i þ…þj99; 99iÞ,
where the number represents the path defined
previously. This state is a 100-dimensional
path-encoded quantum entangled state. As
a demonstration, we verify the quantum en-
tanglement in two, three, and four dimensions
by reconstructing the reduced quantum states
with quantum state tomography (QST) mea-
surements and discuss the high-dimensional
entanglementmeasurement in the supplemen-
tary materials (13).
Two-dimensional (2D) entanglement states

are analyzed using photon pairs generated
by twometalenses, including the adjacent and
nonadjacent ones. The QST measurements
are performed (fig. S4) and the correspond-
ing density matrix is accurately reconstructed
by the maximum likelihood estimation (MLE)
method. Figure 2A shows the experimental
result of a maximally 2D path-entangled state
of ðj00i þ j11iÞ= ffiffiffi

2
p

. The fidelity between the
reconstructed state and the ideal maximally
entangled state is as high as 0.985, proving that
the produced state is very close to the ideal
state. In addition to focusing the pump light,
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themetalens is able to encode its phase, which
in turn controls the relative phase between dif-
ferent terms of the generated quantum state.
We design themetalenseswith different phase
differences ðDϕ ¼ p=2; p; 3p=2Þ between two
adjacent metalenses and analyze the 2D entan-
glement states generated with them (figs. S5
and S6). Figure 2, B to D, are the reconstructed
density matrixes of the prepared states, with
the phase differences of ðDϕ ¼ p=2; p; 3p=2Þ,
respectively. All these density matrixes show
good agreement with the ideal corresponding
states of ðj00i þ ij11iÞ= ffiffiffi

2
p

, ðj00i � j11iÞ= ffiffiffi

2
p

and ðj00i � ij11iÞ= ffiffiffi

2
p

, respectively.Without loss
of generality, we measure six 2D entangled
states, with respect to adjacent metalenses
pairs at random locations, for each phase dif-
ference and estimate them by the QST mea-
surements. All the results show high fidelities,
with an average value of 0.979, to the maxi-
mally entangled states and a fidelity of 0.984
to the closest pure entangled states (fig. S6).
Other results with nonadjacentmetalens pairs
are shown in fig. S7. The fidelities to the maxi-
mally entangled states are all above 0.96 (13).
These high fidelities confirm that we can
reliably control the generated states by meta-
nanostructure.

Quantum entangled states with higher di-
mensions are further characterized. Figure 3,
B andD, are typical 3Dand4Ddensitymatrixes
reconstructed by QST measurements and cor-
respond to the configuration of the photon pair

sources in the dashed boxes in Fig. 3, A and C,
respectively. In these high-dimensional cases,
the beam displacer (BD)–basedmeasurement
setup becomes considerably more complex,
as shown in the inset of fig. S4. There are not
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Fig. 1. Schematic and characterization of the quantum metalens array. (A) Schematic of the quantum source based on a metalens array. (B) Microscopy
image of the metalens array. (C and D) Scanning electron microscopy image of the GaN metalens in (C) top view and (D) side view. (E) Microscopy image of the focal
plane of the pump light. (F) Image of the SPDC photon pair array recorded by EMCCD. Inset: Magnified image of the area indicated by the blue dashed box.
The red dashed box shows one pair of photons generated by one metalens. Scale bars: (B) 200 mm, (C) 2 mm, (D) 1 mm.

Fig. 2. Characterization of entangled quantum states. (A to D) Typical reconstructed density matrixes by
QST measurements with metalens phase differences of Dϕ = 0, p/2, p, and 3p/2, respectively. The quantum
state fidelities are 0.985, 0.987, 0.987, and 0.984 to the maximally entangled states, respectively.
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enough degrees of freedom to balance the
additional accumulation of experimental
fluctuations introduced by the BD-based
spatial mode combing and analyzing sys-
tems. It is a challenge to reconstruct ideal

density matrixes of the maximally entan-
gled states. Here, the reconstructed results
show very high fidelities to the pure quan-
tum states. The fidelities to the estimated
pure states are 0.966 for the 3D entangled

state (Fig. 3B) and 0.950 for the 4D entan-
gled state (Fig. 3D), and the fidelities to the
maximally entangled states are 0.965 and 0.911,
respectively. These results, in addition to the
measured results in the supplementary ma-
terials (13), show entangled fidelities higher
than 0.94 to the closest pure states (figs. S8
and S9), manifesting the high qualities of the
high-dimensional entangled states from the
metalens-array–based quantum source. The de-
creases in the measured fidelities are mainly
caused by the long QSTmeasurement time for
high-dimensional entangled states, in which
the drift of the measurement system cannot
be ignored. Therefore, characterization of the
entanglement in higher dimensions may need
to resort to the development of integrated de-
vices (13, 29).
Furthermore, the multiphoton source based

on the metalens array system is characterized.
Unlike the general SPDC-based multiphoton
sources, in whichmultiple nonlinear crystals
and long-time stable complex optical setup
are required (14), our source only needs one
nonlinear crystal and the setup is substantially
more compact and stable. The experimental
setup is discussed in the supplementarymate-
rials (13), where a 415-nm femtosecond pulsed
laser is introduced as the pump light to increase
the possibility for multiphoton generation
(fig. S10).Here, we use the samemetalens array
sample shown in Fig. 1 and the BBO crystal de-
signed for the 415-nmpump laser (13). Because
each metalens may generate one photon pair
simultaneously, we can obtain multiphoton-
pair sources within this 100-metalens array.
As a demonstration, we characterize the per-
formance of the four-photon and six-photon
source from two and three adjacentmetalenses,
respectively. Figure 4, A and B, show the pump
power dependencies of the four-photon and
six-photon coincidence counts. The ideal power
dependencies of the four-photonand six-photon
coincidence counts follow a quadratic and cubic
relationship, respectively, as shown in the red
dashed lines in Fig. 4, A and B. The measured
data, shown in the blue circles, agree well with
the ideal trend, indicating a feasible multipho-
ton source.
We further carry out the Hong-Ou-Mandel

(HOM) interference to test the purity and in-
distinguishability of photons generated from
different metalenses. Two independent photon
pairs are generated by two adjacentmetalenses
(Fig. 4C). One photon from each pair is used
as the trigger (heralding), and two heralded
photons interfere at a 50:50 fiber beamsplitter.
The HOM interference is observed by record-
ing the fourfold coincidence as a function of
the relative delay between the heralded pho-
tons. Figure 4D is the measured HOM inter-
ference result, and the visibility of theHOMdip
is 86.3%. This clearly verifies the performance
of themultiphotonquantumsource and indicates

Li et al., Science 368, 1487–1490 (2020) 26 June 2020 3 of 4

Fig. 3. High-dimensional quantum entanglement states characterization. (A to D) Reconstructed
density matrixes for 3D (B) and 4D (D) quantum state by QST measurements corresponding to the photon
pairs in the dashed blue boxes in (A) and (C), respectively.

Fig. 4. Multiphoton quantum source based on a metalens array. (A) Four-photon and (B) six-photon
coincidence dependence to the pump power. The red dashed lines are the theoretical estimation of quadratic
(four-photon) and cubic (six-photon) trend. The insets show the metalenses involved in the corresponding
tests. The schematic diagram (C) and the fringe (D) of the HOM interference measurement.
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that such metalens array can successfully
provide a compact platform for the multi-
photon source preparation.
On the basis of the metalens array, we dem-

onstrate a compact, stable, and controllable
platform for a quantumoptical source in both
high-dimensional entanglement andmultipho-
tons, which extends the spatial configuration
and entanglement dimensionality of the inte-
grated path-encoded quantum source. Our re-
sults indicate that metasurface structures can
provide a route for the generation and control
of complex quantum states, not only increas-
ing the quantum system dimensionality but
also allowing for the coherent control of mul-
tiple photons, thus providing a compact and
practical platform for the development of ad-
vanced on-chip quantum photonic informa-
tion processing.
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shrunk substantially. The approach should prove useful for developing miniaturized integrated quantum optical
combined an array of specialized metalenses with a nonlinear crystal and show that the scale of the process can be 

et al.usually performed with bulk optical components, there is a need to decrease the size scale for application. Li 
commodities for quantum information processing and quantum communications. Because the experimental setup is
splits into two lower-energy photons that are quantum mechanically entangled. These entangled pairs are valuable 

Spontaneous down-conversion is an exotic optical process in a nonlinear crystal in which a high-energy photon
based quantum source−Metalens-array
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