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Abstract

toward computation and metrology.

Ultracompact entangled photon sources are pivotal to miniaturized quantum photonic devices. Van der Waals (vdW)
nonlinear crystals promise efficient photon-pair generation and on-chip monoalithic integration with nanophotonic
circuitry. However, it remains challenging to generate maximally entangled Bell states of photon pairs with high
purity, generation rate, and fidelity required for practical applications. Here, we realize a polarization-entangled
photon-pair source based on spontaneous parametric down conversion in an ultrathin rhombohedral tungsten
disulfide (3R-WS,) crystal. This vdW entangled photonic source exhibits a high photon-pair purity with a coincidence-
to-accidental ratio of above 800, a generation rate of 31 Hz, and two maximally polarization-entangled Bell states
with fidelities exceeding 0.93 and entanglement degree over 0.97. These results stem from scalable optical nonlin-
earity, enhanced second-order susceptibility by electronic transitions, and a well-defined symmetry-enabled selec-
tion rule inherent in 3R-WS,. Our polarization entangled photon source can be integrated with photonic structures
for generating more complex entangled states, thus paving an avenue for advanced quantum photonic systems
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1 Introduction

Entangled photon pairs are fundamental in quantum
science, escalating our understanding of quantum
nonlocality through the violation of Bell inequalities
[1], and playing a pivotal role in modern quantum
technologies for computation, communication, and
metrology [2]. Spontaneous parametric down-conver-
sion (SPDC), a second-order nonlinear optical process
that splits a high-energy photon into a pair of corre-
lated photons, is deployed to generate photon pairs
with entanglement across diverse degrees of freedom
(DoFs) like polarization [3], path [4], spatial mode [5],
and time-energy [6]. Among these DoFs, polarization
has been widely adopted to create maximally entan-
gled Bell states in bulk SPDC sources [3, 7]. However,
their bulk nature impedes integration into compact
integrated quantum systems, such as quantum pho-
tonic circuits for computation [8, 9], and quantum
microscopy for imaging [10].
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Van der Waals (vdW) crystals, featuring giant non-
linear susceptibilities and subwavelength thickness, are
promising for integrated quantum photonics [11-13].
For efficient SPDC, it is essential that the optical non-
linearity in vdW crystals can scale with their thickness,
which requires preserved lattice non-centrosymmetry as
layers are being stacked. In this context, hexagonal (2H)
prototype transition-metal dichalcogenides (TMDCs)
have been excluded due to their vanishing nonlinearity in
each bilayer [14, 15]. Notably, the highly distorted crys-
tal NbOCl, has been demonstrated as efficient for corre-
lated photon-pair generation in ultrathin structures [12].
In principle, these ultrathin nonlinear crystals hold sig-
nificant promise for integration with nanophotonic com-
ponents, such as waveguides [16], resonators [17], and
metasurfaces [4, 18, 19], to generate complex entangled
photonic states with high tunability in a compact foot-
print. Unfortunately, restricted by low lattice symmetry,
these vdW crystals often exhibit a complicated nonlinear
susceptibility tensor, resulting in intricate optical fields
after nonlinear conversion and ill-defined entanglement
in generated photon-pairs [12]. Thus, maximally entan-
gled Bell states have not been realized in vdW materials.
For practical applications, a compact entangled pho-
ton source must satisfy three rigorous requirements: (i)
a well-defined quantum entanglement, (ii) broken lat-
tice centrosymmetry for scalable nonlinearity, (iii) large
second-order susceptibilities for enhancing photon-pair
generation rate.

Our work reports an ultracompact source of polar-
ization-entangled photon pairs with a 350-nm-thick
rhombohedral 3R-WS, crystal, which meets the three
above-mentioned requirements simultaneously. The
broken centrosymmetry along the layer-stacking direc-
tion enables scalable optical nonlinearity, while the
preserved in-plane three-fold rotational symmetry facil-
itates a well-defined nonlinear optical selection rule.
This includes a flipped spin angular momentum (SAM)
during second-order nonlinear conversion, allowing
polarization-entangled photon-pair states in SPDC
process. By resonant coupling with electronic levels in
3R-WS, without introducing photoluminescence (PL)
noise, we achieve a substantially enhanced second-order
susceptibility for efficient SPDC. This strategy enables
efficient photon-pair generation with a high coinci-
dence-to-accidental ratio exceeding 800, and a genera-
tion rate of 31 Hz. Leveraging the symmetry-enabled
selection rule, two maximally entangled Bell states have
been prepared with high fidelities above 0.93 and entan-
glement degrees, quantified by concurrences, exceeding
0.97. These findings pave the way for the on-chip mono-
lithic integration of 3R-WS, with nanophotonic struc-
tures, leading to miniaturized entangled photon-pair
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sources capable of generating complex states with high
tunability.

2 Results and discussion

The experimental realization of polarization-entangled
photon pair sources relies on the judicious selection
of 3R-WS, with a R3m space group. 3R-WS, presents
ABC stacking along the out-of-plane orientation, a fea-
ture that breaks inversion symmetry from the mon-
olayer to bulk crystal. Thereby second-order optical
nonlinearity (Fig. 1a) can be scaled up with the thick-
ness. In contrast to the highly distorted lattices such
as NbOCI,, 3R-WS, exhibits an in-plane C;, symme-
try with three-fold rotational axes and mirror planes
(Fig. 1b). Such symmetry simplifies the second-order

susceptibility tensor, leaving a nonvanishing element

2 2 2 2
ngyj)' = _ngxa)c = _Xang)/ = —x,ﬁyi =x® for transverse

electric fields. Under this tensor configuration, the non-
linear optical process adheres to a well-defined selection
rule: a circularly polarized pump yields up/down-con-
verted photons with an opposite circular polarization
[7, 20]. This spin angular momentum (SAM) flipping
correlates with total SAM conservation in the non-
linear process, where the SAM mismatching between
the pump and emitted photons is compensated by the
crystal with the three-fold rotational symmetry [21]. In
the SPDC process, this selection rule enables the gen-
eration of photon pairs |LL);; and |RR), ; with correlated
circular polarizations, leveraging pumps of |R),,,,, and
IL) pump» respectively, where R/L denotes right/left cir-
cularly polarized states (Fig. 1a). By coherent superpo-
sition of these states, we have successfully prepared a
polarization-entangled photon-pair state in the form
of l/ﬁ(lLL)s,i +ei2°‘|RR)s,i) through a linearly polar-
ized pump 1/\/§(|R)pump +ei2“|L)pump) at an angle «
with respect to armchair direction in 3R-WS,. Although
2H-type TMDC monolayers with Dy, symmetry present
a similar optical selection rule, their atomically short
interaction length renders the probabilistic SPDC pro-
cess unobservable, highlighting the unique advantage of
the 3R stacking [15].

We first conduct second harmonic generation (SHG)
measurements to elucidate the second-order nonlinearity
of 3R-WS,. The pump wavelength is centered at 914 nm,
producing SHG at 457 nm. Our power-dependent meas-
urements reveal that SHG intensity follows the expected
quadratic increasement with the pump power (Fig. S1).
Figure 1c depicts SHG mapping of a 260-nm-thick flake,
where the bright SHG emission confirms the preserva-
tion of noncentrosymmetry in the stacked 3R-WS, lay-
ers. The in-plane lattice symmetry is further analyzed
through polarization-dependent SHG, involving the
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Fig. 1 Generation of polarization-entangled photon pairs in 3R-WS,. a, Conceptual illustration depicting the generation of polarization-entangled
photon pairs in thin crystals of 3R-WS,. Leveraging the G, symmetry of 3R-WS,, a nonlinear optical selection rule is established:|R) pymp — L),
|1 pump —> IRR)s;. This empowers a polarization-entangled photonic state 1 /ﬁ(lLL)S,, + el [RR) ;) through a linearly polarized pump
1/ﬁ(|R)pump + el 1) pump), Where a'is the polarization angle relative to the y axis, and y represents the armchair direction. b, Schematic
representation of the G5, symmetry in 3R-WS,, where C; and o, denote the three-fold rotational symmetry axis and the mirror symmetry plane,
respectively. ¢, SHG mapping at 457 nm, achieved by pumping with a 914 nm laser. Scale bar, 20 um. d, Spectral dependence of ¥ in 3R-WS,
(bottom), and comparison of the PL spectra of our own 3R-WS, and 3R-MoS, (top). All data are experimental measurements. e, Circular
polarization-resolved SHG spectra illustrate the nonlinear optical selection rule with counter-circularly polarized SHG signals. f, SHG intensity

as a function of the angle of a quarter-wave plate analyzer in front of the detector

rotation of 3R-WS, relative to co-linearly polarized pump
and analyzer. As shown in Fig. S2, the SHG intensity dis-
plays a characteristic six-lobed pattern, consistent with
the C,, crystal symmetry.

An efficient and high-quality entangled photon-pair
source requires the following conditions simultaneously:

(1) a high second-order susceptibility y® for high-rate
photon-pair generation, and (2) a minimized PL back-
ground for strong quantum correlation. In nonlinear
crystals, y'? can be substantially enhanced when funda-
mental or SH photons resonantly couple with electronic
transitions [11]. However, this strategy often leads to
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random PL emissions that is generally a lot more signifi-
cant than SPDC process, impairing quantum correlation
of photon pairs. For instance, in 3R-MoS,, selecting a
pump wavelength in the 450-500 nm range can reso-
nate with electronic transitions, thereby increasing
)((2) [11]. Nevertheless, as indicated by our PL meas-
urements, broadband PL emissions in 600—1050 nm
range, stemming from exciton recombination and indi-
rect bandgap transitions, demonstrate spectral overlap
with the down-converted photon pairs within the 900—
1000 nm range (Fig. 1d, S3). This broadband PL restricts
the potential for exploiting enhanced y? in 3R-MoS,. It
is important to note that the resonance enhancement of
x? is constrained by losses of pump energy due to the
linear absorption process, which necessitates the explo-
ration of materials with lower absorption coefficients in
future research.

The SHG excitation spectrum of our 3R-WS, reveals
two distinct wavelength ranges, 420-490 nm and 580—
630 nm, with significantly higher x® values owing to
electronic transitions. We further confirm these transi-
tions through reflectance, absorption, and PL spectra of
3R-WS, (Fig. S3, S4). We observe three absorption peaks,
labeled as A, B, and C in order of increasing energy (Fig.
S4). Peaks A and B can be attributed to excitonic tran-
sitions at the K and K’ valleys, while peak C around
460 nm is contributed by transitions in a high joint den-
sity of states (JDOS) region [22]. This high JDOS region
is formed by the ‘band nesting’ effect [23], where paral-
lel conduction and valence bands produce even higher
x® than excitonic transitions at the band edge. Notably,
the maximum y® value can reach 480 pm V™! at SHG
wavelength of 457 nm in 3R-WS,, representing a signifi-
cant improvement over the less than 5 pm V! observed
in bulk nonlinear crystals like beta-barium borate and
potassium dihydrogen phosphate [24]. This high x®
facilitates observable SPDC in subwavelength thin
nanoflakes. The PL spectrum of 3R-WS, displays emis-
sions ranging from 600 to 800 nm, corresponding to the
exciton recombination, while PL signal is unobservable
beyond 900 nm (Fig. 1d, S3). Therefore, we choose the
pump wavelength at 457 nm, and down-converted pho-
ton pairs could consequently be generated at 914 nm
with strongly enhanced y® and yet nearly no PL noise.

We conduct circular-polarization-resolved SHG meas-
urements to elucidate the selection rule. When using a
left circularly polarized (LCP) pump, we predominantly
observe SHG in right circular polarization (RCP), and
vice versa for an RCP pump (Fig. le). The degree of cir-
cular polarization, defined as (Izcp—I;cp) / Upcp+Ircp)
exhibits absolute values exceeding 0.95 for both RCP
and LCP pumps (Fig. 1f). This demonstrates that the C;,
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symmetry of the 3R-WS, crystal facilitates a flip in SAM
during the nonlinear process.

The enhanced y® in the absence of PL background,
combined with the unique optical selection rule, moti-
vates and allows us to explore its application in polar-
ization-entangled photon-pair sources. We conduct
quantum correlation and quantum-state tomography on
a 350 nm thick 3R-WS, flake. Our experimental setup,
illustrated in Fig. 2a, includes: (1) pumping down-con-
verted photon pairs with a 457 nm continuous-wave
laser, and (2) detecting them through two-photon coin-
cidence events using single-photon detectors. The
second-order correlation function is defined as
gP () = (N@N; (£ + 7)) /(N () (N; (¢ + 7)), where Nj;
represents photon numbers registered at the signal and
idler detectors, and t is the delay time. Figure 2b shows
typical twin-photon bunching at different pump powers.
We observe a peak g (0) value of 820 at 2.5 mW¥ pump
power, indicating an extremely high degree of quantum
correlations in our vdW 3R-WS, photon-pair source.

We also grow another vdW crystal 3R-MoS, and carry
out some comparative study. It is shown that g(2) (0) val-
ues for 3R-MoS, only exceed 2 at low pump powers. At 1
mW, g(2) (0) drops to 2.3, and twin photons become indis-
cernible from random emissions at 2.5 mW, suggesting
unsustainable two-photon correlations in photon-pair
sources with a PL background (Fig. 2b inset, Fig. S5).
Though 3R-MoS, photon-pair sources operating at wave-
lengths above 1300 nm could largely suppress PL noise,
the x®-limited photon-pair generation rate inevitably
includes random emissions during long-time integration,
resulting in much lower g® (0) values below 10 [25]. The
SPDC in our home-made 3R-WS, is further evidenced
by inverse power dependence of g¢® (0) (Fig. 2c). Notably,
even at a high pump power of 18.2 mW, robust quantum
correlations are characterized by a g(z) (0) value of 49,
which signifies highly pure correlated photon-pair gen-
eration distinct from classical random emissions.

The generation rate of this SPDC source is evaluated
by its power-dependent coincidence rate, which shows
a linear pump dependence, consistent with the SPDC
mechanism (Fig. 2d). At a pump power of 18.2 mW, we
achieve a high coincidence rate of 31.1 Hz, correspond-
ing to a normalized generation rate of 1.71 Hz mW ™.
This generation rate is over 200 times higher than that
of 3R-MoS, operating at 1576 nm [25], and comparable
to the performance of state-of-the-art ultrathin vdW
NbOCI, photon-pair sources (Table S1) [12]. However,
NbOCI, cannot support well-defined quantum entan-
glement due to its lower lattice symmetry and resulting
complicated y® tensor. To validate the selection rule in
SPDC process, we pump photon pairs with a left/right
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Fig. 2 SPDC for entangled photon-pair generation in 3R-WS,. a, Sketch of experimental setup for SPDC measurements. b, Second-order
correlation function g (1) of 3R-WS, under different pump powers. Inset shows ? @ of 3R-MoS, pumped by 457 nm laser at a power of 1
mW for comparison. ¢, Pump-power dependent g* (0) of 3R-WS,. d, Coincidence rate as a function of pump power. e, Circular polarization
analysis of photon pairs. Photon pairs are pumped by left-/right circularly polarized light and coincidence rate is recorded as a function of angle

of the quarter-wave plate

circularly polarized light and measure coincidence rates
at different angles of QWP. Figure 2e presents a distinct
selection rule in SPDC process: |L),,,,, = |RR);; and
IR) pump —> ILL)s,;» which is consistent with the SAM flip-
ping measured by SHG.

To characterize quantum entanglement of generated
photon pairs in 3R-WS,, we perform full quantum state
tomography and recover the density matrices of twin-
photon states. We separate signal and idler photons by
a polarization-independent beam splitter and project
the twin-photon states onto different elements of the
polarization basis (Fig. S6). The experimental demon-
stration of polarization entanglement is proceeded in the
following two steps. First, we create photon pairs with
LCP and RCP pumps, followed by 16 different measure-
ments to recover the density matrix of each state (Fig. 3a,
b). The experimental reconstructed density matrices are
well consistent with ideal pure states of |RR),; and |LL);;
characterized by fidelities F of 0.95+0.03 and 0.93 + 0.03,
respectively.

Second, the nonlinear optical selection rule allows
the superposition of circularly polarized photon-
pair states to construct two maximally entangled Bell
states. The general form of this polarization-entangled
state is 1/\/§(|LL)SJ' + €2 |RR)S,Z-), achievable by a lin-
early polarized pump l/ﬁ(lR)pump—l—eizalL)pump) at
an angle a relative to the armchair direction of 3R-WS,
(y-direction, as illustrated in Fig. 1b). At a=0, the state
is expressed as 1/«/5(|LL)SJ+ |RR)s,i), corresponding
to the Bell state 1/v/2(|[HH),; — |VV),,). Rotating the
pump polarization to a=90° transforms the photon-
pair state to l/ﬁ(lLL)s,i — |RR),;), which is another
Bell state 1/«/§(|HV)SJ + |VH)SJ'). In our experiments,
these two states are prepared using linearly polarized
pumps, and the recovered density matrices are dis-
played in Fig. 3c, d. The quantum tomography results
align closely with ideal Bell states, exhibiting fidelities of
0.93+0.05 and 0.96+0.03, and concurrences C of 0.97
and 0.98 for the Bell states 1/«/5(|HV)S,I' + |VH),;) and
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a LCP pump - measured

Im(p)
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b RCP pump - measured

Fig. 3 Quantum state tomography of polarization-entangled photon pairs. A quantum state can be fully described by its density matrix p.
Measured and ideal density matrices with real (Re) and imaginary (Im) parts of (a) the|RR);; state pumped by LCP, (b) the|LL);; state pumped
by RCP, (c) the Bell state 1/+/2(|HV)s, + [VH),,) pumped by linearly pumped light along x (zigzag) direction, (d) the Bell state 1/+/2(|HH); — IW))

pumped by linearly polarized light along y (armchair) direction

1/3/2 (IHH);; — |VV)y,), respectively. Consequently, we
demonstrate two maximally entangled Bell states of pho-
ton pairs from 3R-WS,, underscoring its potential for
on-chip polarization-entangled photon-pair sources. It is
worth noting that nonlinear crystals with other symme-
tries, such as GaP, can support polarization entanglement
in one certain direction [26]. However, C; symmetric
crystals can support continuously tunable polarization-
entangled states with near-unity concurrence in SPDC
process.

In conclusion, we report high-rate polarization-entan-
gled photon pairs by SPDC in 3R-WS,, a vdW crystal
simultaneously allowing scalable second-order optical
nonlinearity, a symmetry-enabled selection rule, and
enhanced y? and nearly no PL noise at SPDC wave-
lengths. Despite a high y? in 3R-WS, facilitating a high
generation rate among thin-film SPDC sources (Table S1),
there remains a significant gap in the generation rate
between vdW materials and well-developed bulk non-
linear crystals [3, 27], as well as quasi-phase-matched
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waveguides and resonators [17, 28]. For practical applica-
tions in quantum optics systems, such as photonic quan-
tum circuits [29], quantum walks [30], and free-space
quantum teleportation [31], the 3R-WS, source still
exhibits a 2—3 order of magnitude gap in the photon-pair
generation rate. We anticipate that this gap can be closed
by further integrating with resonant cavities and meta-
surfaces to enhance photon-pair generation efficiency
[19], which is promising as the high refractive indices of
TMDCs particularly benefit light confinement and nano-
photonic design [32]. These resonant photonic structures
can also enable the generation of more complex quan-
tum states, such as orbital angular momentum entangled
states [18] and spatial-polarization hyper-entangled states
[33]. Our approach to polarization entanglement, utiliz-
ing C, rotational symmetry, is not limited to 3R-WS, and
3R-MoS, but is also applicable to other vdW materials.
For example, tellurium, a chiral nonlinear crystal with a
large y® and in-plane C; axis, shows promise for the gen-
eration and in-plane waveguiding of polarization-entan-
gled photon pairs [34, 35]. These ultracompact entangled
photon-pair sources will boost photonic quantum com-
putation [9, 36, 37], quantum sensing [38] and super-reso-
lution quantum imaging [10, 33].
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