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Quantum technologies, if scaled into a high-dimensional Hilbert space, can dramatically enhance
connection capabilities with supporting higher bit rates and ultrasecure information transfer. Twisted single
photons, carrying orbital angular momentum (OAM) as an unbounded dimension, could address the
growing demand for high-dimensional quantum information encoding and transmission. By hybrid
integration of two-dimensional semiconductor WSe2 with a spin-orbit-coupled microring resonator, we
demonstrate an integrated tunable twisted single photon source with the ability to precisely define and
switch between highly pure spin-OAM states. Our results feature a single photon purity of gð2Þð0Þ ∼ 0.13
with a cavity-enhanced quantum yield of 76% and a high OAM mode purity up to 96.9%. Moreover, the
demonstrated quantum-chiral control can also enable new quantum functionality such as single photon
routing for efficient quantum information processing on chip.
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Single photons, as a fundamental carrier of information,
are widely used to transmit quantum information that can
be simultaneously encoded on multiple degrees of freedom
(DOFs), including polarization, phase, frequency, time, and
path [1–4]. Polarizations (i.e., photon spins), as the most
extensively studied DOF, construct a two-dimensional (2D)
space to realize a qubit as a coherent superposition of two
orthogonal polarization states. In contrast, twisted single
photons, in the form of twisted phase fronts, can carry a
number of different OAM states. In this scenario, discrete
topological charges of lℏ associated with twisted single
photons, where l is an unbounded integer corresponding to
the OAM order, can yield a high-dimensional Hilbert
space to create a qudit [5]. This unique property not only
allows higher quantum channel capacity beyond one bit per
photon, but also offers enhanced security against
eavesdropping and quantum cloning [6–11], leading to
high-dimensional quantum key distribution [7,10], high-
dimensional quantum entanglement [12], and multi-DOF
quantum teleportation [13].
To construct high-dimensional quantum transmission

links, it is critical to first develop a strategy for the efficient
generation and manipulation of twisted single photons
carrying high-purity OAMs with high fidelity. However,
current demonstrations are mainly based on the free space
spatial light modulation of single photons generated by
spontaneous parametric down-conversion, which is non-
deterministic and inefficient with low brightness [14,15].
Hybrid integration of solid-state quantum emitters into

photonic integrated circuits provides a solution to efficient,
deterministic single photon sources with high quantum
yield for on-chip quantum photonic technologies [16]. In
parallel, judiciously designed on-chip photonic structures
facilitate phase front shaping of single photons, directly
enabling an integrated quantum-chiral interface to create
single photon OAM states on demand [17]. Nevertheless,
recent attempts on on-chip twisted single photon emitters
are limited to fixed OAM superposition states with rela-
tively low fidelity and also lack reconfigurability [18–20].
The high-purity generation and switching between different
pure OAM states on a single photon level require on-chip
breaking of the time reversal symmetry together with
delicate spin-orbit chiral control, which still remains a
grand challenge on on-chip quantum photonic platforms.
Here, we overcome this fundamental limitation and

demonstrate the first on-chip tunable twisted single photon
source which is tailored to support a pair of coupled
quantum-chiral interfaces for the spin-orbit chiral control
in the quantum regime. Specifically, the device consists of a
dielectric microring resonator made of Si3N4, coupled with
a monolayer of the 2D semiconductor WSe2, for the high-
purity generation and magnetic switching of twisted single
photons between different pure OAM states with opposite
topological charges (Fig. 1). The spin-orbit chiral control
arises from the microring resonator with the strategically
designed dimensions of its cross-section. With the opti-
mized geometrical parameters, the whispering gallery
modes supported in the microring possess equal-amplitude

PHYSICAL REVIEW LETTERS 131, 183801 (2023)
Editors' Suggestion

0031-9007=23=131(18)=183801(6) 183801-1 © 2023 American Physical Society

https://orcid.org/0000-0002-3602-2901
https://orcid.org/0000-0002-3193-4979
https://orcid.org/0009-0009-9364-7447
https://orcid.org/0000-0001-8334-6637
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.183801&domain=pdf&date_stamp=2023-10-31
https://doi.org/10.1103/PhysRevLett.131.183801
https://doi.org/10.1103/PhysRevLett.131.183801
https://doi.org/10.1103/PhysRevLett.131.183801
https://doi.org/10.1103/PhysRevLett.131.183801


out-of-phase radial and azimuthal polarization components
at the sidewalls, so pure transverse spins (i.e., circularly
polarized field) emerge there. The transverse spins con-
sequently feature a spin-orbit-locking mechanism [21–23],
which defines the polarization of the clockwise (CW) or
counterclockwise (CCW) mode to be spin-up (σþ) or spin-
down (σ−) at the outer sidewall while the spin directions
reverse at the inner sidewall, thereby forming two coupled
quantum-chiral interfaces (see Supplemental Material
[24]). At the quantum-chiral interface, a chiral quantum
emitter with a spin-dependent optical transition selectively
excites either CWor CCW mode according to the designed
spin-orbit locking [32]. Note that, in this scenario, the
breaking of the time reversal symmetry of the quantum
emitter by an external magnetic field is translated into the
breaking of the chiral symmetry of the microring to
facilitate the spin-orbit chiral control required for the
switching of twisted single photons. However, it is tech-
nically difficult to precisely place a chiral quantum emitter
at one of the quantum-chiral interfaces because of the
nature of most solid-state quantum emitters being randomly
distributed in terms of locations. While recent studies have
achieved the precise localization of single quantum dots
with an average position uncertainty of 10 nm [33], these
methods require complicated positioning and alignment
techniques. In contrast, we use a self-aligned method by
exploiting the strain-induced quantum emitter in a
monolayer of WSe2 on top of the Si3N4 microring: the

mechanical strain inherently arising from the three-
dimensional (3D) geometry of the microring forms a local
stressor hosting zero-dimensional (0D) excitons in WSe2
at the outer sidewall of the microring, assuring the
desired quantum-chiral coupling in a deterministic manner
[27,31,34–37]. It is also worth noting that the device itself
carries rotational symmetry that assures that the azimuthal
position of the quantum emitter does not affect the mode
inside the ring resonator and the spin-OAM state. As a
result, there is no need for any specific azimuthal control of
positioning the quantum emitter in our experiment.
With the selected intrinsic exciton emission blue detuned

from the cavity resonance, the magnetic tuning of optical
transition associated with the exciton in WSe2 ensures that
only one spin branch is tuned on resonance with the cavity
at a time to define and switch the chirality of the quantum
emitter. With on-resonance σþ optical transitions occurring
at the outer sidewall of the microring, quantum light
emission is enforced to efficiently couple to only the
TE-polarized CW mode. The angular grating inscribed
on the inner sidewall converts the guided CW mode into
free space twisted single photon emission in the form
of a σ−-polarized Bessel beam in the far field [38],
with respect to the following phase matching condition:
l ¼ N −M þ 1, where l is the topological charge of the
pure OAM state, N is the resonant order of the whispering
gallery mode in the microring, and M is the number of
scatterers in the angular grating. The switching of the
magnetic field facilitates the spin-orbit chiral control: it
flips the spin of optical transitions from σþ to σ− at the
outer sidewall and thus the power flow from CW to CCW in
the microring, conveniently reversing the chiral features of
a twisted single photon to spin-up polarization σþ and a
topological charge of −l.
A Si3N4 microring resonator coupled with a bus wave-

guide was fabricated on a SiO2 substrate using electron
beam lithography, followed by hybrid integration of mono-
layer WSe2 [Fig. 2(a)]. Here, the inner radius of the
microring is 7.25 μm, and the dimensions of its cross-
section are 500 nm × 220 nm to support transverse spins at
sidewalls for the fundamental TE mode. Two grating
couplers with the periodicity of 490 nm and the filling
factor of 0.45 were also fabricated on both sides of the bus
waveguide to illustrate the power flow direction inside the
microring. To characterize the strain-induced quantum
emitter in WSe2 and its coupling with the microring
resonator, we pumped the quantum emitter using a laser
diode at the wavelength of 635 nm and measured the
magnetic field-dependent spectrum of its spontaneous
emission at a temperature of 4 K [Fig. 2(b)]. Under an
external magnetic field, the degeneracy of σþ and σ−
branches of the emission becomes lifted [25]. Note that
for the studied quantum emitter, the low-energy branch
dominates over the high-energy one because of anisotropic
strain and thermalization effects, thereby resulting in

FIG. 1. Schematic of an on-chip switchable twisted single
photon source. By hybrid integration of monolayer WSe2, a
magnetic-tuned single-spin quantum emitter is formed on a
microring resonator that features a pair of quantum-chiral
interfaces at the outer and inner sidewalls. When tuned on
resonance, the quantum emitter at the outer sidewall emits single
photons into one of the chiral modes in the microring, which are
subsequently coupled out by the angular grating inscribed at the
inner sidewall, emitting twisted single photons in free space.
Under an external magnetic field pointing upward at the sample
plane (left), the intrinsic spin of quantum emission is σþ, which
excites only the CW mode in the microring. Consequently, the
emitted twisted single photons carry a photon spin of σ− with an
OAM topological charge of þl. If the magnetic field is switched
downward (right), all the chiral signatures are reversed. Intrinsic
σ−-polarized quantum emission excites only the CCW mode,
which leads to radiations of σþ-polarized twisted single photons
with an OAM topological charge of −l.
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magnetic-tuned single-spin emission as a result of the
valley Zeeman splitting where the positive (negative)
magnetic field excites only valley pseudospin σþ (σ−) at
the K (−K) point in the Brillouin zone [27] [Fig. 2(b), upper
panel]. The spectrum shows enhanced spontaneous emission
under the magnetic field of B ¼ �6.0 T, which coincides
with the microring resonance measured at the wavelength of
767.9 nm [Fig. 2(b), lower panel]. Time-resolved emission
spectra further confirmed effective coupling between the
quantum emitter and the cavity resonance, showing a
reduction in the photon lifetime from 30.3 to 16 ns when
the magnetic field is tuned from the off-resonance to on-
resonance condition (i.e., B ¼ �6.0 T) [Fig. 2(c)]. This
result corresponds to the Purcell enhancement of approx-
imately FP ≈ 2.5–3.3, which, together with the measured
lifetime decay, indicates an estimation of the off-resonance
(on-resonance) quantum yield of the emitter to be 50� 11%
(76� 6%) (see Supplemental Material [24]). The single
photon purity was validated by characterizing the second-
order correlation function gð2ÞðτÞ with the Hanbury Brown–
Twiss interferometry, which displays pronounced single
photon antibunching with gð2Þð0Þ ∼ 0.13� 0.06 [Fig. 2(d)].
To characterize the OAM signature of twisted single

photons, the probability distribution of quantum light
emission in the transverse dimension is captured in the
far field by integrating many single photon events on an
electron multiplying charge-coupled device camera. At the
on-resonance condition of B ¼ �6.0 T, the combined use
of a quarter wave plate and a linear polarizer helps
selectively collect only the matching spin component
(either σþ or σ−). For example, at B ¼ 6.0 T, only the
σþ branch of the quantum emitter is activated to resonantly
interact with the microring cavity. By residing at the outer
sidewall, the quantum light emission can only couple to the

TE-polarized CW mode according to the designed spin-
orbit locking, which subsequently emits σ−-polarized
single photons from the angular grating at the inner
sidewall [Fig. 3(a)]. Because of the phase singularity at
the center, the probability profile of twisted single photons
with a nonzero topological charge l shows a doughnut
shaped structure. Next, a computer-generated spiral phase
hologram is implemented by a spatial light modulator and
carries an opposite phase winding of 2πl0. After the photons
diffract from the phase hologram, the opposite phase
winding modulates its transverse phase inversely, yielding
a smaller doughnut shape with a topological charge of
lþ l0. If l ¼ −l0, the phase singularity at the center is
dissolved, as convincingly demonstrated by the observed
on-axis bright spot. Here, the spot occurs under the
modulation of the spiral phase hologram with l0 ¼ −8,
experimentally confirming the topological charge of the
generated twisted single photons: l ¼ 8 consistent with the
microring design (l ¼ N −M þ 1, where N ¼ 99,
M ¼ 92) (see Supplemental Material [24]). As aforemen-
tioned, the magnetic switching to B ¼ −6.0 T reverses all
chiral signatures of the whole system [Fig. 3(b)]. While a
similar doughnut shaped structure maintains in the far field,
the polarization state of the twisted single photons becomes
σþ. Similar phase modulation also unambiguously showed
convenient chiral switching of its topological charge to
l ¼ −8. It is worth noting that the magnetic field is high in
the current experiment due to the relatively large frequency
detuning between the cavity mode and the quantum
emitter. However, strategical integration of on-chip thermal
tuning [39] on the current Si3N4 platform is expected to
reduce the cavity-emitter detuning and thus significantly
lower the needed strength of the applied magnetic field.

FIG. 2. Characterization of quantum light emission. (a) Optical microscope image of the device: a microring coupled with a bus
waveguide connected with two grating couplers fabricated on a Si3N4-on-SiO2 platform. A monolayer WSe2 flake is transferred on top
to form the quantum emitter on the ring, marked by the black dotted line. Inset shows the scanning electron microscope graph of the
microring resonator where equidistant scatterers (M ¼ 92 in total) are inscribed at the inner sidewall. (b) Spontaneous emission
spectrum of the quantum emitter under an external magnetic field from −9 T to 9 T (upper panel) versus the cavity resonance spectrum
measured with a broadband input from a grating coupler and signal collection from the angular grating (lower panel). The comparison
evidently shows, at B ¼ 6.0 T or −6.0 T, the σþ or σ− emission branch can be tuned on resonance, respectively, with the cavity mode
centered at 767.9 nm (corresponding to the resonance order of N ¼ 99) with a full width at half maximum (FWHM) of 0.1 nm.
(c) Measured time-resolved photoluminescence spectra show a photon lifetime reduction from 30.3 to 16.0 ns when the quantum emitter
is tuned from off-resonance (black) to on-resonance (red). (d) Second-order photon correlation histogram (blue dots) and its data fit (red
curve) exhibit pronounced antibunching with gð2Þð0Þ ¼ 0.13� 0.06.
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To precisely quantify the purity of the OAM state
associated with the twisted single photons, we performed
data postprocessing for mode decomposition using the
maximum likelihood estimation. Experimentally captured
images of far-field probability distribution maps of twisted
single photons [top panels in Figs. 3(a) and 3(b)] are both
decomposed into a series of Bessel modes with their OAM
orders spanning from 10 to −10 by minimizing the error
function (see Supplemental Material [24]). The decomposi-
tion results [Fig. 3(c)] clearly demonstrate a higher mode
purity in our twisted single photon generation than previ-
ously reported using other integrated approaches [18,19]:
91.20� 0.03% and 96.95� 0.02% for l ¼ �8 at B ¼
�6.0 T, respectively. Note that the uncertainties in the mode
purity above come mainly from the standard deviation of the
background noise.
In addition to the high-purity generation and switching

of twisted single photons, our platform also features
effective on-chip chiral control and routing of quantum
light in photonic integrated circuits. On-resonance coupling

with a high-quality factor microring resonator facilitates a
high β factor of approximately 47.2� 4.1% (see
Supplemental Material [24]). When the 0D exciton in
WSe2 is formed at the quantum-chiral interface at the
outer sidewall of the microring, single photons are forced to
emit into only one circulating mode depending on the
direction of the applied magnetic field. At B ¼ 6.0 T,
single photons emit into the CW mode, as evidently shown
by strong output from the left grating coupler [Fig. 4(a)].
Note that at the image plane, both spin components (σþ and
σ−) are collected, corresponding to photons directly emit-
ted from the quantum emitter and photons coupled into the
microring, respectively. Similarly, the spin-orbit chiral
control forces the single photon emission into the CCW
mode by switching the magnetic field to B ¼ −6.0 T,
effectively routing quantum light to the right grating
coupler [Fig. 4(b)]. For applications in on-chip quantum
information processing, the angular grating inscribed on the
inner sidewall of the microring becomes unnecessary. Its
removal can significantly increase the quality factor of the
microring and thus enhance the emitter-cavity coupling. In
this regard, the chiral selectivity of our device may enable
efficient single photon isolation [40], creating a quantum
photonic diode—a fundamental building block toward
large-scale quantum photonic systems.

FIG. 3. High-purity generation and switching of twisted single
photons. (a) Under a positive magnetic field, σ−-polarized far
field radiation (top panel) receives transverse phase modulations
by a series of spiral phase holograms with topological charges of
l0 ¼ −7,−8, and −9 (middle panels), leading to shrunk doughnut
shaped structures since phase modulations yield lower OAM
orders of lþ l0 ¼ þ1, 0, and −1 (bottom panels), respectively.
The occurrence of a bright spot at the center with the phase
modulation of l0 ¼ −8 indicates that the OAM topological charge
of the emitted single photons is l ¼ þ8. (b) When the magnetic
field is switched negative, σþ-polarized far-field radiation (top
panel) receives transverse phase modulations with topological
charges of l0 ¼ þ7, þ8, and þ9 (middle panels), yielding lower
OAM orders of lþ l0 ¼ −1, 0, and þ1 (bottom panels), respec-
tively, which confirm the OAM topological charge of the emitted
single photons l ¼ −8. (c) The reconstructed histogram of OAM
distribution based on measurement results shows high OAM
purities of 91.20� 0.03% and 96.95� 0.02% for the generated
twisted single photons under positive (orange) and negative
(blue) magnetic fields, respectively. The uncertainty associated
with the OAM purities is determined by considering the standard
deviation of the background noise.

FIG. 4. Magnetically tuned single photon routing on-chip. (a),
(b) Emission captured at the image plane of the device under
positive and negative magnetic fields, respectively, where upper
panels show the unpolarized image overlapped with the optical
microscope picture of the device, and lower panels show the
polarized emissions according to two photon spins. In (a), only
the CW mode propagates in the microring, resulting in a strong
output at the left grating coupler (upper). The result is consistent
with the polarized emissions, as the CW mode carries opposite
transverse spins of σþ at the outer sidewall and σ− at the inner
sidewall. Direct emission confirms the quantum emitter at the
outer sidewall to be σþ polarized (lower left), which can couple
into the CW mode and subsequently lead to the σ−-polarized
ring-shaped emission from the angular grating at the inner
sidewall (lower right). In (b), a strong output is observed at
the right grating coupler, confirming the magnetic switching of
the circulating mode to CCW and thus routing to the right
direction in the bus waveguide (upper). Consequently, direct
emission shows the quantum emitter to be σ− polarized (lower
right) and the ring-shaped emission is σþ polarized (lower left),
consistent with excitation of the CCW mode that carries σ− at the
outer sidewall and σþ at the inner sidewall.
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The high-purity generation and switching of twisted
single photons we have accomplished using integrated
photonics is expected to have strong impacts in both
fundamental physics and device applications. The ability
to manipulate OAM at the single photon level can enable
quantum information encoding and transmission using the
free space spin-orbit modes, which can potentially achieve
high-dimensional qudits for drastic expansion of quantum
information capacity and enhancement of communication
security, even without the requirement of photon indis-
tinguishability [41,42]. Although the realization of a
high photon indistinguishability remains challenging for
most solid-state single photon sources [42,43], especially
for WSe2 quantum emitters, strategical engineering of a
resonant system with a large Purcell factor, for example,
hybrid integration of a plasmonic nanocavity with the
quantum emitter, can potentially address this issue by
shortening the emitter lifetime to enforce the quantum
emitter working in the coherence regime [44]. The flexible
quantum emitter creation process makes our scheme easily
adapted to other integrated photonic platforms, such as
LiNbO3 on insulator platform, where the frequency tuning
via the strong electro-optical effect can not only decrease
the required magnetic field, but also provides the potential
for ultrafast modulation of the topological charge of the
single photons [45]. The performed chiral control of light-
matter interaction in the quantum regime can facilitate a
series of intriguing quantum functionalities such as on-chip
routing and isolation needed for the deployment of inte-
grated quantum photonics. Moreover, switching to the
recently developed room-temperature deterministically cre-
ated quantum emitter in monolayer h-BN provides the
opportunity to operate our device at room temperature [46],
thus improving its scalability for quantum applications.
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