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Light carries both spin angular momentum (SAM) and orbital angular momentum (OAM), which can be used as poten-
tial degrees of freedom for quantum information processing. Quantum emitters are ideal candidates towards on-chip
control and manipulation of the full SAM-OAM state space. Here, we show coupling of a spin-polarized quantum emit-
ter in a monolayer WSe, with the whispering gallery mode of a Si3 N ring resonator. The cavity mode carries a transverse
SAM of 0 = %1 in the evanescent regions, with the sign depending on the orbital power flow direction of the light. By
tailoring the cavity—emitter interaction, we couple the intrinsic spin state of the quantum emitter to the SAM and propa-
gation direction of the cavity mode, which leads to spin—orbit locking and subsequent chiral single-photon emission.
Furthermore, by engineering how light is scattered from the WGM, we create a high-order Bessel beam which opens up

the possibility to generate optical vortex carrying OAM states.
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1. INTRODUCTION

Quantum technologies have revolutionized the basic form of infor-
mation processing, in which quantum states are used to encode
information for communication between qubits [1]. The photonic
approach to quantum information is to use photons as qubits and
achieve exchange of information via light—matter interaction.
Further advances in quantum technologies demands miniaturiza-
tion of the device, robust system integration, and a more controlled
light—matter interaction, which leads to the advent of on-chip
quantum photonic circuits [2]. Chirality is a fundamental feature
in myriad physical systems. There are two degrees of freedom to
characterize the chiral nature of light: the spin angular momentum
(SAM) of light, which is determined by the polarization degree
of freedom, and the orbital angular momentum (OAM), which
is related to the spatial degree of freedom [3,4]. Their respective
couplings in the form of spin—orbit interaction (SOI) leads to
many striking applications such as observation of the spin-Hall
effect [5-9], generation of optical vortex carrying OAM states
[10-14] and spin-direction locking at the evanescent fields [15—
19]. The chirality that arises from the spin-direction locking
effects in nanophotonic waveguides adds new functionality to
on-chip devices. Due to the strong lateral confinement inside the
waveguide, light propagating at the evanescent regions will have
a = 7/2 phase difference between the longitudinal and transverse
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components, which leads to clockwise (CW) and counterclock-
wise (CCW) circularly polarized light, with the polarization state
depending on the propagation direction of the light. This spin-
direction coupling behavior defines the chirality of the waveguide
modes and can be incorporated to a whispering gallery mode
(WGM)-based ring resonator with angular scatterers to further
control the SOI phenomena in the full SAM—OAM space [14,20].

While the preceding examples focus on tailoring classical light,
recent progress demonstrates that either OAM or SAM control can
also be conveniently conducted at the single-quanta level, mak-
ing it now also a robust system for quantum applications taking
full advantage of chiral degrees of freedom of photons [21,22].
Particularly, a superposition of single-photon OAM states has been
achieved by Chen ez /. [21] by integration of semiconductor quan-
tum dots to ring resonators with angular gratings, which opens the
possibility for high-dimensional quantum information processing.
Likewise, Coles ez al. [22] showed that spin-polarized quantum
dots coupled to linear waveguides generate chiral single-photon
emission. If one can further integrate the spin-orbit locking effect
onto the generation of OAM states and lift the spin degeneracy of
the quantum emitter, the superposition of many OAM states can
transform into a well-defined single-OAM state.

Full control of the SAM—OAM space of a single photon can
be achieved if one can couple spin-polarized quantum emitter to
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spin—orbit locking WGM-based ring resonator. To this end, strain-
induced quantum emitters in monolayer WSe, have emerged as
a promising candidate for on-chip integration. Coupling effects
between the 2D excitons in monolayer WSe; and WGM mode
resonators have already been demonstrated via the evanescent field
coupling [23,24]. The transition from 2D excitons into 0D quan-
tum emitters requires only a localized strain potential to confine
the carriers, which can be engineered to be spatially deterministic
[25-27]. Particularly, the strain-induced emitters created by trans-
ferring monolayer WSe; onto a waveguide are located exactly at the
evanescent regions [28], which significantly reduces the fabrication
complexity for such a system. In addition, the quantum emitters in
WSe; possess an intrinsic degree of freedom, which is related to the
valley pseudospin vectors at the & K points of the Brillouin zone
[29]. By applying an external magnetic field, this degeneracy can be
lifted via the Zeeman effect to create spin-polarized single photons.
Owing to the large g-factor of strain-induced quantum emitters
in WSe;, which are typically 6-10 [30], these quantum emitters
can be spectrally tuned into resonance with the cavity mode by
adjusting the magnetic field.

Here, we demonstrate creation of chiral single-photon emission
by coupling strain-induced quantum emitters in monolayer WSe;
to the WGM of a Si3Ny ring resonator. The quantum emitters
are created over the edge of the ring resonator, which inherently
couples the spin-locking mode of the ring resonator via the evanes-
cent field. We fully investigate the cavity-emitter coupling effects
and characterize the Purcell-enhanced optical emission. Through
circular polarization-resolved imaging measurements, we observe
opposite spin states associated with the emission from the quantum
emitter and ring resonator, which confirm the interaction between
the spin state of the quantum emitter and the spin-dependent chi-
rality of the cavity mode. We further demonstrate that the emitted
light is a Bessel beam due to the spherical symmetry of the WGM
and angular gratings.

2. RESULTS

To illustrate the physics behind the spin-orbit locking behavior of
the WGM, we perform finite-difference time-domain (FDTD)
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simulations of the fundamental TE mode of the Si3sNy ring res-
onator on a SiO; substrate. Figure 1(a) shows the cross-section
view of the transverse electric field intensity map Eipns. The black
arrow illustrates the oscillation direction of the electric field and
the dashed rectangle indicates the dimension of the ring resonator
cross-section, which has a height of 220 nm and width of 500 nm.
The strong confinement of light inside the ring resonator leads
to an evanescent field at both sidewalls, with the right (outer)
sidewall field being more extended due to the bending of the ring.
In this evanescent region, a local longitudinal field Ej,ng can be
observed with a & /2 phase difference to the transverse field, as
shown in Fig. 1(b). (See Supplement 1, Section S1 for details of
the FDTD simulations.) The phase difference is expressed as the
imaginary unit multiplier with an opposite sign on the inner and
outer sidewalls. The ratio between the longitudinal component
and the transverse component 7Ejong/Eirans determines the trans-
verse SAM, which is perpendicular to the propagation plane [31].
By engineering the geometry of the ring resonator, this ratio can be
near unity at the evanescent region outside the sidewall [Fig. 1(c)],
resulting in a high purity transverse spin state o+ at these regions
wﬂ@:%@m+ﬁWMMm=%@m—mmﬂmm
propagation plane, this is simply the right-handed and left-handed
circular polarization. Figures 1(d) and 1(e) show the top view of the
transverse spin distribution under counterclockwise (CCW) and
clockwise (CW) propagation directions, respectively. The inner
and outer sidewalls have opposite transverse spin states and their
sign flips when the power flow direction inside the cavity reverses,
arising from the designed spin-orbit locking nature of the WGM
in the evanescent regions described previously. As a result, given
a spin-polarized quantum emitter is located at the outer sidewall,
it can only couple to one unidirectional WGM if the emitter is
spectrally on resonance.

The creation of strain-induced quantum emitters in monolayer
WSe, perfectly meets the requirement to place the quantum emit-
ter at the sidewall of the ring resonator. Specifically, the edges of
the ring resonator provide a height difference to activate the strain
field for trapping excitons. To avoid breaking of the monolayer by
directly transferring it onto the ring resonator, we intentionally
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FDTD simulation of traveling-wave quasi-TE mode. Cross-section distribution of the (a) transverse component and (b) longitudinal compo-

nent of the electric field. There is a 77/2 phase difference between these two components. (c) Cross-section distribution of electric field component ratio
iEjong/Erans- The absolute value of this ratio is near unity at the sidewall, implying a pure transverse spin. Top view of the transverse spin distribution of
(d) counter-clockwise and (e) clockwise quasi-TE mode. The inner and outer sidewalls have opposite chirality (6 colored red, o~ colored blue), which
changes when the power flow direction (red arrow) reverses, showing a spin—orbit locking phenomenon.
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Fig.2. Device overview. (a) Schematic of the spin—orbit locking device. 220 nm of SiN is deposited on top of a SiO, /Si substrate. The width of the pat-
terned ring and air trenches are 500 nm and 3 pm, respectively. The red circles illustrate the location of the strain-induced quantum emitters at the inner
and outer edge of the ring. (b) Optical image of the ring resonator with adjacent grating coupler. The dry-transferred monolayer of WSe; is outlined by the
dotted black lines covering about % of the ring resonator. The attached bulk WSe; reveals itself at the bottom of the image due to its high reflectivity but
does not overlap with the ring. (c) The measured spectrum of the quasi-TE mode distribution by exciting through the grating coupler. (d) Scanning electron
microscope image of the ring resonator with WSe, monolayer. The inset shows a zoomed view of the scatterers located at the inner sidewall for a 3 pim long

section that matches the simulated area shown in Figs. 1(d) and 1(e).

suspend the monolayer WSe; by etching air trenches around the
ring resonator core [28]. Figure 2(a) illustrates the schematic of
the device. We etched two 3 um wide trenches on both the inner
and outer side of the ring resonator to suspend the monolayer and
deposited 2 nm of Al; O3 as an insulation layer to prevent spectral
diffusion due to interaction with charges trapped inside SizNy4
[32]. Details of the fabrication process can be found in Supplement
1, Section S2. The monolayer WSe; is mechanically exfoliated
from bulk crystal and then dry transferred onto the Si3Nj ring
resonator, which is evanescently coupled to a single port SizNy
waveguide attached to a grating coupler, as shown in Fig. 2(b). The
grating coupler allows us to pump and measure the cavity modes
directly using cross-polarization pump and probe detection. The
measured spectrum [Fig. 2(c)] shows cavity modes from 750 to
800 nm with an average free spectral range of 6.11 4= 0.3 nm and
FWHM of 0.12 % 0.02 nm, corresponding to an optical quality
factor Q = 6500. The SEM image [Fig. 2(d)] highlights the peri-
odic scatterers that have been patterned along the inner sidewall of
the ring resonator to convert near-field light from the evanescent
region into the far-field radiation for efficient light collection.

The photoluminescence (PL) signal is collected by a high NA
(0.82) objective located inside a closed-cycle cryogenic system
with base temperature of 3.8 K, allowing us to collect light from
a solid angle of & 54°. See Supplement 1, Fig. S3 for a typical PL
spectrum of the monolayer WSe;, as well as a filtered spectrum of
a single quantum emitter. By applying an external magnetic field
in the Faraday geometry (B||z), one can separate the o} and o_
components of the exciton emission via the valley Zeeman effect,

with an energy splitting given by Agzw/(A0)2+(MBgB)2,

where A is the zero-field splitting energy, (t g the Bohr magneton,
and g the exciton’s g factor [29]. This lifting of the degeneracy in
the circularly polarized basis allows us not only to precisely select
the chirality of the emitted single photon, but also to effectively
tune the emission on and off resonance with the cavity mode.
The typical g factor of these strain-induced quantum emitters

are ¢ =6 — 10, which leads to a maximal emitter-mode tuning
range of about 1.5 nm [30]. Due to the anisotropic strain and
thermalization effects, the low-energy peak of the doublet often
dominates in the PL spectrum [27,30,33]. Therefore, we focus
on studying quantum emitters that are typically 1 nm or less blue
detuned from the measured cavity mode at zero magnetic field.
Figure 3(a) shows by sweeping the magnetic field from 0T to 97T,
we tune the o4 branch of the emission into resonance with the
measured cavity mode at 7T. The increase of PL intensity at the
resonant wavelength shows pronounced coupling between the
quantum emitter and the ring resonator, despite the rather large
mode volume Vg of these ring resonators. To quantify the cou-
pling strengths, we measure the time-resolved emission from the
emitter and extract from the fita lifetime of T’ , /¢ = 5.2 ns for the
uncoupled case (B=07) and T ,, = 3.55 ns for the coupled case
(B =7T) [Fig. 3(b)]. The calculation of the Purcell factor requires
knowledge of the quantum yield of the emitter, which we estimated
to be about 15-25% for the strain-induced quantum emitters in
the flux-grown WSe; [27], yielding an experimental Purcell factor
F, = 2.8 — 4.1. This matches well with the theoretically calculated
Purcell factor of F,, = 2.8 determined from the Q/V ratio formula,
as well as F, = 2.7 based on the Jaynes—Cummings model, as
further detailed in Supplement 1, Sections S4 and S5. Note that
the strain-induced quantum emitters are created in principle at
both the inner and outer sidewalls of the cavity. However, the
additional scatterers at the inner sidewall push the evanescent field
further away from the material edge, such that any strain-induced
quantum emitters created at these locations are spatially away from
the cavity mode, and thus experience only 30% of the emitter-
cavity coupling strength compared to the outer sidewall. A detailed
analysis of the coupling strength as a function of the horizontal dis-
placement can be found in Supplement 1, Section S4. Therefore,
to observe pronounced coupling of quantum emitters, they must
reside at the edge of the outer sidewall of the ring resonator, where
they undergo spin—orbit locking, as dictated by the power flow
direction in the ring resonator.
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Fig. 3.

Cavity-quantum emitter coupling effects (a) Top: Measured cavity resonance mode with a FWHM of 0.12 nm. Bottom: Intensity map of the PL

emission spectrum as a function of the magnetic field tuning the o spin component into resonance. (b) Comparison of measured lifetime with the quan-
tum emitter on- (red) and off-resonance (blue) with the cavity mode. The off-resonance case is recorded at 0T with a detuning energy of § = 1.52 meV
andyields T} = 5.2 ns. On-resonance, § = 0 and Ty = 3.55 nsat 7T. (c) Second-order photon correlation histogram recorded under continuous-wave laser
excitation (black). Red line is a mono-exponential fit yielding pronounced antibunching with g® (0) = 0.26. (d) PL spectrum recorded from the quantum
emitter position on the ring that is tuned into resonance at 7T and resolved in 0. and o_ polarization contributions. The corresponding polarization degree
0f 59% is strongly reduced from the initial value of 90% in the uncoupled case due to the underlying spin—orbit locking effect.

To investigate the quantum nature of emitted photons, we use
a standard Hanbury—Brown and Twiss detection setup to record
the second-order photon correlation function g (t), as shown
in Fig. 3(c). A mono-exponential fit yields g® (0) = 0.26, which
confirms single-photon emission. It is well understood that the
strain-induced quantum emitters in WSe2 possess an intrinsic
spin degree of freedom, which can be optically observed as linearly
polarized light at zero external magnetic field, and circularly polar-
ized light above approximately 2T [34]. To resolve the circular
polarization nature of the emitted single-photon stream, a quarter-
wave plate followed by a linear polarizer was placed in the detection
path to analyze the o and o_ components of the PL spectrum.
We first provide an analysis of an uncoupled quantum emitter in
a magnetic field and show that two peaks of the doublet can be
resolved in o} and o_ polarization, respectively (see Supplement
1, Section S6). As described previously, we focus on studying the
low-energy transition of the doublet because it has the higher
oscillator strength since the high-energy component is strongly
thermalized at elevated magnetic fields [27,30,33]. One can then
define the polarization degree for the dominant low-energy peak
as ypL = i’%, where I} and I_ stands for the integrated PL
intensity under the o and o_ detection schemes, respectively. The
extracted xpy, for the uncoupled quantum emitter is 90%, which
confirms that the lower energy peak is intrinsically o polarized
to a high degree [see Supplement 1, Fig. S5(b)]. If this emission is
coupled to the spin-locking cavity mode, a ;. polarized quantum
emitter sitting at the outer sidewall couples to the fundamental TE
mode that is circulating in the ring resonator unidirectionally. Due
to the opposite transverse spins associated with the inner and outer
sidewalls of the ring resonator, emission efficiently extracted by the
scatterers sitting at the inner sidewall becomes dominant by the
o -polarized component. This polarization-conversion effect due
to the underlying spin—orbit locking leads to a lower polarization
degree xpr, for the coupled quantum emitter. Figure 3(d) shows
that when the quantum emitter is spectrally on resonance with the

cavity, the measured xpr. is strongly reduced to 59%. This is adirect
indication of the polarization-conversion effect due to coupling
between the quantum emitter and the ring resonator.

We note that the measurement configuration for the exper-
iment in Fig. 3(d) excites and collects directly on top of the
quantum emitter, and thus one cannot distinguish between
the emission from the cavity mode diffracted from the scatterers
at the inner sidewall and the direct PL emission from the emitter
itself due to the high NA of the objective. To be able to resolve the
polarization states from the emitter and cavity separately, one can
investigate the spatial far-field profile of the emission. To this end,
we use an EM-CCD imaging camera to record the image-plane
and the far-field intensity distributions of the emission and resolve
them in oy and o_ polarization, respectively, as shown in Figs. 4(a)
and 4(b). Under the o4 detection configuration, one can observe
emission to occur only at the location of the emitter, whereas under
the o_ detection, one can see quantum light emission scattered
along the entire ring resonator. The fringes along the ring resonator
are a result of the interference at the scatterers between the direct
emission from the quantum emitter and scattered cavity mode
(see Supplement 1, Section S7). To confirm this, we carried out
an FDTD simulation for a o4 polarized point source located at
the edge of the outer sidewall of the ring resonator and placed a
field monitor located above the ring resonator to simulate light
collected by the objective lens. The computed intensity maps
are resolved in o} and o_ polarization and shown in Figs. 4(d)
and 4(e), respectively. The theory confirms the experimentally
observed polarization-conversion behavior: the o} polarized
point source couples to the cavity mode and light scattered from
the cavity is o_ polarized, while the interference fringes along
the ring resonator show a pattern with comparable periodicity.
Furthermore, the observed periodicity of this emitter-mode inter-
ference is significantly different from the standing mode pattern of
the high-order whispering gallery mode of the bare resonator alone
(see Supplement 1, Fig. S1c). Note that this interference pattern
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Fig.4. Far-field imaging of the chiral single photon emission under resonance conditions (a) and (b): Measured image plane pattern with (a) spin-up and
(b) spin-down polarization filtering. (c) The measured far-field pattern (Fourier-plane) with spin-down polarization filtering. (d) and (e) show the spin-up
and spin-down components, respectively, of the FDTD simulated image plane pattern. (f) The spin-down component of the FDTD simulated far-field pat-

tern.

only occurs in the experiment if the point source is coupled to the
cavity mode, which further manifests the coupling effects between
the quantum emitter and the ring resonator. In fact, by scanning
individual quantum emitters in and out of spectral resonance and
observing the far-field image along the ring resonator one can
conveniently distinguish quantum emitters that are spatially cou-
pled (interference pattern occurs) or not coupled (no interference
pattern occurs), making this technique an interesting alternative to
the Purcell effect lifetime measurements discussed in Fig. 3(b).

With circular gratings possessing cylindrical symmetry, light
emitted from the WGM forms a Bessel beam after collimation,
in contrast to the circular-polarized emission pattern of a bare
quantum emitter. To observe the Bessel beam, we filtered out the
spin down-polarized component and measured the far-field emis-
sion pattern with the imaging camera placed at the Fourier plane.
Figure 4(c) shows a Bessel mode pattern with a dark spot at the
center and a strong redistribution of the light emission into the left
region of the far field. This redistributed quantum light emission
is caused by the direct in-plane emission of the quantum emitters
further scattered out by the sidewall of the cavity, for the same rea-
son as introduced in Fig. 4(b). To further confirm the Bessel beam
far field of the cavity emission, we plot the numerical far-field pat-
tern in Fig. 4(f) by taking the Fourier transform on Fig. 4(e). The
far-field pattern shows a similar intensity distribution as compared
to Fig. 4(c), proving the chiral single-photon Bessel beam emission
with polarization conversion, and thus the coupling between the
quantum emitter and the cavity via the underlying spin—orbit
locking effect.

3. CONCLUSIONS

In summary, we have demonstrated chiral single-photon emission
from microring resonators through spin—orbit locking of strain-
induced WSe, quantum emitters residing at the outer sidewall.
The cavity-coupled quantum emitter shows a pronounced Purcell

effect with a lifetime reduction from 5.2 to 3.55 ns when tuned
into resonance. The coupled single-photon cavity mode is fur-
ther extracted to free space via engineered scatterers at the inner
sidewall, forming a single-photon Bessel mode with a resulting
polarization orthogonal to that of the bare quantum emitter. The
demonstrated chiral coupling of spatially deterministic quantum
emitters in 2D materials to optical ring resonators enables appli-
cations in quantum technology, including spin-photon interfaces
for on-chip quantum information processing and chirality-based
quantum key distribution. While this work is limited to magnetic
field tuning via external superconducting magnets to achieve the
spin—orbit locking from quantum confined excitons, we note that
recent advances utilizing on-chip magnetic proximity coupling
[35,36] as well as electrical voltage-tuning of the ferromagnetic
field strength in van der Waals materials [37,38] allows a priory to
miniaturize such quantum systems in future work to be integrated
fully on-chip. To further increase the Purcell effect, plasmonic
nanocavities provide a promising approach to enhance the optical
emission by 3 orders of magnitude [39] and push the quantum
emitter’s lifetime into the coherence (indistinguishability) regime
[40]. Ultimately, it would be interesting to create hybrid devices
embedding plasmonic gap mode cavities with deterministically
coupled QE:s directly into the mode maximum of these patterned
SiN ring resonators that provide spin—orbit locking, which allows
for efficient on-chip OAM state creation and manipulation.
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