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ABSTRACT: On-chip light sources are an essential component of scalable
photonic integrated circuits (PICs), and coupling between light sources and
waveguides has attracted a great deal of attention. Photonic waveguides
based on bound states in the continuum (BICs) allow optical confinement
in a low-refractive-index waveguide on a high-refractive-index substrate and
thus can be employed for constructing PICs. In this work, we experimentally
demonstrated that the photoluminescence (PL) from a monolayer of
tungsten sulfide (WS2) could be coupled into a BIC waveguide on a lithium-
niobate-on-insulator (LNOI) substrate. Using finite-difference time-domain
simulations, we numerically obtained a coupling efficiency of ∼2.3% for an
in-plane-oriented dipole and a near-zero loss at a wavelength of 620 nm. By
breaking through the limits of 2D-material integration with conventional
photonic architectures, our work offers a new perspective for light−matter
coupling in monolithic PICs.
KEYWORDS: bound states in the continuum, tungsten sulfide, photon emitters, lithium niobate on insulator

The term “bound states in the continuum (BICs)” refers to
a type of perfectly confined waves that exist in a

continuous spectrum of radiation, which was first introduced at
the beginning of the 20th century by von Neumann and
Wigner.1 By introducing destructive interference between
different dissipation mechanisms, the bound modes can be
well confined in the continuum without leakage.2 The concept
of BICs has been confirmed in acoustics,3,4 mechanics,5,6

electronics,7,8 and photonics.9,10 On-chip photonic nanostruc-
tures have become a particularly appealing platform for
research on BICs, especially as a result of the development
of nanofabrication technology and integrated photonics.
Photonic BICs have been found in a variety of optical
structures, including waveguide arrays,11 photonic crystals,12

metasurfaces,13 etc. The BIC-based photonic integrated
circuits (PICs) on an etchless lithium niobate platform14−16

have overcome a key challenge in traditional integrated
photonics encountered during patterning single-crystal sub-
strates. They have enabled many functional photonic devices,
such as thermo-optical switches and filters, ultrafast photo-
detectors, and ultrafast electro-optic modulators.17 The BIC-
based etchless platform allows low-loss guiding of light and
shows good fabrication tolerance for strong light−matter
coupling,18 which paves the way for scalable quantum photonic
circuits.2,19

Single-photon emitters (SPEs) are the central building
blocks for quantum PICs. SPEs have been investigated in

various material systems, including quantum dots,20−22 carbon
nanotubes,23,24 crystal color centers,25,26 two-dimensional
(2D) materials.21,27 Among them, 2D materials are particularly
appealing for large-scale integration and applications because
they can be easily transferred and placed.28−32 They have
mechanical flexibility and are atomically thin compared with
other systems,27,33 allowing emitters to achieve a high
extraction efficiency without total internal reflection.34−36

However, to meet the demand for high refractive index
contrast in optical waveguides, high-quality fabrication
processes are required to pattern PICs on high-refractive-
index substrates, which are usually very costly. For example,
PICs based on silicon nitride require a well-controlled etch
depth and smooth sidewall to achieve a minimum transmission
loss of 1−2 dB/cm.37 In addition, the pre/postfabricated PICs
may introduce possible strain and distortion to the 2D
materials.38−40 Fortunately, BIC-based PICs provide an
attractive route for integrating 2D materials with micro/
nanostructures without the aforementioned challenges.17

Therefore, integrating 2D materials on the etchless platform
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holds great promise in investigating photoluminescence and
even on-chip single-photon emitters (SPEs).

Here, we demonstrated coupling between photon emitters
in monolayer tungsten sulfide (WS2) and a low-loss BIC mode
on an etchless integrated platform. The monolayer WS2 was
wet transferred to the lithium niobate substrate before
patterning the low-refractive-index waveguides. By tailoring
the waveguide width, minimal propagation loss was achieved at
the BIC point, and a maximal photoluminescence (PL)
intensity of ∼3.7 × 105 counts/s was obtained in the
experimental measurement. We further investigated the
coupling efficiency between the BIC waveguide and the
emitter in the visible band with finite-difference time-domain
(FDTD) simulations and numerically obtained a coupling

efficiency of ∼2.3% for an in-plane orientated dipole. The
simulation results show that our device not only supports a
wide wavelength range (several tens of nanometers) of low-loss
light transmission but also allows robust coupling with the light
source. More importantly, the demonstrated structure can be
applied to various kinds of 2D materials due to the generic
mechanism of BICs. Our work shows great promise for
building on-chip single-photon emitters with large-scale BIC-
based PICs without fabrication challenges and offers new
insight into on-chip integrated quantum light sources.

Figure 1a displays a schematic illustration of integrating
monolayer WS2 with a polymer waveguide supporting BIC
modes on a lithium niobate substrate. A continuous-wave
(CW) laser beam was coupled into the waveguide through a

Figure 1. (a) Schematic of integrating monolayer WS2 with a BIC photonic waveguide. The lower right inset shows the atomic structure of
monolayer WS2. The upper left inset shows the energy-level diagram and fluorescence spectrum of monolayer WS2. (b) Left: cross-sectional electric
field distributions of the TE continuous mode and the TM0 bound mode (BIC mode) in the integrated waveguide. Right: cross-sectional structure
of the waveguide. (c) Propagation loss of the TM0 bound mode as a function of the waveguide width w at the wavelength λ = 620 nm. The insets
show the electric field profiles for two typical waveguide widths. (d) Propagation loss spectra for three different waveguide widths satisfying the BIC
condition, which correspond to the first three lowest points in c.
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grating coupler (not shown) to excite the WS2. The top left
inset shows the PL process in our device under the excitation
of a CW laser. The resulting PL was coupled into a BIC mode
and then was stably transmitted through the waveguide and
coupled to free space by another grating coupler. Specifically,
the waveguide was constructed by patterning a fabrication-
friendly optically transparent polymer (ZEP520A) on a z-cut
LNOI substrate as shown in Figure 1b. Compared with other
materials for integrated photonics, lithium niobate (LiNbO3)
has a wide transparency window from the visible to the
infrared range (0.35 to 5 μm) and excellent linear/nonlinear
optical properties.41,42 The thicknesses of the lithium niobate
layer, the polymer atop, and the silicon oxide underneath are
150 nm, 350 nm, and 2 μm, respectively. The monolayer WS2
is atomically thin, and its interaction with the waveguide has
little effect on the original BIC mode. Meanwhile, lithographic
patterning of the polymer yields a negligible effect on the 2D
material.17 The proposed structure supports the transverse-
magnetic (TM) bound modes, which are located in the
transverse-electrical (TE) continuum. Usually, the fundamental
TM (TM0) mode is coupled to the TE continuum in the form
of energy dissipation at the two edges of the waveguide
through left-going (I, III) and right-going (II, IV) channels. By
tailoring the waveguide width, one can obtain a BIC mode with
zero propagation loss through introducing destructive
interference between the energy dissipation channels.15,18

Since monolayer WS2 has a peak PL intensity at 620 nm, the
optical waveguide was designed to have minimal propagation
loss at 620 nm. Figure 1c plots the simulated propagation loss
of the TM0 mode in a straight waveguide as a function of the
waveguide width w at the wavelength of 620 nm (see details in
the Supporting Information), which shows that the prop-
agation loss approaches zero at specific widths (w = 0.68, 1.40,
2.08, and 2.78 μm). Furthermore, increase in w results in
oscillating propagation loss with a decreased envelope, which is
consistent with the theoretical analysis.18 Figure 1d plots the
propagation loss as a function of wavelength for w = 1.40, 2.08,
and 2.78 μm, indicating a low-loss (<1 dB/cm) wavelength

range of >60 nm. This is attributed to the small structural
dispersion, where photons are confined mainly in the LiNbO3
thin film when propagating along the waveguide.

We fabricated straight waveguides with w ranging from 1.9
to 2.9 μm on a polymer/WS2/LNOI hybrid platform . The
monolayer WS2 was wet-transferred onto a z-cut LNOI
substrate after wafer cleaning with acetone and 2-propanol
(see details in the Supporting Information). The polymer
ZEP520A was spin-coated on the wafer at 4000 rpm for 1 min,
and then prebaked on a hot plate at 180 °C for 3 min, resulting
in a film thickness of 350 nm. The waveguide and grating
couplers were defined in the polymer thin film by using a high-
resolution electron-beam lithography system (Elionix
ELS7800) with a dose of 180−220 μC/cm2. After electron-
beam exposure, the wafer was developed in ZED-N50 at 0 °C
for 1 min, rinsed in a mixture of methyl isobutyl ketone and
isopropyl alcohol (9:1) at room temperature for 30 s, and
blow-dried.

Figure 2a shows our experimental setup for measuring the
output PL spectra. Light from a 404 nm CW laser was sent
through a fiber polarization controller (FPC) before being
coupled into the device under test (DUT). The FPC was used
for optimizing the coupling between the pump laser and the
on-chip waveguide. Two fibers were mounted on the Thorlabs
NanoMax six-axis flexure stage (MAX602D/M) with a 21° tilt
angle to input the pump laser and collect the output PL via an
input and output grating coupler, respectively. The TM-
polarized light coupled from the laser into the waveguide
excited the monolayer WS2 and induced PL photons. (It
should be noted here that the parameters of the waveguide and
grating are optimized for λ = 620 nm, and the laser noise at the
collection port is reduced.) Then, the PL was coupled into the
TM0 waveguide mode and further coupled into a single-mode
fiber. To analyze the signal, we used a SP2500 spectrometer
from Teledyne Princeton Instruments.

Figure 2b shows a scanning electron microscope (SEM)
image of a typical WS2-integrated BIC waveguide with a width
of 2.75 μm and a length of 150 μm, where the pink dashed line

Figure 2. Demonstration of a BIC waveguide integrated with monolayer WS2. (a) Experimental setup for measuring the WS2-integrated BIC
waveguide. FPC, fiber polarization controller; DUT, device under test. (b) Scanning electron microscope image of a WS2-integrated BIC waveguide
with two grating couplers. (c) Fluorescence intensity map measured with a confocal scanning microscope (excited with a 532 nm CW laser). The
dashed lines indicate the position of the waveguide. (d) Normalized transmission intensity I as a function of the waveguide width w and laser
wavelength λ. (e) Normalized PL intensity of collection as a function of the waveguide width w under the excitation of a 404 nm CW pump laser.
(f) Simulated propagation loss at the wavelength of 620 nm as a function of the waveguide width w.
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indicates the boundary of monolayer WS2 for viewing
convenience. It should be noted that the locations of the
monolayer WS2 under the waveguides are random for different
samples. We also obtained the PL map of a WS2-integrated
BIC waveguide with a confocal scanning microscope, as shown
in Figure 2c. The position of the polymer waveguide is
indicated with yellow dashed lines (details in the Supporting
Information).

We first characterized the propagation loss of the WS2-
integrated waveguides, with the waveguide width w varying
from 1.9 to 2.9 μm. Figure 2d shows the measured optical
transmission spectra for different waveguide widths, where
maximal transmission (corresponding to minimal propagation
loss) is achieved at certain waveguide widths. The high

transmission can maintain in a wavelength range spanning >30
nm, which is consistent with the simulated results in Figure 1d.
Next, we measured the PL coupling phenomena in the WS2-
integrated waveguides with different waveguide widths (w) by
using a 404 nm CW laser, with the results shown in Figure 2e.
We observed the maximal PL intensity at w = 2.05 μm, which
is attributed to the fact that the TM bound mode can be
decoupled completely from the continuum modes at this
width. Relatively high PL intensity was also obtained at a
waveguide width near 2.70 μm, which is another BIC point.
For comparison, Figure 2f shows the propagation loss of the
waveguide as a function of the waveguide width w. The trend
of PL transmission with the waveguide width is consistent in
both experiment and simulation, which proves that the

Figure 3. (a, b) PL spectra collected from monolayer WS2 integrated with a BIC waveguide under the excitation of a (a) 404 nm and (b) 532 nm
laser. (c) PL spectrum collected from bare WS2 on a smooth substrate under the excitation of a 532 nm laser. (d) PL spectra collected from the
integrated waveguide as a function of the fiber tilt angle.

Figure 4. Three-dimensional FDTD simulation results of the coupling efficiency between the photon emitter and BIC waveguide. (a) Simulation
model for the monolayer-WS2-integrated BIC waveguide, where an in-plane dipole (λ = 620 nm) is placed inside the monolayer WS2. The inset
shows the defined orientation angle of the dipole. (b) Electric field distributions of the BIC mode coupled with a dipole source for structures with w
= 2.08 μm (left) and w = 0.68 μm (right). (c) Coupling efficiency of an in-plane oriented dipole with a BIC waveguide as a function of the dipole’s
orientation angle θ, with the waveguide width w = 0.68, 1.40, 2.08, 2.78 μm. (d) Electric field distribution along a BIC waveguide (w = 0.68 μm)
coupled with a dipole. The dipole is placed at (x, y, z) = (0.5 μm, 0, 1.65 μm). (e) Coupling efficiencies of an in-plane and out-of-plane oriented
dipole with a BIC waveguide (w = 0.68 μm) as a function of misalignment Δy between the dipole and the y-center of the waveguide.
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photons emitted from monolayer WS2 can be coupled into a
BIC mode. The slight deviation in the experiment is attributed
mainly to the uncontrollable position and size of the
monolayer WS2 integrated with the waveguide in each device.
The dipole’s position (especially along the y direction) affects
the coupling efficiency between the dipole and the guided TM
mode, and a maximal coupling efficiency can be obtained when
the misalignment Δy is within ±100 nm (details in Figure 4).
Since the WS2’s size determines the total number of dipoles, by
choosing larger waveguide width, one can have more dipoles
coupled with the guided TM mode, which leads to a stronger
PL signal. In addition, the fabrication deviation in the device’s
geometry, the misalignment between the grating couplers and
fibers, and the vibration of the measurement platform also
cause performance deterioration.

To further confirm that the collected signal is emitted from
monolayer WS2, we compared the measurement results from
the integrated waveguide with those from the bare monolayer
WS2. Figure 3a-c shows the measured PL spectra from a bare
WS2 thin film under the excitation of a 532 nm laser (blue line)
and from a WS2-integrated BIC waveguide (w = 2.05 μm)
under the excitation of a 532 nm laser (green line) and a 404
nm laser (purple line). The measured central wavelengths and
full widths at half-maximum of the peaks in the PL spectra are
consistent, indicating that the photons collected from the
integrated waveguide are from the fluorescence of WS2. The
PL intensity collected from a WS2-integrated BIC waveguide
via a grating coupler is on the same order of magnitude as that
collected from bare WS2 via an objective lens (100×, NA =
0.9). However, a direct comparison of the PL efficiencies is not
recommended due to several factors, e.g., the uncontrollable
position and size of the WS2 monolayer, the coupling efficiency
between the dipole and the guided mode, etc. Figure 3d shows
the PL spectra measured from the same WS2-integrated BIC
waveguide as a function of the fiber tilt angle. The collected PL
intensities are the highest at fiber tilt angles between 21.09°
and 21.12°. The PL collection efficiency has a strong
dependence on the fiber tilt angle because the intensity
drops to 65% (45%) of the original as the angle moves only
0.03° away to the positive (negative) side. The results also
indicate that the grating coupler may affect the collected PL
center wavelength by 2−3 nm due to the wavelength-
dependent coupling efficiency.

We also estimated the coupling efficiency between the BIC
waveguide and monolayer WS2 with FDTD simulations, as
shown in Figure 4. Note that, we could not adopt a
macroscopic model for the monolayer 2D material in FDTD
simulations due to the mesh division constraint (20 nm),
which is much larger than the monolayer thickness (<1 nm).
Instead, we treated the photons emitted from the monolayer as
electric dipoles with in-plane orientation. We placed a dipole
source at the intersection of the polymer waveguide and the
LiNbO3 thin film. The dipole source orientation was restricted
in the x-y plane, where the angle between the orientation and
the x-axis (along the waveguide direction) is defined as θ, as
shown in the inset of Figure 4a. The dipole wavelength (620
nm) was set to be consistent with that of the monolayer WS2.
To be consistent with our experiments, we considered the
coupling efficiency only at one end of the waveguide, while the
other end is used for excitation. Figure 4b shows the electric
field distributions of the TM0 mode at w = 2.08 μm (left) and
w = 0.68 μm (right), both of which satisfy the BIC condition.
For comparison, we calculated the coupling efficiencies

between the dipole source and the TM0 mode at w = 0.68,
1.40, 2.08, and 2.78 μm, all satisfying the BIC condition. The
coupling efficiency is 2.3% at w = 0.68 μm (after propagating
along the waveguide for 4 μm) and decreases as the waveguide
width w increases. Since a waveguide with a larger waveguide
width can support more high-order TM modes, we also
investigated the coupling efficiency for TM modes of different
orders (see the Supporting Information). We also numerically
simulated the TM0 coupling efficiency as a function of the
electric dipole orientation θ at different waveguide widths
satisfying the BIC condition with the results shown in Figure
4c. The coupling efficiency increases as θ decreases and
reaches a maximum at θ = 0° (along the x axis), which is
different from the case for the coupling between the TE mode
and the 2D materials.31

Based on FDTD simulation, the BIC mode for w = 0.68 μm
has superior modal matching with the dipole compared to the
BIC mode with w = 2.08 μm due to the small dipole mode (λ
= 620 nm), and its coupling efficiency is 2.11 times that for w =
2.08 μm. Thus, we then focused on the structure with a
waveguide width of w = 0.68 μm to seek further improvement
in the coupling efficiency. Figure 4d depicts the cross-sectional
(x-z plane) electric field distribution of the BIC waveguide
coupled with a dipole, where the dipole is placed near the
waveguide end (x = 0) and at the waveguide’s y-center with the
coordinates (x, y, z) = (0.5 μm, 0, 1.65 μm) and orientation
angle θ = 0°. It is clear that the light emitted by the dipole can
be coupled to the waveguide for a 100 μm propagation length.
The leakage along the z direction is attributed mainly to a poor
match between the radiation mode of the in-plane dipole and
the TM-polarized BIC mode of the waveguide. In this
connection, we also simulated the coupling efficiency of the
out-of-plane dipole with the BIC waveguide, which as shown in
Figure 4e can reach 10.9%, approximately five times that of an
in-plane dipole. Therefore, the BIC waveguide shows great
promise for integration with thin layered materials with an out-
of-plane dipole orientation. In addition, Figure 4e shows that
the coupling efficiency is almost unaffected by a < 100 nm
displacement of the dipole in the y direction, which indicates a
good fabrication tolerance of this integration scheme. There-
fore, our structure can achieve a high coupling efficiency with
the WS2 PL that is insensitive to the photon emitter’s position.
It is expected that more complicated nanostructures such as a
high-quality cavity based on a hybrid-integrated BIC wave-
guide will enhance the coupling efficiency further.

In conclusion, we experimentally realized on-chip photon
emitters by integrating monolayer WS2 with a BIC waveguide.
Specifically, the structure consists of a monolayer WS2
sandwiched between a polymer waveguide (with a low
refractive index) and a LiNbO3 thin film (with a high
refractive index). This structure allows the PL of monolayer
WS2 to be coupled to the to be coupled to the film an and
transmitted along the waveguide. The device fabrication does
not include the etching of LiNbO3, which minimizes the
possibility of damaging the monolayer WS2 and considerably
reduces the fabrication cost and difficulty. In addition, our
structure shows a low-loss (<1 dB/cm) wavelength range of
>60 nm and insensitivity to the position of the photon
emitters. Although the coupling with the TM-polarized BIC is
limited because of the orientation of the photon emitters in
WS2, FDTD simulation results show that the coupling
efficiency of the fluorescence with the BIC mode can be
further improved by choosing a narrower waveguide width. A
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coupling efficiency as high as 10.9% can be achieved from an
out-of-plane-oriented dipole, which is promising for potential
applications using emitters with an out-of-plane polarization in
a thin layered material. In addition, special nanostructures such
as nanocavities, metasurfaces, Bragg gratings, etc., can further
enhance the emission intensity and coupling efficiency.43−45

Due to the generic mechanism of BICs and wide transparency
band of LiNbO3, our structure can be extended directly to all
monolayer 2D materials, thus enabling a wide range of
applications. Our work provides a new insight for 2D-material-
integrated photonics on an LNOI platform and enables
integration of deterministic single-photon emitters on inte-
grated photonic platforms without fabrication challenges,
which will promote the development of on-chip quantum
information processing and quantum networks.
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