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This document provides supplementary information to “Photonic integrated circuits with bound states in the
continuum,” https://doi.org/10.1364/0PTICA.6.001342. Sections 1 and 2 describe the fabrication procedure and

experimental characterization method. Section 3 provides the detailed designs and simulation results for different
types of photonic devices with bound states in the continuum. Sections 4 and 5 present the theoretical analysis
of the photonic potential well and the waveguide propagation loss.

1. Fabrication procedure

We fabricated the BIC devices on LiNbOs-on-insulator
wafers purchased from NANOLN, where the nominal
thickness of the LiNbOs layer is 400 nm for the microring
cavities (Figs. 3h and 3i in the main manuscript) and 300
nm for all the other devices. The fabrication process for
experimental demonstration of the BICs and passive devices
consists of only one step of e-beam lithography without any

spin coating

e-beam
lithography
—

etching as shown in Fig. S1a. The spinning speed for coating
a 500-nm-thick layer of ZEP520A resist is 2400 r/min. For
active devices like electro-optic modulators, the fabrication
process shown in Fig. S1b requires an additional step of e-
beam lithography and metal deposition for fabricating
electrodes. The thickness of the electrodes for active devices
is 80 nm.
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Fig. S2. (a) Experimental setup for characterizing the passive BIC devices. (b) Experimental setup for characterizing the MZI electro-

optic modulators.

2. Experimental characterization

Figure S2a shows the experimental setup for
characterizing all the passive BIC devices. Light from a
tunable semiconductor laser is sent through a polarization
controller to adjust its polarization state, then into the
device under test via a grating coupler. The light coupled out
of the device under test is collected by a photodetector.
Figure S2b shows the experimental setup for characterizing
the MZI electro-optic modulators. For the optical part, light
from a tunable semiconductor laser is amplified by an EDFA,
and then sent through a bandpass tunable filter to remove
the background noise, followed by a polarization controller
to adjust its polarization state, before reaching the device
under test. The light coupled out of the device under test is
collected by a high-speed photodetector. For the electrical
part, a square wave added on a DC voltage is applied to the
electrodes of the device under test via an electrical probe.
An oscilloscope shows the waveform of the modulated light
signal from the high-speed photodetector. In the
experiment, the propagation loss of the straight and bent
waveguides was obtained by comparing the normalized
transmission of two waveguide devices on the same chip
that are identical except for the waveguide lengths. We used
different waveguide length difference in measurement of
devices of different waveguide width. The specific value of
the waveguide length difference for each type of devices
was chosen based on their simulated propagation loss,
because waveguides with larger (smaller) propagation loss
require smaller (larger) length difference. The length
difference is between 0.3 mm and 1 cm in the experiment.
Last, we normalized the measured propagation loss to the
same unit of dB/cm. Figures 3a and 3c in the main
manuscript show the representative waveguide devices in
each type. As for each waveguide structure, we conducted
the device fabrication and measurement twice. The results

from the two measurements agree with each other, so for
consistency purposes we chose one set of data to present in
the main manuscript. The errors of the measured results are
mainly attributed to the vibration of fibers, the alignment
uncertainty between the grating couplers and fibers, and the
fabrication uncertainty among different devices. The error
of measured transmitted optical power is ~0.3 dB based on
the measurement from five identical devices fabricated on
the same chip.

3. Photonic devices with bound states in the
continuum

3.1. Grating couplers

Grating couplers (Fig. S3a) are an important component
for coupling light between photonic chips and optical fibers
[S1]. They can be fabricated at arbitrary locations on a chip,
enabling parallel characterization of a large amount of
devices with large alignment tolerance. The underlying
physical mechanism for grating couplers is the diffraction
theory, which imposes the phase-matching condition for a
free-space light beam
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where n is the refractive index of the upper cladding (which
is air for our chip), @ is the incident angle of light, A is the
period of the grating, and S is the propagation constant of
light in the grating coupler. Equation (S1) states that the in-
plane momentum of the incident light (the first term of the
left-hand side) added with the momentum provided by the
grating (the second term of the left-hand side) should match
the momentum of light traveling in the grating (the right-
hand side). The equation also indicates that the optimal
wavelength A for fiber-chip coupling depends on both the
incident angle of light and the parameters of the grating.
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Fig. $3. (a) Illustration (side view of the cross section) of coupling between a fiber and on-chip PICs through a grating coupler. (b)
Simulated electric field distribution (Ez) when light is coupled from a fiber to the on-chip PICs.
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Fig. S4. (a) Simulated coupling efficiency of a grating coupler with varying grating period A. The inset shows the electric field (|E|)
profile of light coupled from the fiber propagating in the PIC. (b) Simulated coupling efficiency of grating couplers with varying duty

cycle d/A.

Figure S3b shows the numerically simulated electric field
(E2) distribution of the grating coupler by the finite-
difference time-domain (FDTD) method, where the light
from the fiber shines on the gratings with an incident angle
of 22°. Figure S4a plots the numerically calculated coupling
efficiency of a grating coupler with a varying period but
fixed duty cycle d/A of 0.5. It shows that the optimal
working wavelength of the grating coupler moves to longer
wavelengths with increasing period of the grating, which
agrees with Eq. (S1). The inset of Fig. S4a is the modal

profile of light in the waveguide excited by the grating
coupler, which is exactly the TM mode as we desired for the
BIC. Figure S4b presents the coupling efficiency of a grating
coupler with a varying duty cycle but fixed period. The
results indicate that the coupling efficiency is almost
independent of the duty cycle. The reason is that the light
traveling in the waveguide is confined mostly to the high-
refractive-index LiNbOs slab, thus the modal properties are
insensitive to the structural change of the upper low-
refractive-index organic polymer.
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Fig. S5. (a) Optical microscope image of fabricated grating couplers connected by a straight waveguide. (b) SEM image of a grating
coupler. (c) Measured coupling efficiency of a single grating coupler with different periods.
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Fig. S6. (a),(b) Illustration of fabricated devices to characterize the bending loss. (c) Modal mismatch between a straight waveguide
and a waveguide bend. (d) Modal mismatch between two waveguide bends curving in opposite directions.

Figure S5a shows a fabricated device with two grating different periods. The measured minimal coupling loss of a
couplers connected by a straight waveguide. Figure S5b is a single grating coupler is less than 10 dB, and the 3-dB
SEM image zoomed in at the grating coupler, which has a bandwidth is ~75 nm. In addition, the operating wavelength

duty cycle d/A of 0.5. Figure S5c plots the measured of the grating couplers increases with their grating period,
transmission spectra of a single grating coupler with which agrees with the simulated results in Fig. S4b.
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Fig. S7. (a),(b) Bending loss of waveguide bends with waveguide width of 1.4 pm and different bend radii at the wavelengths of 1.5
um (a) and 1.525 pum (b). (c),(d) Bending loss of waveguide bends with bend radius of 40 pm and different waveguide widths at the

wavelengths of 1.5 um (c) and 1.525 pm (d).

3.2. Waveguide bends

The properties of straight waveguides can be directly
measured from the structures shown in Fig. S5a, by
comparing the transmission of the waveguides with
different lengths. However, for bent waveguides, the
characterization is slightly different. In this section, we
show the details of calibrating the bending loss of
waveguide bends.

Figures S6a and S6b illustrate the devices for measuring
the bending loss. The total transmission loss of a device
includes the insertion loss of two grating couplers, the
propagation loss in the straight waveguides, the bending
loss in the waveguide bends, the conversion loss at the
joints of straight and bent waveguides (Fig. S6c), and the
conversion loss at the joints of two waveguide bends
curving in opposite directions (Fig. S6d). Comparing the two
devices in Figs. S6a and Sé6b, the only difference is that the
lengths of the respective waveguide bends are different,
while the grating couplers, the straight waveguides, and the
joints between different sections are exactly the same.

The bending loss was measured experimentally from
devices of different parameters at different wavelengths.
Figures S7a and S7b show the bending loss of waveguide
bends with a fixed waveguide width wy = 1.4 um but varying
bend radius R» at the wavelengths of 1.5 um and 1.525 pm,
respectively. Figures S7c and S7d show the bending loss of
waveguide bends with a fixed bend radius R» = 40 pm but
varying waveguide width wy at the wavelengths of 1.5 pm

and 1.525 pm, respectively. The blue lines represent the
simulated results and the red dots represent the measured
results. The experimental results agree well with the
numerical results. It is clear that the bending loss can be
minimized for certain combinations of parameters and
wavelength, as predicted by the theory of BIC.

3.3. Directional couplers

Optical directional couplers are a fundamental multiport
component in integrated optics and are widely employed to
construct more advanced devices such as power
combiner/dividers [S2], polarization rotators [S3], and
mode (de)multiplexers [S4]. Figure S8a shows a fabricated
directional coupler operating under the principle of BIC,
where the length of the coupling region (marked by the
dashed rectangle) is 95 pm. Figure S8b zooms in at the
coupling region, where the width of both waveguides is 1.9
um and the gap between two the waveguides is 500 nm.
Figure S8c plots the simulated normalized transmission
spectra for the through and coupled ports in the wavelength
range of 1.40-1.70 um. The coupling efficiency can achieve
almost 100% at ~1.51 um. Figure S8d plots the electric field
(|E]) distribution of light propagating in the directional
coupler, which indicates that the directional coupler
operating under the principle of BIC can successfully couple
light from one channel to the other as in traditional
directional couplers.
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Fig. $8. (a) SEM image of a fabricated directional coupler. (b) Zoomed-in SEM image of the coupling region. (c) Simulated normalized
transmission spectra for the through port (red dashed line) and the coupled port (blue solid line). (d) Electric field |E| profile of light
coupling from one channel to the other through the directional coupler.
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Fig. S9. (a) SEM image of a Y-branch 3-dB power splitter. (b) Electric field |E| profile of light passing through the Y-branch 3-dB
power splitter. (c) Simulated normalized transmission spectra of the upper (red solid line) and lower (blue dashed line) branches.

3.4. Power splitters and Mach-Zehnder interferometers

Y-branch power splitters (Fig. S9a) are used to divide
light into two channels. The relation between the input and
output field can be expressed as

E)=\Te"E, (i=12) (52)

where Ein is the electric field amplitude in the input channel,
I'' and T2 are the fraction of power in the two output
channels, and @1 and ¢2 denote the phase change of the two
output channels. 3-dB power splitters (I'1 = ' = 1/2) are an
important optical component for optical power distribution
and for construction of more advanced optical devices, such
as optical switches, modulators, multiplexers, and optical
phased arrays [S5-S8]. Figure S9b shows the simulated
electric field |E| profile of light transmitting through a 3-dB

power splitter, which indicates that light is equally divided
by the Y-branch. Figure S9c plots the simulated
transmission spectra for the upper and lower branches.
Their transmission is almost identical in the wavelength
range of 1.40-1.70 um. The deviation of their transmission
away from the ideal case (i.e., 0.5) is attributed mainly to the
insertion loss at the joints of straight and bent waveguides,
and of two bent waveguides curving in opposite directions.

For the fabricated MZI shown in Fig. 4c in the main
manuscript, its normalized transmission can be expressed
as

T=al' +oI', +{I'T 0505 cos(Ap(A)), (S3)
where a1 and a2 are related to the propagation loss in the

upper and lower arms, respectively, and 4¢(A) is the phase
difference between the two arms. We have chosen the



waveguide parameters to satisfy the BIC condition where
the propagation loss can be ignored (a1 = az = 1). Therefore,
the extinction ratio can be expressed as

NGNS
R

which reaches maximum if I'1 = I'2. The large extinction ratio
shown in Fig. 4d in the main manuscript indicates that the
power splitters in the MZI split light equally into the two
arms.

(S4)

3.5. Microcavities

It is well known that the optical losses of microcavities
are usually attributed to: (i) material absorption, (ii)
fabrication imperfection, and (iii) radiation to the free space
for cavities of small sizes. Here, we investigate the
dependence of the intrinsic quality (Q) factors of microring
cavities on their radius. Figure S10a is an optical microscope
image of a fabricated microring cavity, and Fig. S10b shows
the intrinsic Q factors of microring cavities with different
radii. Under the principle of BIC, the bending loss of a bent
waveguide depends on the bend radius, so does the intrinsic
Q factor of the constructed microring cavity.
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Fig. S10. (a) Optical microscope image of a microring cavity. (b) Intrinsic Q factors of microring cavities with different radii.
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Fig. S11. (a),(b) Wavelength-dependent intrinsic quality factors of microring cavities with (wr, Rr) = (1.95 um, 70 um) and (2.15 pm,
86 um). (c),(d) Wavelength-dependent intrinsic Q factors of microdisk cavities with Rs = 76 um and 103 pum. Both microring and

microdisk cavities can possess a high Q factor in a wide band.



The Q factors of microring and microdisk cavities were
analyzed at 1.55 pm for different structural parameters.
BICs with 3D confinement can be achieved for certain
combinations of parameters, resulting in ultrahigh Q factors
of these states. Obtaining an ultrahigh @ factor in a wide
wavelength range is desired in most applications. We
numerically calculated the Q factors of microring and
microdisk cavities, with the parameters satisfying the BIC
condition at the wavelength of 1550 nm. Figures S11a and
S11b show the wavelength-dependent @ factors of
microring cavities with (wr, R-) = (1.95 um, 70 pm) and (2.15
um, 86 um), respectively. The Q factor for the microring
with (wr, R?) = (1.95 pm, 70 pm) maintains above 10° and
105 in a bandwidth of 36 nm and 105 nm, respectively. The
Q factor for the microring with (wr, R/) = (2.15 um, 86 pum)
maintains above 10° and 10° in a bandwidth of 33 nm and
112 nm, respectively. Figures S11c and S11d show the
wavelength-dependent Q factors of microdisk cavities with
Ris = 76 pm and 103 um, respectively. The Q factor for the
microdisk with R = 76 um maintains above 10¢ and 105 in a
bandwidth of 46 nm and 158 nm, respectively. The Q factor
for the microdisk with Rs = 103 pm maintains above 10°¢ and

105 in a bandwidth of 41 nm and 139 nm, respectively. The
quality factors plotted in Fig. S11 neglect the absorption of
the organic polymer and show that the theoretical quality
factors of microring and microdisk cavities can be >5 x 107,
which is much higher than that demonstrated in the etched
LiNbOs structures (~107) [S9].

Achieving ultrahigh Q factors in a wide wavelength range
has also been experimentally demonstrated in microring
and microdisk cavities. Figure S12 shows SEM images of a
fabricated microring cavity. The microring cavity maintains
high Q factors and high extinction ratios in a wide spectral
range as shown in Fig. S13a, which also confirms that bent
waveguides can maintain low bending loss in a wide band.
Figures S13b and S13c are the zoomed-in spectra for two
individual resonances, showing the loaded and intrinsic Q
factors of ~5.2 x 10*and ~1.5 x 105, respectively.

Figure S14 shows SEM images of a fabricated microdisk
cavity. The microdisk cavity also maintains high Q factors in
a wide spectral range as shown in Fig. S15a. The Lorentzian
fitting of the resonances in Figs. S15b and S15c reveals the
loaded and intrinsic Q factors of ~4.0 x 10* and ~2.3 x 105,
respectively.

Fig. S12. (a) SEM image of a microring cavity. (b) Zoomed-in SEM image of the coupling region.
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Fig. S13. (a) Measured transmission spectrum of a microring cavity, which exhibits high Q factors and high extinction ratios in a wide
spectral range. (b),(c) Zoomed-in transmission spectra. The experimental results are fitted with a Lorentzian lineshape (blue lines),
showing the loaded Q factors of 47,100 and 51,500, and intrinsic @ factors of 146,000 and 137,500.
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Fig. S15. (a) Measured transmission spectrum of a microdisk cavity, which exhibits high Q factors and high extinction ratios in a wide
spectral range. (b),(c) Zoomed-in transmission spectra. The experimental results are fitted with a Lorentzian lineshape (blue lines),
showing the loaded Q factors of 40,100 and 37,800, and intrinsic Q factors of 170,960 and 227,900.

Comparing Figs. 2f and 3g in the main manuscript, we
find that the BICs are achieved in microdisk cavities of
different radii, where Fig. 2f shows a BIC at radius of 63 pum
while Fig. 3g shows the BIC at the radius of 68.5 pm. This is
because of different thicknesses of the LiNbOs layer in the
two cases, which are 300 nm in Fig. 2f and 350 nm in Fig. 3g.
The LiNbO3 wafer used in our experiment has a variation in
its thickness distribution across a wafer, as shown in Table
S1.

Because LiNbOs is transparent near 1.55 pm and has a
wide bandgap to prevent two-photon absorption, the @
factor of LiNbOs cavities has been reported to achieve 10
million [S9]. However, the experimentally measured Q
factors of our devices are limited to less than half a million.
This should be attributed to light scattering at the rough
sidewalls of the patterned e-beam resist and light
absorption by the remaining solvent in the e-beam resist
[S10]. The sidewall roughness of e-beam resist can be
reduced by optimizing the e-beam lithography process

and/or performing postlithography resist reflow.
Alternatively, we can adopt low-loss transparent dielectric
materials like SiOz and atomic-layer-deposited Al203 for the
low-refractive-index waveguide to improve the device
performance on our proposed platform. These dielectric
materials have already been utilized for demonstrating
optical cavities of ultrahigh Q factors and their etching
processes are already mature. For SiO2, on-chip optical
cavities with Q factors of 2 x 108 have already been
demonstrated [S11]. Taking this loss rate into consideration,
Fig. S16a plots the predicted propagation loss of straight BIC
waveguides with SiO2 as the low-refractive-index material
as a function of the waveguide width w. For Al20s3, a reliable
and reproducible deposition process for fabricating Al203
waveguides with loss as low as 0.1 dB/cm has also been
developed [S12]. Taking this loss rate into consideration,
Fig. S16b plots the predicted propagation loss of straight
BIC waveguides with Al:0s as the low-refractive-index
material as a function of the waveguide width w.
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Table S1. Thickness Distribution of the LiNbO3s Wafer Used in Our Experiment
Information Structure Point | ,mp LN S0, Point |, ‘.er LN Si0, Suhslrmc. Si
I - | Thickness(nm)| Thickness{nm) Thickness(nm)| Thickness(nm) Information
1 370.9 2169 10 334.8 2102
2 356.9 2086 1 326.3 2065
+Z 3 3223 2070 12 INR9 2055
4 278.3 2031 13 281.0 2028
5 273.8 2007 14 2838 2016 thickness: 390+ 10 pum
W || 6 275.5 2005 15 310.3 2028
50 7 286.7 2013 16 328.6 2016
i Sub. 8 323.2 2022 17 3153 2029
Y 3249 2033
41000 b 1000
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Fig. S16. Predicted propagation loss of straight BIC waveguides with SiOz (a) and Al203 (b) as the low-refractive-index material as a
function of the waveguide width w, where hin is the thickness of the LiNbOs3 layer.

3.6. Electro-optic modulators

In addition to passive devices, we have also developed
active devices by taking advantage of the unique properties
of LiNbOs which has large electro-optic coefficients. The
mechanism of electro-optic modulation is explained below.

Without a voltage applied to the electrodes, the refractive
index ellipsoid of LiNbOs is expressed as

o'x’ +o3y’ +0yz" =1, (S5)
where oi= 1/n}, 03= 1/n;, and o3= 1/n.. When a voltage is
applied to the electrodes, the generated electric field will
induce a change of the refractive indices in all directions:

0, - 0-10 AO—] ( 0 Tn Vs ]

0, O-g AO—z 0 Yo N3 E

0,0} _ Ao, _ 0 0 7 EX (S6)
oy Ao, 0 Vs1 0 Ey ’
o, Ao Y 0 0| °
Os | _Ao-s_ | =72 0 0 |

where the 6 x 3 matrix contains the electro-optic
coefficients of LiNbOs. In our demonstrated MZI electro-
optic modulators (Fig. 4e in the main manuscript), the
electrodes are in parallel with the waveguide, so the electric
field along the light propagation direction Ex is negligible.
Figure S17 plots the numerically simulated electric field
distribution across the hybrid waveguide when a voltage is
applied to the electrodes. It is apparent that the electric field
in the LiNbOs3 layer is mainly along the y axis, so that E: is
negligible. Therefore, the refractive index ellipsoid of a z-cut
LiNbOs film under the applied electric field can be expressed
as

d 7 o s = s A

/ 7 - s s - ~ N

/ / - — — . N\ \

1 i ~organic polymer = i ;
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Fig. S17. Cross-sectional distribution of electric field across the
hybrid waveguide with a voltage applied to the electrodes. The
BIC modal profile is superimposed on the waveguide structure.

(O} = 1E )X +(O) +1E )V +02 +21 Eyz=1.  (57)

The effective refractive index of the propagating TM-
polarized BIC mode is subject mainly to the variation of ne.
Therefore, we expect efficient electro-optic modulation for
the propagating BIC mode by controlling the voltage applied
to the electrodes, because the strength of E, can be tuned to
cause a variation to n. by

1
An, = —EnijIEy. (S8)
The consequent variation of the effective refractive index of
the TM mode can be expressed as nAn.. The phase difference
between the two arms of the MZI is 4ntnAn.L/A. The output
power of the MZI electro-optic modulator will be

P o< cos(2zmAn, L/ ). (S9)
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Fig. S18. Temporal response of our fabricated MZI electro-

optic modulator.

Figure S18 shows the temporal response of our
fabricated MZI electro-optic modulator where the blue solid
line represents the sinusoidal-wave driving signal and the
red dots represent the measured output optical intensity
detected by a high-speed photodetector. The high fidelity
between the driving and detected signals has shown that the
fabricated MZI electro-optic modulator can work at a high
modulation speed of at least 100 Mbps.

3.7. Second-harmonic generation

Besides its applications in electro-optic modulators,
LiNbO3 is also well known for its large second-order
nonlinear optical coefficient, which is useful for research on
nonlinear frequency conversion and entangled photon pair
generation. Here, we analyze second-harmonic generation
in a microring cavity as an example. It should be noted that
degenerate parametric down-conversion is the coherent
reversal process of second-harmonic generation.

The interaction between two TM bound modes at 1550
nm and 775 nm can be described by the Hamiltonian [S13]

Hjh=wd'a+ap'b+g[(a'Yb+d'h' |

S10

+gp(ae"w"t +ate”". (510)

Here, a (b) is the Bosonic operator for the fundamental

(second-harmonic) mode in the microring with the angular

frequency wa (w»), where wp = 2wa. ¢p is the input pump field

strength and w; is the frequency of the pump light. The

nonlinear coupling strength g between the two modes can
be expressed as

hg =&, [[[dordrdz 3’2 3;) [, .0 ] w,.(0). (S11)

Here, xy®3(r) is the second-order susceptibility of the
nonlinear medium and ¢&o is the vacuum permittivity. The
electric fields of optical modes in the microring cavity can be
expressed as Uap)z(T) = Uaw) (T, Z)exp(imaw)0) and satisfy the
normalization condition

1@, (v) =&, [[[ d6rdrdze &,(@,, 1) |1, (1), (512)

where ma(p) is the orbital angular momentum of mode a (b).
&r is the relative permittivity of the medium as a function of
frequency and position. Introducing an effective modal
overlap factor at the cross section of the microring

A=1550 nm

z
L
b
A =775 nm
T —
z

Fig. $19. (a) Electric field (EZ) profile of the fundamental mode
at 1550 nm. (b) Electric field (Ez) profile of the second-
harmonic mode at 775 nm.

H drdz [u:Z (r)]2 u,, )
Jfardzlu, o {[[ardzlu, o]

we obtain the coupling strength

halw, 1 342
= “ xO(m, —2m S14
g=¢ £,27R c '_Sb 4\/5 (m, ) (514)

under the approximation that the microring’s radius (R) is
much larger than its width. Due to the azimuthal symmetry,
the integral over 6 yields the Kronecker delta function §(m»
- 2ma), so that g is nonzero only when m» = 2mq. = 0, which
corresponds to the momentum-conservation (phase-
matching) condition.

Figures S19a and S19b show the electric field profiles of
the fundamental and second-harmonic mode at the
wavelength of 1550 nm and 775 nm, respectively. The
second-order susceptibility of these two modes in z-cut
LiNbO3 is ~34.5 pm/V. The estimated single-photon
nonlinear coupling strength for a microring with 50-um
radius can achieve 2.44 MHz, which is only 1-2 orders of
magnitude smaller than the intrinsic loss rate of the cavity
modes. Therefore, the BIC-based PIC provides a promising
platform for realizing single-photon nonlinearity for future
quantum photonic applications.

(513)

4. Theoretical analysis of the photonic potential well

Figure S20 shows the cross section of the hybrid
waveguide structure that is employed for demonstrating the
BICs. Following the method of calculating the effective
refractive index of a slab waveguide, we may divide the
cross-sectional structure into three parts, where Part I and
Part Il are air/LiNbO3/SiO2 slab waveguides, and Part Il is a
resist/LiNbO3/SiOz slab waveguide. In order to simplify the
calculation, we can assume an infinite thickness for the
resist layer in Part II. Because the resist possesses a higher
refractive index than air, the effective refractive index of
Part Il is higher than those of Part I and Part IIL

Light propagating in a medium of refractive index n
should satisfy the wave equation

V’E - 14,£,n9;E =0, (S15)
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Fig. $20. Cross section of the hybrid waveguide structure that
can support the BIC.

where o and o are the permeability and permittivity of the
vacuum, respectively. First, we study the TE polarization
with vanishing Ex, E, and H, components, so Eq. (S15)
becomes
0:E, +02E, — 1,0, E, =0. (S16)
A trial solution of Eq. (S16) is Ey = ey(z)explj(wt - Sx)].
Substituting it into Eq. (S16), we get
afe}, +(n’k - ﬁz)ey =0. (S17)
For the slab waveguide in Part I and Part III, the medium
consists of three layers for which Eq. (S17) should be
expressed separately as
dze, +(n'ky = f?)e, =0 0<z<h
dZe, +(nyky — 3*)e, =0 z<0.
dZe, +(niky — B e, =0 z2h

air

(518)

In order to guide light waves in the LiNbOs layer (0 < z < h),
it is necessary to have nik;— 82 = 0, n;ki— B2 < 0, and nZk;— 52
< 0. Therefore, Eq. (S18) is rewritten as

aiey +b12ey =0 0<z<h
dZe, —bje, =0 z<0, (519)
dle,—bie, =0 z2h

where

2,2 2 2 2.2
blz\fnl o =B, b, =B —-nmk;, and

b, = ﬂz—nz ké. The solutions of Eq. (S19) can be

air
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expressed as

Acos(b,z) + Bsin(b,z) 0<z<h
e, (z) =7 Cexp[b,2)] z<0. (S20)
Dexp[-b,, (z—h)] z>h
From the Maxwell equation
VxE=-y,0H, (S21)
we can get the Hx component

H,=——0 ¢ explj(ex— )]
T jou

0

] —bAsin(bz) + b Bcos(bz) 0<z<h (S22)
_ SR =PI o ep(p,2) 2<0.
S b, Dexplb,, (z—h)] Z>h
The boundary conditions require that the tangential
components of E and H be continuous at the interfaces z =0
and z = h, yielding
E)fey+(nlzk(f—ﬂ2)ey=0 0<z<h
dle, + (mky — f*)e, =0 z<0.
dZe, +(niky — e, =0 z2h

air

(S23)

Solving Eq. (S23), we arrive at the relationship between by,

b2, bair, and h as

b, (b, +b,) (S24)
blz - bzbair .

If we define the normalized propagation constant b,

normalized frequency V, and asymmetry parameter a as

B -mk; __ b

tan(b,h) =

= = , S25
(kBB )
V = kohfn? —n2 = b} + b2, (S26)
2 2 2 2
n2 _ nair bair _b2
==, S27
won BB (527
we obtain the b-V equation from Eq. (S24) as
b+~Na+b
tan(V'\/1-b) :\/1—b\/_—a. (S28)

1-b—+[b(a+b)

left-hand side of Eq. S28

- - - -right-hand side of Eq. S28
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Fig. S21. Analytical calculation of the effective refractive index for the TE polarization in Part I and Part III (a) and in Part II (b) of the
hybrid waveguide structure shown in Fig. S20. The blue solid and red dashed lines plot the values of the left-hand side and right-hand
side of Eq. (S28), respectively. Their intersecting point provides the value of b, which is the solution to Eq. (528).



We apply Eq. (S28) to the hybrid waveguide structure
shown in Fig. S20. The thickness of the LiNbOs layer is 300
nm, the refractive index of SiO:z is 1.44, and the refractive
index of LiNbOs for the TE polarization is 2.21. Therefore,
the normalized frequency for light at 1.55 pm is 2.0387, and
the asymmetry parameter a is 0.3820. As shown in Fig.
S21a, the intersecting point of the blue solid and red dashed
lines provides the solution to Eq. (528), b = 0.414, so we
obtain the propagation constant in Part I and Part III, f1 =
7.2934 x 10° rad/s, and the corresponding effective
refractive index nicrey = 1.7992. With the refractive index of
the resist 1.5429, the effective refractive index for the TE
polarization in Part II can be calculated similarly, yielding
nncre) = 1.8508.

Next, we study the TM polarization with vanishing Hx, Hz,
and E, components. Similar to the treatment for the TE
polarization, we get Hy = hy(z)exp[j(wt — fx)] where

Acos(bz) + Bsin(b,z) 0<z<h
h,(z) =4 Cexp[b,z)] z<0. (S29)
Dexp[-b,, (z—h)] z2h
From the Maxwell equation
VxH=¢gn’0E, (S30)
we can get the Ex component
1 .
E =— 50.h, exp[ j(ax - fBx)]
JwEM
b]BCOj(b]Z) _ b]AsiI;(b]z) 0<z<h
. g . (S31)
_ SR = 0L BC o, z<0.
JOE, n,
—1)‘“+Dexp[—bair(z —h)] z>h

Applying the boundary conditions for H, and Ex at the
interfaces z = 0 and z = h, we arrive at
I’l2 112
niébair + nl2b2]

air 2

bl(
tan(bh) =
bl -

i (S32)
n

2 2
air’ "2

b,b

air
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With the normalized propagation constant b, normalized
frequency V, and asymmetry parameter a defined in Egs.
(S25)-(S27), we obtain the b-V equation for the TM
polarization as

2 2
b n—;\/g+n—'2\/b+a
tan(V\/l —b) = ﬁ%
T 1-b——1/b(b+
2 (b+a)

air’ "2

LiNbOs is an anisotropic material. Its refractive index for
the TM polarization is 2.13. The normalized frequency for
light at 1.55 um is 1.9087. As shown in Fig. S22a, the
intersecting point of the blue solid and red dash lines
provides the solution to Eq. (S33), b = 0.0742, so we obtain
the corresponding effective refractive index in Part I and
Part III, niirmy = 1.5021. The effective refractive index for the
TM polarization in Part II can be calculated similarly,
yielding nucrmy = 1.6548. For clarity purposes, the above
theoretically calculated effective refractive index
distributions are also plotted in Fig. S23 as red solid lines for
both the TE and TM polarizations.

To support the analytical calculation of the effective
refractive indices, we also performed FDTD simulation with
commercial software Lumerical, with the results shown in
Fig. S23 as blue dashed lines for both the TE and TM
polarizations. In simulation, we set the thickness of the
resist layer to be 500 nm which is the actual value in our
fabricated devices. It is clear that the analytical and
simulated results agree very well with each other.

Comparing the Schrodinger equation

(S33)

UMW) = Ep() (534)
with the wave equation
RY(») +1* Wy () =By (), (S35)

it is easy to find that the potential distribution U(y) for
photons is inversely related to the refractive index
distribution n?(y). Therefore, we can calculate the photonic
potential distributions for the hybrid waveguide structure
in Fig. S20 with the results shown in Fig. S24. It is clear that
the TM potential well can support a TM bound mode, which
lies in the spectrum of the TE continuous modes.

left-hand side of Eq. S33

- - - -right-hand side of Eq. S33
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Fig. S22. Analytical calculation of the effective refractive index for the TM polarization in Part I and Part III (a) and in Part II (b) of
the hybrid waveguide structure shown in Fig. S20. The blue solid and red dashed lines plot the values of the left-hand side and right-
hand side of Eq. (S33), respectively. Their intersecting point provides the value of b, which is the solution to Eq. (S33).
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Fig. $23. Effective refractive index distribution of the hybrid
waveguide structure shown in Fig. S20 for both the TE and TM

polarizations.
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Fig. S24. Photonic potential distribution of the hybrid
waveguide structure shown in Fig. S20. The purple and blue
lines plot the potential wells for photons of the TE and TM
polarizations, respectively. The purple region represents the TE
continuous band as it is above the TE potential well. The green
lines represent the TE continuous modes. The red line
represents the TM bound mode which lies in the band of the TE

continuous modes.
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5. Theoretical analysis of the propagation loss

Given the photonic potential distributions, it is intuitively
obvious that the TM bound mode can dissipate into the TE
continuous modes because the TM mode’s eigenenergy is
located inside the continuum of the TE modes. The coupling
process can be described with the following Hamiltonian

[S14]

14

Hlh=Bb"b+> B.cic,+ g, (cib+c,b).  (S36)

Here, b and cm are the annihilation operators of the TM
bound mode and the mth TE continuous mode, respectively,
with s and S the corresponding propagation constants. gm
is the strength of coupling between the TM bound mode and
the mth TE continuous mode.

In order to obtain an analytical expression for the
coupling strength gm, we first study a variant of the hybrid
waveguide structure shown in Fig. S20, where the
LiNbO3/SiO: substrate has a finite width s in the y direction,
as shown in the inset of Fig. S25a. In this variant structure,
the TE continuous modes are actually discretized under the
quantization condition kys = 2tm, and the wave vector along

the y direction is k, = ,nIZ(TE) —nik , where nn is the modal

index of the mth TE continuous mode (nm = fin/ko) and ko is
the wave vector in the vacuum. Figure S25a shows the
numerically solved modal indices of the TE continuous
modes and the TM bound mode as a function of the
substrate width s. When their dispersion curves meet (nm =~
np), we find a crossing when m is odd and an anticrossing
when m is even. This is because the TM bound mode can
contain some E, component due to diffraction at the two
edges of the waveguide. When m is odd, the TM bound mode
is orthogonal to the mth TE continuous mode so their
dispersion curves cross each other without interplay. When
m is even, the nonzero overlap between the modal fields of
the TM bound mode and the TE continuous mode causes
their coupling so their dispersion curves exhibit an
anticrossing.

Due to the modal coupling, the eigenmodes of the hybrid
waveguide are actually the result of hybridization of the TM
bound mode and the TE continuous modes, where the
difference between the modal indices of the new

eigenmodes is 0 =4/4g. +A’ /ko. This means that the

nonzero gm leads to an anticrossing when A ~ 0. As an
example, Fig. S25b shows the detail of the anticrossing
between the TM bound mode and the 16th TE continuous
mode. When the modal indices of the two modes match (nie
= np), the separation between the two eigenmode branches

reaches the minimum (6 = 2g16/ko).
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Fig. S25. (a) Modal indices of the TE continuous modes (red triangles) and TM bound mode (blue dots) as a function of the substrate
width s. (b) Close-up of the anticrossing between the 16th TE continuous mode and the TM bound mode.
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Fig. S26. Radiation channels of the TM bound mode to the TE
continuum.
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Fig. S27. Analytically calculated propagation loss of the TM
bound mode supported by the hybrid waveguide structure
shown in Fig. S20, as a function of the waveguide width w.

Table S2. Parameters for Obtaining the BIC with Different
Methods

Wavelength A Waveguide width w
(um) (um)

Experimental 1.55 1.95

(Fig. 3b)

Numerical 1.55 1.80

(Fig. 3b)

Analytical 1.55 1.97

(Fig. S25)

For structures with a finite substrate width s, the total
coupling strength of the TM bound mode with the mth left-
propagating and right-propagating TE continuous modes
can be expressed as [S14]

i ‘l—e[kt‘w‘
&n=8w 1 >
2W\/§
where f w= /nﬁ(TE)_ n’k,w is the phase difference
between the two interfering coupling channels. g is a

(S37)

constant that can be obtained from numerical simulation.
Equation (S37) unveils the physical mechanism for
eliminating the loss of a bound mode to the continuum:
constructing multiple loss channels and controlling their
phase difference to realize destructive interference between
them.

For structures with an infinite substrate width (s — ©0),
the coupling of the TM bound mode with the TE continuous
modes leads to the Markov system-environment interaction
[S15]. The optical power of the TM bound mode will decay
exponentially as it propagates, I(x) = I(0)e*L. With the
density of the TE continuous modes

pr— (S38)

2 2
Mgy =1
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the decay length L of the TM bound mode can be expressed
as [S14]

2

_ 1 _ w? nIZI(TE) -, ’ (S39)
2g,p  &,sin’(k,w/2) 2n,

where np = f»/ko denotes the modal index of the TM bound
mode. It turns out that L does not depend on the substrate
width s, because the s dependence in gm and p is canceled
out. Therefore, the properties of the TM bound mode for
structures with a finite s should also apply to those with an
infinite s, and thus we can obtain L by solving gm and p for
structures with a finite s.

According to Eq. (539), the decay length of the TM bound
mode can reach infinity (L — oo) for certain waveguide
widths. For structures that satisfy the condition sin(kw/2)
= 0, the power dissipation to the TE continuum is forbidden
because of destructive interference, leading to a
theoretically lossless BIC mode. This phenomenon can also
be understood intuitively with a model shown in Fig. S26:
The loss of the TM bound mode to the TE continuum occurs
at the two waveguide edges. The loss at each edge originates
from the coupling of the TM bound mode with the left-going
(Channels 1 and 3) and right-going (Channels 2 and 4) TE
continuous modes. If the losses via Channels 1 (2) and 3 (4)
interfere destructively and cancel with each other, then the
total loss of the TM bound mode to the TE continuum can be
reduced to zero, leading to a lossless TM bound mode which
is the desired BIC. The inference of losses via Channels 1 (2)
and 3 (4) depends on the phase difference caused by the
finite width of the waveguide, so the BIC can be obtained
just by optimizing the waveguide width w.

To support this theory, we calculated the propagation
loss based on the expression of the decay length L in Eq.
(S39) with the numerically obtained coupling strength.
Figure S27 plots the calculated results for three different
wavelengths A = 1.50, 1.55, and 1.60 pm. They exhibit a
varying trend that is very similar to the experimental and
simulated results shown in Fig. 3b in the main manuscript.
For comparison, Table S2 lists the parameters for obtaining
a BIC mode with different methods. It is clear that the
experimental, numerical, and analytical results all agree
well with each other.
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