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A Bloch surface wave (BSW) confined at the surface of a truncated dielectric multilayer is a low-
loss platform for chip-scale photonic integration. The guided BSW in a dielectric ridge is confined by
the photonic band gap vertically, yet couples into the continuum modes of the multilayered substrate
horizontally. We demonstrate that a low-loss BSW waveguide can be realized with the quasibound BSW
modes in the continuum by engineering the geometric parameters, due to the destructive interference of
multiple leakage channels in the multilayered substrate. In addition, a high-Q BSW resonator is obtained
by optimizing the geometric parameter of the multilayered substrate, which provides an alternative way
to realize ultrasmall resonators with a high-Q factor. The photonic integrated circuits on a low-loss BSW
platform can be utilized for optical communications, enhancing light-matter interactions, and nonlinear

optical applications.
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I. INTRODUCTION

In recent years, photonic integrated circuits (PICs) have
attracted a great deal of attention for their potential appli-
cations in lasing [1,2], nonlinear optics [3,4], and optical
telecommunication [5,6]. The silicon-on-insulator struc-
ture [7] is the most widely used platform for PICs, in
which light is confined by total internal reflection (TIR).
PICs can also be developed based on electromagnetic
surface waves that localize at the interface between the
substrate and surrounding medium [8]. Surface-plasmon
polaritons (SPPs) [9] on metallic film have been regarded
as a potential platform for PICs, but suffer from the intrin-
sic loss of metal, which restricts the scale of integration.
As the dielectric analogue of SPPs, Bloch surface waves
(BSWs) [10,11] confine electromagnetic waves at the top-
most layer of a truncated all-dielectric multilayer through
the mechanism of TIR and the photonic band gap (PBG)
of a one-dimensional photonic crystal (1IDPC). Due to
hybrid confinement, BSWs show surface field enhance-
ment [12], which can help to enhance light-matter interac-
tions [13] and realize high-precision optical sensing [14].
Since BSWs circumvent the intrinsic metallic loss and
have a broad range of working wavelengths, it is widely
anticipated that low-loss PICs could be constructed based
on the BSW platform. However, experimental results for
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BSW waveguides and resonators have not presented any
dramatic reduction of the propagation loss to date [15—17].

The localization of light based on the generalized TIR
mechanism could be equivalent to particle confinement in
a potential well in quantum mechanics due to the sim-
ilarity of the Schrodinger equation and the Helmbholtz
equation [18]. When the generalized TIR condition is
broken, light passes through the boundary and then prop-
agates to infinity, corresponding to the continuum mode,
the eigenenergy of which is above the potential well, and
the wave function spreads to infinity. Nevertheless, light
can be confined with an infinite lifetime in some prop-
erly engineered structures, even though the TIR condition
is not met. This phenomenon relies on a method for light
confinement called bound states in the continuum (BIC)
[19], which was proposed by von Neumann and Wigner
in 1929 [20]. Recently, various types of BIC-based opti-
cal waveguide structures have been developed, including a
symmetry-protected BIC [21], a Fabry-Perot BIC [22,23],
a Friedrich-Wintgen BIC [24,25], and a single-resonance
BIC [26,27]. The first originates from the incompatible
symmetry of the bound and continuum modes. The last
three are attributed to destructive interference between
multiple continuum modes.

Here, we investigate the lateral leakage loss arising
from the coupling between the bound surface mode and
the continuums within the truncated 1DPC. We demon-
strate that the leakage loss can be greatly inhibited by
the BIC mechanism to diminish the propagation loss of
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a BSW waveguide and resonator. First, the Bloch modes
of a finite dielectric multilayer are discussed by solving
the transfer-matrix problem [28]. Second, a waveguide on
a single-binary-layer substrate is analyzed, and leakage
loss can be eliminated by elaborately designing the device
to realize the BIC state for the guided mode. Third, the
leakage loss of a BSW waveguide on the truncated 1DPC
is investigated by considering the destructive interference
of multiple leakage channels, and the quasi-BIC guided
mode is obtained by engineering the geometric parameters.
Finally, a high-Q BSW resonator is also introduced by fab-
ricating a disk on top of the multilayered substrate, and the
Q factor is optimized by comprehensive consideration of
bending loss and leakage loss.

II. BLOCH MODE OF ALTERNATING
MULTILAYER

Figure 1(a) illustrates a schematic of the truncated pho-
tonic multilayer structure. The periodic binary photonic
multilayer is composed of N pairs of alternating SiO,
layers (refractive index n, = 1.46) with thickness d, and
Si3Ny layers (n, = 2.14) with thickness dj. The multilayer
is deposited on Si0O, substrate and covered by an additional
SizNy4 film with fixed thickness of 2 = 90 nm. The device
is surrounded by air. The electromagnetic wave in the
multilayer propagating along the y axis can be expressed
as E(z)e "ek0y for the electric field and H(z)e efkoy
for the magnetic field, in which n.y denotes the effective

refractive index. Thus, polarization of the eigenmodes can
be classified as TE modes with E parallel to the x axis and
TM modes with H parallel to the x axis. In the follow-
ing, we focus on a working wavelength of A = 532 nm
and analyze the eigenmodes by solving the electromag-
netic eigenvalue problem via the transfer-matrix method
(TMM). Without loss of generality, the effective refractive
index is calculated under the assumption of d, = 250 nm.

We start the investigation from the simplest multilayer
structure of single alternating layers (N = 1) covered by
the additional SizN4 film. We term the electromagnetic
mode spreading over the multilayer as an internal mode
and the one localized by the topmost layer as the sur-
face mode. As shown in Fig. 1(b), the effective refractive
index of internal modes (dotted lines) strongly depends on
thickness dj,, while the effective refractive index of the TE
surface mode (black solid line) remains almost constant.
The anticrossing behavior when the effective refractive
indices of TE internal and surface modes approach each
other indicates strong coupling between them. The dis-
persion curve of the TE surface mode crossing directly
over that of the TM internal mode implies no coupling
between the two modes because of the polarization orthog-
onality. Another important thing that should be noted is
the different parity of the TE surface mode when d, is
smaller or larger than the resonant thickness (the anticross-
ing point). The electric field of the TE surface mode is
even for d, = 65 nm [left inset of Fig. 1(b)] and odd for
dp = 85 nm [right inset of Fig. 1(b)].

FIG. 1. Blochmode of alternating
multilayers. (a) Schematic illustra-
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The dispersion relation of internal modes develops into
the photonic band structure for the periodic binary multi-
layer with infinite stacking pairs (N — 00), which is also
known as the 1DPC. According to the Bloch theorem [10],
the electric field of the Bloch mode is periodic, as follows:

E@z+ A) = KBVAE(2), (1)

Here, the period is defined as A =d, +d, and Kpw
denotes the Bloch wave vector. Instead of a real Bloch
wave vector for a propagating Bloch wave in the pho-
tonic bands, the Bloch wave in the PBGs is evanescent
with a complex wave vector, Kpw = amw/A + iKé“\}v, where
integer « is the PBG index. Although an ideal 1DPC
has infinite pairs of alternating layers, the real 1DPC
sample is commonly fabricated by depositing finite lay-
ers alternatingly on a substrate. Figure 1(c) presents the
effective refractive indices of BSWs in the finite (red cir-
cles) and semi-infinite (black solid line) multilayers with
d, = 85 nm. Fortunately, we find that the effective refrac-
tive index of the BSW in the finite multilayer quickly
approaches that of a semi-infinite multilayer while increas-
ing the number of stacking pairs. It is reasonable to neglect
the difference between the BSW mode in the semifinite
multilayer and that in the finite multilayer with N = 5; this
structure is utilized in the following calculations.

Figure 1(d) shows the effective refractive index of TE
and TM Bloch modes in the finite multilayer (N = 5) as a
function of thickness dj. The violet (blue) zone denotes the
zeroth TE (TM) photonic band, and the white zones above
and below it denote the zeroth and first TE (TM) PBGs,
respectively. The dispersion curve of the BSW (black solid
line) is located in the PBGs and above the light line in air
(negr > 1), implying that the electromagnetic field is evanes-
cent in both the multilayer and air. At the edges of the
TE photonic band, strong coupling between the TE BSW
and photonic band leads to anticrossing. The dispersion
line of the TE BSW crosses the TM photonic band with-
out interaction due to polarization orthogonality between
them. The electric field of the TE BSW decays in adjacent
layer pairs by a factor of (—1)%e~K8WA, which indicates
that parity of the BSW field in adjacent layer pairs is deter-
mined by the PBG index. As presented in the left and right
insets of Fig. 1(d), the electric field distribution of the TE
BSW in adjacent layer pairs is even for d, = 65 nm (zeroth
TE PBG, @ = 0) and odd for d, = 85 nm (first TE PBG,
o = 1), indicating that there is a r-phase reversal between
the fields in adjacent layer pairs for the TE BSW in the first
TE PBG [right inset of Fig. 1(d)] and no phase difference
for that in the zeroth TE PBG [left inset of Fig. 1(d)]. In
the above discussion, we investigate only the eigenmodes
under variation of thickness dj. Actually, thickness d,, also
has an effect on the eigenmodes and band structure [10],
but it does not make the dispersion line of the BSW cross

over the photonic bands, which does not contribute to the
following discussion.

I1I. WAVEGUIDE BASED ON SINGLE BINARY
LAYER

A. Eigenmodes of waveguide on single binary layer

A ridge waveguide on a substrate of a single binary
layer is first investigated to illustrate how the BIC mech-
anism inhibits the leakage loss of the BSW-guided mode.
Figure 2(a) illustrates the schematic waveguide structure:
a Si3Ny4 ridge with width w and fixed thickness # = 90 nm
is deposited on a single binary layer (N = 1). The cross
section of the waveguide structure can be divided into two
different regions: region R2 is covered by the SizNy ridge
and region R1 is without the additional top SizNy4 layer.
Figure 2(b) shows the effective-refractive-index distribu-
tion for light propagating along the ridge waveguide on the
single binary layer with d, = 250 nm and d, = 100 nm.
The effective refractive indices of the internal modes are
calculated to be ngi jntE(TM) = 1.777(1.619) in region R1
and ngy in, TE(TM) = 1.778(1.625) in region R2 for TE (TM)
polarization. The TE surface mode exists only in region R2
with an effective refractive index of ngy gt = 1.69. The
continuum modes in the x direction for the TE (TM) inter-
nal mode is below 7z in, TE(TM)- The SizNy4 ridge induces a
different effective refractive index of eigenmodes between
regions R1 and R2, which gives rise to the TE bound
surface mode (eigenmode of the waveguide). When the
effective refractive index of the bound surface mode is less
than that of TE (TM) internal modes, the bound mode lies
within the spectrum of the TE (TM) continuum on the x
axis. Figure 2(c) shows the normalized electric field distri-
bution of the fundamental TE bound surface mode. Besides
the dominant component £, the other two components are
also nonzero, owing to light confinement in the x direction.
Furthermore, it can be observed in Fig. 2(c) that the parity
of E, is even in the x direction while those of E, and E.
are odd.

B. Lateral leakage of bound surface mode in the TE
continuum

As shown in Fig. 2(b), the bound surface mode lies
within the TE continuum. Therefore, coupling between
the bound surface mode and the TE continuum mode
with phase matching could result in significant lateral
leakage. To calculate the coupling strength between the
bound mode and continuum quantitatively, a variant of
the waveguide is first studied in which the binary layer
substrate has a finite width s [left inset of Fig. 2(d)].
The coupling strength depends on the width of the sub-
strate, which is analogous to the non-Markovian inter-
action between the system and finite environment [29].
Because of the finite substrate width, TE continuums are
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FIG. 2. Eigenmodes in a waveguide based on a single binary layer and coupling between the bound surface mode and the discrete
internal mode. (a) Schematic illustration of a waveguide on a substrate of a single binary layer. (b) Effective-refractive-index distri-
bution of eigenmodes propagating along the y axis, where violet and white zones denote regions R2 and R1, respectively. (c) Electric
field distribution of TE bound surface mode. (d) Effective refractive index of TE bound surface mode (black solid line) and TE dis-
crete internal modes (red dotted lines) versus substrate width, s, calculated by FDFD. Left inset of (d) schematically illustrates the
waveguide on the finitely wide substrate. Right inset of (d) depicts the coupling strength between the TE bound surface mode and the
TE discrete internal mode versus substrate width, s, and the fitting curve of 1/./s. In calculations, waveguide width, w_is 1 um, and

thicknesses d, and d}, are fixed at 250 and 100 nm, respectively.

quantized to discrete internal modes under the condition of

\/’ﬁel,im,TE - (niiis,TE)szS ~ jr, where njy rp is the effec-
tive refractive index of the jth TE discrete internal mode.
Figure 2(d) shows the effective refractive indices of the
TE bound surface mode (black solid line) and TE discrete
internal modes (red dotted lines) versus substrate width s
with waveguide width w fixed at 1 um, which is calcu-
lated by the full-vector finite-difference frequency-domain
(FDFD) method (Ansys Lumerical, Inc) [30]. A perfectly
matched layer boundary is employed for leakage absorp-
tion and loss calculations in the FDFD calculations. Since
the horizontal field component, E,, of the TE bound sur-
face mode is even in the x direction, the bound mode can
only couple with the TE discrete internal modes of the

same parity due to their nonzero field overlap. The parity of
the jth TE discrete internal mode in the x direction is odd
(even) when j is even (odd). Hence, the dispersion curves
exhibit crossing without interplay for even j and anticross-
ing for odd j due to coupling when the two modes are
near resonance (Mpound ~ n’dis’TE). The effective-refractive-
index difference between the hybrid eigenmodes is

s = \/ 4(gre/ko)* + (Mbound — n’diS’TE)z. The coupling
strength, g7g, between the bound mode and j th TE discrete
internal mode can be obtained by the minimum splitting of
mode indices, grg = Sminko/2, which is determined by the
overlapping integral between the normalized field distribu-
tion of the bound surface mode, E,,, and discrete internal
mode, E;, [29],

ko

2Mpound

8TE =

\/// (Esur)* (Aggyr) - Einedxdz // (Eint) " (Agint) - Equrdxdz.

@

014064-4



LOW-LOSS PHOTONIC ...

PHYS. REV. APPLIED 16, 014064 (2021)

Here, Aé&grny is the relative permittivity difference caused
by the ridge (binary layer). The amplitude of the normal-
ized electric field, E;y, is proportional to 1/4/s, leading to
the same dependence of coupling strength, grg, on the sub-
strate width, s, which is in excellent agreement with the
curve fitted by 1/./s [right inset of Fig. 2(d)].

The width of the ridge, w, is another critical param-
eter to determine the coupling strength, grg. The bound
mode dissipates to left-going and right-going TE contin-
uum modes in two channels from both side edges of the
waveguide. Considering the phase difference arising from
propagation over the waveguide (i.e., krgcw) and scatter-
ing at the side edges (i.e., ¢1r) [31], a phase difference of
ktexw + @rE 1s induced between the two channels, where

krex = \/m%. Consequently, the coupling

strength can be written as

|1 4 ekTExw+eTE) |

8TE ~ CTE > (3)
24/ sw3
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where crg is a constant mainly determined by the over-
lapping integral over variable z, and the factor of 1/ Vw?
stems from field overlap in the x direction [inset of
Fig. 3(a)]. Equation (3) illustrates the underlying physics
of the BIC mechanism: the coupling strength vanishes
when (ktgxw + @rE)/7 is odd, corresponding to destruc-
tive interference of the two loss channels. Figure 3(a)
shows the normalized coupling strength (/sgrg) between
the bound mode and 21st TE discrete internal mode,
depending on the waveguide width, obtained from FDFD-
calculated splitting (red circles). The coupling strength
approaches zero at some specific widths because of
destructive interference between the continuum modes
arising from both side edges of the waveguide. The ana-
lytical curve [black solid line in Fig. 3(a)], calculated from
Eq. (3), agrees well with the numerical data obtained by
FDFD.

For an infinitely wide substrate, lateral leakage of the
bound mode into the continuum mode can be calculated by
the model of the Markov system-environment interaction
[29]. The leakage loss caused by the TE continuum mode
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Lateral leakage of bound surface mode in the TE continuum. (a) Normalized coupling strength between the TE bound

surface mode and 21st TE discrete internal mode versus waveguide width w calculated by using both Eq. (3) (black solid line) and
FDFD (red circles). Inset depicts normalized coupling strength versus waveguide width w at constructive interference condition [i.e.,
(krexw + @1E) /7 is even] and the fitting curve of 1/ Vw3, (b) Leakage loss of TE bound surface mode versus waveguide width w
calculated by using both Eq. (6) (black solid line) and FDFD (red dotted line). Electric field distribution on log) scale of (c) ordinary
mode (w = 1 um) and (d) BIC mode (w = 1.325 pum) indicated, respectively, by points ¢ and d in (b). In calculations, thicknesses d,

and dj are fixed at 250 and 100 nm, respectively.
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can be expressed as

20

Ltg = — 2 y 4
TE 1n(10)gTEPTE 4)
where prg is the density of the TE continuum modes:
SMbound
PTE & = (5)

2 2
2\/ MR1,int, TE — Mbound

Substituting Egs. (3) and (5) into Eq. (4), the leakage loss
can be written as

o 10c3;cos?[(krexw + ¢1E) /2]
e In(10)w?

Nbound

2 2
\/ "R1,int, TE ~ ?bound

(6)

As shown in Fig. 3(b), the leakage loss under varying
waveguide widths is calculated analytically according to
Eq. (6) (black solid line), which is in perfect coincidence
with the numerical simulation by FDFD (red dotted line).

Point d in Fig. 3(b) (w = 1.325 um) indicates the BIC
mode corresponding to zero leakage due to destructive
interference. The BIC mode is corroborated intuitively by
the electric field distribution, as shown in Fig. 3(d). As
a comparison, Fig. 3(c) gives the electric field distribu-
tion corresponding to point ¢ in Fig. 3(b) (w =1 um). It
is clearly seen that the electromagnetic field of the BIC
mode is well confined by the ridge without any leakage
[Fig. 3(d)], while the ordinary guided mode leaks dramat-
ically into the TE continuum mode within the substrate

[Fig. 3(c)].

C. Lateral leakage of bound surface mode in both TE
and TM continuums

Figure 4(a) shows the effective-refractive-index distri-
bution of the waveguide on a single binary layer with dj, =
146.5 nm, in which the TE bound surface mode couples
not only to the TE continuum but also to the TM continuum
due to depolarization at the ridge corners (i.e., nonzero E.).
It is worth noting that the odd parity of electric field com-
ponent E, in the x direction [Fig. 2(c)] introduces an extra
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FIG. 4. Lateral leakage of bound surface mode in both TE and TM continuums. (a) Effective-refractive-index distribution of eigen-
modes propagating along the y axis in a waveguide on a substrate of a single binary layer. Analytical and FDFD-calculated normalized
coupling strength between the TE bound surface mode and (b) 21st TE discrete internal mode and (c) 16th TM discrete internal mode
versus waveguide width w. (d) Leakage loss of TE bound surface mode versus waveguide width w calculated by using both Eq. (8)
(black solid line) and FDFD (red dotted line). Electric field distribution on log;q scale of (e) quasi-BIC mode (w = 0.88 um) and (f)
BIC mode (w = 2.17 um) indicated, respectively, by points e and /* in (d). In calculations, thicknesses d, and d are fixed at 250 and

146.5 nm, respectively.
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m-phase difference between the left-going and right-going
TM continuums. Hence, the coupling strength between
the TE bound mode and the TM continuum (gry) can be
written as

|1 — ehrvawtomm)|

()

gT™ ~ CTM
24/ sw3

Figures 4(b) and 4(c) present the normalized coupling
strengths, depending on the waveguide width, that are
calculated analytically (black solid line) and simulated
by FDFD (red circles) for TE bound mode-TE contin-
uum coupling (4/sgrg) and TE bound mode-TM contin-
uum coupling (y/sgrm), respectively. Although coupling
between the modes under the same polarization is a little
stronger, the coupling between the TE bound mode and
the TM continuum cannot be ignored. Consequently, the
leakage loss is caused by both TE and TM continuums:

Liat = Lte + Ltm. )]

Here, the loss caused by the TE continuum, Ltg, is given
by Eq. (6) and the loss caused by the TM continuum, Ly,
can be expressed as

_10c3ysin’[(krvew + o1u) /2]

L
™ In(10)w?

Npound

X . 9)
2 2
\/ MR1,int,TM ~ Pbound

Figure 4(d) shows the leakage loss as a function of the
waveguide width calculated analytically by Eq. (8) (black
solid line) and numerically by FDFD (red dotted line).
Since the TE bound mode-TE continuum coupling dom-
inates leakage loss, the loss curve presented in Fig. 4(d)
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has a similar profile to the curve of coupling strength
drawn in Fig. 4(b), except for some details related to the
BIC mode. Because the destructive interference is real-
ized for the TE and TM continuums independently, the
rigorous BIC mode is only obtained when Ltg = 0 and
Lty = 0 simultaneously, that is, (ktgxw + ¢re)/7 is odd
and (krmxw + @1Mm) /7 is even. For instance, point f (w =
2.17 pm) in Fig. 4(d) indicates a BIC mode, for which
both TE and TM leakage are forbidden, and the electro-
magnetic field is well confined by the ridge waveguide
[Fig. 4(f)]. However, the cancellation of TE or TM radia-
tion commonly occurs under different ridge widths because
of different wave vectors for the two orthogonal polar-
izations. Hence, leakage loss reaches nonzero minimums
near the zero points of grg, leading to quasi-BIC modes
with finite propagation length. The field distribution of the
quasi-BIC mode indicated by point e in Fig. 4(d) (w =
0.88 um) is illustrated in Fig. 4(e), in which slight TM
radiation can be observed when the main electromagnetic
lobe is confined by the ridge.

IV. BSW WAVEGUIDE

A. Lateral leakage of bound BSW mode in the TE
continuum

Figure 5(a) illustrates the BSW waveguide, which is
composed of a SizNy ridge on top of a truncated 1DPC
substrate. Compared with the bound surface mode dis-
cussed in Sec. III, the bound BSW mode is protected
robustly by the PBG instead of TIR in the vertical direc-
tion, free from substrate impact. The continuous photonic
band of the 1DPC is quantized to multiple internal modes
because of truncation. If the bound BSW modes intro-
duced by the ridge waveguide lie within the continuum
of photonic bands, such as modes indicated by points a
and b in Fig. 5(b), the coupling between them leads to

(b)
% 2.0 :
) TE photonic band
£19¢ TM photonic band
2
© 18}
o
® 4 _ a b TE BSW |
® O O
=
16
@
iy
1.5 : -
0.05 0.10 0.15 0.20

Thickness db (um)

Schematic of BSW waveguide and photonic band structure. (a) Schematic illustration of a BSW waveguide on multilayered

substrate. (b) Photonic band structure of ideal 1DPC versus thickness d}, calculated by using TMM. Violet (blue) zone denotes zeroth
TE (TM) photonic band, and white zone denotes PBG. Black solid line denotes TE BSW mode within region R2. TE bound BSW
mode indicated by point a (d, = 100 nm) lies on the TE continuum and that indicated by point b (d = 146.5 nm) lies on TE and TM
continuums simultaneously. In calculations, thickness d, is fixed at 250 nm.
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leakage loss for the guided BSW mode. The coupling sce-
nario for the BSW waveguide here is very similar to what
happens in the waveguide based on a single binary layer,
as discussed above, except that more intrinsic modes of
the 1DPC substrate are involved. Considering the orthog-
onality among the TE internal modes in the TE photonic
band, the entire leakage loss of the bound BSW mode is
calculated by superposing the leakage loss to all involved
leakage channels, which can be written as

20
~ In(10)

Ltg (10)

2
Zm (8Tr)" PTE-

Here, the coupling strength,

i(K
g’" ~ " |1+el( TEv"w+wTE)|
TE N CTE /o

is in the same expression as Eq. (3), and

S7bound

m 2 .2
2\/(an ,int,TE) “Moound

m
OTE

is the density for the continuums of the mth TE inter-
nal mode, which is the same as that of Eq. (5). When
N approaches infinity, the leakage loss is rewritten in the

form of integration, Lt = % Joand (@FePin.TE) PTEANCS,
where pin g 1S the density of the TE internal modes.
Despite the same photonic band, leakage to differ-
ent internal modes has variable contributions to loss
because the coupling coefficient, cT, and the density
of the TE internal modes, pinTE, are quite different for
every internal mode. As shown in Figs. 6(a)-6(c), the
coupling coefficient, cfy; the density of the TE inter-
nal mode, pinE; and the weight coefficient of C%E,oim,TE
are given for multilayered substrates with different layer
pairsof N =1, 5, 10, 20, 500, as calculated according to
Eq. (2), by employing an approximation called the effec-
tive index method (EIM) [32]. The coupling coefficient and
weight coefficient individually converge to a line approxi-
mately described by the numerical result of N = 500 as N
approaches infinity. The leakage loss to the overall pho-
tonic band can be weighted by the coefficient C’-er,Oim’TE
without consideration of the BIC mechanism, and the pro-
file of the weight coefficient is mainly determined by the
coupling coefficient, cT. Although the density of TE inter-
nal modes, pinTE, 1S significantly larger near the band
edges [Fig. 6(b)], the total loss is mainly determined by
loss to intermediate modes in the photonic band [Fig. 6(c)].
The most important effect introduced by the broad
photonic band is derivation of the wave vectors, At .,
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FIG. 6. Lateral leakage of bound BSW mode in the TE continuum. (a) Normalized coupling coefficient, (b) normalized density of

TE internal modes, and (c) weight coefficient versus effective refractive index of internal modes. Violet dashed lines in (a)—(c) indicate
edges of the zeroth TE photonic band. Leakage loss versus waveguide width w for waveguide on multilayered substrates of N = 1, 5,
as calculated by using both (d) Eq. (10) and (e) FDFD. Electric field distribution on log; scale of (f) ordinary mode (w = 1 um)
and (g) quasi-BIC mode (w = 1.38 um) indicated, respectively, by points f and g in (d),(e). Point % in (d),(e) indicates BIC mode
(w = 1.325 um) in the waveguide on the substrate of a single binary layer. In calculations, thicknesses d, and d, are fixed at 250 and
100 nm, respectively.
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leading to the inconsistency of the BIC condition for dif-
ferent internal modes. Consequently, the leakage loss of
the BSW waveguide can be suppressed but not eliminated
completely. Figure 6(d) presents the analytical leakage
loss of the BSW waveguide with d, = 100 nm [point a
in Fig. 5(b)], depending on the waveguide width calcu-
lated according to Eq. (10) (black solid line). The partially
destructive interference causes the overall leakage to be
suppressed under the BIC condition. In contrast to a BIC
in the waveguide on a single binary layer (red dotted line),
the minimum loss of the bound BSW mode is nonzero,
leading to quasi-BICs, which is confirmed by the FDFD
result shown in Fig. 6(e). It is notable that the peak posi-
tion of the weight coefficient for the multilayer does not
correspond to the effective refractive index of the single
binary layer [triangle in Fig. 6(c)]. As a result, the waveg-
uide width of the BSW waveguide for the quasi-BIC [e.g.,
point g in Figs. 6(d) and 6(e)] is slightly larger than that of
the corresponding BIC in a waveguide on a single binary
layer [e.g., point % in Figs. 6(d) and 6(e)].

Point g in Figs. 6(d) and 6(e) (w = 1.38 um) indicates
the quasi-BIC of a guided BSW, for which the majority
of leakage is canceled out, owing to destructive interfer-
ence [Fig. 6(g)]. The FDFD-calculated leakage loss of
the quasi-BIC is as low as 6.41 dB/cm. As a comparison,
Fig. 6(f) shows the electric field distribution of an ordi-
nary guided mode, corresponding to point f in Figs. 6(d)
and 6(e) (w = 1 um), the leakage loss of which is remark-
ably large (Ltg = 162.8 dB/cm). As shown in Fig. 6(f),
the leaky wave is a superposition of multiple TE inter-
nal modes, exhibiting the periodic field profile in the
horizontal direction.

B. Low-loss bound BSW mode in both TE and TM
continuums

Similar to the situation discussed in Sec. III C, the TE
bound BSW mode lying in the continuum of both TE and

(@ 12
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FIG. 7.

TM photonic bands [point » in Fig. 5(b)] will leak into
both continuums because of depolarization at the ridge cor-
ners. Figure 7(a) presents the leakage loss of the BSW
waveguide with d, = 146.5 nm [point b in Fig. 5(b)] under
varying waveguide widths calculated by using FDFD. It
is noticed that the leakage loss curve of the bound BSW
mode (N = 5, black solid line) and the bound surface
mode (N = 1, red dotted line) resemble each other some-
what in the profile, but the minimum leakage loss under
the BIC condition is nonzero for the bound BSW mode
because of multiple internal modes in the expanded pho-
tonic band. As shown in the inset violet box in Fig. 7(a),
the quasi-BIC mode renders a very tiny leakage loss of
3.41 x 1072 dB/cm [point g in the inset of Fig. 7(a)],
which is 2 orders of magnitude lower than that of the
quasi-BIC mode, as indicated by point g in Fig. 6(e).

As previously discussed, the bandwidth of the photonic
band is a critical factor to diminish leakage loss of the
quasi-BIC mode, which can be modified via varying the
geometric parameters of the 1DPC. Figure 7(b) depicts
the bandwidth of the zeroth TE and TM photonic bands
under varying thicknesses of d, and dj. Increasing the
thicknesses of either layer in the binary cell can narrow
the photonic bands, and hence, benefits the degeneracy of
the cancellation point for all internal modes in individ-
ual bands to achieve a low-loss quasi-BIC mode. Owing
to the quasidegeneracy of multiple internal modes in the
multilayered substrate of d, = 146.5 nm, a low-loss bound
BSW mode appears under the BIC condition [point g in the
inset of Fig. 7(a)].

Therefore, a low-loss BSW waveguide can be designed
in accordance with the following procedure. First, the
simultaneous destructive interference of multiple orthog-
onal leakage channels (i.e., continuum of all participat-
ing TE and TM photonic bands) is a prerequisite, which
is more sophisticated as the channel number increases;
then, the multilayered substrate is designed with a narrow
photonic band to enhance the degeneracy of cancellation

(b) 200 045
= .
£ 150 0.10
<° 0.05

100t
200 03
= .
£ 150 0.2
<° 0.1
100t
150 200 250
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Low-loss bound BSW mode in both TE and TM continuums. (a) Leakage loss versus waveguide width w for a waveguide

on multilayered substrates of N = 1, 5 calculated by using FDFD, in which thicknesses d, and d, are fixed at 250 and 146.5 nm,
respectively. Inset depicts logjg-scale plot of the violet box, where point g indicates the low-loss bound BSW mode (quasi-BIC)
with w = 2.17 um. (b) Bandwidth of the zeroth TE (upper inset) and TM (lower inset) photonic bands versus thicknesses d, and d

calculated by using TMM.
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points for all internal modes in individual bands, consoli-
dating the elimination of leakage. Following this guidance,
a BSW waveguide is designed with d, = 350 nm, d;, =
166 nm, and w = 0.801 pm, for instance. The leakage loss
of the low-loss bound BSW mode in this waveguide can be
simulated to be as low as 3.79 x 107> dB/cm, which is sig-
nificantly lower than the reported work with a loss of about
310 dB/cm [16].

V. BSW RESONATOR

A. Lateral leakage of BSW whispering gallery mode in
both TE and TM continuums

Figure 8(a) schematically illustrates the proposed BSW
resonator composed of a Si3Ny microdisk with radius
R deposited on a multilayered substrate. The thickness
of the disk is fixed at # = 90 nm in the following dis-
cussion. Similar to the leakage scenario of the BSW
waveguide discussed above, the BSW whispering gallery
mode (WGM) also inevitably couples to the cylindrical
continuums within the substrate, causing lateral leakage
and introducing an extra loss channel for the BSW res-
onator. The intrinsic loss of a conventional disk resonator
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FIG. 8.

generally consists of bending loss, material absorption, and
scattering loss. Here, we neglect material absorption and
scattering loss for the sake of simplicity, then the Q factor
of the BSW resonator can be expressed as

1 _ 1 n 1
Opsw  Ord Ot

Here, the bending loss, O.4, represents leakage of the
WGM into the freely propagating light wave and the lat-
eral leakage, Oy, is related to the continuum mode of the
multilayered substrate.

First, we investigate lateral leakage in the resonator on
a substrate of a single binary layer. The WGM in such
a resonator occurs when the TE surface electromagnetic
wave circumnavigates around the edge of the SizN,4 disk
[Fig. 8(b)]. The electric field of the TE surface WGM is
localized near the edge of the disk, which can be expressed
as E = E(r,z)€"” in the cylindrical coordinate (r,¢,z).
Here, g is the azimuthal mode index denoting propaga-
tion. As shown in Fig. 8(c), the WGM dissipating to the
continuums can be classified as an outer channel, #;. (blue
dashed line), and an inner channel, ;. (red dashed line),
with phase matching due to scattering at the disk edge
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Lateral leakage of BSW whispering gallery mode in both TE and TM continuums. (a) Schematic illustration of a BSW

resonator on multilayered substrate. (b) Magnetic field distribution of TE surface WGM (N = 1) with ¢ = 38 in SizNy disk. (¢)
Schematic illustration of WGM coupled to double-leakage channels in BSW resonator. (d) Analytical leakage loss of TE surface WGM
versus disk radius, R calculated by using Eq. (12). (e) Q factor versus disk radius, R, for a resonator on a substrate of homogeneous
medium and multilayered substrates of N = 1, 5 calculated by using FDFD. Violet zone in (d),(e) indicates the radius range in which
bending loss is over 1 order of magnitude lower than leakage loss. Magnetic field distribution on log;g scale for (f) quasi-BIC WGM
(R = 8.1 um) and (g) ordinary WGM (R = 10.5 um) indicated, respectively, by points / and g in (d). In calculations, thicknesses d,

and d}, are fixed at 250 and 125 nm, respectively.
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[33]. The leakage loss can be obtained from the amplitude
of the leaky wave at the boundary of the disk, which is
the coherent superposition of two leakage channels. Since
the coupling between the TE WGM and the TE contin-
uum is stronger than that between the TE WGM and the
TM continuum, the leakage loss is dominated by the TE
continuum [27]:

Lia oJy (g1 imtEKOR)?. (12)

Here, J, (x) is the gth Bessel function. The criterion for the
formation of the quasi-BIC mode is zero amplitude of TE
leakage at the boundary of the disk, J, (g1 ini,TEKOR) =0,
which is achieved by destructive interference between two
leakage channels.

The quasi-BIC WGM is illustrated by calculating the
leakage loss of a resonator on a substrate of a single binary
layer with geometric parameters of d, = 250 nm and dj, =
125 nm. We focus on the radius range of R > 5.5 um [vio-
let zones in Figs. 8(d) and 8(e)], where the bending loss
can be neglected (i.e., over 1 order of magnitude lower
than the leakage loss). Figure 8(d) depicts the leakage loss
calculated analytically by using Eq. (12), in which the
leakage loss resonates and goes to zero quasiperiodically
with respect to the disk radius. As shown in Fig. 8(e), the
numerical Q factor calculated by FDFD (red dotted line)
varies consistently with the analytical leakage loss, reach-
ing maximums at zero points of leakage loss. The peak O
factor is determined by the slight loss arising from the TM
lateral leakage, leading to quasi-BIC modes.

Point f* in Fig. 8(d) (R = 8.1 um) indicates the quasi-
BIC mode, for which TE leakage is eliminated and
the electromagnetic field is well confined by the disk
[Fig. 8(f)]. On the contrary, Fig. 8(g) gives the magnetic
field distribution corresponding to point g in Fig. 8(d)
(R = 10.5 pum), in which the ordinary WGM exhibits sig-
nificant leakage to the TE continuum within the substrate.
Owing to the quasidegeneracy of multiple internal modes
in the photonic band, quasiperiodic peaks of the Q factor
still appear at proper radiuses that fulfill the BIC condi-
tion in the BSW resonator (black solid line), as shown in
Fig. 8(e), validating that the BIC mechanism still works.
Meanwhile, the valley and peak points of leakage loss
related to multiple nondegenerate continuum modes are
separate from each other, leading to a slight decrease for
the peak values of the Q factor and an increase for the val-
ley values compared with those of a resonator on a single
binary layer.

B. High-Q BSW resonator

For the radius range of R < 5.5 um [white zones in
Figs. 8(d) and 8(e)], bending radiation and lateral leak-
age should be considered simultaneously because they are
comparable in intensity. An intriguing phenomenon can
be observed in Fig. 8(e) that the Q factor of the BSW

resonator is enhanced compared with that of a conventional
resonator (N = 0) within the radius range of R < 4.4 pum,
even though it has one more loss channel. Since the par-
ity of the electromagnetic field in adjacent layer pairs for
the TE BSW within the first PBG is odd, the initial field
of bending radiations occurring at adjacent layer pairs are
opposite in sign and different in amplitude, and then they
have partially destructive interference in the field-overlap
region, which suppresses bending loss and results in an
enhancement of the overall Q factor. To interpret this phe-
nomenon intuitively, the electric field distribution of the
TE WGM in resonators with R = 4 um are depicted, based
on the substrate of a homogeneous medium [Fig. 9(a)] and
multilayered substrates [Figs. 9(b) and 9(c)] for which the
BIC condition is satisfied. Lateral leakage in the last two
vanishes owing to the BIC mechanism. Moreover, com-
pared with the conventional resonator [Fig. 9(a)], bending
radiation is significantly weaker in the resonator on a single
binary layer [Fig. 9(b)] and further down in the BSW res-
onator [Fig. 9(c)], which clearly validates the suppression
of bending loss.

To obtain a high-O BSW resonator, the two loss chan-
nels, with essentially different mechanisms, should be
considered comprehensively. For a resonator with a fixed
radius, the geometric parameters of a multilayered sub-
strate are key parameters to optimize to maximize the
overall Q factor. The thickness dj is adjusted to enable
the effective refractive index of the photonic band to sat-
isfy the BIC condition [Eq. (12)] to guarantee that the Q
factor is nearly at a maximum. Then, the thickness d, is
adjusted to an appropriate value that equilibrates bend-
ing loss and leakage loss to maximize the peak value,
realizing a considerable Q factor. Hence, scanning of the
geometric parameters of the multilayer is performed to
obtain the optimal parameters. For instance, Fig. 9(d)
presents the scanning result for the BSW resonator with
R =4 um. A sharp peak of the Q factor formed under
varying thicknesses of dj, can be observed in Fig. 9(d),
corresponding to the BIC mechanism. The maximum Q
factor (Opsw = 1.9 x 10°) is obtained at the black circle in
Fig. 9(d) (i.e., d, = 276 nm, d, = 119 nm), rendering a Q-
factor enhancement of 12.8 dB with respect to that of the
corresponding conventional resonator (Q¢ = 9.96 x 10°).
Furthermore, scanning is performed for the BSW resonator
under varying radiuses. As shown in Fig. 9(e), the O factor
remains enhanced in the optimized BSW resonator within
a wide range of radiuses.

Another important parameter that measures the perfor-
mance of the resonator is the Purcell factor [F = (3/47?)
/M /n)], which determines the enhancement of
emission mediated by the resonator. Here, V' is the effec-
tive mode volume. For instance, the effective mode volume
of the optimized BSW resonator with R = 4 um is simu-
lated to be Vgw = 0.3608 um?, which is approximately
equal to that of the corresponding conventional resonator
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(Ve = 0.3664 um?). Owing to the considerable Q-factor
enhancement, the Purcell factor of the optimized BSW res-
onator is significantly large, Fgsw = 614.8, and about 19
times larger than that of the corresponding conventional
resonator (F¢c = 31.7).

VI. CONCLUSION

We investigate the lateral leakage loss arising from cou-
pling between the bound surface mode and the continuums
within the truncated 1DPC. For the waveguide on a single-
binary-layer substrate, lateral leakage can be eliminated
by elaborate design due to the simultaneous destructive
interference of TE and TM continuums, realizing a BIC
mode with an infinite propagation length. Only a quasi-
BIC mode can be obtained in the BSW waveguide, owing
to the narrow broadening of the photonic band, realizing
a low-loss BSW waveguide with an intrinsic propagation
loss of 3.79 x 107> dB/cm. The BSW resonator is opti-
mized to maximize the Q factor under the comprehensive
consideration of both bending loss and lateral leakage,
realizing an enhancement of 12.8 dB for both the QO factor
and the Purcell factor, with respect to that of the corre-
sponding conventional resonator. We believe that this work
will provide guidance on constructing PICs on a BSW plat-
form; such a platform will benefit many chip-scale optical
applications in lasing, sensing, nonlinear optics, optical
switches, and optical networks.
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