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ABSTRACT

A photonic-crystal slab can support bound states in the continuum (BICs) that have infinite lifetimes but
are embedded into the continuous spectrum of optical modes in free space. The formation of BICs requires
a total internal reflection (TIR) condition at both interfaces between the slab and the free space. Here, we
show that the TIR of Bloch waves can be directly obtained based on the generalized Fresnel equations
proposed. If each of these Bloch waves picks up a phase with integer multiples of 27t for traveling a round
trip, light can be perfectly guided in the slab, namely forming a BIC. A BIC solver with low computational
complexity and fast convergence speed is developed, which can also work efficiently at high frequencies
beyond the diffraction limit where multiple radiation channels exist. Two examples of multi-channel BICs
are shown and their topological nature in momentum space is also revealed. Both can be attributed to the
coincidence of the topological charges of far-field radiations from different radiation channels. The concept
of the generalized TIR and the TIR-based BIC solver developed offer highly effective approaches for
explorations of BICs that could have many potential applications in guided-wave optics and enhanced
light-matter interactions.

Keywords: bound states in the continuum, total internal reflection, Bloch waves, generalized Fresnel
equations, topological charges

INTRODUCTION

Bound states in the continuum (BICs) are a spe-
cial kind of resonant states with infinite lifetimes

ist as isolated points on the bands of guide reso-
nances [5-13]. From the far-field viewpoint, they
can be interpreted as the vortex singularities of
far-field polarizations with quantized topological

even though they are embedded into the continuous

spectrum of free space [1-3], originally proposed by charges [9]. These topological charges can be cre-

von Neumann and Wigner for an electron in a spe- ated, annihilated and merged in the Brillouin zone
cially designed local potential [4]. Recently, BICs

have been found to be a generic wave phenomenon

[12-15]. From the viewpoint of wave interference,
some BICs in PhC slabs can be treated as the
Friedrich-Wintgen type that originates from the de-
structive interference of two different guided reso-
nances [36-38].

We proposed that the formation mechanism of
BICs in a PhC slab can be further interpreted in
terms of the interference of bulk Bloch states [10].
For auniform dielectric slab, the formation of guided

existing in various physical systems, such as pho-
tonic [5-22], acoustic [23] and plasmonic ones
[24,25]. The ultra-high Q factors near BICs (includ-
ing quasi-BICs [26,27]) render many interesting
applications possible, such as polarization control
[11,12], lasing [28-31], sensing [32] and non-linear
optics [27].

. . waves requires two conditions: a total internal reflec-
As a platform for nanophotonics, photonic- d

tion (TIR) at the interfaces between the slab and
free space and that waves along the direction per-
pendicular to the slab are standing ones. The forma-
tions of BICs in a PhC slab must also satisfy these

crystal (PhC) slabs can guide light perfectly for
optical modes below the light cone [33]. Above
the light cone, guided modes become guided reso-
nances since they are leaky [34,35]. BICs can ex-
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two conditions. In a uniform dielectric slab, the con-
dition of TIR is simply that the angle between the
propagating direction and the slab-surface normal is
greater than the critical angle. However, any optical
mode supported in a PhC slab is the superposition
of bulk Bloch waves of such an infinite PhC rather
than a single plane wave. As a result, the TIR con-
dition for a PhC slab becomes that of the TIR of
constituent Bloch waves. If the total transmission for
an optical mode consisting of multiple Bloch waves
from the PhC slab side to the free-space side van-
ishes, TIR will occur. It is just the condition of the
TIR of Bloch waves stemming from the multiple in-
terference of the constituent Bloch waves. Therefore,
the study of BICs can start from a basic problem:
the diffraction of Bloch waves at a single interface.
The key point is that there may exist multiple re-
flected and refracted waves because of Bragg scatter-
ing [33,39]. At the interface between a uniform di-
electric and free space, the wave vector component
kj parallel to the interface is a good quantum num-
ber due to the continuous translational symmetry
at the interface. TIR can occur when |k | is larger
than the free-space wave vector since the perpendic-
ular component of the wave vector k; on the free-
space side becomes imaginary. In PhCs, the continu-
ous translational symmetry is broken. However, the
discrete translational symmetry leads to the equiva-
lence of k| and k| + nG, where n is an integer and
G is a reciprocal lattice vector. This new degree of
freedom renders the TIR of Bloch waves possible
via a coherent way [10,21] to be discussed in detail
later.

Here, the TIR of Bloch waves is fully investi-
gated from the viewpoint of diffraction. The gener-
alized Fresnel equations for Bloch waves are derived
and formulas for the TIR of two Bloch waves with
a very compact form are obtained analytically. For
PhC slabs, the conventional conditions for the exis-
tence of waveguide modes can be directly general-
ized based on the TIR of Bloch waves and the solu-
tions of the generalized conditions are exactly BICs.
A BIC solver is therefore developed with low com-
putational complexity and fast convergence speed,
and can be used for the search and determination of
BICs in a very large parameter space. Different from
previous studies of BICs in PhC slabs, which are re-
stricted to a single radiation channel, the generalized
conditions can be also applied to the case of multi-
ple radiation channels. Therefore, the BIC solver can
find BICs for any number of radiation channels at
any high frequency. Examples of BICs with two radi-
ation channels are given and it is demonstrated that
multi-channel BICs require the coincidence of the
topological charges of far-filed radiations in all radi-
ation channels.
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THEORY AND RESULTS

Theory for the TIR of Bloch waves

The TIR of Bloch waves can be interpreted from
the perspective of diffraction. We start from a sim-
ple planar grating shown in Fig. 1a. If there is only
Oth diffraction order, the direct transmission is not
zero in general. Therefore the simplest non-trivial
case is that there are two propagating diffraction or-
ders with wave vectors k and k — G. It is the discrete
translational symmetry of the grating that leads to
the Bragg scattering between k and k + nG, offering
a higher degree of freedom to control the incident
waves that is not restricted to a single plane wave
with a fixed k. To be specific, if a zero total trans-
mission can occur by introducing two incident plane
waves with kand k — G, TIRis thus realized in a very
unusual way even though the transmission for each
of the incident wave is not zero. In Fig. 1a, diffraction
of incident plane waves with wave vector k (purple
arrows) and k — G (red arrows) is shown. For both
cases, there are Oth and — st (or 1st) diffraction or-
ders. By definition, the Oth order remains the same
wave vector as the incident one, so the order of the
principal maximum and the secondary maximum is
in fact switched for these two incident waves. If the
two plane waves k and k — G are incident onto the
grating simultaneously, the elimination of transmis-
sion shown in the right figure of Fig. 1a requires that
the intensities of the diffracted waves satisfy the rela-
tion:

L (—=1)/1(0) = Ii—c(0)/I—c(1), (1)

where I, (m) represents the intensity of the mth-
order diffraction for the incident wave vector k.
However, according to the Fraunhofer diffraction
from a diffraction grating [40], the principal max-
imum of m =0 is usually the dominant maximum
and Equation (1) cannot be satisfied generally.

If a high-index (n,) material is adopted as a
substrate shown in Fig. 1b, we can possibly make
the propagating diffraction order with wave vec-
tor ky, — G evanescent. Here, ky, is the wave vec-
tor on the transmission side with refractive index
np and ky, | =kj. The condition is that k; satisfies
npko < [kj — G| < npko, where ko is the free-space
wave vector. Under this condition, only one prop-
agating diffraction order survives for both the in-
cidence of k and k — G, and Equation (1) is re-
laxed greatly and reduced to I, (0) = L—g(1). The
destructive interference of the transmitted waves can
be readily realized just by appropriately choosing
the relative phase and amplitude of the two incident
waves. Note that the essential point is that we have a
sufficient degree of freedom for the incident waves to
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Figure 1. (a) Diffraction of a simple planar grating with only two diffraction orders. For
the incident plane wave with a wave vector k (or k — G), the intensity of the trans-
mitted wave has a principal maximum in the direction of k (or k — G) and a secondary
maximum in the direction of k — G (or k). Therefore, total reflection cannot be realized
by altering the relative coefficient of incident waves k and k — G to form destructive
interference in both diffraction orders on the transmission side. (b) Combination of a
high-index (n,) medium and a planar grating. The introduction of a high-index medium
can convert the propagating diffraction order with k, — G to be evanescent, where k;
is the wave vector in the background medium with a refractive index n, and k| = k.
Only one propagating diffraction order survives on the transmission side under the con-
dition myko < |k — G| < myko. (c) A semi-infinite PhC acting as the combination of a
high-index medium and a grating. Incident waves now should be changed from plane
waves to Bloch waves.

cancel out the transmission. Similar destructive in-
terference was considered to achieve some unique
phenomena such as complete reflections [41-43]
and perfect anti-reflections [44].

In fact, the combination of a grating and a high-
index material can be replaced by a PhC [33], as
shownin Fig. 1c. We focus on a 1D semi-infinite PhC
with a period of a in the x direction and uniform
in the y direction. The alternating dielectric layers
in the PhC have relative permittivity £; and &,, and
thicknesses a—d and d, respectively. The background
is chosen to be air with &, = 1. Different from that
in the Fraunhofer diffraction of gratings, we choose
the incident waves as Bloch waves rather than plane
waves since Bloch waves are eigenstates of the peri-
odic structure and any optical modes supported are
a superposition of these Bloch waves. A Bloch wave
with wave vector k + nG is equivalent to that with
k. Obviously, all of the arguments above for the exis-
tence of TIR can be applied to Bloch waves here.

The existence of multiple Bloch waves can be
clearly seen in isofrequency contours. The disper-
sion relation, which relates the frequency w, the nor-
mal wave vector k, and the Bloch wave vector k,,
is given in the Supplementary Information. Figure 2
shows three examples with different frequencies w.
The isofrequency contours in air are shown by black
lines, whereas those for the PhC are indicated by red
lines. The red lines will be folded back when they
go beyond the first Brillouin zone (see the dashed
red lines) due to the periodicity in the x direction.
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In Fig. 2a, at a low frequency, the isofrequency con-
tours for the PhC and air in the first Brillouin zone
are simply two circles without band folding, offer-
ing conventional refraction and transmission. The
coeflicient for the incident wave is denoted by a;,
whereas that for the reflected and transmitted waves
are denoted by r; and ¢, respectively. The subscript
in tp stands for Oth-order diffraction in air. In this
case, the number of propagating Bloch waves in the
PhC (N,) and that of propagating diffraction orders
in air (N,) are equal to 1. The propagating diffrac-
tion orders can also be viewed as radiation channels.
As frequency increases, band folding takes place and
band gaps appear at the edges of the first Brillouin
zone, as shown in Fig. 2b, and N;, of the propagat-
ing Bloch waves is increased to 2, whereas N of the
radiation channels is still 1. Thus, for a single Bloch
wave incident with a coefficient a;, in addition to the
reflection r; (the same Bloch wave), an additional
Bloch wave with a coefficient r, will also be excited.
When frequency is further increased, more Bloch
waves will be present as additional reflected waves,
such as r3 shown in Fig. 2c. Moreover, when fre-
quency goes beyond the diffraction limit, the —1st-
order diffracted wave in air will change from evanes-
cent to propagating, so that for the case in Fig. 2¢, we
have N, =3 and N; = 2.

The formalism for the diffraction of Bloch waves
incident from a PhC to air are outlined as follows.
Here, we only consider transverse electric (TE)
Bloch waves (E = E,j, H = H,& + H.Z2). Trans-
verse magnetic (TM) Bloch waves (H = H,j,E =
E,& + E. %) are discussed in the Supplementary In-
formation. Suppose that a series of TE Bloch waves
with a fixed frequency @ and Bloch wave vector k,
impinge on the PhC/air interface at z = 0. The elec-
tric field inside the PhC can be written as follows:

o0
. ) o) .
E;“(x,z)=§ (anetkz Z+1’n6 ik, z)u(n)(x)ethx’
n=1

2)
where g, and r, are respectively the complex coef-
ficients of the incident and reflected Bloch waves,
kin) is the normal wave vector of the nth Bloch
wave and u ") (x) is the periodic-in-cell part of the
nth Bloch wave function. Suppose we have N, inci-
dent propagating Bloch waves 1 < n < N,. Bloch
waves with the order n > N, are evanescent waves
with k, being purely imaginary. Physically, incident
evanescent waves that increase away from the inter-
face should be excluded for this semi-infinite PhC,
namely a,- N, = 0. The transmitted wave in air can
be expressed as follows:

00
E;ut(x, Z) — Z tmei(kx,mx-ﬁ-kz_mz)’ (3)

m=—00
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Figure 2. (a)—(c) Diffraction of a single Bloch wave incident from a PhC to air shown
in the upper panels and corresponding isofrequency contours in the lower panels for
three examples from low to high frequency. The isofrequency contours for the PhC in
(out of) the first Brillouin zone are denoted by solid (dashed) red lines, whereas the
isofrequency contours in air are shown by black lines. The parallel wave vectors of the
incident, reflected and transmitted waves are the same and indicated by black dashed
lines. The number of propagating Bloch waves in the PhC (/) and that of propagating
diffraction orders in air (;) for a fixed , are N,=1and ;=1 in (a), N, =2 and
N;=1in(b)and N;=3and Ni =2 inc).

where k,,, =k, +mG and k., = ,/ki — k2.
Here, t,, is the complex transmission coeflicient for
the mth diffraction order. At the interface, a Fourier
transform of the boundary conditions (the continu-
ity of tangential E and H fields) gives:

T =X (A+R) (4)
and
T =0 (A—R), (s)

where (T)m = tm, (A) = an; (R)n =1 Xmn =
L [rota (”)(x)e imGx g Qm,, = kin)an and

u X0
I"[mn = k;,m6mn- Note that the first N, elements of
T correspond to the radiation channels in air. To
solve Equations (4) and (S5), the number of Fourier
components (indexed by m) should be chosen to
be the same as the number of Bloch waves (indexed
by n). By eliminating T, the relation between the
reflection and incidence reads:

PN oo\l /o PEGIN PN
R=(Q+HX> (sz—nx)Az@A.
(6)

Then, the transmission can be expressed as follows:
<> <> <> <>
T =X (I—i-CD)AEMA, @)
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<>
where I is the identity matrix. Since we are only in-
terested in the transmission of the radiation channels
(denoted by T,), Equation (7) can be reduced to:

T, = MrAp s (8)

where A;, only consists of the first N}, items of A, cor-
responding to the propagatmg Bloch waves, and Mr

is a submatrix of M with elements M1 j only taking
1<i<N;and1 <j<N,.

Equations (6) and (8) are in fact the generalized
Fresnel equations for Bloch waves. Based on these
two equations, the problem of the incidence of any
number of Bloch waves can be solved. Obviously, the
TIR condition of Bloch waves is also a direct conse-
quence, given by:

T, = 0. (9)

When the number of propagating Bloch waves is
equal to that of radiation channels, namely N, = N,,
a non-trivial solution of this condition requires that

det(l(\_jlr) = 0, which is difficult to realize for a PhC.
However, if N, > N;, a non-trivial solution of inci-
dence A, always exists for Bloch waves.

Based on the TIR of Bloch waves, light can be
further guided in a PhC slab with a finite thickness
h. Distinct from the semi-infinite PhC, all evanes-
cent Bloch waves are allowed in a PhC slab, with ei-
ther positive or negative attenuation in the z direc-
tion. The origin of the z-axis is now set at the center
of the PhC slab for convenience. Equations (6) and
(7) are also slightly modified via replacing a, with
ae ik, Supposing that the TIR condition T, =0
is satisfied at the upper interface for some properly
initiated incidence a,, the reflected waves will then
become the incident waves at the lower interface. In
the case that the ratio r,/a, remains a constant for
any arbitrary n, the TIR condition can be maintained
at the lower interface.

However, the TIR condition is not the only con-
dition for forming a waveguide mode. The phase
accumulated after a round trip should be integer
multiples of 277, also called the guidance condition
[45]. This guidance condition can be directly gen-
eralized just by counting the accumulated phase for
each Bloch wave. At the interface of the PhC slab, a
phase shift (p,(n) = arg(r,/aqe ik ) takes place for
the nth Bloch wave. Note that the additional term
¢~ in the phase shift comes from the shift of
the origin of z compared with the above semi-infinite
PhC case. Similar to that for conventional waveguide
modes, the total phase change for a round trip should
be integer multiples of 277 for the nth Bloch wave,
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Table 1. Conventional and generalized conditions for
waveguide modes.

Waveguide modes TIR Guidance condition

Conventional 6 > 6, k,h + ¢, =mm

Generalized =0 k£n>h + (/J,(") =mMx
forl1 <i<N,

which can be simply expressed as follows:
Kb+ 9" = m™Wx, (10)

where m(") isan integer. Equations (9) and (10) can
be viewed as the generalized conditions for waveg-
uide modes in a PhC slab, as summarized in Table 1.
Waveguide modes that satisfy the generalized condi-
tions inside the light cone are precisely BICs. Com-
bining Equations (9) and (10), we also obtain that
t./a, = =£1 for all Bloch waves, where the positive
and negative signs correspond to even and odd sym-
metries in the z direction, respectively.

The generalized conditions for waveguide modes
can be used to efficiently determine BICs in the
k.—w space. In addition to propagating Bloch waves,
evanescent waves with purely imaginary k, can exist
near the interface of the PhC slab and should also be
taken into account. Based on the generalized condi-
tions for waveguide modes, a BIC solver hasbeen de-
signed [46] with the advantage of very low computa-
tional complexity and fast convergence speed. Since
the Bloch waves we adopt form an appropriate basis
set inside the PhC, the positions of BICs in the k,~
o space converge very quickly if only a few evanes-
cent waves are considered, in addition to the propa-
gating Bloch waves (see Supplementary Fig. 1). To
be specific, we first ensure that the TIR condition
is satisfied at one of the interfaces for every (k,, @)
point. The TIR condition requires that the number
of propagating Bloch waves is larger than that of radi-
ation channels (N}, > N;). The corresponding phase

shift, (p,(n), at this interface can be obtained by solv-
ing Equations (6) and (9) (see Supplementary In-
formation for details). Second, we build a database
of (") for a PhC in the whole k.~ space. Finally,
for any thickness h, the total phase of a round trip
for the nth Bloch wave inside the PhC slab is sim-
ply ki") h+ (p,(").What the solver should do is to de-
termine whether this phase is integer multiples of 7r.
Therefore, the computational time is mainly spent
on the construction of a reflection-phase database.
With this database, the time to search BICs for dif-
terent h values is negligible. We show an example of
searching BICs in a range of k,—w space with N, =2
and N; =1 in Supplementary Fig. 1, in full agree-
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ment with the results simulated by the finite element
method.

It is worth mentioning that the algorithm based
on the generalized conditions for waveguide modes
can be applied to not only the k,-axis but the whole
Brillouin zone. As a result, this BIC solver can work
in the whole kj - space, where k = (k,, k,). How-
ever, BICs usually exist on high-symmetry lines. In
Supplementary Fig. 2, we give another example of
searching BICs in the k,-axis in the parameter space.

TIR of two propagating Bloch waves

The simplest case for TIR of Bloch waves is that there
are only two propagating Bloch waves in the PhC
(N, =2) and one radiation channel in air (N, = 1),
as shown in Fig. 1c. In this case, an analytical solution
can be obtained. We assume that only propagating
Bloch waves are considered and other evanescent
waves are neglected. According to the above analy-
sis, we only need to achieve the TIR of two Bloch
waves at a single interface and then adopt the gen-
eralized guidance condition to fix BICs. The gener-
alized Fresnel equations for Bloch waves can be sim-
plified considerably and a concise form for the rela-
tive coefficient of the incident waves can be directly
obtained when TIR occurs at the interface. For TE
waves, it can be expressed as (see Supplementary In-
formation for details):

2__1+Z2 (11)
a 1+Zl’

where Z, =k, _1/ ki") has a similar form of rela-
tive surface impedance [47]. Here, k. _; is the nor-
mal wave vector of — Ist-order diffracted wave in air,
which is purely imaginary. Moreover, the reflection
coeflicients at the interface are as follows:

ry 1—-2,

= , 12
a, 1+ 2, (12)

which takes a similar form of the reflection coeffi-
cient in the conventional Fresnel equations. Note
that Equation (12) holds only when the TIR of two
Bloch waves occurs.

The TIR condition becomes slightly complicated
for two TM Bloch waves since the electric field is a
vector in nature for the TM case but is a scalar for the
TE case [48]. An approximate form of the Fourier
transform of ¢ (x) isused: £ 7 (x) ~ ko + k16’ %% +
k_1e "G When the TIR of two TM Bloch waves
occurs, similar forms of the relative incidence and
reflection coefficients can be obtained as those in
Equations (11) and (12). However, the definition of
Z, should be modified and expressed as follows (see
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Supplementary Information for details):

k. - ke,
7, =k 1/ —~1/8b

=——— and Z, =C——
KV /e kK e

’

(13)
2
whereey =k, 'and C = ((kéz)) +k2—k..G)/
2
() + k2 4+ kG — G?).

The TIR condition of two Bloch waves can be re-
alized via Equations (11) and (12) with appropriate
definitions of Z, for TE and TM waves. The phase
shift of TIR for the nth Bloch wave is as follows:

(pr(") =arg(r,/a,) = 2arctan (i Z,,) . (14)

Note that diffracted evanescent waves are neglected
in the above TIR condition, so Equations (11-14)
work for the case when the index contrast is not
too large, namely A = |&, — &1|/¢; K 1. Strikingly,
even when A — 0, i.e. the index contrast is vanish-
ingly small, Z, approaches a constant for any (k,,
®) point. Therefore, two important conclusions can
be drawn. First, BICs obtained from Equations (10)
and (14) approach a series of fixed points in the k-
@ space [21]. Generally, the band of guided reso-
nances can be regarded as the folded band of the
waveguide modes in an effectively uniform waveg-
uide. The existence of discrete BIC points in the lim-
iting case manifests the non-trivial physical conse-
quence that continuous translational symmetry is
broken into a discrete translational symmetry even
if A — 0. Second, it is known that the introduction
of a substrate can destroy BICs [49]. This is because
the TIR conditions at the upper and lower interfaces
are different; the combination of TIR at a single in-
terface and guidance condition in Table 1 cannot re-
store the waveguide mode after a round trip. Or, in
other words, the TIR conditions at the two interfaces
contradict each other if there is a substrate.

Multi-channel BICs

When frequency increases, more than one propagat-
ing diffraction order (i.e. radiation channel) in air
appears, shown in Fig. 2c. The construction of BICs
is more subtle since all radiation channels should
be closed. Note that multi-channel BICs occurring
at k, = 0 or 7 /a were discussed in Ref. [50]. How-
ever, since these multi-channel BICs appear at the
high-symmetry points in the Brillouin zone, the cor-
responding radiation channels are not completely
independent. Strikingly, the above generalized
conditions for waveguide modes can be directly
applied to the case with multiple radiation channels.
The BIC solver we designed can thus work well to
determine multi-channel BICs. Two different types
of BICs with two radiation channels are taken as
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examples and shown in Fig. 3a and b, which consist
respectively of three and four propagating Bloch
modes. These two multi-channel BICs appear on the

TEgl) and TE(()_Z) bands, as highlighted by red dots

in Fig. 3. Here, TE(()m) represents the fundamental
TE mode with m being the index of the band folding
in the reduced-zone scheme. It is known that BICs
interpreted by topological vortexes can exist ro-
bustly in the parameter space [9]. The robustness of
BICs should be reexamined for multi-channel BICs
since they only exist for some specific thicknesses—
for example, hpic = 1.9484 and 1.968a in Fig. 3a
and b, respectively. The Q factors of the guided
resonance modes near the multi-channel BICs are
plotted in Fig. 3c and d for different i values. It can be
clearly seen that the Q factor diverges only when the
thickness is equal to hgc. This divergence behavior
disappears as long as the thickness is slightly varied
away from hgjc, which is distinct from robust BICs
below the diffraction limit. The divergence rates are
also plotted in Fig. 3e and f, which are Q ~ 1/8k?
and Q ~ 1/8h* (inverse square law), respectively.
Here, 6k, = |k, — k, pic| and 6h = |h — hpic|.

It has been demonstrated that BICs below the
diffraction limit are vortex centers of the polarization
directions of far-field radiations [9], characterized
by topological charges and robust then in pa-
rameter space. However, for multi-channel BICs,
an increased number of radiation channels can
make an essential difference and the topological
nature is manifested in other ways. To reveal the
topological nature, the far-field polarization states
are investigated for each radiation channel (see Sup-
plementary Information for details). The far-field
polarization states displayed in Fig. 4c correspond
to the multi-channel BIC shown in Fig. 3a. There are
two radiation channels in air and three propagating
Bloch waves in the PhC, as shown in Fig. 4a. The to-
tal Q factor, defined by Q = (1/Qo +1/Q_;)7 %,
takes into account the radiative losses from the Oth-
order diffraction (Qp) and —1st-order diffraction
(Q-1)- In the upper and lower panels of Fig. 4, Qp
and Q_; are plotted separately as purple and green
lines, respectively, and the polarization states of the
Oth- and —1st-order diffraction are also shown cor-
respondingly. Since Q diverges at the multi-channel
BIC for the thickness h = 1.948a, both Qg and Q_;
have to diverge simultaneously. First, this implies
that there is one topological charge (marked by the
black dot) in both two polarization maps as shown
in Fig. 4c; second, the two topological charges
coincide with each other in momentum space,
giving rise to a multi-channel BIC without any
leakage. Note that the topological charge is defined
by v, = (1/27‘[) fL dkH . Vk\\¢m (kH)' Here, L is a

closed loop in momentum space surrounding the
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Figure 3. Multi-channel BICs with two radiation channels. (a) and (b) Simulated band
structures for h=1.948a and h=1.968a, respectively. Multi-channel BICs (red dots)
exist on the TE) band in (a) and TE;™? band in (b). The light blue (orange) shaded re-
gion indicates the region in which there are three (four) propagating Bloch modes in
the PhC and two radiation channels in air. (c) and (d) Simulated Qfactors of the guided
resonances for different hin the TEE]” and TEB’Z’ bands, respectively. (e) and (f) Diver-
gence behavior of Qfactors for the two multi-channel BICs with §k, = |k, — k gic| and
8h=|h— hgc|. The solid lines in (e) and (f) represent the fitting of the inverse square
of 8k, or §h. Here, the other system parameters are chosen as ¢1 =1, &, =4.9 and
d=05a.

singular point in the counterclockwise direction
and ¢m(k||) = l/zarg[sl,m(kl\) +isz,m(k\|):|
is the orientation angle of the polarization state,
where §; ,, is the Stokes parameter of the mth-order
diffraction. For the multi-channel BIC in Fig. 4c, the
topological charges are vp = +1 and v_; = —1.
It is worth emphasizing that these two topological
charges come from the same eigenstate with fixed
k| and w but belong to different radiation channels
(i.e. the propagating diffraction orders with k; and
k) —G). Therefore, they are independent and will
not merge or annihilate each other in momentum
space. This topological property is distinct from
that of merging BIC [13,31,38], wherein the topo-
logical charges are linked to the same radiation
channel.

When the thickness of the PhC slab is slightly var-
ied away from hg;c, the multi-channel BIC no longer
exists, as shown in Fig. 4b and d, and Qy is bounded,
whereas Q_; still diverges at a certain k,. The topo-
logical charge vy = +1 for the Oth-order diffraction
splits into two half-integer charges of 1/2 with the
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total topological charge conserved and each being
circularly polarized. Because of the y-mirror symme-
try of the system, the two circularly polarized states
are symmetric about the k,-axis and carry the same
charge with different handedness (or chirality). The
states with right-handed circular polarization (RCP)
and left-handed circular polarization (LCP) are in-
dicated by red and blue dots, respectively, in the up-
per panels of Fig. 4b and d. The splitting of an inte-
ger charge into two half-integer charges here comes
only from the change of thickness and the sym-
metry of the system is perfectly maintained. Note
that below the diffraction limit, the breaking of the
C, symmetry is necessary in order to observe this
kind of splitting [12]. This non-symmetry-breaking-
induced splitting manifests the unusual topologi-
cal nature for multi-channel BICs. For the —1st-
order diffraction, the topological charge persists and
slightly moves along the k,-axis (see the lower panel
in Fig. 4). The dotted arrows in Fig. 4 are a guide
for the eyes and indicate the evolution of topolog-
ical charges. The half-integer charge of RCP (red
point) passes through the k,-axis from positive to
negative k,, while the one of LCP (blue point) passes
through the k,-axis from negative to positive k,. The
two half-integer charges meet each other at the k,-
axis. Multi-channel BICs lying in the k,—w space
with only three propagating Bloch modes can be un-
derstood as the coincidence of two integer charges
in momentum space: one coming from the merg-
ing of two half-integer charges and the other be-
ing a stable integer charge moving on the k,-axis
slowly.

Multi-channel BICs can even manifest a differ-
ent topological nature if they lie in the region of the
k.—w space with different numbers of propagating
Bloch modes. Another example, the multi-channel
BIC marked in Fig. 3b, is demonstrated by showing
the far-field polarization states of the Oth- and —1st-
order diffraction separately in Fig. Sc. Similarly, both
Qo and Q_; diverge at this BIC point and the two
topological charges coincide with each other in mo-
mentum space so that leakage is eliminated for these
two radiation channels. Note that the two topolog-
ical vortexes defined in the two radiation channels
can either exhibit the same amount of charge, as
shown in Fig. 5S¢, or different amounts of charge, as
shown in Fig. 4c. Furthermore, both integer charges
in Fig. Sc will split into a pair of half-integer charges
of 1/2 with opposite chirality when the thickness of
the PhC slab is slightly varied from hg;c, as shown in
Fig. 5b and d. This non-symmetry-breaking-induced
splitting of an integer charge into two half-integer
charges is a generic phenomenon since it hap-
pens in both radiation channels. In short, multi-
channel BICs in the region with N, =4 and N, =2
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Figure 4. Topological nature of multi-channel BICs. (a) Schematic view of the radiation
channels of a guided resonance with N = 2 (no. of radiation channels) and Aj, = 3 (no.
of propagating Bloch modes). (b)—{(d) Evolution of Q factors and polarization maps for
different thickness h. Results for the Oth- and —1st-order diffraction are shown in the
upper and lower panels, respectively. Gy (purple line)and Q_; (green line) arise from the
radiative loss of these two radiation channels. The black (blue and red) dots indexed by
the topological charge 41 (1/2) represent the vortex centers (circularly polarized states
with LCP and RCP). Here, the multi-channel BIC corresponds to that in Fig. 3a.
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101

Figure 5. Topological nature of multi-channel BICs. (a) Schematic view of the radiation
channels of a guided resonance with A, =2 (no. of radiation channels) and A, = 4
(no. of propagating Bloch modes). (b)—{(d) Evolution of Q factors and polarization maps
for different thickness h. Results for the Oth- and —1st-order diffraction are shown in
the upper and lower panels, respectively. Both integer charges for the Oth and —1st
diffraction orders come from the merging of two half-integer charges. The BIC in (c) is
the one shown in Fig. 3b in the k—w space.

can also be interpreted as the coincident point of
two integer charges in momentum space, both of
which result from the merging of two half-integer
charges.
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CONCLUSION

In summary, we derive the generalized Fresnel equa-
tions for the Bloch waves at a PhC/air interface,
from which the TIR condition of Bloch waves are
obtained. For a PhC slab, by combining the TIR of
Bloch waves and the guidance condition, the gen-
eralized conditions for waveguide modes are given,
with solutions being precisely the BICs. Distinct
from BICs below the diffraction limit, multi-channel
BICs with frequencies beyond the diffraction limit
are found which can only exist for some specific ge-
ometric parameters of the PhC slab. They possess a
quite different topological nature stemming from the
coincidence of two integer charges in the polariza-
tion maps of two different radiation channels. Inte-
ger topological charges can split into two half-integer
charges even without breaking any symmetry, which
is generic for multi-channel BICs. Our BIC solver
with the generalized conditions for waveguiding in
PhC slabs incorporated offers a powerful tool for
readily finding BICs at any frequency in momen-
tum space. The distinct topological nature revealed
in multi-channel BICs from conventional ones may
render new opportunities in designs and applica-
tions of BICs possible in nanophotonics and en-
hanced light-matter interactions as well.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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