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Abstract: We propose and theoretically and numerically
investigate integrated diffraction gratings for the Bloch
surface wave (BSW) platform, which have subwavelength
or near-subwavelength period. We demonstrate that, in
the oblique incidence geometry of a transverse-electric
polarized BSW and with a properly chosen band gap con-
figuration of the photonic crystal supporting the surface
waves, the proposed structures operate in the scattering-
free regime, when the energy of the incident BSW is divided
between the reflected and transmitted BSWs with the same
polarization corresponding to the propagating diffraction
orders of the grating, and not scattered away from the
propagation surface. In this regime, the studied integrated
gratings support high-Q resonances and bound states in
the continuum not only in the subwavelength case when
only the specular (zeroth) diffraction orders propagate,
but also in the case when non-evanescent zeroth and
— 1stdiffraction orders satisfy the so-called Littrow mount-
ing condition. The proposed integrated gratings on the
BSW platform can be used as efficient narrowband spa-
tial or spectral filters operating in reflection, or as BSW
beam splitters or deflectors operating in transmission. The
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obtained results may find application in two-dimensional
photonic circuits for steering the BSW propagation.
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1 Introduction

Resonant effects play a crucial role in photonics, since
they enable creating photonic structures with unique opti-
cal properties that can be used in sophisticated devices
for optical filtering, sensing and switching, among other
applications [1]. In recent decade, a special kind of res-
onant optical states has attracted considerable research
attention, namely, the so-called bound states in the contin-
uum (BICs) also referred to as embedded eigenstates. The
BIC phenomenon was first theoretically discovered almost
a century ago by von Neumann and Wigner for an elec-
tronic system with an artificially constructed potential [2].
In photonics, BICs are “non-radiative” eigenmodes (i.e.,
eigenmodes with a real frequency and, hence, an infinite
lifetime) supported by optical structures with open scat-
tering channels [3-6]. The scattering of the BIC energy to
the open channels is prevented either due to symmetry
incompatibility [7], or due to interference effects caused
by the interaction of several resonators [8] or of several
modes in the same resonator [9]. Along with the fundamen-
tal importance, BICs are of great practical interest, since
in real photonic structures, due to finiteness, fabrication
imperfections, and material absorption, the BICs collapse
to resonances with finite, but potentially very high quality
factor (often referred to as quasi-BICs) useful for numerous
applications.

One of the most widely known and extensively stud-
ied classes of resonant photonic structures supporting
bound states in the continuum is constituted by periodic
structures such as photonic crystal slabs [10-14], guided-
mode resonant gratings [15-17], or periodic arrays of
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dielectric rods or spheres [18-20]. In these structures,
the open scattering channels correspond to the free-space
diffraction orders. Taking into account the development of
“two-dimensional” optics on several integrated platforms
[21-25], bringing the concept of resonant diffraction grat-
ings (including the gratings supporting BICs) to the on-chip
geometry, in which the incident wave and the scattering
channels, i.e., the reflected and transmitted diffraction
orders correspond not to free-space waves but to modes
of a certain waveguide, is of great interest. In our previ-
ous works, we proposed and studied integrated analogues
of high-contrast gratings for surface plasmon polaritons
(SPPs) [26, 27]. Although these structures were shown to
be able to resonantly reflect the incident SPPs in a narrow
or wide spectral range, the BICs (or quasi-BICs) in such
“on-chip” gratings were not explicitly studied. To the best
of our knowledge, the only study of quasi-BICs in an inte-
grated grating (on a silicon waveguide platform, where the
incident wave and the diffraction orders were the modes
of a silicon slab waveguide) was presented in a recent
paper [28].

In the present work, we propose and study integrated
diffraction gratings for the Bloch surface wave (BSW) plat-
form. Bloch surface waves are surface electromagnetic
waves supported by the interfaces of photonic crystals (in
the simplest case, one-dimensional) [25, 29]. Due to the
fact that they can be supported by all-dielectric structures,
BSWs are considered a promising alternative to surface
plasmon polaritons in optical sensing applications [30—32]
and for creating flat (“two-dimensional”) photonic cir-
cuits [25]. Previously proposed two-dimensional optical
elements for BSWs include on-chip prisms [33], lenses
[25, 34, 35], Bragg gratings [36] and their phase-shifted
counterparts [37, 38], and large-period diffraction gratings
operating in the “scalar diffraction” regime [33]. In all these
works, the incident waves were the transverse-electric
(TE-) polarized Bloch surface waves supported by inter-
faces of one-dimensional dielectric photonic crystals.

Integrated gratings studied in this work have sub-
wavelength or near-wavelength periods and consist of
periodically arranged dielectric pillars on the surface of an
all-dielectric one-dimensional photonic crystal. We theo-
retically and numerically demonstrate that such structures
can support “true” (i.e., not quasi-) bound states in the
continuum if an additional “non-radiative” condition is
fulfilled. This condition, which can also be referred to as
the scattering-free condition, requires the absence of the
“parasitic” scattering of the incident BSW away from the
propagation interface upon diffraction by the integrated
grating. We show that this condition can be satisfied in the
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oblique incidence geometry by tailoring the band gap con-
figuration of the photonic crystal. We consider two regimes,
in which this condition can be implemented at realis-
tic parameters: (1) the subwavelength regime, in which
only the zeroth reflected and transmitted diffraction orders
propagate, and (2) the regime, when the —1st reflected and
transmitted orders are also supported by the grating. We
demonstrate that the integrated gratings exhibit BICs not
only in the first (subwavelength) regime, but also in the
second regime, provided that the so-called Littrow mount-
ing condition is fulfilled. The proposed structures may
find application as efficient narrowband reflectors (filters)
as well as beam splitters and deflectors for Bloch surface
waves.

2 Integrated diffraction gratings on
the BSW platform and parasitic
scattering suppression

The geometry of the proposed structure is shown in
Figure 1. The integrated grating consists of a periodic
set (with period d) of dielectric pillars with rectangular
cross-section, height h, transverse size (width) w, and
longitudinal size (length) ! located on the surface of a
one-dimensional dielectric photonic crystal (PhC). The PhC
period consists of two layers with refractive indices n, and
n, and thicknesses h; and h,. In the present work, for the
sake of simplicity, we assume that the dielectric pillars con-
stituting the grating are made of the same material as the
upper layer of the photonic crystal having the refractive
index n,. The refractive index of the superstrate equals n,,.
In order to tune the parameters of the BSW supported by the
PhC interface, the thickness of the upper layer of the PhC

Figure 1: Geometry of the investigated integrated gratings for Bloch
surface waves supported by the interface of a one-dimensional
photonic crystal.
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differs from the “usual” one (h;) and equals h; = h, + h,,
where h_ can be positive or negative.

In what follows, we consider the case when the wave
incident on the integrated grating is a TE-polarized Bloch
surface wave propagating along the PhC interface. Such a
BSW satisfies the following dispersion relation [39]:

2k, 1k, , sin(k,,h,) cos(k,,h,)
+ (ki1 + kiz) cos(k, ;) sin(k, ,h,)
= (k;’1 - kiz) sin(k, ,h,) cos(k, ;[2h. + ] — @), (1)

where k,; = \/kon? — kg, i =0,1,2, ¢ = 2arctan(ik, o/

k,1), ko =2z /A is the wavenumber, A is the free-space
wavelength, and kg is the propagation constant of the
BSW. Note that the dispersion relation for transverse-
magnetic (TM-) polarized BSWs can also be obtained
from Eq. (1) by making the following replacements: k,; —
kz’i/nf,i =0,1,2,h, - nth.,and h; - nl?h,-, i=1,2.Ttiscon-
venient to describe a BSW in terms of its effective refractive
index n.g = kggw/ko- In what follows, we denote the effec-
tive refractive indices of TE- and TM-polarized BSWs by
Neg 1g aNd Neg 1y, TESPECtively.

In the general case of oblique incidence of a BSW on an
integrated grating (see Figure 1), the incident surface wave
has the in-plane wavevector components k, o = kggy Sin
and k, 5 = kpgy cos 0, where 6 is the angle of incidence,
which is assumed to be positive in the rest of the paper.
Due to periodicity, the grating generates a set of reflected
and transmitted diffraction orders with the following x-
components of the wavevector [40]:

2ri

k =
d 5

i =Ko+ i=0,+1,+2,.... 2
In the case of a conventional (non-integrated) diffraction
grating operating in non-conical (planar) mounting, each
of the diffraction orders corresponds to either a propagat-
ing or an evanescent plane wave having the same polar-
ization as the incident wave [41]. With integrated gratings
operating with guided modes or surface electromagnetic
waves, the situation is much more sophisticated. Due to the
fact that the structure is not invariant to translation in the
direction of the z axis, each of the diffraction orders will,
in the most general case, “contain” not only a reflected
or transmitted BSW having the same polarization as the
incident one (TE-polarization for all the examples consid-
ered below), but also a “cross-polarized” (TM-polarized)
BSW as well as non-guided radiation scattered out of the
propagation surface to the superstrate (plane waves in
a homogeneous dielectric with the refractive index n,)

and to the substrate (“bulk” modes of a one-dimensional
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photonic crystal). As in the case of the on-chip optical
elements for surface plasmon polaritons [26, 27, 42, 43],
these “parasitic” waves may critically hinder the perfor-
mance of the integrated optical elements for BSWs and, in
particular, make it impossible to achieve high-Q resonant
states.

However, let us show that by tailoring the configu-
ration of the bandgaps of the photonic crystal and by
choosing the incidence angle of the BSW impinging on the
grating, one can completely eliminate the parasitic scat-
tering and polarization conversion losses, i.e., satisfy the
“non-radiative” or “scattering-free” condition mentioned
above. For now, let us assume that the integrated grat-
ing is subwavelength, i.e., that only the zeroth reflected
and transmitted diffraction orders having the x wavevec-
tor component equal to the wavevector component of the
incident wave k, , = kon.g 1 Sin 0 are propagating. In this
case, total suppression of the “parasitic” waves is possible
if the following conditions are fulfilled. First, the photonic
crystal must have a continuous bandgap for both TE- and
TM-polarized waves with the in-plane wavevector com-
ponents ky = [k + k7 > ky ot = KoNeg;, ¢, Where neg ., is a
certain “critical” effective index not exceeding the effective
refractive index of the incident TE-polarized BSW ng 1.
Second, in the case, in which the surface of the photonic
crystal supports not only a TE- but also a TM-polarized
BSW, the effective refractive index of the latter has to
be smaller than the effective refractive index of the inci-
dent BSW: neg 1y < Mg 1g- When these conditions are met,
the out-of-plane scattering and polarization conversion are
eliminated at

kyo > ko max{ng, Neg rus Nef, r } - (3

Indeed, in this case, the x wavevector component of the
incident BSW, which is conserved for the zeroth reflected
and transmitted diffraction orders, exceeds the magnitude
of the wavevector of the plane waves in the superstrate, as
well as of the TM-polarized BSWs. This means that these
waves are evanescent and do not carry energy. In addi-
tion, due to the bandgap configuration, such kX,O values
correspond to evanescent “bulk” modes of the photonic
crystal. Therefore, according to Egs. (2) and (3), at angles
of incidence

. (max{n,,n n
0 > 0, = arcsin < (o, Mefirm Met, ) > , @
NegTE

the energy of the incident TE-polarized BSW is divided
only between the reflected and transmitted TE-polarized
BSWs corresponding to the zeroth diffraction orders. A
more detailed description of this mechanism (in particular,
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regarding the cancellation of scattering into the “bulk”
modes of the photonic crystal) is presented in the sup-
plementary material. In Subsection 3.1, we provide the
results of rigorous numerical simulations, which confirm
the presented theoretical reasoning.

Note that a similar approach for suppressing
unwanted scattering was recently proposed for the dielec-
tric slab waveguide platform [44, 45] and utilized in our pre-
vious works for designing simple ridge- and groove-based
structures supporting high-Q resonances [46] and bound
states in the continuum [47, 48]. Let us also note that by
satisfying additional conditions, it is also possible to sup-
press the parasitic scattering in the non-subwavelength
regime. We will discuss this case in Subsection 3.2.

3 Optical properties of the
integrated gratings for BSWs

In this section, we demonstrate that integrated diffrac-
tion gratings for BSWs satisfying the “scattering-free”
conditions described above exhibit remarkable optical
properties, in particular, high-Q resonances and bound
states in the continuum. In what follows, we consider an
example with the following parameters: central free-space
wavelength A = 630 nm, refractive indices of the mate-
rials n, =1, n; = 3.3212 (GaP) [49, 50], and n, = 1.4762
(Si0,) [50, 51], thicknesses of the photonic crystal layers
h; = 0.044 =25 nm and h, = 0.26 4 = 164 nm, thickness
of the upper layer of the photonic crystal h} = 63 nm (h, =
38 nm). The thicknesses of the PhC layers were chosen in
order to fulfill the “scattering-free” condition of Eq. (4) at
reasonable angles of incidence (i.e., far from the grazing
incidence geometry). At the chosen parameters, the pho-
tonic crystal has bandgaps for TE- and TM-polarizations at
ky/ko > 1.931 and k; /k, > 1.572, respectively. Therefore,
the “critical” effective refractive index discussed above
equals ngg ., = max{1.572,1.931} = 1.931. At the given h,
value, it follows from Eq. (1) that the interface of the
photonic crystal supports TE- and TM-polarized BSWs
with effective refractive indices ng 1z = 2.400 and neg 1y =
1.575, respectively. According to Eq. (4), the “critical” angle
of incidence, after exceeding which no parasitic scattering
and polarization conversion occurs (in the case of inci-
dence of the TE-polarized BSW), equals 8, = 53.57°. Allthe
examples of integrated gratings considered below operate
atf > 0.

Before moving further, we would like to stress that the
chosen parameters are not unique, and that the results
similar to the ones presented below can be obtained for
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a wide range of materials and wavelengths, provided that
the geometrical parameters of the PhC layers and the angle
of incidence of the BSW impinging on the grating are cho-
sen in a proper way ensuring the “scattering-free” regime
described by Eq. (4).

All the simulation results presented below were
obtained using an in-house implementation of the three-
dimensional Fourier modal method (FMM; also known as
rigorous coupled-wave analysis) [41, 52, 53] adapted for
the solution of the integrated optics problems [54, 55] and
enabling the calculation of the eigenmodes of the investi-
gated periodic photonic structures [56]. For the details on
the simulation of integrated diffraction gratings for surface
electromagnetic waves, we refer the reader to our pre-
vious work [26], where on-chip plasmonic gratings were
studied.

The rest of this section is organized as follows. In
Subsection 3.1, we consider integrated gratings operat-
ing in the so-called subwavelength regime, in which only
the zeroth diffraction orders propagate. In Subsection 3.2,
we study non-subwavelength gratings, focusing on a par-
ticular case when the grating supports zeroth and —1st
diffraction orders, and the propagation directions of the
incident wave and the —1st reflected order are exactly
opposite (the so-called Littrow mounting).

3.1 Subwavelength gratings

Let us start by studying subwavelength integrated grat-
ings, in which only the zeroth reflected and transmit-
ted diffraction orders are non-evanescent, i.e., the fol-
lowing inequalities hold: |k, ;| = |k, o + 27 /d| > koNeg 1,
lky 1| = ko — 27 /d| > koneg 1. Let us choose a fixed
angle of incidence 6 = 55°, which exceeds the critical
angle 0., given by Eq. (4). For this angle of incidence and
the chosen parameters of the example, the inequalities
ensuring the subwavelength regime hold at grating periods
d < 1/4.366. Figure 2a shows the reflectance R, (diffrac-
tion efficiency of the zeroth reflected order) of a grating
with the pillar height h = 33 nm and fill factor w/d = 0.5
versus the wavelength A and grating length [ normalized
by the grating period d. Such a parameter space proved
convenient for the investigation of both the conventional
(non-integrated) [57] and on-chip [26, 27] diffraction grat-
ings. Let us note that in terms of this parameter space, the
length [ of an integrated grating is equivalent to the thick-
ness (height) of a conventional grating operating with the
free-space radiation. For the calculation of the reflectance
dependence shown in Figure 2a, the wavelength of the inci-
dent radiation A was kept constant, and the geometrical
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Figure 2: (a) Reflectance R, of an integrated grating for Bloch
surface waves in the case of oblique incidence of a TE-polarized
BSW at an angle 6 = 55° versus normalized wavelength A/d and
grating length [/d. Vertical dashed lines show the boundary of the
subwavelength regime (left line) and of the “two-mode” regime in
the grating (right line). White circles show the BIC positions
predicted by the developed coupled-wave model presented in
Subsection 3.1 of the supplementary material. (b) Quality factor of
the resonance for the fragment shown with a white rectangle in (a).

parameters of the grating (period d and length 1) were
varied. Note that the plot of the transmittance T, (efficiency
of the zeroth transmitted order) is not shown, since in the
scattering-free regime in the considered lossless structure
T, =1-R,.

From Figure 2a, it is evident that in the subwavelength
regime (at A/d > 4.366), the integrated grating supports
high-Q resonances and, apparently, bound states in the
continuum (the points where the resonance width van-
ishes). The appearance of bound states in the continuum
is confirmed by the rigorously calculated quality factor of
the resonance (Figure 2b) for a fragment of Figure 2a shown
with a white rectangle. In order to understand the nature
of the resonant features in the spectrum of the grating,
it is insightful to calculate the modes supported by the
grating region. To do this, we can consider the grating as
a finite (in the direction of the y axis) segment of a peri-
odic array of near-field-coupled photonic rib waveguides
on the surface of the photonic crystal, which is invariant
to translation in the y direction, and calculate the prop-
agating guided modes of this array. Figure 3 shows the
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Figure 3: (a) Normalized propagation constants k,/k, of the modes
supported by an integrated grating with an infinite length versus
normalized parameter A/d. (b) and (c) Distributions of the real part
of the £, field component of the modes at A/d = 4.4.

dispersion (dependence of the normalized propagation
constants k,/k, on the normalized parameter 4/d) and
the field distributions of the modes calculated using the
Fourier modal method [56].

From Figure 3a, it follows, that at A/d < 4.509, there
are two propagating modes in the grating region (typi-
cal field distributions of the modes are shown in Figure 3b
and c). Due to the oblique incidence geometry, these modes
do not possess any particular symmetry and are coupled at
the grating interfaces. By comparing Figures 2a and 3a, one
can see that it is exactly the “overlap” between the two-
mode regime (which refers to the number of propagating
waves inside the grating) and the subwavelength regime
(which refers to the number of propagating BSWs outside
the structure), in which the grating exhibits resonances
and BICs. This suggests that the resonant properties of the
grating are caused by the interference between the two sup-
ported modes, and that the BICs existing in the structure
are of Friedrich—Wintgen type [9]. The existence of BICs
can be proven, and their positions in the parameter space
can be predicted using a coupled-wave model previously
proposed by the present authors and used for describing
high-Q resonances and BICs in integrated ridge structures
and resonant guided-mode gratings [16, 47]. For the sake of
completeness, a slightly reformulated version of this model
is presented in the supplementary material. The positions
of the BICs predicted by the model are shown in Figure 2a
with white circles and are in excellent agreement with the
results of the numerical simulations.

The exhibited high-Q resonances enable using the
investigated integrated gratings as narrowband (“near-
BIC”) spectral or spatial (angular) filters operating in
reflection. The width of the reflection band can be cho-
sen by choosing the distance from a BIC in the parameter
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space. For the sake of illustration, in the supplemen-
tary material we provide the reflectance spectra versus
varying wavelength or varying angle of incidence for two
structures with the parameters close to one of the BICs in
the white rectangle in Figure 2a.

Note that the resonances and bound states in the con-
tinuum in the considered on-chip BSW grating are similar
to the effects observed in conventional (non-integrated)
binary diffraction gratings and photonic crystal slabs [13,
57-59], the important difference being the necessity to
ensure the scattering-free regime in the integrated struc-
ture. To demonstrate the crucial importance of this regime,
in the supplementary material we consider an example, in
which the scattering to the “bulk” modes of the photonic
crystal is not forbidden. This example shows that in this
case, the quality factor of the resonances decreases, and
that unity reflectance and zero transmittance are no longer
achieved at resonance conditions.

3.2 Gratings operating in the Littrow
configuration

Let us show that it is also possible to find the incidence con-
figurations, in which integrated gratings operating in the
non-subwavelength regime (i.e., supporting higher diffrac-
tion orders) also do not suffer from parasitic scattering.
In this case, not only the x-component of the wavevector
of the incident wave and the zeroth reflected and trans-
mitted diffraction orders k, , must satisfy Eq. (3), but the
wavevector components k, ; of all the propagating diffrac-
tion orders, with the difference that absolute values |k, ;|
have to be used in the left-hand side of the inequality
(since at i < 0, the corresponding k, ; value can be neg-
ative). If we assume that along with the zeroth orders,
the grating supports propagating —1st diffraction orders,
and the k, , value satisfies Eq. (3), then the absolute value
lky 1| = |k, o — 27 /d| will, obviously, also satisfy Eq. (3) if
k1 = =k, (5)

In the examples considered below, we will focus on a
particular highly-symmetric case when Eq. (5) turns into a
strict equality. This incidence configuration is known as Lit-
trow configuration (see the inset to Figure 4a) and is widely
used for designing the so-called blazed gratings redirecting
the incident radiation to a certain non-specular diffraction
order. One can easily show that for the considered case,
the Littrow condition is satisfied when k, , = # /d, or, in

other words,
A
Megrpd

(6)

sin BLitt =

DE GRUYTER
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Figure 4: (a) Angles of incidence providing the fulfillment of the
Littrow condition defined by Eq. (6) versus 4/d. The inset shows the
Littrow configuration. Diffraction efficiency of the zeroth (b) and
—1st (c) transmitted diffraction orders of an integrated grating
operating in the Littrow configuration versus normalized wavelength
A/d and grating length [/d.

Figure 4a shows the dependence of the Littrow angle
of incidence 6, on the normalized parameter A/d. The
shown A/d range was chosen so that, on the one hand, no
other diffraction orders except zeroth and —1st are propa-
gating, and, on the other hand, the corresponding angles
of incidence defined by Eq. (6) ensure the scattering-free
regime described above (see Egs. (3) and (4)). Figure 4b
and c show the spectra of the diffraction efficiencies of the
zeroth (T,) and —1st (T_,) transmitted diffraction orders
of an integrated grating operating in the Littrow configu-
ration versus the normalized parameters A/d and /d. All
the other parameters coincide with the parameters of the
previous example considered in Subsection 3.1.

The simulation results confirm that the grating oper-
ates in the scattering-free regime, ie., Ry +R_; + T, +
T_, = 1. In addition, it follows from Figure 4b and c that
the grating can be used as an efficient BSW beam split-
ter or deflector operating in transmission. For example, at
Af/d=3916 and l/d =13, T, = 0.4953, and T_; = 0.495,
i.e., more than 99% of the energy of the incident TE-
polarized BSW is almost equally divided between the
zeroth and —1st transmitted diffraction orders. In this case,
the on-chip grating works as a beam splitter. At A/d = 4.5
and l/d =9, the integrated structure works as a beam
deflecting blazed grating and almost perfectly redirects
the incident wave into the —1st transmitted diffraction
order: T_; > 0.9999. Let us mention that, at A/d < 4.4,
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total transmittance T, + T_, exceeds 0.95 for all l/d values
considered in Figure 4b and c.

In order to understand the behaviour of the structure,
itisinstructional to investigate the modes supported by the
grating region. Rigorous calculations show that as in the
subwavelength case discussed above, the grating consid-
ered in this subsection supports two propagating modes.
Due to the symmetry properties of the Littrow configura-
tion, these modes are symmetry-incompatible and are not
coupled to each other upon reflection at the grating inter-
faces. Concerning the transmitted radiation, the structure
can be considered as an analogue of a Mach—Zehnder inter-
ferometer: at the left interface of the grating, the incident
BSW excites two modes, which correspond to the two opti-
cal paths in the interferometer. At the right interface, these
modes are outcoupled to the transmitted diffraction orders,
the intensities (diffraction efficiencies) of which depend
on the phase shift between the grating modes. A compre-
hensive description of this mechanism for non-integrated
gratings is presented in [60].

Taking into account the existence of bound states in
the continuum in the subwavelength gratings studied in
the previous subsection, it is also interesting to discuss,
whether such states may exist in the gratings operating
in the Littrow configuration. In this regard, it is impor-
tant to note that the existence of BICs in periodic photonic
structures with several propagating diffraction orders was
previously demonstrated in [8, 18]. However, the lack of
interaction of the modes in the grating region in the con-
sidered integrated structure due to symmetry mismatch
prevents the appearance of BICs (see Figure 4). In order
to obtain mode interaction in the grating, it is necessary
to increase the number of propagating modes, so that a
third mode, which is symmetry-compatible with one of
the two modes discussed above, arises. For the consid-
ered example, this can be done by increasing the height
of the grating pillars to h = 62 nm and the fill factor to
w/d = 0.75. In this case, the grating supports three propa-
gating modes, the dispersion curves and field distributions
of which are shown in Figure 5. Two of these modes hav-
ing the same symmetry (see Figure 5b and d) interact, i.e.,
are coupled at the grating interfaces, which as the rigorous
simulation results presented in Figure 6 demonstrate, leads
to the appearance of high-Q resonances and bound states
in the continuum appearing in the spectra of all propagat-
ing diffraction orders. The theoretical justification of the
BIC existence in this regime is given by the coupled-wave
model presented in the supplementary material, which, as
in the previous case, enables predicting the BIC locations
in the parameter space (see Figure 6b).
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Figure 5: (a) Normalized propagation constants k, /k, of the modes
supported by an integrated grating with an infinite length versus
normalized parameter A/d in the Littrow configuration. (b)-(d)
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Figure 6: Diffraction efficiency of the zeroth [(a) and ()] and —1st
[(b) and (d)] reflected [(a) and (b)] and transmitted [(c) and (d)]
diffraction orders of an integrated grating operating in the Littrow
configuration and supporting bound states in the continuum versus
normalized wavelength A/d and grating length //d. White circles in
(b) show the BIC positions predicted by the developed coupled-wave
model presented in Subsection 3.2 of the supplementary material.

It is also interesting to note that at resonances, the
energy of the incident BSW is almost equally divided
between the propagating diffraction orders. For example,
at A/d =3.957 and h/d = 2.025, R, = 0.249, R_, = 0.247,
T, = 0.253, and T_, = 0.251 (Figure 6). Thus, in this case,
the integrated grating may be used as a resonant “four-
way” beam splitter.

Finally, let us make a few brief remarks regarding the
dispersion w,(k,), i.e., the dependence of the complex
eigenfrequencies w, of the designed structure on the wave
number k,. The Littrow condition (6) takes place exactly
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at the edge of the first Brillouin zone (at k, = +7/d).
Near this high-symmetry point, the dispersion curve is
symmetric: a)p(zr /d—6)= cop(zr /d + 8). Therefore, at this
point, dw,/dk, =0, which means that the dispersion
curve is horizontal and the group velocity is zero. This
makes the designed structure promising for slow-light
applications. Besides, the zero group velocity makes the
resonant properties of the designed structure tolerant to
changing the angle of incidence 0 near 6,;,. This is par-
ticularly important when designing optical filters [61].
Note that in conventional grating-based filters, zero group
velocity is usually achieved at the I' point at the cen-
ter of the first Brillouin zone, which is “unavailable”
in the considered integrated geometry due to imminent
parasitic scattering. The discussed properties of the pro-
posed integrated structures will be studied in detail
elsewhere.

4 Conclusion

In this work, we proposed subwavelength and near-
subwavelength integrated diffraction gratings on the Bloch
surface wave platform and theoretically and numerically
investigated their optical properties. We demonstrated
that if the gratings operate in the parasitic-scattering-free
regime, when the energy of the incident TE-polarized BSW
isdivided only between the reflected and transmitted BSWs
having the same polarization and corresponding to the
propagating diffraction orders, the gratings exhibit high-
Q resonances and bound states in the continuum. These
effects appear both in the subwavelength regime, when
only the zeroth diffraction orders propagate, and in the Lit-
trow mounting configuration, when the zeroth and —1st
diffraction orders are non-evanescent and the incident
wave and the —1st reflected order have the opposite prop-
agation directions. The proposed integrated gratings may
find application as narrowband resonant reflectors, filters,
beam splitters and deflectors that can be used in on-chip
photonic circuits on the BSW platform.

We believe that the obtained results may be extended
to other integrated platforms, such as surface plasmon
polaritons supported by metal—-dielectric interfaces and,
especially, guided modes of dielectric slab waveguides.
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