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In this work, we theoretically propose and experimentally demonstrate the formation of a super
bound state in a continuum (BIC) on a photonic crystal flat band. This unique state simultaneously
exhibits an enhanced quality factor and near-zero group velocity across an extended region of the
Brillouin zone. It is achieved at the topological transition when a symmetry-protected BIC pinned at
k = 0 merges with two Friedrich-Wintgen quasi-BICs, which arise from the destructive interference
between lossy photonic modes of opposite symmetries. As a proof-of-concept, we employ the ultraflat
super BIC to demonstrate three-dimensional optical trapping of individual particles. Our findings
present a novel approach to engineering both the real and imaginary components of photonic states
on a subwavelength scale for innovative optoelectronic devices.

Introduction - In recent years, the photonic platform
has advanced as a fertile research area for exploring non-
Hermitian physics [T} 2], where the interaction between
the real (i.e., oscillation frequency) and imaginary (i.e.,
losses) components of photonic resonances can lead to
unique phenomena that are absent in Hermitian systems.
One archetypal object of non-Hermitian photonics is the
Bound states in the continuum (BICs) [3], that are per-
fectly confined modes despite lying in the continuum of
radiating waves. These unique states are prevented from
radiating due to either a symmetry mismatch with ra-
diating waves in the case of symmetry-protected BICs,
or through loss cancellation via destructive interference
for Friedrich-Wintgen BICs [4]. In photonic lattice, each
BIC is pinned at a singularity of far-field polarization vor-
tex and possesses a topological charge determined by the
corresponding winding number [5]. The topological na-
ture of BICs has been explored by various research groups
through numerous theoretical propositions [5H9] and ex-
perimental demonstrations [I0HI7]. However, most of
these works only focus on manipulating the imaginary
part of BIC modes, such as splitting BICs into lower-
order BICs and chiral photonic states with circular polar-
ization [0 [I5HIT], or merging BICs to achieve super BICs
characterized by a remarkably high quality factor over an
extended region of the Brillouin zone [7, 9] 12} [14] [18].

In this Letter, we investigate the complex energy-
momentum dispersion of photonic band structures when
merging topological charges originated from a symmetry-
protected BIC (sym-BIC) at I'-point and two Friedrich-
Wintgen quasi-BICs (FW-gBICs). Both BICs are lo-
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cated at photonic band-edges of opposite curvature, and
their merging gives rise to a super BIC sitting on an ultra-
flat band of zero-curvature and infinite effective mass. All
of the results obtained from numerical simulations are in
good agreement with an analytical model based on mode
coupling theory that nicely reproduces the real part of
the band dispersion, the photonic quality factor and the
corresponding far-field polarization texture. Transferring
these concepts to real materials with technological con-
straints, the formation of flatband resulting from merg-
ing topological charges carried by BICs is experimentally
demonstrated. Furthermore, we leverage this super BIC
state to achieve the first experimental demonstration of
optical trapping using BIC states. Our findings lay the
groundwork for engineering photonic modes with robust
quality factors and ultra-high density of states, paving
the way for innovative applications in lasing, particle
trapping and sensing.

Concept - We start by considering a 1D photonic crys-
tal slab having vertical symmetry (—z — z) and in-plane
symmetry (—z — z) (Fig. [Th). The structure has period
a =330 nm, total thickness A =350 nm, and refractive in-
dex npc = 3.15. We define the filling factor f as the pro-
portion of one unit cell filled with air. To avoid any con-
fusion, in this manuscript, we use the terms “odd/even”
to describe the parity of the vertical symmetry, and the
terms “symmetric/antisymmetric” for the parity of the
in-plane symmetry. Figs. and c depict the profiles of
the electric fields at the I'-point of the two lowest TE-
polarized modes, showing that the fundamental mode is
even symmetric and the first excited mode is odd anti-
symmetric. Due to symmetry mismatch, these two modes
are unable to couple with each other. Moreover, due to
the symmetric parity, the fundamental mode is able to
couple to the plane waves of the radiative continuum and
becomes a leaky mode. By contrast, due to the antisym-
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FIG. 1. (a) Sketch of 1D photonic crystal slab having vertical
symmetry. Distribution of the electric field of (b) the even
symmetric and (c) the odd antisymmetric modes of the TE-
polarization in the structure (a). (d) Sketch of 1D photonic
crystal “comb” structure. Distribution of the electric field of
(e) the even-like symmetric and (f) the odd-like antisymmetric
modes of the TE-polarization in the structure (d). (g-j) The
dispersion relations for k, = 0 of: (g) Uncoupled even (blue)
and odd (red) modes. (h) The coupling between odd-like and
even-like modes gives three BICs on a multivalley band. (i)
The merging of the three BICs results in a super BIC on a
flatband. (j) As the coupling coeflicient « gets stronger, the
band becomes parabolic.

metric parity, the first excited mode cannot couple to the
radiative continuum, and forms a sym-BIC at the I'-point
(Fig. [Tg).

Now, we break the vertical symmetry by implement-
ing a thin unpatterned slab of thickness hg,, =80nm
beneath the corrugated grating to create a “comb” struc-
ture. The height of the grating is hgrqting = 270nm. The
fundamental and first excited modes are no longer even
and odd, become even-like symmetric (Fig. ) and odd-
like antisymmetric (Fig. ), respectively. At the I'-point,
the antisymmetric nature of the odd-like mode prevents
it to couple to neither the even-like mode nor the ra-
diative continuum. Hence, it still exhibits a sym-BIC at
the I'-point. Out of the I'-point, the in-plane symme-
try is broken, allowing the odd-like and even-like modes
to couple to each other. The coupling constant becomes
stronger when we go further away from the I'-point, so
we can approximate the coupling strength as U = a|k,|.
Because this coupling mechanism involves the breaking
of both the vertical and in-plane symmetries, we call it
symmetry-breaking coupling. This coupling mechanism is
described by the Hamiltonian:

_ |Wo U .| Yo
Hcomb = |:U We:| +1 |:1“ei¢ Ve

Here we(o)(kz, ky) and ey (ke ky) are the real and
imaginary parts of the uncoupled even (odd) modes. The
anti-diagonal term I' corresponds to the coupling rate
between the two modes via the radiative channels. The
phase-shift ¢ is the relative dephasing when they radi-
ate into the continuum. We focus on the case k, = 0.
The substantial hybridization between the even-like and
odd-like modes opens a gap at the anticrossing points
of the dispersion curves, resulting in two bands of mul-
tivalley shape (Fig. [lh). The loss exchange through
the mode coupling mechanism reaches its peak when
the Friedrich-Wintgen condition for destructive interfer-
W+V
W_V (Yo — e)
with W = \/U% 4+ 2U2T2cos2¢ + T4, V = U? — T2 and
7 = UT cos ¢. Therefore, one mode takes almost radia-
tive loss and becomes a leaky mode, while the other mode
experiences a minimal loss and becomes a FW-gBIC lo-
calized near the anticrossing point.

As the coupling coefficient « gets stronger, the
symmetry-breaking coupling intensifies through the
whole reciprocal space, drawing the anticrossing points
followed by the FW-gqBICs towards the I'-point. The
coupling coefficient o can be controlled by varying the
filling factor f [19]. This motion flattens the upper band.
Therefore, a ultraflat band emerges when the BICs merge
into a super BIC [I2] [I4]. This super BIC has a large
extension over a broad range of the dispersion curve. In
other words, it is robust against oblique angles. Our work
stands out from previous studies, which exclusively con-
centrated on the quality factor enhancement [7), 12}, 14] or
photonic flat bands focusing on density of states enhance-
ment [I8 20H26]. We introduce the concept of a super
bound state in the continuum on a flat band, referred to
as an ultraflat super BIC, which shows a dual effect: i)
Quality factor enhancement due to the super BIC nature,
and ii) Density of states enhancement resulting from the
flat band characteristic.

Engineering the real part dispersion- Figs. 2h-c display
the reflectivity spectra of the “comb” structure for £, = 0
for varying filling factor f, obtained using the numerical
RCWA method [27]. These results reveal that before the
merging transition (f = 0.51, Fig. [2h), a sym-BIC and
two FW-gBICs coexist in the upper band, characterized
by a multi-valley-shaped dispersion curve. At f = 0.48,
the three BICs merge, forming a super BIC with a ultra-
sharp linewidth spanning a large portion of the Brillouin
zone (Fig. ) After the merging transition (f = 0.45,
Fig. ), only the sym-BIC remains. The RCWA results
are accurately replicated by the analytical model based
on the Friedrich-Wintgen coupling mechanism in (1f) [19],
with the results depicted by the solid lines in Figs. 2{-f.
Concerning the dispersion characteristics along the k,-
direction, they exhibit a simple parabolic dispersion of
free particles with nearly constant positive curvature for
all values of the filling factor f, since the corrugation is
only along the x-axis.

To summarize the dispersion properties along both k,

ence is satisfied: w, — we = sign(Z2)
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FIG. 2. (a-c) Numerical reflectivity spectra of the “comb”
structure of filling factors f = 0.51,0.48,0.45, obtained by
RCWA simulations (k, = 0). (d-f) Comparison between the
dispersion curves obtained from the RCWA simulations (dots)
and from the analytical model (solid line) for k, = 0. (g)
Effective masses m, and m, at the I" point of the upper band
as function of the filling factor f (RCWA simulations). (h)
Dispersion surfaces correspond to the case of saddle surface
(f = 0.50), ultraflat band (f = 0.48) and paraboloid surface
(f = 0.46) (calculated using the COMSOL software).

and k,, Fig. Eg displays the photon effective masses m,
and m, at the I' point of the upper band. As previ-
ously mentioned, m, remains almost constant with pos-
itive value as the filling factor f changes. Interestingly,
my is negative before the merging transition, correspond-
ing to the multi-valley dispersion in Fig. [2h. Its absolute
value grows to infinity at the merging transition, indicat-
ing the presence of a ultraflat band, as shown in Fig. [2p.
After the merging transition, m, becomes positive, cor-
responding to the parabolic dispersion with positive cur-
vature in Fig. . Notably, m, = m, at f = 0.46, where
the dispersion relation is isotropic. Another special case
occurs at m, = —m, with f = 0.50. The dispersion
surfaces of these configurations, as well as the ultraflat
band configuration, are illustrated in Fig. 2h, depicting a
transformation from a saddle surface to a paraboloid sur-
face. It shows that isotropic dispersion surfaces can arise
from such totally anisotropic configurations. These find-
ings demonstrate that the “comb” structure can provide
on-demand curvature in the momentum space.

FEngineering the imaginary part and topological
charges- Fig. [3] shows the mapping in momentum space
of the quality factor and the orientation angle ¢ of the
elliptic polarization of light. The results are obtained
by using the analytical model (imaginary part for qual-
ity factor calculation, and eigenvectors for polarization
texture) and are perfectly reproduced by numerical cal-
culations (see Supplemental Materials [I9]). For the case
f = 0.51, the figure clearly displays a sym-BIC at the
I'-point and two FW-qBICs on the line k, = 0. When
f = 0.48, a super BIC emerges at the I'-point, exhibit-
ing a large quality factor extension in momentum space
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FIG. 3. (First row) Quality factor of the upper band as a
function of k, and ky. (Second row) Orientation angle ¢ of
the far-field polarization of the upper band. These results are
obtained by using the analytical model based on the Friedrich-
Wintgen formalism .

as a result of the merging of the previously mentioned
sym-BIC and FW-¢BICs. At f = 0.45, only a sym-
BIC remains at the I'-point. These results are in per-
fect agreement with the calculated reflectivity spectrum
previously presented in Fig. 2] The topological charge
carried by each BIC is defined as the winding number of
the far-field polarization vortex around this BIC [5] and
is calculated from the orientation angle ¢ of the elliptic
polarization:

1
m 27r7{cdq Vap (2)

Our results show that each BIC carries a topological
charge which equals to either +1 or -1. The sum of the
topological charges is conserved, in agreement with pre-
vious works [7, 12 [14].

Ezxperimental demonstration- The concept of super
BIC on flatband previously developed is adapted for
amorphous silicon (a-Si) material (the spectral depen-
dence of a-Si refractive index is shown in [19]). In our
demonstration, the operating wavelength is targeted in
the vicinity of 1 pum. Our sample consists of asymmetric
a-Si gratings (hgrating = 490 nm, hges = 100 nm) on
2pm of silica on silicon substrate (see Fig. ). These
structures (80 umx80 pum) were first defined in 300 nm
thick HSQ resist layer by electron beam lithography, then
were transferred subsequently to the a-Si layer via ionic
dry etching (more details are reported in Supplemental
Information [19]). All structures are of the same period
of 550 nm but of different value for the filling factor f
that varies from 0.35 to 0.65. Fig.[db represents the scan-
ning electron microscopy (SEM) image of the structure
corresponding to f = 0.39. A white light beam is fo-
cused onto the sample via a microscope objective (x50,
NA=0.65). The reflectivity is collected via the same mi-
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FIG. 4. (a) Sketch of the sample design. (b) SEM image of a
grating structure (here f = 0.39). (c-e) Angle-resolved reflec-
tivity measurements of three structures having three different
filling factors f that correspond to (c) before merging, (d) at
the merging transition, (e) after the merging transition. To
follow the same photonic band, the spectral range of 40 nm
is centred at Ao = (a) 1043 nm, (b) 1020 nm, (c) 1007 nm.

croscope in a confocal geometry, and then projected in
the Fourier space onto the entrance slit of a spectrome-
ter. Finally, the signal is captured by the sensor of an in-
frared camera in the spectrometer output [I9]. Figs. —f
present angle-resolved reflectivity measurements of three
structures of slightly different filling factor values. The
spectral window has been chosen to monitor the trans-
formation of the same photonic band from multivalley
dispersion (Fig. ) to flatband (Fig. [d{l) then parabolic
band (Fig. [4f). We observe clearly the two FW-qBICs
at the valley points (Fig. @:) and their merging with the
sym-BIC at the I" point to form a super BIC (Fig. )
All of these experimental results are in perfect agreement
with the theoretical concepts shown in Figs. [lh-j and then
numerical /analytical results shown in Figs.—f.

The ultraflat super BIC would find immediate use in
various optoelectronic and optomechanic applications.
Here, as an illustration, we will employ ultraflat super
BIC for the first experimental demonstration of optical
trapping assisted by photonic BIC. The combination of
flatband and super BICs is the ideal configuration for op-
tical trapping since: i) High group index and high photon
effective mass are required for a practical realization of
optical trapping [25], ii) BICs exhibit strong field confine-
ment to further improve the optical forces[28H30], with
the possibility to tailor novel trapping mechanisms en-
abled by BIC topological nature[29, [31], iii) Usually, nan-
otweezers relies on plasmonic [32] or dielectric cavities
[33H35] that requires a nanometric position of the optical
beam. In contrast, the robust quality factor and energy
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FIG. 5. (a,b) Frames captured when the laser is on resonance
(a), then off resonance (b) with the super BIC. The red (blue)
circle corresponds to the laser spot at on (off) resonance with
the super BIC. (¢,d) Coordinates of the particles extracted
from the captured frames when the laser is on resonance (c),
then off resonance (d) with the super BIC.

of the ultraflat super BIC against oblique wavevectors
make this photonic mode a unique means for localiz-
ing photons of long lifetime under a resonant injection
pump spot without photonic cavity. Therefore, one may
induce trapping hot-spots at any location of the struc-
ture via a resonant laser. Further discussions on the
advantages of ultraflat super BIC for optical trapping
are detailed in the Supplemental Materials [I9]. In our
proof-of-concept, the particles that will be trapped are
polystyrene beads of 1pm size. These particles are di-
luted in water (107 beads/ml) that is kept in the flu-
idic reservoir of an optofluidic chamber. The sample,
fixed to the wall of the fluidic reservoir from the inside
and immersed in water, is excited by a tunable laser
(1.25-1.6 pm) focused by a microscope objective (x20,
NA =0.4) to a 8.3 nm spot-size. This corresponds to a
converging beam with a full angle width of approximately
10°[19]. A fast camera is used to record a 200s movie of
two sequences: the laser wavelength is set on the reso-
nance with the ultraflat super BIC for 100s (Fig.|[5h), then
set off resonance by 10 nm for the other 100s half (Fig. [5b)
(more frames are provided as videos in the Supplemental
Materials [I9]). These results show that a single particle
is trapped under the laser spot as soon as the laser is on
resonance, and it will drift away as soon as the resonance
is off. From the record frames, we can extract the x,y
coordinates of the particle from the location of its center,
and the z coordinate from its apparent diameter D when
drifting out-of-focus, using z = Dtan(sin™! NA). The



extracted coordinates, shown in Figs. and b, clearly
demonstrate a three-dimensional trapping of single parti-
cle with ultraflat super BIC. Further details and analysis
on trapping mechanism with various BIC modes will be
reported elsewhere.

Conclusion - We introduce an original approach to en-
gineer a new photonic state: the ultrafiat super BIC, by
merging BICs located at band edges that exhibit opposite
curvatures. Remarkably, the ultraflat super BIC exhibits
a robust high quality factor and density of states over an
extensive region of the momentum space. We success-
fully carried out the experimental demonstration using
silicon gratings, where the full sequence of the merging
transition was observed. Furthermore, we leveraged the
ultraflat super BIC state for optical trapping, demon-

strating three-dimensional trapping of single particles.
Our results pave the way for exploring experimentally the
topological forces texture associated with the topological
charges of BICs [31]. We envision that the ultraflat su-
per BIC holds potential for applications in low-threshold
lasers [I4} [36] and highly sensitive sensors [37H39].
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