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Because of their ability to confine light, optical resonators! are of great importance to
science and technology, but their performance is often limited by out-of-plane-

scattering losses caused by inevitable fabrication imperfections**. Here we
theoretically propose and experimentally demonstrate a class of guided resonancesin
photonic crystal slabs, in which out-of-plane-scattering losses are strongly suppressed
by their topological nature. These resonances arise when multiple bound statesin the
continuum—each carrying a topological charge®—merge in momentum space and
enhance the quality factors Q of all nearby resonances in the same band. Using such
resonances in the telecommunication regime, we experimentally achieve quality
factors as high as 4.9 x10°—12 times higher than those obtained with standard designs—
and this enhancement remains robust for all of our samples. Our work paves the way
for future explorations of topological photonics in systems with open boundary
conditions and for their application to the improvement of optoelectronic devices in
photonicintegrated circuits.

Topological defects” are ubiquitousin the natural world. Examples range
from quantum vortices in superfluids to singular optical beams®, which
are characterized by the non-trivial winding patterns of system param-
eters (velocity, phase or polarization) in real space. Recently, it was found
that unexpected topological defects canalso emerge inthe momentum
space of acrystal and giverise to interesting physical consequences; one
such exampleis the optical bound statesin the continuum (BICs). BICs
resideinside the continuous spectrum of extended states but counter-
intuitively remain perfectly localized in space and their lifetimes are
theoretically infinitely long. Since their initial proposal®, BICs have been
observedinavariety of wave systems, including photonic'® ™, phononic®®
and water waves”. Furthermore, they have been used to enhance various
applications, such as lasers™"® and antennas™?°, by providing an out-
coupling channel through their surface-emitting nature. In photonic
crystal slabs, it has been identified that their fundamental nature is
topological; they are essentially topological defects in polarization
directions defined in momentum space®. In practice'®?, the quality
factors of such BICs are often much lower than their theoretical predic-
tion ofinfinity, limited to only about 10*. Aside from other contributing
factors, such as material absorption or the finite size of samples, the
main limiting factor of the Q value of BICs is scattering losses caused by
fabrication imperfections or disorders—a common problem for many
high-Q on-chip resonators***>.

Here we theoretically propose and experimentally demonstrate
on-chip photonic resonances that are much less susceptible to out-of-
plane-scattering losses than expected, owing to their unique topologi-
cal features. We start by showing that resonances with ultrahigh Q can
be achieved by merging multiple BICs. First, we consider a photonic
crystalslab (Fig.1a), in which asquare lattice (periodicity a=519.25nm)
of circular air holes (radius r=175nm) s patterned insilicon (thickness

h =600 nm). With the use of numerical simulations (using the COM-
SOL Multiphysics software), we focus on the transverse electric (TE) A
band (red line), featuring nine BICs where Q diverges to infinity (Fig. 1b).
The topological nature of the BICs can be understood from the cor-
responding far-field polarization plots (Fig. 1b, bottom panels), where
each BIC appears as a topological defect (vortex) in the polarization
long axes®*?*?> characterized by an integer topological charge of +1.
Among these nine vortices, one is pinned at the centre of the Brillouin
zone owing to symmetry, whereas the locations of the remaining eight
canbe controlled by varying system parameters such as the periodicity.
For example, when a increases from 519.25 nm to 531.42 nm, the eight
off-centre BICs move towards the centre until all nine of them merge
into asingle BIC with a charge of +1when a=531.42 nm. This single BIC
persists when a further increases to 580 nm.

The topological configuration of BICs controls radiative losses of
all nearby resonances. Specifically, Q is shown to decay quadratically
(Qx1/k?) with respect to the distance k (in momentum space) fromasin-
gleisolated BIC with charge +1; however, this scaling changes to Q x 1/k®
inthe configurationin which all nine BICs merge (referred to as ‘merging-
BIC design’ hereafter). A comparison between these two scenarios is
shown in Fig. 1c, where the Q values in a merging-BIC design (red) are
always orders of magnitude higher than those inanisolated-BIC design
(blue) along all directions in k space, owing to their fundamentally dif-
ferent scaling properties. This difference in scaling originates fromthe
asymptoticbehaviour of Qe 1/[k(k + kg, c) (k — kg o)’ in the regime in which
off-centre BICs at kg, and centred BIC coexist, asshownin Fig. 1c (grey
lines). In the merging-BIC design, ky,c > 0 and we get Q x 1/k°. Further
discussionis provided in Supplementary Information sections land II.

Although simulation results of infinitely large perfect photonic crys-
tals reproduce radiative quality factors, real samples (schematically
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Fig.1|Suppressingradiation losses by merging multiple topological
charges. a, Left, Schematic of a photonic crystal slab and the factors
contributing toloss. Right, Simulated band structure. The TE Aband is marked
witharedline,and wis the normalized resonance frequency. b, Multiple BICs
appearonband TE A, where the radiative quality factor Qdiverges. Top,
Simulated Q for various values of the sample periodicity, a. Bottom, far-field
polarization plots. When aiis tuned from 519.25 nm (left) to 580 nm (right), nine
BICs at kyc with topological charge +1 merge into anisolated BIC with charge +1.
¢, Simulated Qbefore (a=519.25 nm; grey) and after charges merge at the centre
ofthe Brillouin zone (a =580 nm; blue). The transition (a=531.42 nm; red)
corresponds to the merging-BIC configuration, which shows considerably
higher quality factors than the isolated-BIC configuration (blue). Thisis caused
by achange to ascaling rule of Qx1/k%, which is observed along both the I-X and
~Mdirections. All simulations used the finite-element method in COMSOL.

shown in Fig. 2a) feature some major differences that determine the
highest Qachievablein practice. First, all samples are finite in size; their
boundariesintroduce fractional orders of the primitive reciprocal lattice
in kspace (green dotsinFig. 2a; see Supplementary Information section
11 for details)**. Second, all fabricated samples exhibit disorder and
imperfections with both long- and short-range correlations, allowing
modes at different k points to couple to each other. Because of these
inevitable coupling terms, modes at different fractional momentum
orders are hybridized and all of their loss channels become available
to the final resonance®.
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Fig.2|Topological protection against scatteringlosses. a, Schematicofa
fabricated photonic crystal sample (solid lines; top), with disorder in the
locations and radii of the holes (dashed lines; top). In reciprocal space, fractional
orders of momentum (green dots; bottom) areintroduced by the supercell. Nis
thesize of the supercellinincrements of the periodicity a and B is the minimum
step size of the fractional orders of momentum. b, Momentum-energy
distribution of the highest-Q mode in the merging-BIC design for a perfect (top)
andadisordered (bottom) structure inside the first Brillouin zone. a.u., arbitrary
units. ¢, Momentum-energy distribution of the radiation field in the disordered
merging-BIC (top) and isolated-BIC (bottom) designs. The white circles
represent the light cone—the regionin the momentum space where guided
resonance can couple to the radiation channel, as determined by the structure of
the sample. The scatteringloss is considerably lower in the merging-BIC sample
thanintheisolated-BIC sample.d, Schematic of an asymmetric hole (top) acting
asafabricationimperfection, and simulated Q values near the centre of the
Brillouin zone obtained by the application of disorder (bottom). All simulations
were performedinal5ax15asupercell (N=15).

The advantage of our merging-BIC design over an isolated-BIC
design is confirmed by simulations (using the COMSOL Multiphysics
software) of perturbed 15 x 15 photonic crystal supercells. In a perfect
supercell structure without disorder, a BIC with infinite Q remains at



the centre of the Brillouin zone (Fig. 2b, upper panel). For comparison,
perturbations are applied to both the radii (Ar) and positions (Ax, Ay)
ofthe holes accordingto the statistics that best describes our samples
(Fig. 3). As expected, each mode in the disordered samples has multi-
ple components in k space. Furthermore, resonances in a disordered
sample with a merging-BIC design have considerably lower radiation
fields than those from an isolated-BIC design with the same disorder
(Fig. 2c). This result agrees well with Fig. 1b, c: all modes contributing
to the final resonance in the merging-BIC sample have much higher
Qvalues than those in the isolated-BIC case because resonances in
the former are much more immune to out-of-plane scattering from
disorder than in the latter. Finally, this enhancement of Q is found to
berobustacrossarange of kvalues, as shownin Fig. 2d (bottom panel),
by assuming asymmetric holes to represent typical fabrication errors
before applying the disorder (see Supplementary Information sections
IVand V for details).

Toverify our theoretical findings, we fabricate photonic crystal sam-
ples with both merging-BIC and isolated-BIC designs using the same
electron-beam lithography and inductively coupled plasma etching
processes on a 600-nm-thick silicon-on-insulator wafer (see Methods
for details). The underlying SiO, layer is then removed to restore the up—
down mirror symmetry required for tunable BICs®'°. Alternatively, one
may use refractive-index-matching liquid or deposition layersinstead.
The samples are about 250 x 250 um?in size. The periodicity is varied
from 530 nm to 580 nm to sample designs with merging and isolated
BICs. From the scanning electron microscope images of the samples
(Fig. 3a, b), the standard deviations of the hole locations and radii are
estimated to be about 5 nm, whichis used in the simulations discussed
earlier.

A schematic of the experimental setup is shown in Fig. 3c. A tun-
able telecommunication laser with light in the C+L band is first sent
through an X-polarizer before the light is focused by a lens (L1) onto
the back focal plane of an infinity-corrected objective lens. The inci-
dent angle of the laser on the sample is thus controlled by moving L1
on the x-y plane. Using this confocal setup, reflected and scattered
light are also collected by the same objective; they are then magni-
fied 1.67 times through a relay 4f system and imaged on a camera. A
Y-polarizeris used to block reflected light (X-polarized) while allowing
scattered light to pass (see Methods and Supplementary Information
section VI). Under the on-resonance coupling condition, where the
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Fig.4|Experimentalresults. a, Isofrequency contours of the sample at
different wavelengths are observed on the camera (right). Three examples are
shown as dashed lines. The scattered-light intensity at different pointsin
momentum space (X, Y, Z; left) is further characterized using a photodiode, and
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Fig.3|Experimental setup. a, b, Scanning electron microscope images of the
fabricated photonic crystal sample; top (a) and side (b) view. ¢, Schematic of the
measurement setup. The blue lines represent theincident light and its direct
reflection. Thelight red region denotes radiation losses induced by scattering
fromdisorder.L, lens. BS, beamsplitter.

photonic crystal sample supports aresonance at the same wavelength
astheincident light at that incident angle, isofrequency contours are
observed on the camera, similarly to previously reported results?*?,
Three examples of isofrequency contours are schematically shown in
Fig. 4aas dashed lines.

The Qvalues of resonances at different k points are further character-
ized using scattered light. Specifically, amovable pinhole (not shownin
Fig. 3¢) is placed on the image plane of the objective’s rear focal plane
to specify a k point. A photodiode connected to a lock-in amplifier is
placed behind the pinhole to record the intensity of the scattered light
asafunction ofthe wavelength of the tunable laser. AsshowninFig.4a,
when different k points are selected by the pinhole (X, Y and Z), different
scattering spectra are obtained, all exhibiting symmetric Lorentzian
features. Similar scattering phenomena have been observed before*
and canbe understood as follows: the intensity of scattered light is gov-
erned by the spectral density of states of the sample at that k point, and is
described by a Lorentzian function centred at the resonance frequency,
with linewidth determined by the Q value of the resonance (see Sup-
plementary Information section VII for details).
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linewidthis determined by the Q value of the underlying resonance.b, ¢, The
highest Qobserved in the merging-BIC sampleis 4.9 x10°at point W (b), whichis
more than an order of magnitude larger than that of anisolated-BIC sample
constructed with the same fabrication process (Q=4.0 x10% c).
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Fig.5|12-fold enhancement of Q via topological protection. a, Dispersion of
resonances measured at different points inmomentum space (circles), showing
good agreement with FEM simulation predictions (dashed lines) along both the
I-X (top) and'-M (bottom) directions. b, An enhancement of Q by a factor of
more than10is observed over awide range inmomentum space for the merging-
BIC samples (red and blue) compared to the isolated-BIC sample (purple) owing
to topological protection.

The Q values of the resonances are extracted by numerically fitting
the scattering spectrawith Lorentzian functions. As showninFig.4a, Q
increases from 2.6 x10°to 4.5 x10° as the observing point moves closer
tothe centre of the Brillouin zone from X to Z. This agrees well with the
simulation resultsin Fig. 1. The highest Q observed in the merging-BIC
sample is 4.9 x 10° at point W (Fig. 4b). In comparison, the highest Q
observed in the isolated-BIC sample—fabricated on the same wafer
through the same processes as the merging-BIC sample, but with dif-
ferent structural parameters—is limited to only 4 x 10*, more than an
order of magnitude lower (Fig. 4c). This confirms our simulation results
inFig. 2, whichindicate that engineering the topological configurations
of BICs can substantially suppress scattering losses. Furthermore, this
over-ten-fold enhancement of the quality factor is observed to be robust:
not only does it appear over a wide range in k space, as shown in Fig. 5,
but a similar level of enhancement is also observed in all merging-BIC
samples that we fabricated (see Supplementary Information section
VIII for details).

Topological photonics??° has found tremendous success in sup-
pressing in-plane back-scattering losses by breaking reciprocity. Here
we use topology to solve a different class of problems, by suppress-
ing out-of-plane-scattering losses in a reciprocal system. By merging
multiple topological charges carried by BICs, we experimentally dem-
onstrate photonic crystal resonances with record-high quality factors
of Q=4.9 x10°, more than an order of magnitude higher than those of
ordinary designs. These ultrahigh-Q resonances are potentially useful
for chemical or biological sensing® and large-area laser applications'®.
Furthermore, our high-Qresonances are observed to be robust against
fabrication imperfections, and can help to improve the performance
of optoelectronic devices using concepts from topological photonics.
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Methods

Sample fabrication

The sample was fabricated on a silicon-on-insulator wafer with electron-
beamlithography (EBL), followed by inductively coupled plasmaetching.
For EBL, thessilicon-on-insulator wafer was spin-coated witha330-nm-thick
layer of ZEP520A photo-resist before being exposed to EBL (JBX-6300FS)
atabeam current of400 pA and afield size of 500 im. The sample was then
etched with ICP (Oxford Plasmapro Estrelas 100) using a mixture of SF,and
C,F;. After etching, the resist was removed with N-methyl-2-pyrrolidone
and the buried oxide layer was removed using 49% HF.

Measurement system

The incident light source was a tunable C+L-band telecommunication
laser (Santec TSL-550), which was sent through a chopper for lock-in
detection. A pinhole with diameter of 500 pmwas placed on the Fourier
plane to select the desired wavevectors. Light scattered through the
pinhole was collected by a photodiode (PDA10DT-EC), which was con-
nected toalock-inamplifier (SRS SR830). A flip mirror was used to switch
between the camerathat was used toimage isofrequency contours and
the photodiode. Besides characterizing far-field radiation patterns, the
setup could also take near-field images of the sample if another lens was
inserted into the optical path.

Data availability

The data that support the plots in this paper and other findings of this
study are available from the corresponding author upon request.
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