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Photonic bound states in the continuum (BICs) provide a standout platform

for strong light-matter coupling with transition metal dichalcogenides
(TMDCs) but have so far mostly beenimplemented as traditional
all-dielectric metasurfaces with adjacent TMDC layers, incurring
limitations related to strain, mode overlap and material integration. Here,
we demonstrate intrinsic strong coupling in BIC-driven metasurfaces
composed of nanostructured bulk tungsten disulfide (WS,) and exhibiting
resonances with sharp, tailored linewidths and selective enhancement of
light-matter interactions. Tuning of the BIC resonances across the exciton
resonance in bulk WS, is achieved by varying the metasurface unit cells,
enabling strong coupling with an anticrossing pattern and a Rabi splitting
of 116 meV. Crucially, the coupling strength itself can be controlled and is
shown to be independent of material-intrinsic losses. Our self-hybridized
metasurface platform canreadily incorporate other TMDCs or excitonic
materials to deliver fundamental insights and practical device concepts for
polaritonic applications.

Understanding and maximizing the interaction between light and mat-
terinnanoscale materials is a central goal of nanophotonics. Resonant
nanosystems have been investigated for the confinement and con-
trol of electromagnetic energy in sub-wavelength volumes, leading to
breakthroughs in light harvesting', optical waveguiding”and emission
control’. Coupling light to electronic excitations in solid-state materials
isof particularinterest because of the creation of hybridized photonic
and electronic states, called polaritons, showing exciting properties
such as Bose-Einstein condensation* and superfluidity’ with potential
forapplicationsinlow-threshold semiconductor lasers®, photocatalytic
enhancement’ and quantum computing®. The driving force for research
on excitonic coupling has been reaching the strong light-matter cou-
pling regime, where coherent exchange of energy between photons
and excitons takes place. Transition metal dichalcogenides (TMDCs)

areapromising class of van der Waals materials for strong light-matter
coupling, as they host strongly bounded excitons that are stable up
to room temperature, owing to large binding energies >200 meV
(ref.9), coupled valley and spin degrees of freedom and broad tunabil-
ity throughstrain, dielectric environment and the DC Stark effect'* 2,
TMDCs exhibit large excitonic oscillator strengths evenin~10-100 nm
thick films®, rendering this class of materials compatible with estab-
lished architectures of flat-optics devices to study strong light-matter
interaction.

Ingeneral, reaching the strong coupling regime in nanophotonic
systemsrequires high electromagnetic field intensities, confinement
of lightinto small modal volumes and maximum overlap between the
optical modes of the cavity and the excitonic resonancesin the material.
To date, strong coupling has been realized with TMDC monolayers in
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avariety of photonic systems, including plasmonic nanoantennas'*",

photonic crystals'®" and distributed Bragg reflector microcavities'®,
as well as in self-hybridizing structures such as bulk TMDC slabs act-
ing as Fabry-Perot cavity" and single nanostructures supporting Mie
resonances®.

Recently, photonic bound states in the continuum (BICs) have
beenshownto provide excellent control over light-matter interactions,
owingto their strongly enhanced near fields, high quality factors and
broad resonance tunability via variation of their geometrical param-
eters. Consequently, BICs have established themselves as essential new
building blocks for nanophotonic vibrational spectroscopy®-?, light
guiding®, harmonic generation* and lasing®. Symmetry-protected
metasurfaces® have emerged as a prominent platform to realize BIC
resonances for light-matter coupling applications, owing to their high
optical signal contrasts even when subjected to fabricationimperfec-
tions”, and ease of optical measurements requiring only common
brightfield microscopy setups. Importantly, the BIC metasurface
concept provides direct control over the radiative decay rate (and
therefore the linewidth) of the resonances via the asymmetry of the
constituent unit cells®.

Currently, many implementations of excitonic strong coupling
with BICs rely on placing TMDC layers adjacent to BIC metasurfaces
composed of traditional all-dielectric materials such as Si, TiO,, Si;N,
or Ta,0; (refs.17,28-31). However, this approach increases system com-
plexity due to the direct contact between different material systems
and inhomogeneities introduced during the TMDC transfer process,
where topographic irregularities and strain in the TMDC layers can
lead to spectral shifts of the exciton® or the suppression of non-linear
effects®. Additionally, light-matter interaction occurs only via the eva-
nescent fields around the BIC resonators, which decreases the coupling
strength, especially when incorporating commonly used buffer layers
for TMDCs, such as hexagonal boron nitride. Obtaining a TMDC BIC
platform, which combines photonic cavity and excitonic materialin the
same nanostructured system, is therefore highly desirable; however,
anexperimental demonstration is still lacking.

Here, we realize precisely controlled strong coupling in
self-hybridized WS, metasurfaces based on symmetry-protected
BICs. The metasurface platform consists of arrays of rod-type BIC
unit cells, where the asymmetry of the structure is controlled via the
length difference AL of the rods, offering direct control over the reso-
nance linewidth. We experimentally demonstrate strong coupling
with pronounced and tunable BIC resonances in WS, metasurfaces
fabricated via mechanical exfoliation, electron-beam lithography
(EBL) and reactive-ion etching (RIE) (see Methods for more details).
Resonance quality factors approach Q = 370 at spectral positions close
to but spectrally separated from the exciton.

By varying the lateral size of the metasurface unit cells, the BIC res-
onancesare tuned across the WS, exciton, which reveals an anticrossing
pattern with a Rabi splitting of 116 meV at ambient conditions, which
is three times larger than the linewidths of the underlying excitonic
and photonic resonances, propelling the system well into the strong
coupling regime. Using the versatile resonance control afforded by the
BIC concept, our experiments reveal a clear increase of the Rabi split-
ting with lower asymmetries, which we attribute toacomplexinterplay
between radiative quality factor and mode volume.

Insharp contrast to previousintrinsic coupling approachesbased
on anapoles® or wires**, our results incorporate precise control of
the radiative loss channel to achieve tunable coupling strengths and
polariton populations.

Numerical metasurface design

WS, was chosen for our BIC metasurface realization because of its
spectrally isolated exciton at 629 nm for the bulk material, its large
oscillator strength compared with other TMDCs such as MoS,, MoSe,
or WSe, (ref. 13) and its high refractive index (n =4.1at A=800 nm).

Our designadoptsarod-type BIC unit cellgeometry (Fig. 1a) with pre-
cise control over the asymmetry via the length difference AL,, spectral
tunability viaa multiplicative scaling factor S, high signal modulation
and a spectrally clean mode structure. The WS, metasurfaces were
numerically optimized to simultaneously obtain spectral overlap of
the BIC resonances with the exciton, strong near-field enhancements
and compatibility with nanofabrication tolerances. To capture the
opticalresponse of the WS, BIC metasurface with and without the influ-
ence of the exciton, we modelled the refractive index of WS, as a Tauc—
Lorentz dielectric (Fig. 1b and Methods). We demonstrated the
existence of aBIC onthe low-energy side of the exciton with full-wave
simulations and showed the capability to spectrally tune the BIC via
the geometric scaling factor S (Fig. 1c), and to control the resonance
linewidth with a varying asymmetry parameter AL, (Fig. 1d). At reso-
nance, the electric near field £, where € is the permittivity of WS, or
air,is concentrated inside the structure (Fig. 1e), leading to anenhance-
ment of the light-matter interaction. To analyse the loss channels asso-
ciated with the BIC modes, we employed a temporal coupled mode
theory model to fit the simulated transmittance spectra. This approach
allowed us to decompose the quality factors of the BICs into their
radiative and intrinsic parts, where the radiative contribution shows
the expected characteristic inverse square law with asymmetry. The
intrinsic partincorporates all non-radiative loss channels such as mate-
rialabsorption, surface roughness or edge losses* and is described by
our effective material parameters (Methods). Due to small losses in
the material, the total Qfactor is limited by the intrinsic quality factor,
whichleadstoadeviation of the inverse square dependence. Addition-
ally, the BIC-driven light-matter interaction is governed by critical
coupling®, where the highest field enhancement is achieved when the
radiative and intrinsic Q factors match (Fig. le,f).

Metasurface fabrication and optical
characterization
The fabrication process began with mechanical exfoliation of bulk WS,
flakes onto fused silica substrates (Fig.2a), with flake thicknesses rang-
ingfrom 30 to 50 nm. The exfoliated WS, flakes were then patterned via
EBL and RIE (Methods). Scanning electron microscope micrographs for
different asymmetry parameters revealed the accurate reproduction
of the metasurface design with high uniformity and surface quality
(Fig. 2b). The transmittance spectra of the fabricated structures were
measured in an optical spectroscopy setup. We illustrated the emer-
gence of the BIC mode from the symmetric case by gradually increasing
the asymmetry parameter AL,. The corresponding transmittance spec-
tra (Fig. 2c) clearly show a spectral blueshift and linewidth broadening
withincreasing asymmetry and the extracted Qfactors range from 20
to 370, with highest values found for the lowest asymmetries (Fig. 2d).
As already seen in the simulations, the total Q factor is limited by
the material-intrinsic absorption as well as scattering losses due to
surface roughness and statistical variations”. Overall, we see excellent
agreement between experimental and simulated results, although
theradiative Qfactor slightly deviates from the characteristicinverse
square dependence of the BIC due to small uncertainties in the fits of
the experimental spectra for low asymmetries caused by small signal
modulations.

BIC-drivenintrinsic strong coupling

To demonstrate metasurface-based strong light-matter coupling, we
tuned the BIC resonances over the WS, exciton wavelength at 629 nm
(1.971eV). The spectral tuning was achieved by fabricating 11 meta-
surface patches with an asymmetry parameter of AL, =80 nm with
scaling factorsbetweenS=0.9and S =1.2 fromasingle WS, flake with a
height of h = 45 nm. Transmittance spectra of the metasurface patches
show clear anticrossing behaviour, which is anecessary feature of the
strong coupling regime (Fig.3a). The full energy dispersion of the sys-
temis shown in Fig. 3b and is plotted against energy to facilitate the

Nature Materials | Volume 22 | August 2023 | 970-976

a7


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01580-7

¢ 1.4
T 1k c o
& s
® =3
: a
[
2 )
~ Ot | | | IS
700 750 800 850
Wavelength (nm)

= 100
g L
2 —~——y BIC >
g 'G* &
c 2}
2 2
oL T | | | 0
=

700 720 740 760 780 800

Wavelength (nm)

Fig.1|Bound states in the continuum in bulk WS, metasurfaces. a, Rod-type
symmetry-protected BIC unit cell showing the working principle of opposing
electric dipoles (denoted by p, and p,). The geometrical unit cell parameters
are fixed as: periodicity P, =340 nm, base rod length L, =266 nm and rod
width W, =90 nm. The centre points of the rods are placed at the unit cell
coordinates (x, y) = (0, P/4) and (0, 3P/4). Tunability of the resonance position
isrealized by introducing a multiplicative scaling factor S, which scales the
in-plane geometrical parameters accordingto P = SPy, L = SLo, AL = SALyand
W = SW,. h, height. b, Tauc-Lorentz material of WS, showing the real part n and
imaginary part k of thein-plane complex refractive index with and without the
exciton. ¢, Simulated transmittance spectra of BIC resonances on the low-energy
side of the exciton tuned via scaling of the in-plane geometric parameters.
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The markers indicate the modulation of the transmittance signal. d, Simulated
transmittance spectra of BICs for different asymmetries AL,. Smaller
asymmetries lead to a spectral redshift and a reduction of the linewidth. For
symmetric structures the resonance vanishes as the quasi-BIC turns into a true
BIC. e f, Electric field enhancements and quality factors for different asymmetry
parameters AL,. The maximum field enhancement is achieved when both
intrinsic and radiative damping rates of the BIC mode are matched (e).
Theradiative quality factor follows the expected inverse square dependence
ofaBIC. Theintrinsic Q factor shows aslight increase for lower asymmetries due
to aslightly larger extinction value of the blue-shifted BIC (f). The total Q factor
follows the radiative Q factor for large asymmetries and is dominated by the
intrinsic Q factor for small asymmetries.

subsequent analysis. The energies of the upper and lower polariton
branches can be calculated from

wgic +WEx + i(yBIc+VEx)

w =
* 2 2

()

i\/gz - i(VBlC — Vex + i (@pic — 0p))%

where wg,and ygindicate the frequency and the exciton dampingrate,
wgicand ygcaretheresonance frequency and damping rate of the BIC,
respectively, g isthe coupling strength between the two coupled sys-
tems and i is the imaginary unit (Supplementary Note 2). The corre-

sponding Rabi splittingis defined as 23 = 21/22 — (¥gic — yEX)2/4. The

properties of the exciton are extracted from transmission measure-
ments on a symmetric metasurface patch without the presence of a
BIC mode, yielding hwg, = 1.971eV and #yg, = 36 meV. The linewidth
oftheBIC at the wavelength of the excitonis obtained from simulations
as Aygic = 30 meV (Fig. 3c). We can now fit equation (1) to the experi-
mentally obtained energies of the polariton branches to obtain a
Rabi splitting of (116 + 4) meV. Two established criteria of strong
coupling®¥

€1 = S%/(Voic + Vix) > 1 V)]
¢ =8/ e + Vex)/2 > 1 3)

yield ¢; = 1.75and ¢, = 1.74, respectively, exceeding the required con-
ditions substantially and verifying that our BIC-driven metasurface
concept indeed reaches the strong coupling regime. These findings
arefurther supported by analysing the influence of potential uncertain-
tiesin our fitting scheme (Supplementary Fig. 5).

Furthermore, weinvestigated the influence of temperature onthe
coupling process by measuring the transmittance spectra of the WS,
BIC metasurface at different temperaturesinacryostat. The optical per-
formance of the metasurface is maintained even at cryogenic tempera-
tures, and comparing the experiments at room temperatureand 5K, the
expected spectral blueshift of the exciton®* is visible (Supplementary
Fig.7a). Although the Rabi splitting shows a small declining trend with
decreasing temperatures (Supplementary Fig. 7b), which we ascribe
to the reduction of the oscillator strength for the phonon-mediated
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Fig.2| Experimental realization of bulk WS, BIC metasurfaces. a, Sketch of
the experimental process including exfoliation of WS,, nanopatterning via EBL
and RIE and optical far-field spectroscopy. b, Scanning electron microscope
micrographs of fabricated WS, metasurfaces with a scaling factor of S =1.25 with
different asymmetry parameters AL, and a uniform thickness of 80 nm.
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momentum indirect transition of the bright exciton, strong coupling
ismaintained downto 5 K.

Tailored strong coupling
To correlate BIC quality factor and Rabi splitting, we simulated and fab-
ricated metasurfaces with different asymmetry factors AL, withaheight
of 33 nm. For higher asymmetries, the BIC resonances exhibit higher
modulation contrasts combined with broader linewidths (Fig. 4a,b).
Ontheother hand, we observe increased values of the Rabi splitting for
lower asymmetries (Fig. 4c). Thisunique and previously unavailable tun-
ingbehaviour provides anew mechanism for tailoring the Rabi splitting
using simple structural modification, and can thus enable the design of
metasurface geometries with optimal ratio of resonance modulation to
Rabi splitting in the strong coupling regime (Supplementary Fig. 6). For
the lowest asymmetry of AL, =20 nm, the BIC resonances are strongly
damped by the intrinsic losses of WS,, and we can no longer resolve a
clear peak splitting (grey shaded areain Fig. 4c).

Furthermore, we plotted the Rabi splitting against the radiative
Q factors of the BIC resonances without exciton from simulations
and observed that both the Rabi splitting and the coupling constant g
undergo asteep increase at low Qfactors and saturate at higher Qfac-
tors (Fig.4d). The observed trend is consistent with predictions from
the literature, where the saturation of the Rabi splitting is attributed
to the saturation of the electric field enhancement®*°. However, in
comparisonwithidealized lossless dielectric BIC-driven metasurfaces,

where the field enhancement scales with the square root of the Qfactor
(Supplementary Fig. 9i) and thus shows a saturating behaviour, the
field enhancement of realistically modelled WS, BIC metasurfaces
is governed by critical coupling, which is influenced by background
lossesinthe material. At the spectral position of the exciton, maximum
field enhancementis achieved for AL, =110 nm (Fig. 4c) and shows an
upward trend, which contrasts strongly with the downward trend of
the Rabi splitting, implying that the Rabi splitting is independent of
the electric near-field enhancement. This is also supported by addi-
tional simulations with lossless and lossy materials, showing identical
Rabi splitting (Supplementary Fig. 9¢,f).

The observed independence from the field enhancement is con-
sistent with the common definition for the coupling strength g*!

N

Vefr” @
where p is the collective dipole moment of the exciton, E the local
electric field strength, N the number of excitons participating in the
coupling process and V., the effective mode volume. We calculated
the effective mode volume, which follows the decreasing trend of the
geometric volume, when increasing the asymmetry (Supplementary
Note 5 and Supplementary Fig. 11), which would imply an increase of
coupling strength. However, due to the reduced volume, fewer excitons
partake in the coupling process, which effectively counteracts the
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where the WS, BIC mode is continuously tuned over the spectral location of

the WS, exciton by varying the scaling factor using dielectric functions from

the Tauc-Lorentz model with and without the exciton. By aligning the spectral
location of BIC and exciton, both modes hybridize into polaritonic branches with
higher and lower energies compared with their uncoupled ground states.

effects of the reduction of mode volume, leading to constant exciton
density and coupling strength. Notably, the above definition of the
coupling strengthis only valid for low-loss and non-radiative cavities*~.
A similar trend is observed for the optical confinement factor of the
BIC structure (Supplementary Fig.12).

Next, we separately studied the radiative and intrinsic loss chan-
nels that affect the total BIC Q factor. We used a simplified Lorentz-
ian material representing a narrower exciton with a linewidth that is
between the narrowest and the broadest BIC linewidths achievable
with the given geometric parameters. When we change the Qfactor by
addingintrinsic losses to the system, we observe a constant coupling
strength g and a Rabi splitting peaking at the maximum value 2 g for
matching linewidths of BIC and exciton (Supplementary Fig. 8a,b). The
decrease of Rabi splitting for low Q factors is caused by the expected
weakening of the strong coupling conditions towards the weak cou-
pling regime (Supplementary Fig. 8c).

In contrast, when changing radiative losses through a variation
ofthe asymmetry parameter AL,, both the coupling strength and Rabi
splitting follow the saturation trend described above, independent of
intrinsiclosses of the system, and the Rabi splitting reaches the value2 g
whenthelinewidths of BIC and exciton match (Supplementary Fig. 9j).
This shows that the general coupling rules are still valid, but that these
effects are negligible compared with the overall trend. Importantly, the
coupling strength itself is modified by varying the radiative Q factor,
showing that our TMDC BIC platform is able to directly control the
coupling conditionsin the system.

Therefore, we deduced that the coupling strength (Supplementary
Fig. 9c,f) isindeed independent of the electric near-field enhance-
ment (Supplementary Fig. 9d,g). Moreover, considering the constant

excitonic density, our analysis identified an additional mechanism
for changing the coupling strength by controlling the radiative loss
channel. While intrinsic losses change the Rabi splitting because of a
linewidth broadening of the BIC, eventually turning to the weak cou-
plingregime, energy is dissipated from the resonator system through
the radiative loss channel to the far field, which reduces the interaction
time of the photons with the excitons for large asymmetry parameters,
thus lowering the coupling strength.

Even though the coupling strength itself is independent of any
field-enhancing effect such as critical coupling, the population of the
polaritonbranchesis heavily influenced by it. When the radiative BIC qual-
ity factorismatched tobothitsintrinsic quality factor and the width of the
exciton, the maximum absorbance for our systemof 0.5 canbe reached,
whichisknown asstrong critical coupling or polaritonic critical coupling™
(Supplementary Fig.10a-c). We numerically proved that thisregime can
be reached for our Tauc-Lorentz material with only small changes to
the structure parameters of the BIC unit cell (Supplementary Fig.10d).

Discussion

We haverealized a self-hybridized WS, metasurface platformbased on
symmetry-protected BICs. We achieved resonances with total Q factors
of up to 370 on the low-energy side of the exciton at wavelengths
from 700 to 800 nm, demonstrating that exfoliated bulk TMDCs are
an excellent material for all-dielectric nanophotonics owing to their
high refractive index, low losses and mono-crystallinity. Moreover,
we leveraged the precise control of the resonance position of the
BIC mode via geometric variations to tune the BIC spectrally to the
material-intrinsic excitonic resonance at 629 nm, leading to strong
light-matter interaction and hybridization of photonic and excitonic
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Fig. 4| Tailored Rabi splitting in BIC metasurfaces. a,b, Simulated

(a) and experimental (b) energy dispersion plots for WS, BIC metasurfaces for
different asymmetry factors AL, enabling strong coupling experiments with
multiple resonance quality factors and field confinements. ¢, Extracted Rabi
splitting values from the datain a and averaged electric field enhancement in
the resonator as a function of asymmetry parameter AL,. The Rabi splitting

Qaq (simulated)

decreases with increasing asymmetry, demonstrating the capability of tailouring
light-matter coupling strength using photonic BICs. d, Rabi splitting values and
coupling constants extracted from b as a function of the simulated radiative BIC
quality factor saturating for high radiative quality factors. The error bars depict
the standard error of the fit values. Exp., experimental; sim., simulated.

modes. We experimentally resolved a clear anticrossing pattern of the
exciton-polaritonbranches with a Rabi splitting of 116 meV at tempera-
turesranging from 5 Ktoroomtemperature. By varying theradiative Q
factor of the BIC via the asymmetry factor of the BIC unit cell between
AL,=40nmand AL, =100 nm, we were able to tune the Rabi splitting
inalinear fashion, where the highest Rabi splitting value was reached
forthelargest Qfactors. We have further shown that the Rabi splitting
isindependent of the electric near-field enhancement, rendering the
coupling conditions of our TMDC BIC platform independent of the
material-intrinsiclosses. Furthermore, because of the precise control
over the radiative coupling conditions of the BIC to the far field, we
cantune the coupling strength directly, whichis facilitated through a
complexinterplay between mode volume and temporal field confine-
ment via the radiative loss channel.

Incomparisonwith other strong coupling platforms such as ana-
poledisks, bulk wires or hybrid plasmonic system, we achieved direct
control over the coupling strength via tuning the radiative quality fac-
torviathe geometricalasymmetry factor. Moreover, our numerical sim-
ulations showed that we can maximize the population of the polariton
branches by reaching the polaritonic critical coupling regime, which
could be crucial for the development of efficient polaritonic devices.

Recent advances in the growth of high-quality bulk TMDC films via
chemical vapour deposition** show away forward toarea-scalable TMDC
BIC metasurfaces unrestricted by the size limitations of exfoliated crystals.

Through our generalized description of WS, as a Lorentz-type
dielectric, our results are broadly applicable to other materials systems

supporting resonant material-intrinsic responses such as perovs-
kites or other van der Waals materials like black phosphorus and
hexagonalboronnitride, which could pave the way for robust, tunableand
efficient polaritonic devicesin alarge wavelength region.
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Methods

Numerical simulation

Simulations were conducted with CST Studio Suite 2021 using periodic
Floquet boundary conditions and a plane-wave excitation polarized
along the long axis of the rods with normal incidence angle. The WS,
material data used throughout the paper were adapted from tabu-
lated permittivity data for monolayer WS, from ref. 44 by fitting a
Tauc-Lorentz model with four oscillators to represent the in-plane
permittivity. We accounted for the spectral shift of the exciton and a
reduction of oscillator strength for the bulk material by changing the
corresponding values of the material and confirmed the correctness
of simulation by comparing with results from optical characterization.
This method allows acombination of a multitude of non-radiative loss
channels, such as material absorption, surface scattering and the effect
of nanostructuring on the excitoninto an empirical permittivity model,
yielding excellent experimental agreement while reducing computa-
tional complexity. The exact formulas and parameters canbe foundin
Supporting Note 1. The out-of-plane permittivity was set to e =7 + Oi.

Nanofabrication

WS, flakes were transferred from bulk crystals (HQ Graphene) onto
fusedsilica substrates viamechanical exfoliation. By controlling exfo-
liation parameters, such as the heat treatment temperature, exfoliation
time and applied pressure, we optimized the yield of the flakes with
thicknesses ranging from 30 to 50 nm to achieve an adequate area
to host a multitude of BIC metasurfaces. The metasurface patches
have a footprint of 35 x 35 um?, which ensures a sufficient number of
more than 50 x 50 unit cells for each scaling factor—a necessity to
excite the collective BIC resonance with stable Q factor*. The sub-
strates were treated with oxygen plasmato enhance the adhesion and
the deposition took place at elevated temperatures of above 100 °C
to remove moisture and to stretch out the tape used for exfoliation,
which subsequently flattened the TMDC flakes to avoid shattering into
small shards. Small mechanical pressure was applied during deposi-
tion. For alignment purposes, a marker system was fabricated onto
the substrates via optical lithography (SUSS Maskaligner MA6) before
exfoliation. The height of the flakes was measured with a profilometer
(Bruker Dektak XT) using a stylus with a radius of 2 um, providing
sub-nanometre resolution. A layer of PMMA 950k resist followed by
Espacer 300Z was spin-coated onto the sample, after which the meta-
surface design was written into the resist via EBL (Raith ELine Plus). A
gold hardmask was deposited with e-beam evaporation followed by a
lift-offin Microposit Remover 1165. Finally, the design was etched into
the flakes using RIE (Oxford PlasmaPro100) with aSF¢-based chemistry
at a pressure of 20 mTorr and a radio frequency (RF) power of 50 W.
The hardmask was removed in a solution of potassium monoiodide
andiodine (Sigma-Aldrich).

Optical characterization
The samples were characterized in a confocal optical transmission
microscope with from-the-bottom illumination with collimated and
linear polarized white light. The light was collected using a x50 objec-
tivewithanumerical aperture of 0.8, dispersed inaspectrometer with a
grating groove density of 150 mm™and detected with aSI-CCD sensor.
The low-temperature transmittance measurements were per-
formed in a variable-temperature helium flow cryostat with a confo-
cal microscope in transmission configuration. Thermal light from a
tungsten halogen light source was used for excitation and was focused
from-the-bottom into the sample. The light transmitted through the
sample was collected using a x20 objective with a numerical aperture of
0.4.Apinhole was used as aspatial filter in the detection path yielding

adetectionspotsize of around 7 pm. The large footprints of the meta-
surfaces were leveragedto collect light only in the centre of the arrays,
which mitigates edge effects and allows for optimal signal modulations.
Thecollected light was analysed ina500 mm spectrometer using a150
grooves per mm grating and detected using a CCD sensor.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupporting the findings of this study are available within
the article and its Supplementary Information files. Extra data are
available from the corresponding author upon reasonable request.

References

44. Jung, G.-H., Yoo, S. & Park, Q.-H. Measuring the optical permittivity
of two-dimensional materials without a priori knowledge of
electronic transitions. Nanophotonics 8, 263-270 (2018).

45, Liu, Z. et al. High-Q quasibound states in the continuum for
nonlinear metasurfaces. Phys. Rev. Lett. 123, 253901 (2019).

Acknowledgements

We thank K. Koshelev and Y. Kivshar for helpful discussions. This

work was supported by the Deutsche Forschungsgemeinschaft

(DFG, German Research Foundation) under Germany’s Excellence
Strategy (EXC 2089/1—390776260 and EXC-2111—390814868), the
Emmy Noether Programme (T11063/1), the Bavarian programme Solar
Energies Go Hybrid (SolTech), the Center for NanoScience (CeNS), the
Alexander von Humboldt Foundation (Humboldt Research Fellowship
to L.S.), the International Max Planck Research School for Quantum
Science and Technology (IMPRS-QST) (funding to A.B.M.), the

EPSRC (EP/W017075/1to S.A.M.) and the Lee-Lucas Chair in Physics
(to S.A.M.).

Author contributions

TW., L.K. and AT. conceived the idea and planned the research. TW.,
L.K. and J.K. contributed to the sample fabrication. TW. performed
optical measurements at room temperature. TW., A.B.M. and N.PW.
performed optical measurements in the cryostat. TW. conducted the
numerical simulations and data processing. TW., AT., L.K.and L.S.
contributed to the data analysis. J.J.F., S.A.M. and AT. supervised the
project. All authors contributed to the writing of the paper.

Competinginterests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41563-023-01580-7.

Correspondence and requests for materials should be addressed to
Andreas Tittl.

Peer review information Nature Materials thanks Andrey Bogdanov,
Artur Davoyan and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Materials


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-023-01580-7
http://www.nature.com/reprints

nature portfolio

Corresponding author(s):  Andreas Tittl

Last updated by author(s): May 2, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
(e
=
)
o
o)
=
o
=
_
D)
§o)
o)
=
>
Q@
w
c
=
3
Q
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
o))

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X X XX X XKX
oo 0oodogd

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR
state that no software was used.

Data analysis Provide a description of all commercial, open source and custom code used to analyse the data in this study, specifying the version used OR
state that no software was used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the findings of this study are available within the article and its Supplementary Information files. Extra data are available from the
corresponding author upon reasonable request.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

>
Q
Q
(e
=
)
o
o)
=
o
=
_
D)
§o)
o)
=
>
Q@
w
(e
=
3
Q
<L

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Describe how sample size was determined, detailing any statistical methods used to predetermine sample size OR if no sample-size calculation
was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization | Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates
were controlled OR if this is not relevant to your study, explain why.

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible,
describe why OR explain why blinding was not relevant to your study.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.




Data collection

Timing

Data exclusions

Non-participation

Randomization

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions

Location

Access & import/export

Disturbance

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Describe any disturbance caused by the study and how it was minimized.

>
Q
Q
(e
=
)
o
o)
=
o
=
_
D)
§o)
o)
=
>
Q@
w
(e
=
3
Q
<L




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
D Antibodies IXI D ChlIP-seq
D Eukaryotic cell lines IXI D Flow cytometry
D Palaeontology and archaeology IXI D MRI-based neuroimaging

D Animals and other organisms
D Clinical data

D Dual use research of concern

>
Q
Q
(e
=
)
o
o)
=
o
=
_
D)
§o)
o)
=
>
Q@
w
(e
=
3
Q
<L

MNXXXNXNX s




	Intrinsic strong light-matter coupling with self-hybridized bound states in the continuum in van der Waals metasurfaces

	Numerical metasurface design

	Metasurface fabrication and optical characterization

	BIC-driven intrinsic strong coupling

	Tailored strong coupling

	Discussion

	Online content

	Fig. 1 Bound states in the continuum in bulk WS2 metasurfaces.
	Fig. 2 Experimental realization of bulk WS2 BIC metasurfaces.
	Fig. 3 Strong coupling in WS2 BIC metasurfaces.
	Fig. 4 Tailored Rabi splitting in BIC metasurfaces.




