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Exciton-polaritons derived from the strong light-matter interaction

of an optical bound state in the continuum with an excitonic resonance
caninherit an ultralong radiative lifetime and significant nonlinearities,
but their realization in two-dimensional semiconductors remains
challenging at room temperature. Here we show strong light-matter
interaction enhancement and large exciton-polariton nonlinearities at
room temperature by coupling monolayer tungsten disulfide excitons
toatopologically protected bound state in the continuum moulded by a
one-dimensional photonic crystal, and optimizing for the electric-field
strength at the monolayer position through Bloch surface wave
confinement. By astructured optimization approach, the coupling with the
active material is maximized herein a fully open architecture, allowing to
achieve a100 meV photonic bandgap with the bound state in the continuum
inalocal energy minimum and a Rabi splitting of 70 meV, which results
invery high cooperativity. Our architecture paves the way to a class of
polariton devices based on topologically protected and highly interacting
bound states in the continuum.

Bound states in the continuum (BICs) are solutions of a wave equa-
tion that lie within the range of continuum energy states, but with-
out any coupling to far-field radiation'’. As a consequence, BICs are
characterized by extremely large quality (Q) factors, only limited by
material losses. Moreover, insome cases, they can feature topological
protection, resulting in high robustness to external perturbations
and fabrication imperfections®. Despite being conceived as poten-
tial engineering tools to confine electrons—and as such, difficult to
realize—they have recently been extended to many wave phenomena

in periodic lattices, spanning from the acoustic*to the electromag-
netic”® domain.

Owing to the advances in materials processing, nanophotonics has
rapidly emerged as a fruitful platform to develop structures sustain-
ing optical BICs, which have been observed in several architectures
including photonic crystals® (PhCs), waveguides’ and metasurfaces'.
Thelarge Qfactor of these states makes nanophotonic BICs extremely
appealing for enhancing light-matter interactions when integrated
with optically active materials". From this point of view, strongly
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coupled BICs with different materials have beenreported™", giving rise
to unique optical properties of the so-called exciton-polaritons. These
bosonic quasi-particles, arising from the strong coupling between
excitons and photons®, acquire hybrid propertiesinherited from their
bare components, among which the strongly interacting character is
one of the most pursued.

Exciton-polariton BICs show increased lifetimes compared with
standard exciton-polaritons™>'. Thisis a crucial step to bring polariton
physics to robust room-temperature operation, paving the way for the
realization of ultrafast nonlinear electro-optical applications, such as
low-threshold lasing', information processing and logic operations”.
Thefirst milestone inthis direction has beenrecently achieved withthe
demonstration of polariton condensation fromaBIC by using patterned
GaAswaveguides at cryogenic temperatures', With theaim of achieving
room-temperature nonlinear operation, exciton-polaritonsin semicon-
ductorswith larger exciton binding energy are required. In this respect,

atomically thin transition metal dichalcogenides (TMDs) represent an

ideal active medium for realizing room-temperature polariton systems,
owingtoastable excitonic resonance arising from their two-dimensional
confinement and reduced dielectric screening”*'. However, coupling
photonic BICs with single monolayers poses further issues, since
transverse-electric modes are strongly confined within waveguides,
whereas the two-dimensional semiconductor can only be deposited
at their surface, rendering the exciton—-photon coupling fairly weak.
In the few experimental realizations so far, a TMD monolayer is trans-
ferred ontop of the patterned PhCslab, limiting the overlap between the
electric-field profile and the exciton wavefunction, thereby resulting in
avacuum Rabi splitting comparable with the exciton linewidth?.

Analternative solutionis provided by Bloch surface waves (BSWs),
evanescent electromagnetic modes propagating at the interface
between a distributed Bragg reflector (DBR) and the surrounding
medium?. InaBSW, the electric-field enhancement is localized at the
surface of the dielectric substrate, allowing narrow resonances that
strongly couple with thin films deposited on top of the DBR, such as
organic materials®* or TMDs”. Moreover, in the context of our BIC
design, BSWs allow for a flexible and sensitive tuning of their spatial
field profiles, owing to their ability to effectively support modes in
both gaps and fills of the pattern and with superior implementability
from the fabrication point of view?.

In this work, we report the systematic engineering and observa-
tion of atopologically protected BIC in an energy minimum of a BSW
polariton dispersion. We achieve a large strong coupling of 70 meV
between the photonic BIC and a tungsten disulfide (WS,) monolayer,
demonstrating strong polariton nonlinearities at room temperature.
These results follow from original photonic engineering and algo-
rithmic optimization of the surface pattern, which allows to simul-
taneously fulfil several stringent requirements: (1) maximizing the
light-matterinteraction between a photonic BICbranch and the TMD
neutral exciton; (2) minimizing the light-matter interaction between
the lossy mode (lower Bloch mode) and the TMD neutral exciton; (3)
BIC polariton deterministically placed at the local minimum of the
energy dispersion, rather than the maximum as commonly realized;
(4) large energy gap between the BICbranch and lower (lossy) branch;
(5) dispersion shape and tuning tolerant to fabricationimperfections.

Device architecture and energy-momentum
dispersions

Our samplearchitectureis sketchedin Fig. 1aand consists of alayered
Si0,-TiO, DBR, ontop of which we place anon-trivial one-dimensional
PhC, finely optimized by an algorithmic approach (Supplementary Sec-
tions A-C). The DBR structure has astop band centred at 1,476 meV, sup-
porting a transverse-electric BSW beyond the light cone, with energy
Epqw~2eVatk=11.3 pm™ (Supplementary Fig.1A). AWS, monolayer is
placed ontop of the DBR using a dry transfer method and then covered
with a20-nm-thick SiO, layer by an electron-beam evaporation process

(Methods). The capped WS, monolayer supports a sharp excitonic
resonance at 2,024 meV (Supplementary Fig. 2), crossing the BSW dis-
persion beyond thelight cone. We measure the reflection spectrum of
the coupled WS,-BSW systemin the in-plane momentum space by using
anoil-immersion objective, showing the typical anticrossing behaviour
of the strong-coupling regime (Supplementary Fig. 1B). The grating is
fabricated ontop of the SiO, cappinglayer by low-dose and low-stress
electron-beam lithography of a polymethyl methacrylate (PMMA)
thin film (Methods). Owing to multiple harmonicsin the Fourier spec-
trumand the numerical optimization of the geometric parameters, the
grating is able to fold the BSW polariton dispersion and to enforce a
BIC at zero momentum with maximum light-matter interaction. The
reflectivity spectrum of the fabricated device, measuredin the Fourier
spaceintheregionaround k=0, isshowninFig.1band compared with
asimulated dispersion from rigorous coupled-wave analysisin Fig. 1c
(Supplementary Fig. 1C provides details on the graphics).

Design and optimization approach
Among the possible optical BICs one can mould through a PhC pat-
terning, here we focus on the specific case of the topologically pro-
tected BICs occurring at the I' points in the reciprocal lattice of a
one-dimensional PhC. These BICs—among the first to be studied in
photonics?—are antisymmetric modes with respect to the real-space
symmetry axes of the lattice; as such, they cannot couple to the contin-
uum of radiationin free space, which is symmetric at thel point.Inthe
limited number of other BIC polaritonrealizations in the literature*?,
symmetry breaking in the PhC pattern leads to quasi-BICs instead of
topological BICs. Here we adopt a different approach to simultaneously
deliverall therequirements mentioned in the introduction. As we thor-
oughly show in Supplementary Section B and Supplementary Fig. 3,
by analternate deformation or a periodic removal of posts froma sim-
ple one-dimensional grating, we are able to artificially build a Fourier
spectruminreciprocal space withalarge subwavelength component,
which ensures alarge energy gap, whereas tunable super-wavelength
components ensure to replicate the dispersion at zero momentum,
where it canbe optically pumped and observed with ease. The specific
solution of the periodic post removal,implemented in the device fab-
ricated and measured here, allows to build a Fourier spectrum funda-
mentally robust to nanofabrication inaccuracies. Furthermore, as we
show in Supplementary Fig. 4, our original design breaks the simple
periodic structure of aregular grating and allows to deterministically
associate the axes of symmetry of the periodic cell to the material with
ahigherrefractiveindex (PMMA) or smaller refractiveindex (air); this
is done by simultaneously preserving the full point-group symmetry
ofthe original cell. Asaconsequence, the BIC results deterministically
pinnedinthe upperorlower Bloch mode, as afunction only of the parity
of the number of pillars within each unit cell, simultaneously preserv-
ingits topological nature. As a second consequence, the filling factor
parameter, whichinaregular grating is necessary for the tuning of the
BIC tobeinthe upper or lower photonic branch, isnow made entirely
unnecessary for such tuning and can be fully leveraged for the purpose
of optimizing the bandgap and light-matter interaction.
Nevertheless, a crucial point of our approach, allowing to meet
requirements (1) and (2) discussed earlier, resides in the simultane-
ous co-engineering of all the geometric parameters of the structure
by a design strategy that combines original heuristic considerations
(Supplementary Section B) and aglobally converging algorithm (Sup-
plementary Section C). Namely, we combine heuristic physical consid-
erations in setting finite-difference time-domain simulations and in
devising afigure of merit to be optimized, with a particle swarm optimi-
zation algorithm. The reasons for a structured numerical optimization
arerelated to the non-perturbative character that asurface patterning
introduces to the BSW mode, which on one hand prevents to effec-
tively tune the system by acting on single geometric parameters and,
onthe other hand, is a powerful lever to meet demanding objectives,
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在这项工作中，我们报告了在BSW极化色散的能量最小值中拓扑保护BIC的系统工程和观测。我们在光子BIC和二硫化钨(WS2)单层之间实现了70 meV的强耦合，在室温下表现出强极化非线性。
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Fig.1| Overall device architecture and energy-momentum dispersions.

a, Sketch of the device. The PMMA grating is fabricated on the top of a DBR-WS,-
SiO, structure with a defected subwavelength structure; the ridges marked by D
are systematically missing, leading to harmonics at K;/4, K/2, 3K;/4 and K
(Supplementary Section A), where Kg = gand aisthe subwavelength
periodicity. Theinset shows the scanning electron microscopy image illustrating
the high-aspect-ratio fabrication process, where each three-element grating unit

k, (um™)

ismade up of two lateral ridges of ~177 nm width and a central ridge of -118 nm
width. b, Experimental reflectivity in momentum space of the sample, with a
zoomed-in view of the region close to k = 0. ¢, Rigorous coupled-wave analysis
simulation of the grating effect on the BSW supported by the DBR. The defected
grating harmonic K;; induces a wide gap opening at the band edge, whereas the
Kg/2 harmonic mirrors the dispersion to k = 0, leading to a BIC at the I point.

such as a strong enhancement of the light-matter interactionin a
givenmode (in our case, the upper Bloch branch hosting the BIC) and
strongly quenching suchinteraction for another mode (the lossy Bloch
branch). Finally, our numerical approach is robust in optimizing the

light-matter interaction from the weak to the strong-coupling regime
(Supplementary Section D).

Strong coupling and room-temperature
nonlinearities

The energy versusin-plane momentum photoluminescence (PL) of the
WS, monolayer after the fabrication of the grating is shown in Fig. 2a,
off-resonantly excited by a continuous-wave 488 nm diode laser. The
formation of BIC polaritons in the minimum of the energy dispersion
atk=0isclearly visible as a vanishing intensity for k>0, where destruc-
tive interference in the far-field radiation induces light trapping in
the near field. The experimental Q values (red square) and polariton
linewidths (black dots) inthe BIC branch are reported as a function of
thein-plane momentum (Fig. 2b). Decreasing the in-plane momentum,
the polariton linewidth narrows and results inaburst of Q factor when
approaching k = 0. The presented Q-factor values are extracted from

a PL measurement on the ‘loaded’ dispersion—that is, the photonic
dispersion coupled to the active material—so they are underestima-
tions of the true photonic Qfactor, since they include the non-radiative
contribution from the WS, monolayer.

The anticrossing of the BIC branch with the monolayer exciton is
shown in detail in Fig. 2c and fit with a method that is thoroughly
described in Supplementary Section Eand Supplementary Fig. 9. Here
we extract a Rabi splitting of Qg,.; = 70 meV, corresponding to alight-
matter interaction constant g = 40 meV, which is obtained from the

identity Qgap; = 1/ 442 — Aﬁ and the difference 4, between the meas-

ured linewidth for neutral exciton I, (PL measurement) and the
linewidth of the unloaded photonic mode I, at the anticrossing (reflec-
tion measurement without a WS, monolayer). Our resultis larger than
previous values of Rabi splitting obtained for TMDs in the strong-
coupling regime, both in planar dielectric microcavities*>**'and in
other nanophotonicstructures?**2, Comparable light-matter interac-
tionstrengths have only been demonstrated in plasmonic structures,
which leverage on the subwavelength confinement*~*, but at the price
of large non-radiative losses.
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Fig. 2| PL measurements and polariton BIC. a, Upper BIC-like mode strongly
coupled with the WS, monolayer exciton (blue line), as observable from the
anticrossing, and weakly coupled lower lossy mode. b, Q-factor values (black
dots) and polariton linewidths (red squares) plotted as a function of the in-plane
momentum. ¢, Fitting of the PL dispersion at the anticrossing, used to extract the
Rabi splitting. The blue solid line represents the E,. resonance; the yellow solid
line, photonic dispersion £, extrapolated from reflection measurementsona
TMD-free area; the red solid line, the fitted polaritonic dispersion for a70 meV
Rabi splitting.

In fact, the present platform establishes a record in terms of the
key figure of merit to characterize the regime of light-matter interac-

2
tion®®, which is the cooperativity C = Lp. In Supplementary

excXIph

Table 3, we comparatively reviewed a large number of platforms dis-
playing the strong-coupling regime on a WS, monolayer at room tem-
perature: the topologically protected BIC BSW overcomes all the
full-dielectric platforms in terms of both Rabi splitting and cooperativ-
ity;italso overcomesall plasmonic or metal-based systemsin terms of
cooperativity alone, due to the combination of a large Rabi splitting
with anarrow linewidth. At the same time, we achieve a suppression of
thelight-matterinteraction between the TMD and lossy branch, with
a fitted value g, = 21 meV that clearly puts the lossy branch in the
weak-coupling regime (Supplementary Section E, Supplementary
Fig.10 and Supplementary Table 2). The combination of suppressed
Ziossy/8uic ratio and the large bandgap gives us a peculiar system witha
highly interacting upper Bloch mode (BIC) and a weakly coupled lower
Bloch mode (lossy).

Theroom-temperature strong coupling of the BIC branch enables
a powerful platform for nonlinear applications that exploit the exci-
tonic nonlinearity to shift the polariton resonance*”*%, The nonlinear
polariton behaviour originates from two contributions, namely, the
Coulomb exchange interaction between excitons and the reduction
in exciton-photon coupling due to the Pauli-blocking principle®**.
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Fig. 3| Nonlinear shift of the polariton BIC. a, Reflection spectra of the pulsed
laser in the polariton mode at k= 0.5 um™, corresponding to different resonant
excitation fluences. b, Energy blueshift of the polariton modes at k= 0.5 um ™" as
afunction ofincident fluence. The reflection dip for each fluence s fitted with
aGaussian curve by the least-squares method. The error bar for each fluence
represents the standard error on the Gaussian mean obtained from the fit.

In the mean-field approximation, the overall nonlinearity induces an
energy blueshift AE,, of the polariton resonance:

AEpol = 8pol X Npols 1

where n,,is the polariton density, proportional to the excitation power,
and g, is the polariton nonlinearity.

Figure 3a shows that the reflectivity spectrum of the laser (cen-
tred at -1.9 eV) changes as the incident power is increased. Here the
low-fluence spectrum (black solid line) shows that the absorption of
polariton resonance shifts towards higher energies as the incident
fluenceincreases (light-blue solid line), recovering its initial lineshape
when the incident fluence is lowered again (red dashed line). This
reversibility guarantees that the blueshift is not due to degradation
of the material, but that it arises from polariton interactions. In the
moderate range of laser fluences explored in this work, we are able to
observe a blueshift of 13 meV, almost three times the full linewidth of
the BIC polariton, owingto the large cooperativity. By fitting the data
reportedin Fig.3a as afunction of the incident fluence with a straight
line (Fig. 3b), we estimate the polariton interaction constant at room
temperature using equation (1): g, = 5.8 x 10~* peV pm?. To extract the
value of excitoninteraction constant g, we first evaluate the exciton
fraction for the polariton mode, X = |G, |, in which G, is the excitonic
Hopfield coefficient (Supplementary Section D). Considering that the
detuning of the pumped mode is § = 108 meV and the Rabi splitting
is Q=70 meV, the polariton excitonic fraction of the analysed mode
is X=0.08. From this, we extract an excitonic interaction constant
Loy = 6 x1072 eV um?, in agreement with the g, value found for WS,
monolayers at room temperature®.

The g.,. value extracted from this analysis neglects any loss in
the material; therefore, it constitutes a lower limit for the interaction
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Fig. 4| Topological nature of polariton BIC and its replicas. a, Energy versus
in-plane momentum PL of WS, monolayer in which I-point replicas are clearly
visible at higher in-plane wavevectors. b, Degree of linear polarization in diagonal
basis for all BIC BSW replicas. The dashed lines are aguide for the eye to underline
the rotation of linear polarization.

strength, effectively confirming that the active material is preserved
after the capping and patterning process.

Topological nature of BICBSW

InFig.4a, we show the PL dispersion alongthe k, direction, when pump-
ing the WS, monolayer off resonance (-2,540 meV). The
super-wavelength components of the grating (Supplementary Section
B and Supplementary Fig. 3) lead to the formation of I-point replicas
withinthelight cone, with three BICsin alocal minimum of the disper-
sion. To confirm the topological nature of the measured BIC polaritons,
we directly extract the degree of linear polarization of the far-field
radiation, in the diagonal-antidiagonal basis, defined as (f, — 1)/, + 1),
where I, and /, are the intensities of the diagonal and antidiagonal
polarization components of the electric field, with respect to the X,y
natural directions of the grating pattern. InFig. 4b, three polarization
vortices are clearly visible in the k,~k, plane, scanning slightly above
the energy of the BIC (1,900 meV). This result shows the peculiar
topological nature for both the I', BIC and its higher-order replicas.
The qualitative appearance of the winding pattern consistently sup-
portstheevidence ofa|g| =1topological charge, with the polarization
vector rotating by 2 for a simple closed path around each BIC singu-
larity. All these experimental evidences can be supported by analytic
derivations (Supplementary Section F).

Discussion

Combining the enhanced Coulombinteractionsina WS, monolayer and
flexible tunability of a topologically protected BIC resonance in the BSW
polariton dispersion, we propose and experimentally show a robust

platform to explore and leverage the rich physics of two-dimensional
semiconductorsinasystemthatis completely opentothe environment.
Owingtothelarge cooperativity, we can achieve substantial polariton
nonlinearities close to a BIC at roomtemperature. Moreover, although
BICs have been typically realized on the energy maxima (lower band)
of PhC waveguide modes'>'***, we show that topological BICs at an
energy minimum of the dispersion (upper band) can be formed and
optimized for maximum light-matter interaction well beyond the
present state of the art.

We are able to reach the abovementioned results having the
two-dimensional material successfully encapsulated in a glass stack
and the BIC polariton resonance spatially enhanced at the level of the
activematerial aswell as openair. The possibilities offered by a platform
of this kind, with an active part well protected but yet able to strongly
interact with the environment above, range, for instance, from appli-
cationsin biomolecular sensing—through embedding in microfluidic
systems—to fundamental studies on dipolar interactions*?, Rydberg
polaritons*** and electrically tuned non-neutral optical transitions**
in TMDs, with the possible integration of transparent contact layers.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-023-01562-9.
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Methods

Sample fabrication

The DBR is formed by eight pairs of Si0,/TiO, layers (thicknesses,
145/100 nm, respectively), deposited by electron-beam evapora-
tion (Temescal Supersource), keeping the chamber at 10°/10°¢ mbar
throughout the process, with the sample at room temperature and in
the absence of any oxygen gas flow (deposition rates, 1.0 A s for SiO,
and 0.5 A s for TiO,). The DBR is deposited on top of a 170 um glass
substrate and theresulting stop band is centred at 1,476 meV (840 nm).

Single-layer WS, is mechanically exfoliated from bulk crystals with
Nitto SPV 224 tape and transferred onto the surface of a polydimethyl-
siloxane stamp (Gelfilm from Gel-Pak). Single-layer WS, is transferred
by all-dry deterministic transfer procedure® on the DBR substrate
by using a polydimethylsiloxane stamp. The sample is annealed in a
vacuumat 200 °C for 2 h. Synthetic bulk WS, crystals were purchased
fromHQ Graphene.

A20 nmSiO, filmis deposited via electron-beam evaporation on
top of the WS, monolayer, againin the absence of any oxygen flow and
keeping the sample at room temperature. The glass surface is then
spin coated with PMMA 950k at high accelerations and then degassed
in a high vacuum before soft baking. After removal from the vacuum
chamber, the sample is immediately soft baked, spin coated again
with a thin surfactant-enhanced discharge layer and placed in the
electron-beam-lithography vacuum chamber without any other bak-
ing step. The pattern is exposed to a 30 kV electron beam, using a
positive-tone process at low doses; the sample is finally developed
with a low-stress and low-dose developer, followed by rinsing with
surfactant-enhanced deionized water and N, drying.

Optical measurements

Allthe measurements reported here are performed under ambient con-
ditions at room temperature. The reflectivity measurements beyond
thelight cone are performed using ahome-built microscope, equipped
with a 1.42-numerical-aperture oil-immersion objective. Four lenses
(Thorlabs, focal lengths of 20/30/50 cm) are used to project a magni-
fiedimage of the back focal plane onto the slit of animaging spectrome-
ter withacooled charge-coupled device camera. For PL measurements,
the WS, monolayer is off-resonant excited by using a continuous-wave
488 nmdiodelaser. The PLisrecorded in thereflection configuration,
using a x40 objective with a 0.95 numerical aperture.

For nonlinear measurements, a tunable femtosecond laser (pulse
width, ~145 fs; repetition rate, 10 kHz) is focused onto the back focal plane
ofthe 0.95-numerical-aperture objective. The energy of the laser reso-
nantly pumping the interested polariton mode and the corresponding
real-space spot-size dimensions are~1,890 eV and ~10 pm?, respectively.

Simulations and fits

Allthe electromagnetic simulations for optimizing the stack and grat-
ing geometry rely onacommercial implementation (Ansys Lumerical)
of thefinite-difference time-domain method, runona5 nmspace grid
and atime grid determined accordingly, based on the Courant condi-
tion for stability*®. The actual optimization code is an in-house imple-
mentation of a particle swarm optimization algorithm***%, Simulations
of reflectivity are instead performed by an open-source implementa-
tion of the rigorous coupled-wave analysis method*, using a Fourier
basis of dimension 30. The experimental data reported in Fig. 2 are
fitted witha 2 x 2 coupled harmonic oscillator Hamiltonian:

(Eph(k) .Q/2>
Hy = ,
Q12 Eoxe

V)

where E,,. is the exciton energy, Qis the Rabi splitting and £ ,,(k) is the
energy dispersion of the BIC-like photonic branch, experimentally
extrapolated from aPhCareawithout the TMD. We provide more details
onthe procedureinSupplementary SectionE.

Data availability
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corresponding authors upon reasonable request.
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