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Supplementary Note 1: Tauc-Lorentz material model for WS;

The imaginary part of the permittivity of a Tauc-Lorentz material is given by

2
ArEokCi |E — E 1
KOk k(z g) -, forE>Eg
Ime(E) = (EZ_Egk) +C,?E2E

0, for E < E,

(8D

where A is the amplitude (or oscillator strength), Eox the resonance position and Ci the damping rate of
the k-th oscillator and Eq a global bandgap applied to all oscillators set to 300 THz. The real part of the

permittivity was retrieved via the Kramers-Kronig relations

Ree(E)=D+EP ngf(_—gg’?)dg* (82)

s
Eg

where the background permittivity was set with D to 10.

k A« (arb. u.) Eox (TH2) Ck (TH2)
1 (Exciton) 546.9 476.6 14.0

2 420.5 578.1 41.1

3 5154 683.5 43.1

4 9091.1 735.3 216.3

Table S1: Parameters for artificial WS, Tauc-Lorentz material.

As described in the methods section of the main text, we fit the above Tauc-Lorentz model to the

tabulated material data for monolayer WS, taken from* with good agreement (Fig. S1). The model was

then adapted to represent our nanostructured bulk material via optical measurements, resulting in the

parameters in Table S1. As can be seen from Figure S2, the exciton undergoes a spectral redshift and a

reduction of its oscillator strength.
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Figure S1: Tauc-Lorentz fits of monolayer WS,. a, Tauc-Lorentz model fit to tabulated imaginary part
of the in-plane WS; permittivity from®. b, Tauc-Lorentz model fit with parameters taken from panel (),
fit to the real part of the WS, permittivity via a constant offset.
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Figure S2: Comparison between tabulated and adapted bulk model. a, Comparison between the
imaginary parts of the in-plane WS; permittivity for monolayers and our adapted bulk model. b,
Comparison from panel (a) for the real parts of the permittivity.

Supplementary Note 2: Complete and simplified coupled oscillator models for strong coupling

A powerful toolkit to describe resonances in open cavities and their coupling properties to both the far

field and to other modes is the temporal coupled mode theory (TCMT)?,

Here, we utilize a model consisting of ports, which allows for transmitted and reflected waves, to
accurately describe the conditions of our TMDC BIC metasurface (Figure S1). The system is excited via

external fields through port 1 (s; = (s;4,0)T), which are subsequently affected by the metasurface,
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described by the scattering matrix S, and decay through port 1 and 2 with equal proportion due to mirror

symmetry (s_ = (s;_,s,_)T) (Equation (S1)).
s_=3Ss, (S3)

For the two-port system the scattering matrix S is a symmetric 2x2 matrix given by

S S . _
S = (S;i S;z) = C +K[i(wl — Q) + T]'KT, (S4)

where we can attribute the S-parameter s;; = zl—‘ = r with the reflection and s,; = zz_— =t with the

1+ 1+

transmission coefficient. The resonance frequencies and intrinsic damping rates of the modes of the cavity
are given by Q and the radiative damping rates by I'. The port-cavity coupling is described by K, which is

a function of the radiative damping rates. The direct port-port crosstalk by the unitary matrix C.
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Figure S3: Sketch of the used TCMT model with two ports and three resonances. BIC and two
excitons to describe the near-field coupling and radiative contributions. The metasurface is illuminated
from above (s1+) and allows for reflected (s:-) and transmitted waves (s2-). The near-field coupling
between BIC and the exciton is described by the coupling parameter g, the far-field coupling via the
parameter K as a function of the radiative damping rate of the respective resonance. Direct port coupling is
addressed via parameter C.



From experimental and simulated transmittance spectra with strong-coupling fingerprint, a distinct three-
dip feature is visible, consisting of the coupled BIC-exciton polariton and radiative parts of the exciton
itself, which do not participate in the coupling process. Thus, we can describe the system effectively by a
cavity supporting three resonant modes (BIC and a two-fold contribution of the exciton), where one part

only interacts with the BIC in the near-field via the coupling strength g and the other part only via the

radiative far-field via the term ,/ygic rad YExrad- 1N€ cOmplete set of parameters is given by the following:

wgic + 1¥BIc,int g 0

Q= g WEx + iyEx,int 0
0 0 WEx + iVEx,int
VBIC,rad 0 Y, VBIC,rad YExrad

= 0 0 0

\ ¥YBIC,rad YEx,rad 0 YEx,rad
K = <\/VBIC,rad 0 \/VEx,rad>

\/VBIC,rad 0 \/VEx,rad
c=e (2 1) (S5)

ity 19

This allows to extract the coupling strength using a single spectrum. However, it is limited to simplified
materials with Lorentz-type oscillators, that is, no dispersive losses due to inter-band absorption. However,
we can reduce the TCMT model to a simpler eigenvalue problem, which we use to fit the dispersion of the
polariton branches in the main text. By combining the radiative and intrinsic damping rates into a total

damping rate ¥; = ¥; rad + Viint, We arrive at the expression

((DBIC + iygic g

. V=wyV, S6
" g d )V €O

where w . are the resonance positions of the upper and lower polariton branches and v contains the Hopfield
coefficients, which describe the proportions of BIC and exciton in the hybrid mode®. By solving the

Eigenvalue problem, the well-known polariton dispersion relation



wpic + wegx  {(Ypic T VEx) 1 )
Wy = 5 =+ 5 =+ [g% - 1 (YBic — VEx T {(WBIc — WEx))?  (S7)

is retrieved, which we use to fit the coupling strength g from experimental results. The Rabi splitting Qg is

defined as the minimal polariton splitting Aw = w, — w_, i.e. when wgjc = wgy, Yielding

Qr = 2\/92 — (YBic — VEx)?/4. (S8)
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Figure S4: Comparison between TCMT and dispersion fit for strong coupling. The Rabi splitting
extracted from the TCMT model reveals an increase of coupling strength with a reduction of the unit cell
scaling factor and vice versa. The Rabi splitting extracted from the polariton dispersion model is
inherently independent of the scaling factor. The comparison of the two models shows that the dispersion
model yields the averaged Rabi splitting of all scaling factors and is hence a suitable model to describe

strong coupling in WS, BIC metasurfaces.
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Figure S5: Influence of uncertainties of resonance linewidths on strong coupling. a, Fitted Rabi
splittings for the data in Figure 3b of the main text for deviating linewidths of BIC and exciton. For the
largest mismatch of linewidth (50% narrower exciton and 50% broader BIC), the reduction of the Rabi
splitting is less than 2%, which is in the range of uncertainty of the fitted Rabi splitting for Ayg;c =

30 meV and Ayg, = 36 meV. b, ¢, The strong-coupling criteria c1 and ¢, (equations (2) and (3) of the



main text) for the conditions of panel (a) show always values greater than one, proving that the TMDC
BIC metasurface reaches a stable point in the strong coupling regime.
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Figure S6: Strong-coupling criteria for different BIC asymmetry parameters. Both criteria remain
well over the threshold of one, even for largest asymmetry, which shows that the system is always in the
strong-coupling regime.
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Figure S7: Experimental results of measurements in a cryostat. a, Energy dispersion plots of strong
coupling in WS, BIC metasurfaces with an asymmetry parameter ALo = 80 nm and a height of 33 nm at
room temperature (T = 293 K) and cryogenic temperatures (T = 5 K) depicting a spectral blueshift of the
WS, exciton. b, Reduced Rabi splitting for low temperatures. The error bars depict the standard error of the
fit values. As can be seen in panel (a), the signal strength of the transmission measurements is lower in the
cryostat setup, which reduces the accuracy of the strong coupling fit and leads to outliers in the otherwise
monotonically decreasing trend of the Rabi splitting.
¢, Relative change of the excitonic linewidth, extracted from WS, metasurfaces with symmetric unit cell,
showing a decrease for lower temperatures. d, Relative change of the energy of the WS; exciton, showing
a spectral blueshift for lower temperatures.



Supplementary Note 3: Effect of the radiative and intrinsic quality factors on the coupling strength

and Rabi splitting

Our WS, metasurfaces give great control over the radiative quality factor of the BIC resonances.
However, the intrinsic quality factor, which is affected by material-intrinsic losses and other parasitic loss
channels, such as fabrication imperfections, sets an upper bound on the total achievable quality factor,
especially at low asymmetry parameters AL, (Figure 2f and 3d). Furthermore, the presence of losses
limits and shifts the field enhancement to the critical coupling condition. Here, we compare the effect of
both the radiative BIC quality factor (Figure S6) by changing the symmetry parameter and the intrinsic
BIC quality factor (Figure S7). This is achieved by artificially increasing the imaginary part of the
permittivity and show that the radiative quality factor directly influences the coupling strength (and thus
the Rabi splitting), whereas the intrinsic quality factor has no effect on the coupling strength and only
influences the Rabi splitting by means of mismatch of the quality factors of BIC and excitonic response.
Moreover, this implies that the field enhancement is not the driving force behind the strong-coupling

process.
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Figure S8: Effect of the intrinsic quality factor on the coupling strength and Rabi splitting. a, Fitted
Rabi splittings and coupling strengths plotted against the total quality factor, which is varied via intrinsic
loss channels (cmp. Figure S2a). The coupling strength is constant over the complete range of quality
factors, whereas the Rabi splitting decreases for lower Q factors. Overall, the coupling strength and Rabi
splitting decreases for larger asymmetry factors, which is consistent with Figure 2. b, Fitted Rabi splittings
and coupling strength by assuming the coupling strength is constant for ALo = 20 nm. The Rabi splitting
has a maximum, when the quality factor of the BIC matches the quality factor of the exciton. ¢, Mode
splitting for parameters extracted from panel (b). The decrease in Rabi splitting for lower Q factors is caused
by moving towards the weak coupling regime.
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Figure S9: Effect of radiative quality factor on coupling strength and Rabi splitting. a, Sketch of a
simplified unit cell in vacuum with a height of 33 nm. The lateral geometric parameters are taken from
the main text. A simplified Lorentzian material with the constants A = 6.837318, Eq = 476.6 THz, C =
1.4033 THz, Eq4 = 0 was used, where additional absorption can be introduced via an offset in the
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imaginary part of the permittivity. b, Simulated and fitted transmittance spectra for different asymmetry
parameters. The total excitonic linewidth comprising of the radiative and intrinsic parts extracted from
transmittance spectra was fitted to be 0.83011 THz, yielding a Q factor Qex = 287.175612, which is
without loss of generality chosen to be narrower than the WS, A-exciton, to be able to resolve features
even for high asymmetry factors. ¢, The coupling strength and Rabi splitting plotted against the BIC
quality factor for the aforementioned Lorentzian material without additional losses, showing only slight
deviation for Qgic >> Qex. d, Mean field enhancement inside the resonator structure, which scales with
different asymmetry parameters as ALq™. e, Intrinsic and external damping rates of the BIC without
excitonic response. The radiative rate scales according to the inverse square dependence of the radiative
quality factor like AL¢?, whereas the intrinsic damping rate is zero due to vanishing losses. f-h, Similar to
panels (c) - (e) with intrinsic losses introduced via an offset of the imaginary part of the permittivity of
0.03. The coupling strength and Rabi splitting is within the simulation and fit uncertainties identical to the
lossless case when assuming the radiative quality factor, whereas the field enhancement shows a different
picture. The field enhancement is governed by critical coupling, showing a maximum for equal radiative
and intrinsic damping rates. Overall the maximum field enhancement for the lossless case is around 7.5
times larger than for the lossy case. i, Comparison between coupling strength and mean field
enhancement in resonator structure with respect to the BIC Q factor without losses. The field
enhancement scales with Q' and would saturate due to the square root at larger Q factors than shown.
The coupling strength is saturating earlier with a differing functional dependence. j, The Rabi splitting
and coupling strength plotted against the total quality factor for a lossy material. The functional
dependence differs due to a change in quality factors, however the Rabi splitting and coupling strength
still show the same trend.

Supplementary Note 4: Polaritonic critical coupling

The absorbance of the polariton branches in the strong coupling regime can be maximized when the
intrinsic and radiative damping rates in the system are matched. Specifically, in the case of our TMDC
BIC, one has to take the background absorption of the material into account (like in regular critical
coupling scenarios*) as well as the additional intrinsic damping rate from the exciton. We studied the toy
model from Supplementary Note 3 for different imaginary parts of the refractive index e, from 0 to 0.5
and different exciton linewidths y., from around 1 to 11 meV. For different asymmetry parameters AL,
the maximum absorbance value for our two-port system of 0.5 is reached for specific set of values of ¢,

and yex (Fig. S10a). The maximum absorption occurs whenever the radiative damping rate of the BIC is

matched with its intrinsic damping rate influenced by &, and the intrinsic damping rate of the exciton, i.e.
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when the condition

|[VraaBic — Fintpic + Yintex)| = 0

is met (Fig. S10b). The BIC concept with its control over the radiative linewidth thus enables the easy
acquisition of the optimal asymmetry parameter that propels the strongly coupled system into the critical

coupling regime for a given set of values of background absorption and excitonic width (Fig. S10c)

To demonstrate this for a realistic material, we slightly altered the structure parameters of the BIC design
from the main text to h = 70 nm and PO = 320 nm. The simulations were carried out in CST with the TL
material from the manuscript, which showed excellent agreement with our experimental results. The
polaritonic critical coupling regime can be easily reached with asymmetry parameters around

AL =100 nm (Fig. S10d).

12



a ALg=36 nm Alg=68 nm ALy =100 nm

0.5 0.50 05
10 10
0.45
- 8 S S ~ 04 8
> c > [ > c
@ T 0 040 @ 2 ©
e 03 o IS a2 £ o
~ 6 “s S 6 s = 03 g
2 a8 2 035 & <& 3
4 02 < 4 < <C
0.30 0.2
2 2
0.0 0.2 0.4 0.0 0.2 0.4
& &
b 2.0 2.0 2.0
10F 3 10F 3 3
S S £
15 = 15 = 15 =
< 8r = = 8r 3 S 8r g
: : £ 0z E 10 2
b 10 £ € = £
—~ 6 £ = 6 £ = 6 =
3 I K I 9 i
4 05 2 4| 05 3 4 - 05 3
3 B 3
2 | | OO i 2 C 00 i 2 = 1 1 OO i
0.0 0.2 0.4 0.0 0.2 0.4 0.0 02 0.4
& & &
C d
05 i ; 0.5
: | T~
] 7
04 i i 0.4
w i | @
= ; : e
S 03f , . 5 03
o ! | 5]
3 ! ' 4
< 02 - i i < 0.2
: i — £2=O,iyex=2.2 meV
i — £,=0.1, Yex =3.1 meV
1 ] 01
01 ! £=03, Yex=3.1meV
| :I | : | | 1 1 1 1 1 1 1
20 40 60 80 100 560 580 600 620 640 660 680
ALo (nm) Wavelength (nm)

Figure S10: Polaritonic critical coupling. a, Extracted absorbance values averaged over both polariton
branches for spectrally matched BIC and exciton in the strong coupling regime for different asymmetry
parameters ALo and b, the absolute value of the difference between the radiative damping rate of the BIC
and the total intrinsic damping rate of the system. The white dashed line shows the condition of
polaritonic critical coupling. ¢, Absorbance values with respect to the asymmetry parameter AL, for
different sets of background absorption and exciton width. d, The simulated absorbance spectra for our
TL material from the main text with slightly altered structural parameters (h = 70 nm, PO = 320 nm) reach
the polaritonic critical coupling regime for ALy ~ 100 nm.

Supplementary Note 5: Estimation of mode volume and confinement factor

To calculate the modal volume of a BIC resonance we used a generalized expression to account for non-

negligible losses in the system®
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1 :Re{l} _ ((EMIEM))

I max eE@R Y

Veff v ’

The inner product consists of a volume integral term and a flux integral to account for the varying degree

of radiative loss for the BIC platform®

2

(EMIED)) = f sIEMP dr+——¢ o@)-ds  (510)

v 2w Jyy

with

1 9E;\°
&(r) = —=VE? — k?rE? + rz —) - ZZKiVEi
2 i\ 0x; .

ij J i

K(r) = (r- V)E(r) (S11)
where k is the wavevector in free space and w the complex frequency of the cavity mode.

We simulated the electric near fields in one unit cell with Lumerical, assuming a homogeneous
environment and a constant permittivity of the resonator material of € = 10, using a fixed mesh and
periodic boundary conditions. To assure an accurate result, we increased the z-dimension of the
simulation domain until the mode volume converged against a constant value for each value of the

asymmetry parameter AL
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Figure S11: Effective mode volumes for TMDC BICs. a, Relative change in effective mode volume
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calculated according to and resonator volume for different asymmetry factors for constant scaling factor.
b, Relative change in the resonator volume for constant scaling factor and scaled unit cell to maintain the
same BIC resonance wavelength. ¢, Unit cell scaling factor for different asymmetry parameters to
maintain a constant resonance wavelength.

Likewise, we calculated the optical confinement factor I' for our BIC structure based on the dielectric

displacement calculated via D(r) = e(r)E(r)

J

Vstructure

Jy. ID(@)|? dr

total

ID(r)|? dr

for a non-dispersive, anisotropic dielectric defined as

10 + &,i 0 0
=< 0 10 + &,i 0)

0 0 7

with varying imaginary parts of the permittivity using the structural parameters from the manuscript.

Similar to our mode volume analysis, we tested the necessary integration volume for convergence.

As can be seen from Fig. S12, for lossless materials (g, = 0) the value of the confinement factor I' starts
above 90% and decreases slightly with increasing asymmetry factor AL,. Including losses, for small
asymmetries the confinement factor is significantly reduced, rises rapidly with increasing asymmetry
parameter and converges towards a mutual decreasing trend. The value e, = 0.6 corresponds to the losses
present at 629 nm without exciton (Fig. 1b), where the confinement factor peaks at AL, = 100 nm with

approx. 83%.
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Figure S12: Optical confinement factor for different imaginary parts of the permittivity. The value
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&2 = 0.6 corresponds to the losses present at 629 nm without exciton (see Fig. 1b in the main text).

Supplementary Note 5: Comparison with other strong-coupling implementations

Straightforward
Type of TMDC . C

Reference st);ﬁcture structure Coupling type control over Q | Rabi splitting
factor

! Dielectric | Bulk Intrinsic No 190 meV

8 Hybrid Bulk Intrinsic+Evanescent | No 410 meV

o Plasmonic | Monolayer | Evanescent No 140 meV

Multilayer
10 Dielectric | Monolayer | Evanescent Yes 27 meV
Our work | Dielectric | Bulk Intrinsic Yes 116 meV

Table S2: Comparison with other strong-coupling implementations
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