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FIG. S1. Schematic of experimental setup for angle-resolved reflectivity measurements. A halogen
lamp is used for measurements in the linear optical regime, and a tunable Ti:sapphire oscillator
with 130 fs pulses for nonlinear experiments. A single-slit optical chopper with 0.001 duty cycle
is used to reduce sample heating. Angle-resolved data are collected from the back focal plane
(BFP) of a microscope objective with subsequent filtering in real space (in a 4f configuration)
to eliminate unwanted background signal. Samples are mounted in a closed-cycle He-free cryostat
with micrometric positioning along 3 spatial axes. Resonant laser excitation is achieved by focusing
laser pulses in BFP with a corresponding ~ 200 pm focal spot and tuning Ti:sapphire oscillator into
resonance with a polariton mode. All signals are detected with a slit spectrometer (f = 500 mm,

600 g/mm) and liquid nitrogen cooled CCD camera. BS: beamsplitter.

SUPPLEMENTARY NOTE 1. BIC Q-FACTOR SIMULATIONS

With the diverging to infinity radiative Q-factors of optical BICs in photonic crystal
slabs (PCSs), their total Q-factors are limited by nonradiative terms, including material
absorption, surface roughness induced scattering, leakage through the oxide layer into the
Si substrate, and losses due to the finite sample size. The effects of material absorption
and leakage into the Si substrate on the Q-factor can be directly estimated from simula-
tions. Losses related to surface roughness induced scattering can be taken into account

phenomenologically via an additional imaginary part of the TayOj5 refractive index.

The effect of the finite sample size can be described as follows. Resonant modes in a
finite structure are characterized by discrete wavenumbers quantized with an inverse length

of the structure, rather than by a continuous in-plane wavevector. For specific geometries,
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FIG. S2. Normalized differential reflectance spectra from a PCS sample for two selected wavevec-
tors: kg/k = 0.020 (black) and k;/k = 0.003 (red). Experimental data are indicated with dots,
and lines represent Fano-like fits. For different wavevectors, Fano parameter varies, resulting in
different peak shapes. The shoulder on the blue side is due to the higher energy symmetric mode

of the photonic crystal.

the quality factor is affected by several factors, including the shape of the terminating
boundary and the dispersion of propagating modes. For example, the terminating boundary
can be engineered to reduce the coupling to the propagating modes of the unpatterned
structure [1]. The dispersion of the modes can also crucially modify the dependence of
the Q-factor on the number of periods [2]. Specifically, for accidental bound states in the
continuum occurring within the Brillouin zone, where the group velocity is finite, the quality
factor grows linearly with the number of periods, yielding low quality factors even for large
structures. In contrast, symmetry protected BICs occurring at the band edges, where the
dispersion of modes is parabolic, are characterized by the quadratic dependence of the Q-
factor on the number of periods, and thus low radiative losses can be achieved even in
moderate-sized structures [3]. It should also be stressed that a finite detection spot size has
a similar effect on the Q-factor. In our experiment, the detection spot size (D) was matched
to the size of the periodic nanostructure, and therefore we can estimate the effect of the
finite lateral size via an additional broadening in the Fourier domain Ak ~ 1/D.

To estimate Q-factors achievable in our experimental system, we perform simulations
of its optical response using the Fourier modal method (FMM) [4]. We first simulate a
patterned TayO5/Si05/Si structure with the experimental parameters (TayOs thickness of
90 nm, SiOs thickness of 1 pm, pitch p = 500 nm, groove width w = 220 nm, and depth
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FIG. S3. Influence of losses on the m = 2 lower-energy antisymmetric mode in PCS: simulated
reflectivity as a function of photon energy and x-component of wavevector without losses in TasOs5
(a) and corresponding simulation result when taking into account intrinsic losses in TagOj together
with additional scattering losses dn = 0.002:¢. Linewidth (c) and quality factor (d) of the m = 2
lower-energy antisymmetric mode obtained in experiment (Exp, circles) and in simulations (Sim
1-4, lines). Sim 1 (red): no losses (except leakage into Si), Sim 2 (blue): only intrinsic losses in
TayOj5 are considered, Sim 3 (green): scattering-related losses are added, Sim 4 (black): intrinsic
losses, scattering-related losses, and line broadening due to the finite sample size are taken into

account.

d =90 nm), but ignoring losses in TayOj (setting the imaginary part of its refractive index
to zero).

The resulting dispersion of the lower-energy m = 2 antisymmetric mode is shown as
angle-resolved reflectivity spectra in Fig. S3a and labeled as Sim 1. Fitting the reflectivity
spectra for different wavevectors with Fano-like shape as discussed in the main text, we
obtain the wavevector dependence of the mode linewidth plotted in (c) with a red curve.
The corresponding Q-factor of the mode is plotted in (d) as a red curve and reveals a sharp
increase towards the I" point, with Q-factors reaching Q ~ 3 x 10* at k,/k = 0.005 and
growing further towards Q ~ 10°. Note that these simulation results already incorporate
the losses due to leakage into the Si substrate. Therefore, even higher Q-factors can be
potentially achieved if leakage losses are further reduced through the use of, for example,

thicker SiO, layers or fully suspended photonic crystal slabs.
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FIG. S4. Spatial filtering in the experiment. (a) Bright field (BF) microscope image of the sample,
with 2 different regions of interest (ROI) for spatial filtering indicated with black (ROI 1) and
white (ROI 2) rectangles. (b) Photoluminescence (PL) image of the sample taken in real space. (c)
Reflectivity spectra taken in the momentum space for the bare PCS region (ROI 1). (d) Reflectivity
spectra from ROI 2 taken at 200 K. (e) Reflectivity spectra from ROI 2 taken at 7 K. (f) Lifetime
(blue) and group velocity (red) extracted from the measured lower polariton branch dispersion.

(g) Propagation length extracted for the lower polariton branch.

In contrast, when taking into account the absorption losses in TayOs, the Q-factors are
limited by @ ~ 2 x 103, as indicated in (c) and (d) with a blue curve (labeled as Sim 2). To
describe our experimental data, we account for additional scattering losses due to surface
roughness via an extra imaginary term in the refractive index of TayOs, 0n ~ 0.002i (Sim 3),
with linewidth and Q-factor shown in (c) and (d) with green curves, and dispersion shown in
(b). Then, a convolution of the resulting lineshape with a Gaussian function that accounts
for the finite sample size of ~ 100 pm yields linewidth and corresponding Q-factor as shown
with a black curve in (c) and (d). Experimental values (open black circles) are also plotted
for reference. Overall, the absorption in TayOj is seen to be the major limiting factor for

the BIC linewidth in this case.

S5



a ™ 102 102 10" b TE 103 102 10"

PL ( aU) -:ﬂ PL( aU) -Iz
1.67 g : 167 g T
St ool :
) X0 o
2165 S165E
2164F 1 2464f 3
(O] o
§163F i §1es
S e N . 2162
o { o
1.61 : ] ] 1.61 : ] ]
-0.08 -0.04 000 0.04 0.08 -0.08 -0.04 000 0.04 0.8
Kk Jk Kk Jk
c k/k =0 d k/k = 0.015
:. T T I‘ T T T T T /g T T T T
1.0 X & — TM PL 4 » 10} : — TM PL |
E ——TEPL ‘: X
208 - 208
D . XO 5
0.6 306
E €
04 04
o
g 02 €02}
2 0.0 1 I 1 I § 0.0F J 1 I I
160 162 164 166 160 162 164 166

Photon energy (eV) Photon energy (eV)

FIG. S5. Angle resolved PL spectra detected in TM (a) and TE (b) polarization. TM spectra show
angle-independent neutral exciton (X%) and trion (X~) emission. TE spectra (b) in addition show
upper and lower polariton branches. PL spectra for surface-normal emission (c¢) normalized to
the trion peak intensity show slightly enhanced and redshifted neutral exciton emission in the TE
polarization (green) as compared to TM polarization (red), due to weak coupling to the symmetric
mode of the PCS. PL spectra for a small non-zero in-plane wave-vector component k, /k = 0.015
(d, green) in addition show lower and upper polariton emission peaks (LPB, UPB), which are

absent in the corresponding TM polarized PL spectrum (red).

SUPPLEMENTARY NOTE 2. MEASUREMENTS IN TE VS. TM POLARIZA-
TION

In the TM polarization (E-field perpendicular to the grooves), the MoSey exciton is far
detuned from the photonic crystal mode. As shown in Fig. Sba, PL spectra detected in the
TM polarization reveal only wavevector-independent uncoupled neutral exciton (X) and

trion (X7) emission. In the TE polarization, in addition to the upper and lower polariton
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FIG. S6. Symmetric (S) and antisymmetric (AS) modes in PCS: spatial distribution of the y-
component of electric field for AS (a) and S (b). The mirror symmetry plane of the PCS cell is
indicated with dashed lines. Normalized differential reflectance spectra for two different wavevec-

tors (k; = 0.003k, red, and ko = 0.02k, black), with distinct S and AS peaks (c).

branches as well as the trion peak, our experimental PL spectra (b) show emission close to
the frequency of the uncoupled neutral exciton in 1L, MoSe, with a slight redshift of ~ 1 meV

and enhancement as compared to the spectra measured in the TM polarization (c).

This behavior is due to coupling to the m = 3 symmetric PCS mode lying at higher
energies. While the strongly coupled to the exciton antisymmetric mode exhibits a tightly
confined and enhanced electric field distribution (Fig. S6a), the symmetric mode is less
confined (Fig. S6b), resulting in a weaker coupling, which, together with a larger detuning
from the exciton resonance, leads to only a small “Lamb” redshift and slight enhancement of
the exciton emission. The corresponding narrow antisymmetric (AS) and broader symmetric
(S) peaks observed in the PCS reflectivity spectra are shown in (Fig. S6¢) for two different

wavevectors.

Due to the large detuning between the MoSe, exciton and PCS mode in the TM polar-
ization, we can use the corresponding PL spectra to describe the original uncoupled MoSe,
excitonic response. As shown in Fig. S5d, this provides a reference PL spectrum (red),
which can be directly compared to that measured for small in-plane wavevectors in the TE
polarization (green). The two additional peaks observed in TE-polarized PL are assigned to
the lower and upper polariton emission, which provides compelling evidence for the strong

coupling regime between MoSe, excitons and the antisymmetric PCS mode in our structure.
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SUPPLEMENTARY NOTE 3. POLARITON LINEWIDTH MODEL

Since the Rabi splitting well exceeds the inhomogeneous exciton linewidth in our case,
the polariton linewidth close to the anticrossing point (wc(k9) = wx) will be defined through
only the homogeneous contribution 4% to the exciton linewidth [5]. We describe the exper-
imentally obtained polariton linewidth with a phenomenological model taking into account
both homogeneous and inhomogeneous exciton linewidth, v% and 48, The effect of mo-
tional narrowing [6] results in the dependence of the polariton linewidth on the effective
mass [7], which is incorporated in our model as

Mi in
ve = |Celye + [ Xe % + \Xi|2m—7xh, (1)

where ML, mx are effective masses of the polaritons and exciton, respectively, and C., X4
are the Hopfield coefficients:
h* %,

O ]2 = X, 2=1-|Cy% 2
| :|:| |h2!2f%+(wi—wc)2]’ | :|:| | :|:| ()

An agreement between the model and experimental LPB linewidth is reached for % ~
1.0 meV, which is close to recently reported values [8-10] for the low-temperature radiative
decay rate of excitons in monolayer MoSe; of ~ 1 —2 meV, implying that the homogeneous
non-radiative contribution to MoSe, exciton linewidth at 7 K is small. Assuming a Voigt
profile of the exciton line at 7 K, we estimate the inhomogeneous linewidth of yi*® ~ 8.4 meV.
The total homogeneous linewidth 1% = ~&rad 4 ~1ad jg then used to fit our experimentally

measured dispersion with the coupled oscillator model at each temperature.

We note additionally that the experimentally observed polariton linewidth and Q-factor
for small in-plane wavevectors are affected by the finite size of the overlap region between
the MoSe, flake and PCS, similarly to the case of the bare PCS described in Supplementary
Note 2. Namely, since the polariton dispersion near the I" point is also parabolic, the Q-
factor scales quadratically with the number of PCS periods covered by MoSe,. This yields
high Q-factors even for moderately sized polariton systems. We note that the observed in
Fig. 3b in the main text slight deviation between the model and experimentally extracted

values close to the I' point might be due to this finite size effect.
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FIG. S7. Temperature tuning of the polariton dispersion, as observed from selected PL spectra in
TE polarization at 7 K (a), 80 K (b), and 120 K (c). Black: PCS mode; green: neutral exciton;
red: upper polariton branch; blue: lower polariton branch. Spectral peak positions are extracted

at each angle by fitting PL spectra with Lorentzian functions.
SUPPLEMENTARY NOTE 4. VARIABLE TEMPERATURE MEASUREMENTS

With increasing temperature, the neutral MoSe, exciton shifts towards lower energies,
effectively tuning the polariton dispersion. Fig. S7 shows experimental angle-resolved PL
spectra for 3 selected temperatures of 7 K (a), 80 K (b), and 120 K (¢), with the uncoupled
PCS mode dispersion (black), uncoupled exciton (green), and upper and lower polariton
branches (red and blue, respectively), as obtained by fitting the PL data with the coupled
oscillator model. The temperature dependence of the polariton dispersion is also observed
in reflectivity spectra (Fig. S8a-d). We extract a temperature-dependent coupling constant
g(T) (e, blue triangles) and compare it with the exciton linewidth (black squares). The clear

signatures of strong coupling persist up to at least 150 K where exciton broadening starts

to blur the observed anticrossing behavior.

SUPPLEMENTARY NOTE 5. POLARITON NONLINEARITY

The nonlinear polaritonic shift AE,, can be estimated as [11]

AB = gslXI! [l [ ariowr 3)
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FIG. S8. Temperature dependence of MoSes/hBN/PCS optical response: (a-c) Selected angle-

resolved reflectance spectra measured at 7 K, 90 K, 120 K, and 180 K. (e) Extracted Rabi splitting

(blue triangles) and total exciton linewidth (black squares) for temperature in a range of 7— 200 K.
rad inh

Estimated radiative exciton linewidth 75?¢ and inhomogeneous linewidth due to disorder 3™ are

indicated with green and black dashed lines, respectively.

where gx is the exciton—exciton interaction constant, X is the exciton Hopfield coefficient for
the corresponding polariton mode, and ¥ (r) is the polariton wavefunction. For the pulsed
excitation case, 1) is time-dependent; for the nonlinear shift modelling, the wavefunction is
evaluated at the moment of time when it acquires the largest value.

For a pulsed pump with spectral width 7,,m, and polaritonic mode with radiative de-
cay rate 7, the polaritonic wavefunction can be estimated (in the rectangular pulse shape

approximation) as

() & sar(r)(1 = exp[=70/Ypump]), (4)

where 1), is the saturated wavefunction, which corresponds to the case of continuous wave
excitation.

The saturated wavefunction can be estimated as

wmm=¢ﬁz¢/ﬁm@wz¢ggwn o)

where W4, is the peak power density, w, is the polariton frequency, £ is the dimensionless

field distribution of the eigenmode when it is excited by a plane wave of the unity amplitude
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and frequency w,, and ¢(x) is introduced to shorten the notation. & is calculated numerically
using the Fourier modal method (FMM). It should be noted though that the general result
of the temporal coupled mode theory [12] states that £ is proportional to v, /2.

The spectral shift due to polariton—polariton interaction is then given by

Wmax(l - eXp[_’YO/P)/ um ])2 fD dfﬂ‘¢(3§')’4
AE ol = X 4 pump 0 ’ 6

where D is the period of the structure. We note that the last factor in the equation can
lead to an effective enhancement of the nonlinear spectral shift for the case of well localized
optical field vs. uniform field distribution. The nonlinear spectral shift is associated with

the effective polariton density (n,1):
ABpq = gx| X[ (npor). (7)

Finally, the effective polariton density can be calculated as

iy = Wonae(L = eXPL=30/puny))* Jo” dxl()|"
" chiay J delo(a)

(8)

2

The upper bound for the polariton density for the maximum fluence of 3 ©J cm™ can be

max

ol ™ 10" ecm™2. Thus, we are quite far from the Mott transition densities

estimated as n
a2 ~ 10 cm™2, and phase space filling effects likely play only a minor role.

The values of | X|? and 7 /Ypump can be calculated for each wavevector. For example, for
the two wavevectors corresponding to the data in Fig. 4 in the main text, these values are
estimated as | X |* = 0.40,v0/Ypump == 1 for k/ko = 0.024 and | X|? = 0.12, 70/ Vpump = 2 for
k/ko = 0.078. At the maximum fluence 3 pJ cm™? this corresponds to polariton densities
3.1 x 10* ym~2 for k/kg = 0.024 and 4.5 x 10* um=2 for k/ky = 0.078, yielding polariton—
polariton interaction strength of gp(k;g(f)) ~ 0.160 + 0.014 peV-pm? and gp(kél)) ~ 0.043 £
0.004 peV-pm?, respectively. From the dependence of the polariton shift on the exciton
Hopfield coefficient X, the exciton—exciton interaction strength can then be evaluated as

2. The statistical experimental uncertainty is estimated from fit errors,

gx ~ 1.0 peV - ym
including spectral Fano fits, linear fits of blueshift vs. fluence, and fitting of the polariton-
polariton interaction strength vs. Hopfield coefficient. For the extracted exciton—exciton
interaction strength, this uncertainty amounts to ~ 30%.

We note that the careful evaluation of the polariton density is very important for the cal-

culation of the interaction strength. In order to eliminate potential sources of uncertainty
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in the estimation of polariton density, we perform the nonlinear experiment under the fol-
lowing conditions: (i) polaritons are excited resonantly both in energy and wavevector, with
spreads in E and k roughly corresponding to those of the polariton dispersion, minimizing
the effect from other quasiparticles that might otherwise be created by the laser pulses,
(ii) in real space, polaritons are excited uniformly with a large laser spot covering the entire
MoSe, flake area, which ensures that the polaritons remain in the laser spot within the pulse
duration, (iii) incident fluence is kept in the uJ/cm? range to avoid potential effects related
to exciton-exciton annihilation. The remaining systematic uncertainty in our calculation
of polariton density is due to possible deviation of the ~ 200 pm laser spot shape on the
sample from Gaussian and deviation of the actual laser pulse shape in time domain from
the model. We estimate these contributions to be within 20%, giving the final estimate of

the experimental exciton—exciton interaction strength of gx = 1.0 £ 0.4 eV - ym?

SUPPLEMENTARY NOTE 6. EXCITON NONLINEARITY

We measure the pump-dependent blueshift of the exciton resonance in reflectance with
TM-polarized excitation. The corresponding reflectance spectra are shown in the top panel
of Fig. S9a for selected values of fluence varying from 0.1 pnJ/cm? (top) to 1.8 nJ/cm?
(bottom), with corresponding Lorentzian curves based on the extracted peak position and
linewidth shown in the bottom panel. We fit the experimentally measured spectra with
a Fano-like shape to obtain pump-dependent blueshift shown in the top panel of Fig. S9b
with open squares. The exciton concentration for each fluence can be evaluated in the linear
regime (omitting the effects of phase space filling) from the differential equation for the
exciton annihilation operator b:

% = —jwxb — %(’yo + 4 + @(1 +7)ag exp[—2t—;] exp[—iwt], 9)
where 7, is the pulse duration, r is the reflection coefficient of the substrate, and ag is the
square root of the number of photons passing through the monolayer per unit time per unit
area, which is related to the peak incident power density W as ag = \/W . We have

substituted the bosonic operator with the complex amplitude. This differential equation can
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FIG. S9. Nonlinearity of excitons in TM polarization. (a) Top panel: measured exciton reflectance
spectra (solid black curves) under resonant illumination with laser pulses for varying fluence, to-
gether with corresponding Fano fits (red dashed curves). The arrow indicates changing with power
exciton resonance frequency. Bottom panel: corresponding Lorentzian curves based on the ex-
tracted peak position and linewidth. (b) Top panel: extracted excitonic spectral blueshifts as a
function of incident laser fluence (symbols), together with corresponding linear fit (line). Bottom
panel: corresponding extracted linewidth as fwhm as a function of fluence. (c) Nonlinear blueshifts
of polaritons with indicated excitonic fractions (black, red, and green symbols) and exciton (blue
symbols, probed in TM polarization) as functions of particle density, together with corresponding

linear fits.
be solved explicitly yielding for N = |b|?

N =
2

exp [—75 (0% = 7*/4) = 1] |

(10)

aol? T
= ’1+7’\2—’ o (70%)2
Yo

erf {\/_Tp + 7(5+w/2)}

where § = w—wx, ¥ = Y +7%, and t = 0 is at the pulse centre. To account for the inhomo-

geneous broadening, we should convolve the expression for N with the gaussian distribution
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of the exciton frequency with the width

N = / ASN (8)e %" (11)

1
VR

This integral can not be taken analytically. For 7o ~ 7% = 1 meV, 7, = 130 fs, and

yh — 8.4 meV, the numerical integration returns a function of time with a maximum at
Smax ~ 0.8.

In the case of TM polarization the reflection coefficient is almost constant across the pulse
bandwidth, and r ~ —0.25 — 0.35i, yielding |1 + r|? = 0.68. ag can be expressed through

fluence F as |ag| = \/F/7p/v/Thwx.

Finally, the exciton concentration N for fluence F' will be
Nlpm™2] ~ 2800F [pJ - em™?]. (12)

The measured exciton blueshift is plotted in Fig. S9c as a function of particle density (blue
symbols). For comparison, we show power-dependent blueshifts measured for polaritons
with different excitonic fractions (| X |* = 0.12, | X|? = 0.40, and |X|? = 0.50) as functions of
polariton density (black, red, and green symbols). We evaluate gx via linear fitting of the
experimental data as gx = 1.4 + 0.2 peV - um?.

We compare the obtained gx value with a theoretical estimate [13] of gx ~ 2F; %, ~
1.6 peV - pm?, where Ej, ~ 0.44 eV is the 1s exciton binding energy in monolayer MoSe,

and 15 ~ 1.36 nm is the corresponding exciton Bohr radius [14].
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