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ReS: crystal growth and sample preparation

Layered single crystals of ReS, were are grown by chemical vapor transport (CVT) using ICls as
the transport agent, as reported in a previous work (9). Thanks to weak Van der Waals force
between the layers, few-layers of ReS; are obtained by mechanical exfoliation using commercial
PDMS (Gel Pak) and transferred on glass or DBR substrates. Due to the in-plane mechanical
anisotropy along the Re chains, the crystal b-axis is identified as a longer crystal edge, as shown
in Fig.2A of the main text, obtained after the mechanical exfoliation. To improve the crystal
adhesion on the substrate and optimize the flakes quality, we pre-treated the surface of the DBR
substrate with 4-(2-aminethyl) benzoic acid in order to create a self-assembled monolayer (SAM):
the substrate was immersed in a 0.13 %wt solution of 4-(2-aminethyl) benzoic acid hydrochloride
in ethanol for 24 hours at room temperature and then rinsed with ethanol to remove excess
molecules.

Distributed Bragg Reflector

The DBR is formed by eight pairs of SiO2/TiOz layers (with thicknesses of 136 nm/93 nm,
respectively), deposited by electron-beam deposition (Temescal Supersource) in vacuum, keeping
the chamber at 10~ <10 mbar throughout the process, at room temperature (deposition rates: 1
A/s for SiO;, 0.5 A/s for TiO,). The DBR is deposited on top of a 170 um glass substrate and the
resulting stopband is centered at 785 nm.

Optical measurements

All optical measurements are performed in reflection configuration in a helium cryostat at
cryogenic temperature (T=4K) using a halogen white lamp. The photoluminescence is recorded in
reflection configuration with a continuous-wave laser, centered at A = 488 nm. The spectra are
collected with an 50x objective, with a numerical aperture NA= 0.82. The polarizer and the half-
wave plate (HWP) on the detection path allow for the measurement of the polarization-resolved
spectra, both in real space and in back focal space.

Theoretical Simulations

Our structure has been simulated by using the semi-analytical Rigorous Coupled-Wave Analysis
(RCWA) method implemented by S4 package (37). The exciton resonances, Exi and Exz, have
been modeled using a Lorentz oscillator, with a dielectric function given by:
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where:

ep is the background permittivity

Ex is the exciton resonance energy

I" is the exciton linewidth

f is the oscillator strength

After the measurement of the ReS: crystals thickness by AFM, we simulate the experimental
reflectance spectra by using the following parameters, summarized in Tab.S1.



€ f [eV?] I [eV]
Polarization // to b-axis (V) 17 fx1=0.3 I'x1=0.003
fs1=0.03 I's; = 0.0025
fso =0.022 I's2 = 0.0025
fs3=0.01 I's3=0.0015
fs4 =0.01 I's4 =0.0015
Polarization L to b-axis (H) 13.5 fxo = 0.25 I'x>=0.003
fs1=0.018 I's; =0.002
fs2 = 0.001 I's2 =0.002
fs3 = 0.001 I's3 =0.001

Table S1. Background permittivity, oscillator strength and full with at half maximum for the
different states. Values of the parameters utilized in the RCWA simulations.

Theoretical Simulations of ReS; crystal in vacuum

Fig. S1 shows the real part of the permittivity by fixing the value of background permittivity, €,
for different oscillator strength (f). We consider a 60 nm — thick ReS; crystal immersed in vacuum
and simulate the energy dispersion of the reflectivity for different values of oscillator strength. The
energy splitting AE; /7 increases for higher coupling strength between the exciton and photons.
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Fig. S1. Exciton energy splitting dependence on oscillator strength. Top panels) Real part of the
permittivity for different values of oscillator strength. The correspondent energy dispersions of the
reflectivity for different values of f are reported in the bottom panels.



Theoretical simulation of ReS; reflectivity in function of the thickness

The reflectivity spectra for different thickness of ReS; crystals on glass substrate are reported in
Fig.S2. Additional resonances around the main exciton are clearly distinguishable for thick crystals
(> 50 nm), whereas for the thinner one only the main exciton transitions are distinctly observable.
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Fig. S2. Reflectivity spectra for different ReS; crystal thicknesses. (A) Theoretical reflectivity spectra
of crystals with thickness of 35 nm (Top panel) and 80 nm (Bottom panel). (B) (Left panel) Theoretical
map of the reflectivity versus crystal thickness for vertical polarization assuming only an exciton resonance
at 1.554 eV and unpolarized light incident perpendicular to the surface crystal. The dashed red lines are the
longitudinal and transversal modes for the ReS; crystals which couple to the exciton resulting in a new
hybrid states, lower (LP) and upper (UP) polariton bands tending asymptotically at the longitudinal (L) and
transversal (T) modes. (Right panel) Real part of the theoretical permittivity in the energy range of the
reflectivity map.



Atomic Force Microscopy (AFM)

AFM measurements are performed using a Park Scanning Probe Microscope (PSIA), with a high
resonant frequency non-contact cantilever. The image acquisition is performed in air at room
temperature.
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Fig. S3. Topographic analysis. (A) AFM topography image of 310 nm — thick ReS, crystal on DBR. (B)
The corresponding height profile measured along the red line. (Inset) Optical image of the crystal. The
scalebar is 20 pm.

Theoretical Simulations of the ReS; structure on top of DBR

We simulate the reflectance spectra at {kx, ky} = 0 for different thickness of the ReS; crystals on
DBR, showing a different coupling effect for the two polarizations, in particular on the excited
states.
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Fig. S4. Cavity effect on the reflectivity for different crystal thicknesses. Theoretical map of the
reflectivity versus crystal thickness for the vertical (A) and horizontal polarization (B) assuming
unpolarized light incident perpendicular to the surface crystal. The vertical red lines mark the energy



dispersions for both polarizations for a crystal 310 nm thick, in agreement with the experimental data
reported in Fig.2 A-B.

Tuning of ReS; crystal thickness

By changing the ReS> crystal thickness, we tune the coupling of the exciton and the excited states
with different photonic modes: in a 60 nm-thick crystal, both excitons couple with the photonic
mode 1, leading to the formation of the lower polariton states and the middle ones, while the
excited states are uncoupled for both the polarizations (see Fig.S5).

For thicker sample (d = 140 nm), we can measure the coupling of the excitons with both the
photonic Mode “2”” and Mode “1”, resulting in a more structured dispersion spectrum (see Fig.S6).
Analyzing the V polarization spectra for different thickness, we conclude that the different
detuning of the photonic modes with respect to the exciton Ex; results in a different exciton
component of the lower polariton branches, which becomes more excitonic from d= 310 nm to d
=60 nm (see Fig.S7).
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Fig. S5. Polarized reflection spectra for a crystal of 60 nm. Energy vs kx in-plane momentum of

reflection spectra polarized perpendicular to the b — axis (A) and parallel to the b — axis (B) for a 60 nm —
thick ReS, crystal on a DBR.
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Fig. S6. Polarized reflection spectra for a crystal of 140 nm. Energy vs kx in-plane momentum of
reflection spectra polarized perpendicular to the b — axis (A) and parallel to the b — axis (B) for a 140 nm —
thick ReS, crystal on a DBR.



To extract the Rabi splitting values from reflection spectra reported in Fig.2B-C of the main text,
we diagonalize a four coupled oscillator system matrix, described as follow:
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in which Ey; = 1.554 eV, Ex,51 = 1.636 eV and Ey;5, = 1.648 eV are the experimental energy
resonances of the exciton and two excited states, respectively, while E. = 1.617 eV is the photon
energy.
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Fig. S7. Strong coupling and Hopfield coefficients for different crystal thicknesses. (A-C) Different
polariton branches for ReS; crystals with thickness of d =310 nm (A), d = 140 nm (B), and d = 60 nm (C),
obtained by assuming the coupling between three exciton states (shown with the yellow dashed lines, Exi,
Exis1 and Exis2) with only one photonic mode (red dotted lines), which results in a lower polariton branch
(blue lines), two middle polariton branches (cyan and green lines) and an upper polariton branch (orange
line). (D-F) The Hopfield coefficient for the lower polariton branch for the considered ReS, thickness.



Fig.S7A-C show the fitting of different reflection spectra as function of the in-plane momentum,
decreasing the ReS; crystal thickness. We extract the Rabi splitting value of 84 meV, 74 meV and
44 meV for 310 nm, 140 nm and 60 nm flakes thickness, respectively.

In order to calculate the exciton and photon fraction of the polariton branches for different
thickness, we evaluate the Hopfield coefficients (Fig.S7D-F) from the eigenvectors of the matrix
(1). In this way, we consider not only the contribution of the exciton Ex; and the photonic mode
to the exciton fraction, but also the effect of the two excited states Exis1 and Exisz. Note that in
Fig.S7A, the exciton energy (dashed yellow line around 798 nm) is between the longitudinal (L)
and transversal (T) modes generated in the ReS; crystals which are clearly evident in the
experimental dispersion spectra for the thickness of d=310nm in Fig.2B.

Rydberg States
The reflectance spectra of thicker ReS; crystals show peaks at higher energy, in addition to the
transitions of the fundamental excitons. These states are excited states of both the excitons and

their energies follow the usual hydrogenic Rydberg series of energy levels of 3D excitonic states
(En=Ry*/n?).
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Fig. S8. Rydberg series corresponding to the two ReS; excitons. Experimental data (dots) and theoretical
prediction of hydrogenic Rydberg series (dashed lines) of energy exciton states as a function of the quantum
number n, for the Ex; (black) and Ex» (red) excitons.

The formula used to extract the binding energy of the excited states describing the three
dimensional Wannier excitons in inorganic semiconductor (47) is:

Elgn) =E; —Ry*/n®

where Elgn) is the binding energy at the nth excitonic state, Ej is the energy gap of the ReS,, Ry”
is the effective Rydberg constant and » is the number of exciton state. The fitting parameters



extracted for the two Rydberg series associated with the two excitons (for the two polarizations)
are reported in Tab.S2.

E, R, EED £ ED o) E®
(meV) (meV) (meV) (meV) (meV) (meV) (meV)
Polarization // 1661 107 107.58 26.89 11.9 6.72 4.3
to b-axis (V)
Polarization L 1665 90 90.03 22.5 10 5.63 3.6

to b-axis (H)

Table S2. Rydberg Parameters. Fitting parameters extracted for the excited state of the two
excitons Ex1 and Ex.
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