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Atomically thin crystals of transition metal dichalcogenides (TMDs) host excitons with strong
binding energies and sizable light-matter interactions. Coupled to optical cavities, monolayer TMDs
routinely reach the regime of strong light-matter coupling, where excitons and photons admix co-
herently to form quasiparticles known as polaritons up to room temperature. Here, we explore the
two-dimensional nature of TMD polaritons with cavity-assisted hyperspectral imaging. Using ex-
tended WS2 monolayers, we establish the regime of strong coupling with a scanning microcavity to
map out polariton properties and correlate their spatial features with intrinsic and extrinsic effects.
We find a high level of homogeneity, and show that polariton splitting variations are correlated
with intrinsic exciton properties such as oscillator strength and linewidth. Moreover, we observe
a deviation from thermal equilibrium in the resonant polariton population, which we ascribe to
non-perturbative polariton-phonon coupling. Our measurements reveal a promisingly consistent
polariton landscape, and highlight the importance of phonons for future polaritonic devices.

Exciton polaritons can enable novel photonic elements
such as ultra-low threshold lasers [1, 2], Bose-Einstein
condensates [3], or quantum nonlinear optical elements
[4]. Atomically thin crystals of TMDs offer a particularly
promising platform to study and harness exciton polari-
tons due to a strong exciton binding energy [5, 6] and
a large oscillator strength [7–9]. Both properties in con-
cert have enabled the demonstration of exciton polaritons
at room temperature [10–12] and under cryogenic condi-
tions [13–15]. Owing to their unique spin-valley degrees
of freedom inherited from the non-centrosymmetric host
crystal with strong spin-orbit effects [16], TMD polari-
tons could enable novel photonic devices with topologi-
cal properties in accordingly structured two-dimensional
photonic and excitonic landscapes [17].

It remains an important task to understand the con-
ditions that govern polariton properties, and to realize
large-scale systems that are useful also for such advanced
devices. Elevated temperature and the crystals’ two-
dimensional geometry constitute an environment that
strongly influences polariton properties. Variation of
both intrinsic defect concentrations and of the dielec-
tric surrounding can lead to a significant spatial variation
of the materials optical properties, and phonons couple
strongly to the optical transition. In this work we study
such spatial variations and environmental influences by
scanning cavity microscopy in the strong coupling regime.
We reveal correlations with intrinsic excitonic properties
and observe a polariton population with significant de-

viations from thermal equilibrium, indicative of a non-
Markovian polariton-phonon coupling.

Our experimental platform is a fiber-based Fabry-
Perot microcavity [18] consisting of a laser-machined op-
tical fiber serving as a micromirror and a planar mirror
with monolayer flakes of WS2 synthesized by chemical
vapor deposition (CVD) and covered with a thin film of
PMMA (see Fig. 1a and Methods). Away from the flakes,
the transmission of the bare cavity shown in Fig. 1b
features the characteristics of a stable Fabry-Perot res-
onator with Hermite-Gaussian eigenmodes that exhibits
a strong main resonance and a blue-detuned weak res-
onance stemming from higher transverse modes. The
empty cavity has a finesse of 40 at the exciton energy of
2.01 eV, leading to a cavity-length dependent linewidth
κ = 51/q meV, where q is the longitudinal mode order.

In the first experimental step, we characterized the
CVD-grown WS2 monolayer flakes on the macroscopic
mirror with confocal microscopy and spectroscopy and
found extended triangular flakes with bright PL as in
Fig. 1c. We observe PL spectra as shown in Fig. 1d
with a full-width-half-maximum (FWHM) linewidth γ =
33 meV, typical for monolayer WS2 [19]. For the same
position, we also measured the absorption spectrum of
Fig. 1c by cavity-enhanced spectroscopy at large mirror
separation where the exciton-photon coupling is weak
(see methods). The absorption spectrum matches the
center energy and the linewidth of the emission, but
shows additional finite background absorption at the
higher energy side of the resonance.
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FIG. 1: Experimental setup and characterisation. a)
A fiber-based microcavity couples to monolayer WS2 covered
with a thin film of PMMA on top of a silver (Ag) mirror
capped with a dielectric spacer (SiO2). The planar mirror
is mounted on a 3D nanopositioning stage to enable raster-
scanning of the sample through the cavity mode and coarse
tuning of the mirror separation. The cavity length and thus
its resonance frequency can be fine-tuned by a piezo actuator
moving the fiber. b) White light transmission spectrum of the
empty cavity for a large mirror separation d = 10.5 µm. c)
Confocal photoluminescence map of a WS2 flake on the mirror
(scale bar 10 µm). d) Confocal photoluminescence (orange)
and cavity-assisted absorption (blue) spectra recorded on a
typical position of a WS2 flake on the mirror.

After these initial studies of confocal PL and absorp-
tion of monolayer WS2 flakes at large cavity-mirror sep-
aration, we reduced the intermirror distance to increase
the cavity-flake coupling. For a mirror separation corre-
sponding to the cavity mode order q = 4, Fig. 2a shows
the cavity transmission spectra on (blue) and off (orange)
the flake under white light illumination. The WS2 trans-
mission spectrum exhibits a pronounced normal mode
splitting with two well-resolved polariton resonances in
response to the fundamental cavity mode, and a weak
higher-energy resonances due to transverse modes of the
cavity. Tuning the cavity resonance across the emission
spectrum results in avoided level crossing with spectra in
Fig. 2b, which we compare to a coupled oscillator model
in Fig. 2c and d.

The model accounts for the coupling with strength g
between an optical cavity with the fundamental mode de-
cay rate κ0 and an exciton transition with homogeneous
linewidth γ to obtain the normal-mode or Rabi splitting
Ω of the coupled oscillator system [20]:

Ω(q) = 2

√√
g4 + 2g2γ(γ + κ0/q)− γ2. (1)

To model the detuning-dependent dispersion of the upper
and lower polariton modes shown in Fig. 2c we take κ0 =
51 meV and γ = 33 meV as determined from the initial
characterization described above and use g as the only
free fit parameter. Figure 2e shows the observed splitting
and the deduced light-matter coupling strength g as a
function of the longitudinal mode order q.

The splitting is smaller than reported in a similar ex-
periment [11] (with ~Ω ≈ 50 meV at q = 4), which can
be traced back to a non-ideal PMMA layer thickness that
reduces the local field at the sample in our experimental
configuration. We note, however, that we use a stable
microcavity where excitons couple to a single, spectrally
isolated cavity mode, while in [11] a planar Fabry-Perot
displaying a mode continuum was used.

The model also accounts for the detuning dependence
of the upper and lower polariton branch linewidths with
Γ = (κ + γ)/2 on resonance (Fig. 2d). Since the cav-
ity linewidth κ is significantly narrower than the exci-
ton linewidth γ, coupling leads to a reduced polariton
linewidth and thus to an increase of the polariton life-
time compared to the exciton lifetime by a factor of 1.7
on resonance, and up to a factor 4 at large detuning.

The observations of normal mode splitting and line
narrowing as hallmarks of the strong-coupling regime are
robust characteristics of the light-matter coupling for our
sample. The right panel of Fig. 2f shows cavity-enhanced
absorption measurements of other individual triangular
WS2 monolayers. The left panel of Fig. 2f shows the
statistics of resonant coupling experiments at q = 4 car-
ried out on 14 of such flakes: while 10 flakes exhibited
splitting energies in the range of ~Ω = 22 − 36 meV,
four flakes did not exhibit signatures of strong coupling
at all. Remarkably, most WS2 flakes in strong coupling
featured comparable coupling strengths with a variation
in g of only ±3 meV.

Having established the signatures of strong coupling
at individual spatial positions, we utilized the scanning
capabilities of our cavity [21, 22] to study the two-
dimensional nature of polariton landscapes in extended
WS2 flakes. To this end, we stabilized the cavity length
at q = 4 and ensure symmetric polariton populations
as monitored in transmission spectroscopy. Under such
conditions, the sample was displaced with respect to the
cavity mode in 1 µm steps corresponding to the spa-
tial resolution determined by the cavity mode waist. At
each raster-scan pixel we recorded white-light transmis-
sion spectra of the cavity as in Fig. 3a to infer the po-
lariton splitting, shown in Fig. 3b, and the center energy
of the polariton doublet, shown in Fig. 3c.

First, we accounted for the spatial overlap between the
cavity mode and the flake. Figure 3d shows how the ob-
served Rabi splitting scales with the area overlap η. The
dependence agrees very well with the expectation for col-
lective coupling, where g ∼ √η. To eliminate this overlap
effect from further analysis, the map of Fig. 3b was cor-



3

a

b

c

d

e

f

1.90 1.95 2.00 2.05 2.10 2.15

0.0

0.2

0.4

0.6

0.8

1.0

Energy (eV)

C
av

ity
tra

ns
m

is
si

on
(a

.u
.)

1.95 2.00 2.05 2.10

- 12

- 8

- 4

0

4

8

Energy (eV)

D
et

un
in

g
(m

eV
)

- 60 - 40 - 20 0 20 40
1.96

1.98

2.00

2.02

2.04

2.06

2.08

Detuning (meV)

En
er

gy
(e

V)

- 60 - 40 - 20 0 20 40
0

5

10

15

20

25

30

35

Detuning (meV)

Li
ne

w
id

th
(m

eV
)

4 6 8 10 12

10

15

20

25

30

35

40

Cavity order q

Sp
lit

tin
g

en
er

gy
(m

eV
)

Energy (eV)
1.95 2.0 2.05 2.1

4
6
8

10
12

22 26 30 34
0

1

2

3

Splitting energy (meV)

20µm

FIG. 2: Polariton spectroscopy. (a) Bare cavity transmission spectrum (orange) and transmission spectrum under normal
mode splitting at mode order q = 4 (blue). b) Cavity transmission spectra of the q = 4 mode when tuned stepwise across the
exciton resonance by varying the mirror separation. c) Resonance energies of the upper (black) and lower (orange) polariton
branches (data) derived from from the spectra in b) and fits to the coupled oscillator model (solid lines; dashed lines show
the empty cavity and bare exciton resonances). d) Extracted linewidths of the upper (black) and lower (orange) polariton
branches (data) and model fits (solid lines; the upper and lower dashed lines show the linewdiths of the empty cavity and the
bare exciton resonances, respectively). e) Polariton splitting ~Ω (upper data, fitted red line, see text) and coupling strength g
(lower data and blue line) as a function of cavity mode order q evaluated from the spectra shown in the inset. f) Statistics of
polariton splitting observed for 10 different flakes (left) and a map of cavity-enhanced sample extinction (right).

rected to show actual Rabi splitting values renormalized
as Ω = Ωraw/

√
η. Similar overlap corrections were per-

formed for the photoluminescence and absorption map
Fig. 3 f, j, according to 1/η, and all data shown is lim-
ited to η > 0.35. The remaining deviations at edges are
consistent with the notion of edges as line defects with
light-matter characteristics distinct from the flake inte-
rior [23].

It is instructive to confront the maps of polariton char-
acteristics in the top panel of Fig. 3 with complementary
parameters of light-matter coupling probed for the same
flake with resonant absorption (central panel of Fig. 3)
and PL (bottom panel of Fig. 3). The absorption spec-
trum of Fig. 3e was recorded for a large mirror separa-
tion (∼ 10 µm) and used to evaluate the peak absorption
(Fig. 3f) and its center energy (Fig. 3g). For similar con-
ditions, we also record the PL spectrum (Fig. 3i) and
extracted the peak PL (Fig. 3j) and linewidth (Fig. 3k).

This comprehensive set of spatially-resolved measure-
ments allows us to correlate external and internal prop-
erties of light-matter interaction in monolayer WS2. The

polariton splitting in Fig. 3b shows a high degree of ho-
mogeneity with moderate variation across the flake, and
a localized maximum along a line parallel to the left edge.
This region is also apparent in a blue-shift of the polari-
ton center energy Ecp (Fig. 3c) and also in the absorp-
tion center energy Ec (Fig. 3g). The transition energy
is sensitive to various internal and external parameters
including strain [24–26], doping [27], or screening due to
the dielectric environment [28–31].

Based on our data, strain is an unlikely explanation
since it would correlate with the PL yield. However, we
do not observe significant correlations between PL and
Ec. We also find no indication of a doping-induced en-
ergy shift, since no trion contribution was observed in the
spectra [32]. The most probable scenario is that varia-
tions in the local dielectric environment are responsible
for the inhomogeneities in light-matter coupling across
the flake. The process used to transfer the flakes onto
the mirror can lead to adsorbates such as water or KOH
molecules located between the WS2 flake and the SiO2

surface, thereby introducing variations in the distance
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FIG. 3: Polariton hyperspectral imaging. a) Resonant cavity transmission showing a normal mode spectrum at q = 4.
Spatial maps of b) the Rabi splitting energy ~Ω, and c) the center energy of the normal mode spectrum Ecp. d) Dependence
of ~Ω on the spatial mode overlap with the flake. e) Absorption spectrum at large q as inferred from white light transmission
spectroscopy. Maps of f) the maximal resonant absorption Amax, and g) of the absorption center energy Ec. h) Correlation
between ~Ω and the maximum resonant absorption, together with a fit (solid line, see text). i) Photoluminescence spectrum,
j) map of the peak photoluminescence intensity, and k) photoluminescence linewdith. l) Correlation between ~Ω and the
photoluminescence linewidth together with a fit to Eq. 1 (solid line). The scale bar shows 2 µm in all maps.

between the WS2 monolayer and the substrate. It is
well known that the dielectric environment has an ex-
traordinarily large impact on the excitonic properties of
semiconductor monolayers, causing line shifts of up to
hundreds of meV [28–31]. Our calculations show that
variations of about 1 nm in the interlayer distance re-
sult in an energy shift of ∼ 10 meV, consistent with our
experimental observations (see Supplementary Informa-
tion).

Comparing the splitting ~Ω with the resonant ab-
sorption map Amax shows a clear linear correlation, see
Fig. 3h. Indeed this follows the expectation for an ex-
citon oscillator strength that is directly proportional to
the absorption, evidencing that the observed variations
in Amax are dominated by radiative excitonic transitions
rather than quenching induced by defects. Notably, there
is no apparent correlation between the integrated PL and
the splitting. However, a clear correlation can be ob-

served for the PL linewidth (and similarly for the ab-
sorption linewidth, not shown). As expected from Eq. 1,
an anti-correlation between Ω and γ is expected. Orig-
inating either in excessive pure dephasing or inhomoge-
neous broadening, the increased linewidth towards the
edges of the flake indicate an increased inhomogeneity
and dissipation at these locations. Figure 3l shows good
agreement between the observed linewidth dependence of
the Rabi splitting and Eq. 1. Since the PL linewidth and
the absorption center energy remain rather constant in
the area where the absorption displays its largest vari-
ation, the different dependencies can be disentangled to
a high degree, and the correlations shown in Fig. 3h,l)
are dominated by a single quantity. Overall, we find that
the variation in polariton splitting is governed by spatial
variation of resonant absorption, inhomogeneous broad-
ening and excessive pure dephasing or dissipation. With
this we can link the polariton splitting to intrinsic exciton
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properties in a quantitative way.

Finally, we turn to the influence of phonons on the po-
lariton spectrum. It was suggested that phonons can lead
to a surprising departure from a semi-classical descrip-
tion of the polaritons [33, 34]. The directly observable
effect is that the phonon bath mediates direct transi-
tions between the dressed states and thereby affects the
polariton population. In the experiment, we inspect the
polariton population for exact cavity resonance condi-
tions, i.e. where the polariton splitting is minimal for a
given mode order q. Figure 4a shows the spectra for dif-
ferent q. A large asymmetry is apparent, which increases
non-monotonically for decreasing cavity mode order. We
do not expect other processes such as exciton-electron
scattering or exciton-exciton scattering to be relevant for
our experimental conditions since we observe no signs of
trions and excite with sufficiently low powers such that
the exciton population remains small. We evaluate the
population ratio pu/pl of the upper and lower polariton
resonance from fits to the spectra and display the re-
sult as a function of the polariton splitting energy, see
Fig. 4c. In this way, we can perform spectroscopy of the
inter-polariton scattering strength within a single device
at a fixed temperature. This is advantageous since the
sample properties and the phonon bath remain fixed in
this way. We find that the overall behavior is consistent
with a thermal occupation following a Boltzmann distri-
bution [35] pu/pl = exp−~Ω/kBT (solid line in Fig. 4b,
no free parameters), but with a significant deviation in
particular for mode order q = 7 (~Ω = 23meV) and q = 9
(~Ω = 18meV), where the upper polariton remains sig-
nificantly more populated than for a thermalized distri-
bution.

Such a deviation could originate from a phonon bot-
tleneck, resulting from a low phonon density of states
at the relevant energy, such that thermalization is sup-
pressed. However, the splitting energy of mode q = 7
(q = 9) coincides with the energy of longitudinal acous-
tic (transverse acoustic) phonons at the K point with
a significant density of states [36]. Indeed it has been
shown that a large exciton-phonon coupling strength is
present under resonant conditions by exciton lumines-
cence up-conversion [37]. The apparent impact of K-
point phonons here suggests that transitions between po-
laritons states are accompanied by inter-valley scatter-
ing. The resonant polariton-phonon coupling establishes
a non-thermal distribution indicative of non-Markovian
dynamics [34, 35, 38]. Such a scenario is expected to
lead to superposition states involving polariton, valley,
and phonon degrees of freedom [34] with emergent quan-
tum correlations [33].

Our work shows that spatial variations in the optical
properties of atomically thin semiconductors and their
local environment influence the polariton states of a cou-
pled monolayer-microcavity system and lead to variations
in the polariton splitting on a few-micron scale within a

a             b

c

1.95 2.0 2.05 2.1
4

6

8

10

energy [eV]

m
od

e
or

de
rq

15 20 25 30 35
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

splitting energy [meV]

po
la
rit
on

po
pu

la
tio

n
ra
tio

FIG. 4: Polariton asymmetry due to phonon tran-
sitions. a) Normal mode spectra for different mode orders
q = 4 − 11 with the cavity tuned to exact resonance with the
exciton. b) Schematic level scheme of the ground state and
two polariton states with optical (red) and phonon (orange)
transitions. c) Polariton population ratio as a function of po-
lariton splitting energy. The solid line shows the Boltzmann
distribution.

flake, as well as for different flakes. Clear correlations
were established interconnecting local variations in the
oscillator strength and the exciton linewidth with the
Rabi splitting. While the observed variations are already
encouragingly small, further improvement in homogene-
ity is expected for flakes embedded in van der Waals het-
erostructures e.g. with hexagonal boron nitride. This
could open the way for advanced polaritonic devices such
as tunable polariton lasers and polariton Bose-Einstein
condensation, and enable the realization of topological
polaritons [17]. Furthermore, the resonant interaction of
polaritons with phonons leads to a significant alteration
of the polariton population, with marked deviations from
a thermal distribution. While further studies are required
to elucidate this behavior, the observed strong polariton-
phonon coupling could provide a novel resource for po-
laritonic devices.

Methods

Cavity characterization

The mirrors were prepared by evaporating 50 nm silver
as reflective layer and a 20 nm (100 nm) SiO2 capping
layer on top which protects silver from oxidation and
serves as a spacer layer to place the sample at a field
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antinode. The fiber, shaped by CO2 laser machining
[39], has a conical tip to achieve smallest mirror sepa-
rations [40]. In its center, we fabricate a concave pro-
file with a radius of curvature of 75 µm and a depth of
200 nm. We measure the cavity finesse F with a laser
at 532 nm and obtain a value F = 30, and F = 40 from
white light transmission spectra at the exciton emission
energy E0 = 2.01 eV, in good agreement with a simu-
lation. To calibrate the optical cavity length, we record
broad-band cavity transmission spectra with a supercon-
tinuum laser and evaluate the separation of subsequent
cavity resonances, see Fig. 1b. We find that the smallest
accessible effective cavity length is deff = 4λ/2, corre-
sponding to the longitudinal mode order q = 4, limited
by the profile depth (200 nm) and the presence of the
PMMA layer which covers the sample. At this separa-
tion, we obtain a cavity quality factor of Qc = qF = 200.
From scanning-cavity microscopy measurements and cal-
culations, we infer the mode waist to be w0 = 1.0 µm,
which approximately defines the spatial resolution of the
scanning cavity microscope.

Sample preparation

WS2 monolayer crystals were grown by sulfurization
of tungsten dioxide (WO2) powder. A SiO2/Si substrate
along with a WO2 powder boat were placed at the cen-
ter of a chemical vapor deposition (CVD) furnace. The
SiO2/Si substrate was facing down in close proximity to
the WO2 powder (99.99%, Sigma Aldrich). The temper-
ature was initially ramped up rapidly but slowed down
to 3◦C /min as it approached to 850◦C. Sulfur powder
(99.5%, Alfa Aesar) was placed at upstream end of the
quartz tube in a separate boat near the heating zone to
allow vaporization (∼ 110◦C) during the growth. The
growth temperature was maintained for 15 minutes be-
fore cooling it down to the room temperature. 200 SCCM
of Argon was used as a carrier gas during the entire pro-
cess. As-grown monolayer crystals were studied in spec-
troscopy or transferred onto a mirror using established
polymer-supported wet method. To this end polymethyl
methacrylate (PMMA) was spin-coated on the monolayer
flakes and lifted off in 1M potassium hydroxide (KOH)
in water. The PMMA-supported film with WS2 crys-
tal flakes was rinsed in water for three cycles at room
temperature to remove possible KOH residue and finally
transferred onto mirror substrates.

Photluminescence microscopy and spectroscopy

Excitation was performed either with a cw laser at
532nm for PL or with a pulsed supercontinuum (Fianium
Whitelase 450 SC, 20 MHz, ∼ 50 ps) filtered to a spec-
tral band of 580 nm to 650 nm. Confocal measurements

were performed in a homebuilt setup including a 0.9 NA
air objective. Detection was performed either with a Si
avalanche photodetector or with a grating spectrometer
(Princeton Instruments, Acton 2500) equipped with a
sensitive CCD camera (Andor ikon-M). To observe the
polariton spectrum we perform broad-band transmission
spectroscopy of the coupled cavity-emitter system. We
reduce the laser power such that during the pulse, much
less than one photon populates the cavity on average to
avoid multi-photon processes. The transmitted light was
spectrally filtered, fiber coupled and recorded with the
grating spectrometer.

Model for environmental exciton energy renormalization

To assess the impact of variations in the distance be-
tween the optically active WS2 flake and the SiO2 sub-
strate, we employ a multiscale approach introduced in
Ref. [31]. In a first step, an electrostatic model is used to
determine an effective non-local dielectric function to ac-
count for screening of Coulomb interaction between car-
riers in the TMD in a vertical heterostructure environ-
ment. In a second step, band-structure renormalizations
and the screened Coulomb potential enter calculations of
the optical properties to determine the spectral positions
of the excitonic resonances.
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FIG. 5: Schematic drawing of the setup.

SUPPLEMENTARY INFORMATION

SETUP

Two laser sources can be coupled into the cavity fiber:
a pulsed super-continuum source (SC) and a 532nm cw
laser which can be selected via a motorized mirror (MM).
The fiber can be moved in z-direction with sub-nm preci-
sion via a piezo actuator, while the sample is mounted on
an attocube nanopositioner (ECS3030) with three trans-
lational degrees of freedom. The collected light is split
into two paths with a dichroic mirror (DM). The short
wavelength part is detected with a photodiode (PD), the
long wavelengths pass a notch filter (NF) and a longpass
filter (LP) to be detected with a spectrometer consisting
of different gratings and a CCD camera.

EVALUATION OF CAVITY TRANSMISSION
SPECTRA

Cavity-enhanced absorption spectroscopy

We probe the transmission of broadband light from
the SC source through the cavity with the grating spec-
trometer. We tune a set of cavity resonances stepwise
across the spectrum and evaluate the resonances’ peak
transmission of multiple exposures to obtain a continu-
ous spectrum. We perform measurements with a WS2

flake located in the cavity mode (Iflk) and for an empty
cavity as a reference (Iref). We normalize the trans-
mission spectrum to obtain the cavity-enhanced loss,
Bmax = 1 − Iflk/Iref , and calculate the peak absorption
Amax from Bmax and the mirror reflectivity R as obtained
from empty cavity measurements by solving the Fabry-

Iflake
Iref

550 600 650 700
0

1000

2000

3000

4000

5000

6000

λ [nm]

I[
a.
u.
]

FIG. 6: Broadband cavity-enhanced transmission spectra
taken for an empty cavity (orange) and with a WS2 flake
(blue).

Perot transmission function for Amax,

Amax =
2Bmax(R(1−R) + (1−R2)

2R2(1−Bmax)
+√

(1−R2)2 − 4BmaxR(1−R)2

2R2(1−Bmax)
.

This yields calibrated absorption spectra as shown in the
manuscript.

Fitting of transmission spectra

We fit all spectra showing normal mode splitting with
a triple Lorentzian, accounting for the two polariton res-
onances and one additional higher order transverse mode
of the cavity associated with the upper polariton. The
transversal mode of the lower polariton is neglected in the
analysis, since its peak is not resolvable in the spectrum,
as it is the case for other higher order modes. We ex-
pect an analogous anti-crossing behavior of the transver-
sal mode as for the fundamental mode. From this we
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estimate that the transversal mode of the lower polari-
ton contains less than 1% of the ground mode polariton
intensities. We fit the following expression to the mea-
sured spectra:

S(λ) = aup
∆2

up

(λ− λup)2 −∆2
up

+

alp
∆2

lp

(λ− λlp)2 −∆2
lp

+

atm
∆2

tm

(λ− λtm)2 −∆2
tm

From the fits we extract the polariton wavelengths
λup, λlp, the full-widths at half maximum of the polariton
branches ∆up,∆lp, and the amplitudes aup, alp. Care is
taken to obtain optimal fitting, and only reasonable fit
values are used for later evaluations.

Polariton dispersion

The complex polariton eigenfrequencies are given by
the following expression [20]:

ω =
ωex + ωc

2
−iγ + κ

4
±

√
g2 +

1

4

(
ωex − ωc − i

γ − κ
2

)2

.

The dispersion of the polaritons is given by the real part
of the spectrum Re(ω). A simultaneous fit of the two
branches to the dispersion data is performed to extract
the coupling constant g and other parameters. We per-
form several fits and fix different parameters ((i) exciton
and cavity linewidth, (ii) exciton energy and exciton and
cavity linewidth, (iii) energy of zero detuning, exciton
and cavity linewidth) in each case to obtain an estimate
for the uncertainty of the fit.

Polariton width

The polariton linewidths are given by the imaginary
part of the spectrum −Im(ω). A simultaneous fit of the
linewidths to the two branches is performed to define the
exciton linewidth γ. As for the dispersion relation, differ-
ent parameters are fixed ((i) cavity linewidth, (ii) exciton
energy and cavity linewidth, (iii) energy of zero detun-
ing and cavity linewidth) to check the robustness of the
fits. From the models, we obtain an exciton linewidth
of γ ≈ 37 meV, in good agreement with confocal mea-
surements and from cavity-enhanced fluorescence spec-
troscopy at large mirror separation.

Polariton intensity

We account for the wavelength dependence of the SC
source and of the background absorption of the sample
when evaluating the polariton intensities. Therefore, the
transmission spectra are normalized by the SC spectrum
as measured after the cavity without a sample to include
wavelength dependent coupling efficiencies (see section
above on cavity-enhanced absorption spectroscopy). In
a second step, the effect of background absorption is cor-
rected by normalizing with the wavelength dependent
intracavity loss (not including the resonant absorption
from the exciton). The normalized polariton intensities
are then fitted with

pu,l = Θ(∓δ) cos

[
1

2
arctan

(
2
g

δ

)]2

+

Θ(±δ) sin

[
1

2
arctan

(
2
g

δ

)]2

for the upper and lower polaritons.

THEORETICAL MODEL OF DIELECTRIC
SCREENING

In Fig.7, we quantify the effect that local variations in
the interlayer distance can have on the optical proper-
ties of a WS2 monolayer between a PMMA layer and a
silicon oxide substrate. Shown is the dependence on the
distance between the TMD and the SiO2 substrate, while
the distance between PMMA and TMD is fixed at a real-
istic value of 5Å [1]. The top panel shows the dependence
of the band gap at the K point and the exciton binding
energy. The resulting impact on the spectral position of
the A-exciton transition is shown in the bottom panel.
A variation of the gap to silicon oxide between 0.4 nm
and 1.4 nm leads to a shift of the excitonic absorption
peak of about 11 meV, which agrees with the variation
observed in Fig. 3g in the main text.
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FIG. 7: a) Exciton binding energy as a function of the distance h between the WS2 flake and the SiO2 substrate. b) Resulting
gap-dependent center energy of the excitonic absorption peak (red line) and electronic band gap (blue dotted line).
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