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The formation of half-light half-matter quasiparticles under
strong coupling results in properties unique from those of the
constituent components. Fingerprints of both light and matter
are imprinted on the new quasiparticles, called polaritons. In
the context of two-dimensional (2D) materials, this opens up
the possibility of exploiting the intriguing spin–valley physics
of a bare semiconductor combined with the light mass of the
photonic component for possible quantum technologies.
Specifically, the valley degree of freedom1,2, which remained
largely unexplored until the advent of these materials, is
highly attractive in this context as it provides an optically acces-
sible route for the control and manipulation of electron spin.
Here, we report the observation of room-temperature strongly
coupled light–matter quasiparticles that are valley polarized
because of the coupling of photons with specific helicity to
excitons that occupy quantum mechanically distinct valleys in
momentum space. The realization of valley polaritons in 2D
semiconductor microcavities presents the first step towards
engineering valley-polaritonic devices.

Electronic charge and spin degrees of freedom (DOF) have been
exploited widely for numerous device applications as well as to
explore new condensed-matter phenomena. A largely unexplored
DOF is the valley degree, which relates to the quantum mechanically
distinct valleys (minima) in momentum space that the electron
occupies. The idea of exploiting the valley DOF or valley pseudospins
has been investigated since the late 1970s, when it was explored in the
context of intervalley coupling in 2D electron gases1,2. The possibility
to manipulate the valley degree—also more popularly known as ‘val-
leytronics’—was more recently studied in a variety of material
systems3–5. Although valley-associated phenomena were observed in
these systems, the control of valley pseudospin akin to the spin of elec-
trons remained mostly elusive because of the lack of an inherent
material property that allowed the selective addressing of distinct
valleys through an external control. The advent of 2D materials
with a honeycomb lattice and inequivalent valleys at the K and K′
points of the Brillouin zone has provided a new method for external
control6. Specifically, owing to their broken inversion symmetry, the
2D transition-metal dichalcogenides (TMDs) give rise to valley-
dependent optical selection rules7–9 in which the handedness of
light (right or left circularly polarized excitation) addresses a specific
K valley and hence the emission follows the helicity of the excitation,
as shown schematically in the inset of Fig. 110–13. The ongoing quest is
to understand how to control this valley DOF, and thereby enable the
potential application in valleytronic devices14,15.

Another unique property of 2D TMDs is their large exciton-
binding energy (0.3–0.5 eV), which allows for stable room-temperature

excitons. For example, the strong coupling of excitons and photons
and the resulting formation of exciton–polaritons has been demon-
strated in a variety of cavity systems, both at room temperature and
at low temperature16–21. In these demonstrations, strong coupling
was demonstrated via the anticrossing observed in angle-resolved
reflectivity and photoluminescence (PL). Still, the unique properties
of 2D TMD excitons have yet to be exploited in the context of
exciton–polaritons. A recent demonstration of the coupling of
Fermi polarons to cavity photons in 2D TMD was a first step in
this context18. Here, we report the observation of valley-polarized
polaritons formed by the strong coupling of valley excitons with
cavity photons at room temperature. These polaritons can be
externally addressed via the helicity of the excitation signal and
the polariton emission follows the handedness of the excitation.

Helicity has previously been used to address spinor polaritons
selectively, which result from a coupling of the exciton spin to the
photon helicity, and give rise to important effects22–28. In contrast,
valley-polarized polaritons originate from quantum mechanically
distinct valleys separated in momentum space. These are robust,
given that intervalley scattering is necessary for a spin flip, and have
the important advantage that electric fields can be used to control
the valley DOF in contrast to conventional spinor polaritons29.

A schematic of the valley-polariton phenomena explored in this
work is shown in Fig. 1. The valley-polarized exciton–polaritons are
pumped with a specific handedness in resonance with the exciton
reservoir (Pump 1) and the emission is collected for small
in-plane wavevectors, k||, and resolved as a function of polarization.
A second experiment was carried out with the excitation pump in
resonance with the lower polariton branch (Pump 2), thus directly
exciting polaritons with a well-defined energy and momentum.
An important question to address is whether the exciton–polaritons
preserve the valley properties of their excitonic component.

The microcavity structure used in this work is shown schemati-
cally in the inset of Fig. 1. The structure consists of silver mirrors
with a silicon dioxide cavity layer embedded with the 2D tungsten
disulfide (WS2) layer. Details of the cavity fabrication are discussed
in the Methods. The optical microscope image of the 2D WS2 layer,
which was obtained via exfoliation from a crystal, as well as the
results of PL and Raman measurements carried out to identify the
monolayer regions within the microcavity are shown in
Supplementary Fig. 1. On capping the monolayer WS2 with the
top SiO2 cavity layer via plasma-enhanced chemical vapour
deposition (PECVD), the main emission peak redshifts because of
a change in the dielectric environment and strain30. The gradual
redshift in the absorption and PL peak as a function of SiO2

cap thickness is shown in Supplementary Fig. 2. Three different
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microcavities with different detunings (Δ = ωcavity − ωexciton at k = 0
(ω, frequency)) and thus different exciton/photon content are
investigated here. The different cavity detunings are obtained by
using different thicknesses of the top silver mirror, as discussed in
Methods and in Supplementary Fig. 3. The results of angle-resolved
reflectivity and PL observed from these cavities are shown in Fig. 2.
The angle has a one-to-one correspondence with in-plane momen-
tum (k||) through k|| = (ω/c)(sin θ), where c is the speed of light. The
dashed lines indicate the bare cavity and exciton dispersions, whereas
the green and blue solid lines correspond to the upper and lower
polariton branches, respectively. The fits to the polariton modes
were obtained using a coupled oscillator model. The cavities with
detunings of Δ = −105 meV, −60 meV and +16 meV show antic-
rossing with Rabi splitting of 100, 80 and 70 meV, respectively.
The angle-resolved PL measurements on the negatively detuned
cavities show a typical bottleneck effect in which the emission
maximum occurs at large angles.

To establish the valley properties of the polaritons, we carried
out two types of resonant pump experiments. In the first set of
experiments, the circularly polarized excitation pump was tuned
to be in resonance with the exciton A energy of WS2 (1.98 eV) at
room temperature. Right and left circularly polarized excitation
pumps were obtained using the combination of an achromatic
quarter-wave plate (QWP) and a linear polarizer (LP) in front of
a tunable laser (Toptica TVIS). On the collection side, a similar
QWP and LP combination is used to resolve the helicity of the
lower polariton branch emission. A 633 nm (1.958 eV) long-pass
filter was used on the emission side to filter out the excitation
signal. Both helicities (right, σ+, and left, σ–) were resolved and
the spectrum was recorded using a Princeton Instruments
monochromator with a Pixis 1024B EMCCD camera. The circular-
polarization-resolved spectrum obtained from the −60 meV
detuned sample is shown in Fig. 3a,b for both helicities. Optical
helicity, defined as ρ = [I(σ+) − I(σ−)]/[I(σ+) + I(σ−)] where I(σ+)
and I(σ−) are the polarization- resolved PL intensities, gives peak

helicities of 27 ± 2% and −27 ± 2% for the right- and left-handed
circularly polarized light, respectively (from Fig. 3a,b). Similar
results for the +16 meV and −105 meV detuned cavities are
shown in Supplementary Fig. 4. In these measurements, the PL
spectrum is integrated over all angles.

One of the key differences between bare excitons and exciton
polaritons is the strong dispersion of the latter that arises from
the photonic component. To understand the implication of this
on the valley-polarization property of the emission, we carried out
angle-resolved helicity measurements by recording the circularly
polarized emission spectrum in momentum space. The helicity as
a function of angle for the three different detunings are shown in
Fig. 3c. First, the helicity increases as the angle increases for the posi-
tive detuning (Δ = +16 meV). Second, the negative detuned cavities
(Δ = −60 meV and Δ = −105 meV) show almost no dependence on
the angle. This contrasting behaviour can be attributed to the
competing effect of the polarization splitting of the photon mode
in the cavity with the short lifetime of the polariton states and
their excitonic content as a function of angle27. At all angles, the
positive detuned cavity shows a larger helicity than the negatively
detuned cavity because of the larger excitonic component.
Although this difference is harder to observe at k|| = 0 because of
the error range, the trend is clearly observed as we move to slightly
larger k|| values. This observation is further corroborated with our
theoretical model discussed below. These results demonstrate the
role of the quantum-mechanically distinct valley origin of the
excitons involved in the polariton formation. Additionally, this
also presents an opportunity to address selectively the valley-specific
polaritons through cavity design, pump frequency and polarization.

The second resonant pump experiment carried out was with the
excitation pump laser in resonance with the lower polariton branch,
as shown by the Pump 2 arrow in Fig. 1. Here the pump energy
(1.95 eV) is below the exciton A energy (1.98 eV) and we directly
excite the lower polariton branch for the −60 meV detuned cavity.
Using a similar set-up as discussed above in combination with a
650 nm (1.907 eV) long-pass filter, we carried out the helicity-resolved
valley-polarization experiments. Once again, we see that the polariton
emission (±20°) shows a valley-specific polarized emission with a peak
helicity of ∼14% (Fig. 4a). Similar results were obtained in experiments
carried out for the +16 meV (helicity ∼16%) and −105 meV (helicity
∼12%) detuned cavities, as shown in Supplementary Fig. 5. Figure 4c,d
shows the angle-resolved helicity of the polariton emission. It is
clear that the polaritons maintain the valley-associated helicity
even at k|| = 0. This demonstration unambiguously shows that the
valley-polarized polaritons can be addressed directly via their
photonic component and that the distinct valley origin of the
exciton component is imprinted onto the hybrid polariton state.

To better understand the valley polaritons and their depolari-
zation mechanism, the relaxation kinetics were modelled using a
set of rate equations. Exciton-valley relaxation based on the
Maialle–Silva–Sham mechanism arises because of the electron–
hole exchange interaction31. In the absence of exchange interaction,
TMD exciton states are doubly degenerate because of the valley
DOF. It was shown that exchange interaction results in coupling
of the exciton centre-of-mass motion to its valley DOF32–34, which
results in a lifting of the double degeneracy and a splitting in the
exciton levels at larger momentum, which contributes to relaxation
of the exciton-valley polarization. In the context of the microcavity
polaritons in TMDs, the photonic component is also linked to the
valley index9. As a result, the splitting of the transverse electric
(TE) and transverse magnetic (TM) components in the cavity will
also lead to a relaxation of the valley polarization of polaritons.
For metallic cavities, this splitting is considerably larger than the
exciton-level spacing27. By defining a 2 × 2 density matrix for the
polariton spin in valley space for each momentum k and time t as
ρk(t) = (1/2)Nk(t) + Sk(t)σ, we can write the time evolution of

ω

k||

Exciton

Cavity

UPB

LPB

Pump 1

Pump 2
Polariton
emission

σ+
K

σ−
K’

Ag

SiO2

WS2

Figure 1 | Schematic of the valley polariton phenomena. The solid (grey)
curves indicate the lower polariton branch (LPB) and the upper polariton
branch (UPB). The bare cavity and the exciton dispersion are shown by the
black and orange dashed curves, respectively. Pump 1 is used to excite
directly the exciton reservoir, whereas Pump 2 excites the lower polariton
branch at specific k|| and ω. The emission is collected at smaller angles.
The top inset shows the valley-polarization phenomena in 2D TMDs caused
by the broken inversion symmetry. The K and K′ points correspond to the
band edges separated in momentum space but energetically degenerate.
The bottom inset is a schematic of the microcavity structure with silver
mirrors and a SiO2 cavity layer embedded with 2D WS2.
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the valley pseudospin Sk(t) using the Liouville–von Neumann
equation24,27,35. Here, σ is the Pauli matrix. The total amplitude of
the in-plane pseudomagnetic field in the valley space is given by
Ωeff (k) = Xk

∣
∣

∣
∣
2
Ωex(k) + Ck

∣
∣

∣
∣
2
Ωph(k), where Xk and Ck are the

exciton (ex) and photon (ph) Hopfield coefficients. Ωex(k) and
Ωph(k) are the amplitudes of the appropriate splitting for excitons
and cavity photons. Thus, both the exciton-energy splitting and
photon TE–TM splitting contributes to the valley-polarization
relaxation with the photonic component playing the bigger role in
the context polaritons in metal cavities.

In the first set of experiments in which the pump is resonant with
exciton A, we consider that the pump solely populates the exciton
reservoir. Excitons are then scattered into the polaritonic branch.
We only consider the dynamics in the lower polaritonic branch.
For the reservoir, a similar density matrix ρR(t) can be defined
and, by taking the reservoir to be thermalized, the phenomenologi-
cal forward and backward scattering rates from the reservoir to the
polaritonic branch can be written in the form:

WRk =
Xk
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∣
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τ0
and WkR =

Xk
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e−
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where τ0 is the forward scattering time for the exciton, Eex and Eph(k)
are the energy of the excitonic reservoir, which is resonant with the
pump frequency, and the polariton energy, respectively. The detailed
form of the equations that determine the dynamics of the population
Nk(t) and Sk(t) is presented in Supplementary Information.

We solved the rate equations numerically to find the angle
dependence of the PL spectra and the helicity ( Ck

∣
∣

∣
∣
2
Nk and

2Szk /Nk , respectively) in the steady-state regime. Here Szk is the
normal component of pseudospin. The results are presented in
Fig. 5 in which three cases of detuning are considered (Δ=−105 meV,
−60 meV and +16 meV). Both the PL spectra and the helicity quali-
tatively reproduce the results of the experiments presented in Figs 2
and 3. The bottleneck effect36 observed in the PL is also reproduced
and is a consequence of the forward and backward scattering rates
from the reservoir to the polaritonic branch. For small angles,
both the forward and backward scatterings are suppressed because
of the larger photonic component of the polariton and also
because of the large separation between the polariton and exciton
energies, especially for negative detuning. For large angles, the exci-
tonic component of the polariton is large, and hence the forward
scattering is very efficient. As polariton energies are too close to
the reservoir energy, backward scattering is also efficient, so these
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Figure 2 | Dispersion of the microcavity. The left panels show the angle-resolved reflectivity, whereas the right panels show the angle-resolved PL obtained
via Fourier space imaging. a–f, The different detunings of the microcavities are Δ = –105 meV (a and b), Δ = –60 meV (c and d) and Δ = +16 meV (e and f).
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two processes compete and hence the population is small for large
angles. In the intermediate regime, forward scattering dominates the
backward scattering and the maximum PL intensity is observed. As
the detuning is changed from negative to positive values, the photo-
nic component of the polariton decreases and the maximum PL
intensity shifts to smaller angles.

Combining the results from experiment (Fig. 3) and numerical
simulation (Fig. 5b) shows that the helicity of the positively
detuned cavity (Δ = +16 meV) increases with the angle, the helicity
of positively detuned cavity is always larger than the helicity of
negatively detuned (Δ = −60 meV and −105 meV) cavities and the
helicity of the negatively detuned cavities is almost constant for all
the angles considered, even though simulations show that, for
large angles, the Δ = −105 meV detuned cavity has less helicity
than the Δ = –60 meV detuned cavity. Several mechanisms that
act in parallel lead to the evolution of the helicity with detuning
and emission angle. The pseudomagnetic field increases with the
angle and results in the decrease of helicity. The photonic part of
the pseudomagnetic field (TE–TM splitting) is much stronger
than the excitonic part and, therefore, is a more-efficient mechan-
ism for valley-polarization relaxation. For larger emission angles,
the excitonic component of the polaritons increases, which leads to
a longer coherence time. This effect competes with the increase of
the pseudomagnetic field with the angle that leads to the

decoherence of the polaritons. The competition between these
two effects results in the observation of an increase of helicity
with the angle for the Δ = +16 meV detuned cavity and an
almost constant helicity for the Δ = –60 meV detuned cavity. For
the Δ = −105 meV detuned cavity, the photonic component of
the polariton prevails for all the angles considered and hence,
theoretically, we predict a slight decrease of helicity with angle.
This is not observed experimentally as the decrease is within the
experimental error. We also show that the helicity is highest for
the small detuning sample for angles greater than 20°. At smaller
angles, the helicity values for the three detunings fall within the
experimental uncertainty. This dependence of helicity on detuning
can be understood as follows: for small detunings, scattering from
the reservoir to the polariton branch is more efficient and the
polaritons spend less time in the reservoir compared with that in
large negative detuning. This, in turn, minimizes the probability
of the valley polarization relaxing because of the precession of
the excitonic valley pseudospins.

In summary, we have demonstrated valley-polarized polaritons
at room temperature in a metal–mirror cavity with a peak helicity of
∼27%. The valley polaritons were found to have an angle-dependent
helicity, which is attributed to the excitonic component of the polar-
iton states, which increases with angle. Additionally, the short life-
time of the polariton state plays an important role for the
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observation of this effect even at room temperature. The positive
detuned cavity shows a maximum helicity at k|| = 0 compared
with the negative detuned cavities. More importantly, we observed
valley polarization of the polariton emission even when excited in
resonance with the lower polariton branch, which lies below the

exciton reservoir. Helicity observed in this case for all three detun-
ings is >12%. This clearly indicates the quantum-mechanically
distinct origin of the excitonic component of the hybrid polariton
state. The observed experimental results were modelled using
theoretical calculations and were found to be in agreement. The
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observation of valley-addressable polaritons at room temperature
presents the first step towards valley-polaritonic devices.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Microcavity fabrication. The metal mirror microcavity consists of a monolayer of
WS2 embedded between SiO2 layers and silver mirrors. The 50-nm-thick bottom
silver mirror was grown via electron-beam evaporation on a Si substrate, on which
80 nm SiO2 was grown by PECVD. The monolayer of WS2, previously exfoliated
from bulk crystal onto polydimethyl siloxane films, is transferred onto the SiO2 layer.
Optical contrast microscopy and Raman measurements were carried out on the
exfoliated films to identify the monolayer regions. Raman measurements
(Supplementary Fig. 1) showed typical in-plane and out-of-plane modes at
E1
2g = 357 cm−1 and A1g = 419 cm−1, respectively, for the monolayer region.

We also carried out PL measurements to identify exciton A and the charged

exciton (trion) emission (Supplementary Fig. 1). After this, we deposited the
top 80 nm SiO2 layer via PECVD and completed the microcavity with the
top silver mirror. The thickness of the top silver mirror was varied to tune
the resonance of the cavity (Supplementary Fig. 3). The estimated thicknesses
of the top silver mirror for the three cavities shown in Fig. 2 were 40 ± 2 nm,
30 ± 2 nm and 22 ± 2 nm to obtain detunings of +16 meV, −60 meV and
−105 meV, respectively.

Data availability. The datasets generated and/or analysed during the
current study are available from the corresponding author on
reasonable request.
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