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Efficient scattering into the exciton polariton ground state is a key prerequisite for generating Bose-Einstein conden-
sates and low-threshold polariton lasing. However, this can be challenging to achieve at low densities due to the polariton
bottleneck effect that impedes phonon-driven scattering into low-momentum polariton states. The rich exciton land-
scape of transition metal dichalcogenides (TMDs) provides potential intervalley scattering pathways via dark excitons
to rapidly populate these polaritons. Here, we present a theoretical and fully microscopic study exploring the time- and
momentum-resolved relaxation of exciton polaritons supported by a MoSe, monolayer integrated within a Fabry—Perot
cavity. By exploiting phonon-assisted transitions between momentum-dark excitons and the lower polariton branch,
we demonstrate that it is possible to circumvent the bottleneck region and efficiently populate the polariton ground
state. Furthermore, this intervalley pathway is predicted to give rise to, yet unobserved, angle-resolved phonon sidebands
in low-temperature photoluminescence spectra that are associated with momentum-dark excitons. This represents a
distinct signature for efficient phonon-mediated polariton-dark-exciton interactions. © 2024 Optica Publishing Group
under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.528699

1. INTRODUCTION

Transition metal dichalcogenide (TMD) monolayers support
tightly bound excitons with binding energies in the hundreds of
meV [1,2]. Alongside optically accessible bright excitons [3], these
2D semiconductors also exhibit a rich variety of dark excitonic
states. In particular, intervalley excitons, where the constituent
electron and hole are located in different valleys of the hexagonal
Brillouin zone, possess a large center-of-mass momentum that
forbids direct radiative excitation and recombination [4]. These
momentum-dark states can be efficiently populated via exciton-
phonon scattering on a femtosecond timescale [5—8], meaning that
the energetic ordering of the exciton landscape plays a crucial role
in determining relaxation dynamics, photoluminescence (PL), and
transport [9-11].

The combination of a large exciton binding energy and
oscillator strength makes TMDs excellent candidates for room-
temperature polaritonics [12—15]. Exciton polaritons are hybrid
light-matter states that arise when an excitonic material is inte-
grated within an optical cavity, and the light-exciton coupling
strength exceeds all material and photonic dissipation channels
[16,17]. Recently, exciton polariton condensation at cryogenic
temperatures [18] and room-temperature polariton lasing [19,20]
have been demonstrated for TMDs. These important mile-
stones highlight the growing need to understand how exciton
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relaxation is modified for 2D semiconductors within the strong
coupling regime over a wide range of temperatures. Alongside
polariton-polariton [21] and polariton-electron [22] interactions,
polariton-phonon scattering is one of the main mechanisms driv-
ing polariton relaxation, and even dominates at low densities.
Previously, we have found that the substantial photonic character
and greatly reduced density of states of the lower polariton (LP)
branch within the lightcone drastically suppress acoustic-phonon-
driven intravalley scattering in TMDs by two orders of magnitude
[23], in line with earlier studies on conventional semiconductors
[24,25]. Combined with the short radiative lifetime of polaritons,
this leads to a severe reduction in emission at small angles and is
known as the “polariton bottleneck effect” [24,25]. The bottleneck
has significant implications for the performance of polariton-
based lasing devices [26,27], as well as fundamental studies on
polariton condensates [28]. In both cases, a mechanism is needed
to populate the ground state at a faster rate than the radiative
lifetime to achieve the required minimum polariton occupation.
Vibrationally assisted polariton relaxation has been demonstrated
to be an effective strategy to suppress the bottleneck effect at ele-
vated temperatures. For organic semiconductors this tends to be
particularly efficient due to a broad energetic range of available
vibrational modes [29], while for inorganic [30,31] and crystalline
hybrid semiconductors [32], the LP branch can be tuned such that
the energy separation between its minimum and the bottleneck
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Fig. 1. (a) Illustration of a TMD monolayer integrated within a
Fabry—Perot microcavity in the strong coupling regime. (b) Schematic
of possible relaxation processes (black arrows) for the lower branch of
a molybdenum-based exciton polariton. The left-hand side shows the
bottleneck effect for intravalley scattering via acoustic phonons. The
right-hand side shows the possible intervalley relaxation processes via
acoustic (dashed green line) and optical (dashed orange line) phonon
scattering from dark KK’ excitons (solid purple line). For this particular
cavity detuning (A =20 meV), the Q = 0 polariton state is exactly one
optical phonon energy lower than the bottom of the KK’ valley.

reservoir coincides with the energy of an optical phonon. This
strategy has been demonstrated to reduce the lasing threshold for a
quantum well polariton laser [31]. Further approaches for boosting
polariton relaxation involve using spatial confinement [33], and
polariton-polariton scattering at higher densities [21,25].

The implications of the full exciton landscape in TMDs have
yet to be understood in the context of exciton polariton relax-
ation. Recently, the important role of dark exciton states in TMD
polaritonics was demonstrated by using the Rabi splitting to push
the LP below a dark excitonic state in a WSe, monolayer, lead-
ing to a brightening of PL via the increased occupation of the LP
branch [34]. Furthermore, signatures of phonon-driven intervalley
scattering between polaritons and momentum-dark excitons in
WSe, were recently identified in reflection spectra [35]. Using a
Wannier—Hopfield approach [36,37], we explore in this work how
exciton polaritons supported by a MoSe; monolayer integrated
within a Fabry—Perot microcavity relax towards the lightcone
[Fig. 1(a)]. In particular, we highlighthow phonon-assisted scatter-
ing from the momentum-dark exciton can bypass the bottleneck
region and allow for the efficient population of low-momentum
states in the LP branch at room temperature [Fig. 1(b)]. This leads
to highly detuning-dependent and material-specific relaxation
dynamics based on the energy separation of the LP branch and the
dark excitons. Furthermore, we show that at low temperatures a
unique, to-date unobserved, phonon sideband signature appears
in PL. Distinct from the bare exciton case [10,38], these sidebands
are angle-resolved and specific to molybdenum-based TMDs
within the strong coupling regime. Lastly, in Supplement 1, we
confirm the existence of a polariton bottleneck at low tempera-
tures through a detuning-dependent PL experiment. Using our
microscopic model, we provide evidence for its circumvention by
phonon-driven intervalley scattering as the cavity is blue detuned.
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2. RESULTS
A. Bypassing the Polariton Bottleneck

Detuning a microcavity via the cavity length [i.e., mirror sepa-
ration; see Fig. 1(a)] modifies the dispersion and light-exciton
composition of the LP branch within the lightcone [Fig. 1(b)].
This impacts both the strength of polariton-phonon scattering
[23,39], and the relative position of bright and dark states within
the energy landscape [34,40] (the latter are unmodified by the
presence of the microcavity). As a result, significant control over
the temporal evolution of the polariton population is gained.
To explore this, we apply a material-specific Wannier—Hopfield
method [36,37] to model exciton polaritons supported by an
hBN-encapsulated MoSe, monolayer integrated in the center of
a symmetric A /2 Fabry—Perot cavity [Fig. 1(a)]. Trion-polaritons
[41], as well as phonon-driven scattering between trions and
polaritons [42], have been previously observed. In our work, we
assume negligible doping, so that trion effects can be neglected.
We consider only the lowest 1s excitons associated with the KK,
KK’, and KA states, where the first and second letters denote
the reciprocal-space valley in which the respective Coulomb-
bound hole and electron are localized [4], respectively. Solving the
Wannier equation reveals that MoSe; is a direct semiconductor,
where the dark KK’ excitons [solid purple line in Fig. 1(b)] lie
about 10 meV above the bottom of the bright KK exciton disper-
sion (E(])q(, solid blue curve) [9]. In the context of bare exciton
optics and dynamics, KK’ excitons in MoSe, monolayers play only
aminor role: they lead to a small linewidth increase in linear optical
spectra at elevated temperatures due to phonon absorption [5]. In
stark contrast, within the strong coupling regime, KK’ excitons
are surprisingly essential in determining the polariton occupation
within the lightcone as they can provide an additional exciton
reservoir via phonon-induced intervalley population transfer.

Due to their short radiative lifetime, a correct description of
polariton thermalization requires time-resolved simulations.
The dynamics of the incoherent polariton occupation of the nth
branch, at the center-of-mass momentum é, is found to be gov-
erned by the momentum-dependent semiclassical Boltzmann
equation [16]

No® =3 W,5.,5N,50) = 20%N,50. (1)
mﬁé’

where "% is the total out-scattering rate, which is the sum of the

polariton radiative decay, ¥,3, and the phonon dephasing rate

I',5- Furthermore, W, & 5 is the corresponding in-scattering

matrix describing the rate of scattering from the state |, é’) to
|7, Q) via both phonon absorption and emission. Crucially, we
include the full momentum and valley dependence of the in- and
out-scattering rates, allowing us to explore the role of the exciton
landscape on polariton relaxation. We initialize all simulations
with a Gaussian distribution centered at 50 meV in the LP branch
to mimic non-resonant excitation [16,17]. Further details on the
theoretical approach can be found in Supplement 1.

The steady-state momentum-resolved polariton occupation,
Né(too), is shown in Fig. 2(a) for three representative detunings at
room temperature. Outside of the lightcone (Q = w/¢, denoted
by the vertical gold line), the polaritons closely follow a thermalized
Boltzmann distribution, N% (dashed lines), for all three detunings.

We will refer to these purely excitonic states as the “KK exciton
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(a) Lower polariton steady-state occupation for three representative detunings (defined at zero momentum, E§ —
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300 K (solid lines), and the corresponding thermalized Boltzmann distributions (dashed lines). The inset shows the polariton dispersion for each detun-
ing. (b) Detuning dependence of the steady-state polariton occupation within the lightcone. The orange and green lines show the opening of optical and
acoustic phonon scattering channels from the KK’ exciton valley, respectively. This corresponds to a phonon energy below the bottom of the KK’ exciton
dispersion. The blue line shows the opening of the intravalley optical phonon channel, while the three horizontal lines indicate the detunings considered in

Fig. 2(a).

reservoir” [see Fig. 1(b)]. In contrast, the steady-state occupation
within the lightcone is strongly detuning-dependent. It can be
expressed as

1"_

nQ
N 7(tog) = ————N"~, 2
() = My @)

which can be derived from the static limit of Eq. (1) assuming that
the in-scattering is dominated from states outside the lightcone
(see Supplement 1). The prefactor quantifies the ratio of polaritons
that are scattered back into the exciton reservoir to be recycled,
relative to the total out-scattering rate. The latter includes polari-
tons that escape from the cavity via mirror leakage. While both the
phonon-driven out-scattering and radiative decay rate are sensitive
to the tunable exciton-light composition, the former also crucially
depends on the available scattering channels that are allowed by
energy-momentum conservation.

For a red-detuned cavity (A= Ef" — E§=—10meV,
red line), the LP at low momenta within the lightcone is more
photon-like [i.e., a sharper dispersion; see red curve in the inset of
Fig. 2(a)] and possesses a negligible occupation. This exemplifies
the bottleneck effect and highlights the reluctance of polaritons to
thermalize in the absence of strong scattering channels, i.e., there
is a large deviation between the calculated steady-state occupation
and a Boltzmann distribution [red solid versus dashed line in
Fig. 2(a)] due to the suppression of intravalley acoustic phonon
scattering within the lightcone [23]. For increasing momenta
within the lightcone, the occupation shows three sharp step-like
increases before tending towards the Boltzmann distribution. This
is indicative of the opening of specific phonon scattering channels
[40]. The first small jump in occupation ataround 8 x 104 nm™!
is the opening of the intravalley optical phonon scattering channel.
Above this particular momentum, the energy-momentum con-
servation can be fulfilled and optical phonons (with an energy of
34 meV [43]) can scatter from the KK exciton reservoir into the
lightcone [30,31]. The other two sharp jumps are a consequence of
the opening of intervalley scattering channels from the KK’ exciton
reservoir via optical (33 meV) and acoustic (18 meV) K phonons
[43] at Q=1.6x107"% and 3 x 107> nm™", respectively. In
particular, the larger jump in occupation stems from the optical
phonon-driven intervalley scattering.

At zero detuning [A =0, purple line in Fig. 2(a)], there is a
small increase in occupation at Q=0 as the intravalley optical

phonon channel is now open over all possible LP momenta within
the lightcone (i.e., the purple dispersion is above the dashed blue
line in the inset), but there is still a substantially depleted popula-
tion compared to the thermalized limit (purple dashed line). The
two step-like increases from intervalley scattering are still present,
but slightly shifted towards lower momenta due to the shal-
lower polariton dispersion (purple curve, inset). The occupation
within the lightcone changes drastically in a blue-detuned cavity
(A =430 meV, blue line). There is now only one small step-like
increase due to the opening of the acoustic phonon channel, and
the occupation follows a slightly depleted Boltzmann distribution
within the lightcone. This is because optical phonon-driven scat-
tering from KK’ excitons is now possible at all momenta (see blue
curve, inset), revealing that momentum-dark excitons can actas an
additional reservoir to efficiently populate the entire LP branch at
elevated temperatures.

These observations cannot be explained by the detuning-
induced change in the light-exciton nature of the polariton
(i.e., Hopfield coefficients), as the changes in the population
are very sharp in momentum. To further illustrate this point, in
Fig. 2(b) we show the steady-state LP occupation against momen-
tum and detuning within the lightcone. There are three distinct
regions, which are separated by the opening of intra- (blue line)
and intervalley (orange line) optical phonon scattering channels, as
well as the opening of the intervalley acoustic channel (green line).
The momentum at which the energy-momentum conservation
can be satisfied for an intervalley scattering process towards the
LP depends on the detuning, exciton reservoir energy, and the
associated phonon energy. In the case of the KK’ exciton reservoir,
this can be stated as £ Ié(A) =F IéK/ — EPh Efficient population

of the Q: 0 state via the KK’ exciton reservoir is activated for
a blue-detuned cavity of 20 meV. This occurs when the lowest
LP state coincides in energy with the bottom of the KK’ valley
minus the optical phonon energy [see schematic Fig. 1(b)]. In
Supplement 1 we present a detuning study where all intervalley
channels are artificially switched off. There, we find a severely
reduced occupation within the lightcone at all detuning values,
underlining the importance of these channels for bypassing the
polariton bottleneck.

We have also performed low-temperature (3.5 K) and detuning-
dependent PL experiments for an hBN-encapsulated MoSe;
monolayer in an open cavity [44]. By varying the cavity length, the
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Fig. 3.  Snapshots at fixed times of the lower polariton occupation at

300 K and a cavity detuning of A =20 meV. This particular detuning

corresponds to the opening of the optical intervalley scattering channel for

the polariton ground state.

PL intensity can be measured for different detunings. We find a
clear indication of a relaxation bottleneck at negative detunings,
reflected by a low PL. By increasing towards the zero and blue
detuning regime, we observe a significant increase in the intensity,
indicating the opening of relaxation channels and population of
the low-momenta polariton states. By comparing to our micro-
scopic model, we are able to describe this qualitative trend, and
attribute the rise in PL intensity to the increased efficiency of
acoustic K phonon-driven scattering from the dark KK’ exciton
reservoir. See Supplement 1 for further details.

B. Time-Resolved Occupation

The solution of the polaritonic Boltzmann equation provides
microscopic access to the temporal evolution of polariton states.
Figure 3 illustrates the dynamics of the momentum-resolved LP
occupation for a cavity detuned to A =20 meV, which corre-
sponds to the opening of the optical phonon scattering channel
[cf. Fig. 1(b)]. The KK reservoir outside the lightcone thermalizes
within approximately 500 fs (solid and dashed gray lines coincide)
via the efficient phonon-assisted scattering at room temperature,
in agreement with previous studies of bare excitons in MoSe;
[9]. This highlights that the dynamics outside of the lightcone
can be understood with a purely excitonic picture. States within
the lightcone that can be populated via both acoustic and optical
phonon-driven scattering from the KK’ reservoir thermalize on
a similar timescale as the KK exciton reservoir. In contrast, the
low-momenta polaritons within the lightcone reach a steady-
state [solid gray line given by the solution of Eq. (2)] on a longer
timescale of about two ps. Interestingly, there is a significant rise
in the polariton population already within 100 fs, which could
have relevance for ultrafast polaritonic devices [27]. The crossover
between these two regions of the LP dispersion is indicated by the
large kink (vertical dashed green line) in the occupation. The size of
this jump decreases over time as the occupation tends towards the
quasi-thermalized limit of a depleted Boltzmann distribution.

The rapid build-up of occupation in the LP ground state is a
direct consequence of the quick transfer of population from the
initially populated KK exciton reservoir to KK’ excitons over tens
of fs via phonon emission (see Supplement 1 for the dynamics of
KK’ excitons). Given the elevated temperature and close energetic
separation (<10 meV) between the KK and KK’ exciton reservoirs,
the latter hold nearly half the total population at steady-state.
Significantly, the large occupation of the KK’ exciton at high
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temperatures is not of a transient nature and does not depend on
specific excitation conditions. This means it can act as an efficient
exciton reservoir for the low-momenta LP states over tens or hun-
dreds of ps. Overall, our results highlight that the dynamics of the
LP branch can be divided into two domains. States outside the
lightcone thermalize rapidly and independently of whether the sys-
tem is in the strong coupling regime. In contrast, the states within
the lightcone are predominately populated via a phonon-assisted
in-scattering from the thermalized exciton reservoirs. Depending
on the cavity detuning, this can efficiently bypass the bottleneck
region and populate low-momenta polariton states.

C. Phonon-Assisted Polariton Photoluminescence

Atlow temperatures, phonon-assisted relaxation at all detunings is
inefficientas the polariton radiative decay is larger than the total in-
scattering rate [see Eq. (2)]. Because polaritons do not thermalize
within the lightcone, scattering pathways from the KK’ reservoir
imprinta distinctive signature on angle- and time-resolved resonant
PL, i.e., evaluated at the polariton energy. This is shown in Fig. 4
for a zero-detuned system at 40 K. The resonant polariton PL can
be expressed as (see Supplement 1):

2)/”@
50 = —L—N,5(0), 3)
© 7mathie

1

n

where the prefactor quantifies the momentum-dependent ratio
of the photon leakage rate out of the cavity and the total out-
scattering. Note that there is a direct correspondence between
the polariton in-plane momentum and the angle of PL emission,
sin() = heQ/ E Ié We find an enhanced PL at emission angles
corresponding to the opening of phonon scattering channels
(dashed vertical lines in Fig. 4). Given the low temperature, the
peaks at 10° and 20° are of a transient nature in the time range
shown here. They grow in amplitude before peaking around 10—
20 ps, and then slowly decay towards the steady state. This is a
consequence of the KK’ exciton valley being initially overpopu-
lated via intervalley transfer from the KK exciton reservoir, before
then slowly thermalizing over tens of ps. The difference in PL
peak height stems from the occupation, and is a consequence of a
larger acoustic exciton-phonon matrix element and the increased
excitonic character of the LP at larger momenta. The asymmetric
lineshape with a long decaying tail is reminiscent of phonon-
assisted PL, and is related to the kinetic energy distribution of the
source exciton reservoir [45].

In tungsten-based TMDs, momentum-indirect excitons are
energetically lower than the bright KK exciton and therefore carry
the majority of the excitonic population at low temperatures.
This large occupation results in pronounced phonon sidebands
red-shifted by the phonon energy from the dark exciton energy
[10,38]. These sidebands correspond to a weak momentum-
conserving process where a momentum-indirect exciton can
recombine and emit a virtual photon within the lightcone via the
simultaneous interaction with a phonon. Here, we observe a sim-
ilar process, but with the virtual photon replaced with a polariton
state. This has two major consequences: (i) the mechanism is more
efficient as it is now a resonant process with a real final state; (ii)
while the usual phonon-assisted PL lineshape appears as a function
of frequency, here it corresponds to the resonant PL evaluated
along the LP dispersion [Eq. (3)]. This means it must be resolved
with respect to the angle of emission, which can be shifted with
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Fig. 4.  Snapshots of the angle-resolved photoluminescence (PL) at
a temperature of 40 K for a zero-detuned cavity. The PL is evaluated at
the polariton energy along the lower branch dispersion. An integration
over a 2° detection window is performed to mimic realistic experimental
measurements.

cavity detuning (see Supplement 1 for a detuning study of the LP
occupation at 40 K). These angle-dependent PL peaks represent
a new hallmark of polariton-phonon interactions. To date, only
a Purcell enhancement of phonon sidebands has been predicted
in cavity systems [46]. Note that this phonon-assisted polariton
PL is contingent on the dark exciton energy being on the order
of the exciton-light coupling strength above the bright exciton
energy. This is satisfied for KK’ excitons in molybdenum-based
TMDs. In contrast, this process will be challenging to observe with
a tungsten-based TMD as tuning the polariton to typical phonon
energies below the KK’ or KA excitons will lead to extremely light-
like polaritons. This is in stark contrast to the bare excitonic case
where phonon sidebands are only visible in tungsten-based TMDs
[10]. These findings offer promise in utilizing strong coupling
physics asa probe of phonon-driven intervalley transitions.

3. CONCLUSION

In conclusion, we have demonstrated the crucial importance of
the full exciton landscape, including dark and bright states, for
polariton relaxation dynamics in TMD monolayers. At room
temperature, we have shown that momentum-dark excitons can
provide an efficient reservoir to populate the ground state and
bypass the polariton bottleneck. At low temperatures, they lead to
unique phonon sidebands visible in angle-resolved PL that can be
controlled by cavity detuning. These signatures in the polariton PL
provide an experimental tool to study the strength of intervalley
polariton-phonon scattering, and potentially even measure the
energy of momentum-dark excitons. Overall, our work provides
microscopic insights into polariton dynamics in atomically thin
semiconductors, and has technological relevance for the design of
compact and low-threshold polariton lasers that operate at room
temperature.
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