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Abstract

Integrating 2D materials into high-quality optical microcavities opens the door to fascinating
many-particle phenomena including the formation of exciton—polaritons. These are hybrid
quasi-particles inheriting properties of both the constituent photons and excitons. In this work, we
investigate the so-far overlooked impact of dark excitons on the momentum-resolved absorption
spectra of hBN-encapsulated WSe, and MoSe, monolayers in the strong-coupling regime. In
particular, thanks to the efficient phonon-mediated scattering of polaritons into energetically lower
dark exciton states, the absorption of the lower polariton branch in WSe;, is much higher than in
MoSe;. It shows unique step-like increases in the momentum-resolved profile indicating opening
of specific scattering channels. We study how different externally accessible quantities, such as
temperature or mirror reflectance, change the optical response of polaritons. Our study contributes
to an improved microscopic understanding of exciton—polaritons and their interaction with
phonons, potentially suggesting experiments that could determine the energy of dark exciton states

via momentum-resolved polariton absorption.

1. Introduction

Monolayers of transition metal dichalcogenides
(TMDs) show a rich exciton landscape, including
bright and dark exciton states [1, 2]. This class of
atomically-thin materials exhibits a large oscillator
strength and exciton binding energies in the range of
a few hundreds of meV, hence governing the opto-
electronic properties even at room temperature [1,
3-7]. TMDs have already been successfully integrated
into optical cavities [8—10], where the coupling of
cavity photons with excitons gives rise to the form-
ation of exciton—polaritons [11, 12]. It is only the
bright exciton states that can couple to photons to
form these quasi-particles, while momentum-dark
excitons [1, 2, 13] cannot be directly accessed by light.
Nonetheless, these states are available scattering part-
ners for polaritons via the interaction with phonons.
The presence of dark excitons is expected to signific-
antly change the polariton—phonon scattering rates,
especially for tungsten-based TMDs, since here dark
excitons are the energetically lowest states [14—17].

© 2022 The Author(s). Published by IOP Publishing Ltd

So far, polariton—phonon interactions in TMDs have
not been well studied, leaving many open questions
on the impact of dark exciton states on polariton
absorption.

In our previous work, we studied transport prop-
erties of exciton—polaritons in MoSe, monolayers
[18], where dark excitons do not play an import-
ant role as they are energetically higher than the 1s
bright states [1, 13, 15]. Now, the focus lies on the
optical response of polaritons in WSe, monolayers,
specifically addressing the impact of dark exciton
states. In this regard, the polariton absorption is espe-
cially informative as it unambiguously demonstrates
strong coupling via the Rabi splitting [19], and its
magnitude is determined by the balance between the
polariton—phonon and cavity decay rates. We micro-
scopically calculate the polariton absorption by com-
bining the Heisenberg—Langevin equations [20] for
polaritons with the exciton density matrix formalism
[21,22]. We calculate the full valley- and momentum-
dependent polariton—phonon scattering rates that
govern the optical response of TMD materials via
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both spectral linewidths and magnitude. In particu-
lar, we explore this in the context of the critical coup-
ling condition [23], where the total cavity decay rate
coincides with the polariton—phonon scattering rate.
We predict that the presence of dark excitons has a
large impact on the polariton scattering rates, giv-
ing rise to clear signatures in momentum-resolved
absorption spectra that could be exploited to meas-
ure the energy of dark exciton states. Furthermore, we
predict and explain a surprising difference in absorp-
tion intensity between the upper and lower polari-
ton branch at zero momentum and zero detuning,
despite equal photonic and excitonic contributions.
We also study the influence of externally accessible
quantities to tune the scattering rates (via temperat-
ure) and cavity decay rates (via mirror reflectance).
For the latter, we find that the cavity quality factor
plays an important role for the absorption, in partic-
ular for the lower polariton branch that has a smaller
photonic component.

2. Theory

We start by describing the theoretical approach to
microscopically calculate the absorption spectrum for
polaritons in TMD monolayers integrated into an
optical cavity. Exciton energies and wavefunctions in
TMD monolayers are obtained by solving the Wan-
nier equation [15, 24, 25] including DFT input on
single-particle energies [26]. TMDs are characterized
by regular bright excitons that are directly access-
ible in optical spectra, as well as dark exciton states
that are known to be the energetically lowest states in
tungsten-based TMDs [14-17, 26, 27]. In this work,
we focus on momentum-dark excitons consisting of
Coulomb-bound electrons and holes that are located
at different valleys within the Brillouin zone (K, K’
or A). This means that the required large momentum
transfer cannot be provided by photons, making these
states optically dark [13, 16, 27-30].

In this work, we combine the density matrix
formalism with the Hopfield approach [11], to model
the optical response of polaritons. We quantize sep-
arately a single internal cavity mode of a Fabry-
Perot resonator and the external radiation fields,
which are split into two sets of continuum modes
corresponding to the left and the right of the cav-
ity (figure 1). The internal and external modes are
weakly coupled via the end mirrors, where the in-
plane wavevector is conserved. The starting point is
the many-particle Hamiltonian in the excitonic pic-
ture H = Hy + Hy_. + Hy_, + Hg_.. The first term
reads in second quantization

Hy= ZEi(,kXIkXVk + ZEIC(ElEk + Zqul;qu;aq
vk k q

Yy / " dohw(9B, B, 1)
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Figure 1. (a) Schematic illustration of a TMD monolayer in
a Fabry—Perot cavity with the fundamental cavity mode
represented by the red curve. TMD excitons interact with
photons and phonons as indicated by the creation
(annihilation) operators for photons (¢ (2)) and phonons

(bt (b)). The cavity system interacts with the outside world
via the operators (B (8)). (b) Exciton—polariton band
structure, where polaritons can scatter into dark exciton
states by emitting phonons if momentum and energy can
be conserved.

and describes the free energy of excitons E, phon-
ons E';q as well as photons within (E) and out-
side the cavity (hw). Here, v is the exciton index
(we consider only 1s states), o the phonon mode,
k and q are the in-plane momentum of excitons/-
photons (center-of-mass momentum for excitons)
and phonons, respectively. Furthermore, we have
introduced X, (X ), bha(boq)s e(&), B, (Bi)
as exciton, phonon, inner-cavity and outer-cavity
photon creation (and annihilation) operators,
respectively.

The second term in the Hamiltonian, Hy_, =
> k8 (E}:)A(Vk—i—ﬁkXIk) describes the exciton-light
interaction mediated by the exciton-photon coup-
ling matrix element g [15, 31], where photons
need to have the same in-plane momentum k
as excitons to fulfill the momentum conserva-
tion (hence restricting the coupling only to the
bright exciton states). In general, the out-of-plane
component k, influences the cavity energy and
exciton—photon coupling. However, we assume
the existence of one resonant photon mode (i.e.
E)IéK,O = Ef). The third contribution in the Hamilto-
nian Hy_, = EWfkan;Vc;Xik+qu'k(bI«,—q +baq)
describes the exciton—phonon interaction [15],
where the coupling strength is determined by the
exciton—phonon matrix element Dgfq/ . Finally, the last
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term, Hg c=ih ) o> fy" %ajn(w)[B]é —
ijkck], provides the interaction between the inner-
and outer-cavity photons [20, 32]. The free photons
interact with the cavity with a coupling parameter,
ajx(w). Assuming broadband end mirrors, it is
appropriate to take the first Markov approxima-
tion and approximate this parameter as frequency
independent [20]. This contribution in the Hamilto-
nian leads to a consistent description of both the
radiative decay rate within the cavity as well as the
coupling of polaritons to input and output fields.

Now, we investigate the strong-coupling regime,
where the exciton—photon coupling strength g is lar-
ger than (the difference of) cavity and non-radiative
exciton decay rates [12]. The new eigenmodes, known
as exciton—polaritons, can be obtained by applying
a Hopfield transformation of the excitonic Hamilto-
nian discussed above, yielding [11, 12]

=Y EY, ¥y +HY+ HY

Kn
+zhl§;/0°o2‘; ()
(h Bl Ty - 1 Bﬂwyk>
+ 3 Dkaq( +baq) L. @
kagnn’

Here, the first term provides the free polaritonic
Hamiltonian with Y" (Yg) denoting the polariton
creation (annlhllatlon) operator with the polari-
ton mode # and momentum k. The energy of the
corresponding polariton, Ej, includes in particu-
lar lower and upper polariton branches (LP, UP)
that are separated in k=0 by the Rabi splitting
hQr = E§* — E5P. This is a consequence of the mix-
ing between excitons and photons (with the same
center-of-mass and total momentum), as quantified
by the Hopfield coefficients [12]. We include also, for
notational convenience, polaritons stemming from
momentum-dark excitons, although these show no
exciton—photon mixing. Nevertheless, we will show
below their crucial role for the polariton absorption
via additional phonon-induced scattering channels to
the optically active polaritons. Both polariton ener-
gies Ey and Hopfield coefficients hy, and h7, are
calculated analytically (with subscrlpt X and c refer-
ring to exciton and intra-cavity photon component,
respectively) [12].

The second and the third term in equation (2)
are the free phonon and free outer-cavity photon
contribution, respectively, which are not affected
by the Hopfield transformation. The fourth term
describes the interaction of polaritons with the outer-
cavity photons, mediated by the photonic Hopfield
coefficients as only the photonic part of polaritons
couples to the external radiation field. Finally, the

3
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last term in equation (2) describes the polariton—
phonon interaction. Here, the matrix element D is

related to the exciton—phonon coupling via Dﬁa:l] =

h;} o quq”h” . and depends on the excitonic Hop-
field coefficients hy [33], since phonons only couple
to the excitonic part of polaritons.

To obtain an expression for the polariton absorp-
tion, we exploit the Heisenberg equations of motion
for the coherent population of polariton and external
radiation field (cf the supplementary information).
For this we make a correlation expansion includ-
ing the dynamics of the phonon-assisted polariza-
tion. We use the input—output method [20] to couple
the dynamics between intra- and outer-cavity photon
modes at each port. We treat the scattering with phon-
ons within a Markov approximation and assuming
a thermalized reservoir of incoherent phonons [16].
The absorption then follows from energy conserva-
tion as the difference between incoming fields and
the total reflected and transmitted light. To simplify
the resulting expression, we assume that the cavity
is symmetric and ignore interference effects between
polaritons in different branches. The latter is a good
approximation if the branches are widely spaced in
energy compared to the polaritonic spectral width.
We obtain an Elliot-like formula for the polariton
absorption [32],

4Ty
(B + (2 + T3

Al(hw) = (3)

for each polariton branch and momentum #,k. The
obtained equation is similar to the expression found
in [32], however, the key difference lies in the micro-
scopic treatment of polariton—phonon interaction.
This means that phonons can change the momentum
of the excitonic component of the polariton, lead-
ing to a momentum dependent scattering rate. In
equation (3) we introduced the decay rates

'71? = hC(l - |rm|2)|hc,k|2/<4Lcav)a (4)

1.1
Iy=2m Z |Da kil (2 + 5 +n’3y,kz_k>

n’ak’

% L5, (B~ BB ). (5)

where 7y is the effective cavity decay rate of one
port and I'} is the polariton—phonon scattering rate.
Here we are summing over all possible scattering
channels from a polariton #,k to all possible receiv-
ing polaritons n’,k’ via interaction with a phonon
with mode o and momentum q, such that the over-
all momentum is conserved. The quality factor of
the cavity reads Q¢ = E§Lcay/[hic(1 — |rm[*)|)], where
rm 1s the reflectivity of the cavity. In this work,
we use the default value of r,, = 0.99 if not stated
otherwise. Importantly, we explicitly consider inter-
valley scattering by including K’ and A’ phonons



10P Publishing

2D Mater. 10 (2023) 015012

which allow scattering into polaritons coinciding with
KK’ and KA excitons, respectively. The polariton—
phonon rates are calculated within the Markov—Born
approximation [31, 34] including effects beyond the
completed-collision limit [35] by an energy conser-
vation described via a Lorentzian function L5, with a
broadening 4 = 0.1 meV [18].

Crucially, the polaritonic Elliot formula offers
insight into how underlying microscopic decay chan-
nels manifest in the absorption of light by polaritons,
which would not be possible using the more com-
monly used classical transfer-matrix method [19].
Evaluating equation (3) at resonance reveals that
absorption is maximized when the two effective
polariton decay rates are closest in value. It fol-
lows that maximum absorption of 0.5 is possible at
the so-called critical coupling condition [23, 36] of
2y =17, i.e. when the leakage out of both ports
of the cavity is equal to the exciton dissipation rate
within the TMD layer in the cavity. The maximum
possible absorption of 50% is a well-known con-
straint for mirror-symmetric two-port systems that
support a single resonance [37, 38]. We expect the
presence of dark excitons to significantly increase
the polariton—phonon scattering rates in tungsten-
based TMDs (where they are the energetically lowest
states). The opening of intervalley scattering channels
is expected to strongly impact the balance between the
effective radiative coupling and scattering loss, which
should translate into measurable signatures in polari-
ton absorption spectra.

3. Results

3.1. Polariton absorption of WSe,

Now, we evaluate equation (3), using numeric-
ally calculated polariton-phonon scattering rates, to
study the polariton absorption in the strong-coupling
regime for an hBN-encapsulated WSe, monolayer
integrated into a Fabry—Perot cavity with a quality
factor of Qr~ 160 and a Rabi splitting of hfdg =
50 meV. Note that the choice of the substrate has
some impact on the polariton-phonon scattering
rates and polariton absorption. The main effect is
substrate-induced screening that changes the separ-
ation between bright and dark excitons and can open
or close scattering channels with phonons. In the sup-
plementary material, we show a direct comparison
between hBN-encapsulated and free-standing WSe;
monolayers.

Figure 2(a) presents an energy- and in-plane
momentum-resolved surface plot of the polariton
absorption for hBN-encapsulated WSe,. Interest-
ingly, we find the upper polariton to be much higher
in intensity than the lower polariton at k=0 um™!
(cfalso the blue lines in figure 2(b)). Previous reports
in GaAs have shown that in the case of zero detun-
ing, the lower and upper polariton peaks intensit-
ies are similar [39, 40]. In the resonant case, the
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Figure 2. Polariton absorption. (a) Surface plot of
absorption in an hBN-encapsulated WSe, monolayer as a
function of momentum and energy at a temperature of

77 K, assuming a Rabi splitting of i{2r = 50 meV and a
cavity quality factor of Qf = 160. The dashed white lines
correspond to the bare exciton and cavity dispersion, while
the solid black lines describe the polariton dispersion.

(b) Absorption cuts as a function of energy for three
different momenta.

polaritons have an equal photonic and excitonic con-
tribution at k=0, hence also the cavity decay rate
is the same for both polaritons. As a result, the
phonon-induced decay rate of polaritons must be
responsible for the observed difference in the height
of absorption peaks. Furthermore, we find that
the absorption is enhanced for increasing momenta
for the lower polariton (A'") up to approximately
k= 1.6 um~—!, while it is reduced for the upper polari-
ton (AYP), (cfalso the absorption cuts in figure 2(b)).
Moreover, we observe that not only the absorption
intensity but also the linewidth of A'* becomes larger
for increasing in-plane momentum, before it is again
reduced for momenta higher than k= 1.6 um~1. The
absorption intensity and the spectral linewidth of
polariton resonances can be ascribed to the interplay
of the cavity decay and non-radiative decay of polari-
tons via scattering with phonons as discussed in detail
below.

3.2. Critical coupling

To explain the different behavior in the absorption
spectra of the upper and lower polariton branch,
we plot the maximal absorption A of the UP and
the LP branch at 77 K in figure 3(a). The absorp-
tion intensity of the UP branch generally decreases
with the momentum, however, with one excep-
tion at approximately k=1 um ™!, where we observe
a small increase (blue line). In contrast for the
lower polariton branch we find an enhanced absorp-
tion until approximately k=1.6 um~', where the
critical coupling condition with a maximum pos-
sible value of A=0.5, is reached (red line). The
increase of the absorption includes several steep
step-like enhancements before the absorption starts
to decrease for values larger than k= 1.6 yum™!.
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Figure 3. Critical coupling. (a) Maximal absorption at the
resonant energy as a function of momentum for the lower
(red, LP) and upper (blue, UP) polariton at 77 K with

h2r = 50 meV, Qf = 160. (b) Polariton—phonon scattering
rate I'} (solid lines) and cavity decay rate 2y (dashed lines)
as a function of momentum for the upper and lower
polariton (same colors as in (a)). The maximum value of
absorption of A” = 0.5 identifies the critical coupling
conditions I'} = 2+ for the respective polariton and it is
marked by a vertical black line. The grey lines show the case
without considering dark states and only taking into
account the bright KK excitons. (c) Lower polariton
dispersion (red line) and phonon energies (plus the energy
of the dark KA exciton) showing the opening of emission
channels into the dark exciton states at k ~ 0.3, 0.8, 2.4 and
pum™'. (d) Critical coupling momentum k. as a function of
temperature for the upper (blue) and lower polariton (red).
The shaded area corresponds to the range

0.5> A" > 0.495.

To better understand the change of the absorp-
tion as a function of the in-plane momentum and
the opposite behavior of the upper and the lower
polariton branch observed in figure 3(a), we invest-
igate in figure 3(b) the momentum-dependent cav-
ity decay rate vy and polariton-phonon scattering rate
I}, cfequations (4) and (5). We find that for the lower
polariton branch, the critical coupling condition of
I'y =24 isreached at k=1.6 um™"', as denoted with
the black vertical line in figure 3(b). This corresponds
exactly to the momentum where the maximal absorp-
tion of A'” = 0.5 is reached. The microscopic calcu-
lation of polariton-photon scattering rates explains
the step-like increase in the absorption of both the
UP and LP polariton branch. These can be clearly
attributed to an increase of the polariton—phonon
scattering rates at certain momenta (at k~0.3, 0.8,
2.4 and 3.1 ym~! for I'}* and at 1 pm™" for I'/?).
Importantly, each of the steep increases for the LP
absorption/rates is a signature of an opening of an
intervalley scattering channel into dark exciton states
(see discussion about grey lines below).

B Ferreira et al

In figure 3(c), we plot the lower polariton disper-
sion in relation to the bright exciton energy together
with the phonon dispersion for LA, TA and TO modes
that are responsible for the scattering into the dark
KA excitons. Whenever a phonon line crosses with
the polariton energy, a scattering channel into dark
exciton states opens up. This is clearly visible as a step-
like increase in the polariton—phonon scattering rates
shown in figure 3(b). At momentum k = 0, the energy
ES of the lower polariton is too small to allow scat-
tering into the KA exciton via emission of phonons as
Ei” — EX o = 11.2meV, which is just smaller than the
energy of 11.4 meV of intervalley TA phonons [41].
When k reaches the threshold value of k0.3 um~—!,
the scattering channel into KA states opens, result-
ing in the abrupt increase of I'}, cf also figures 1(b)
and 3(c). For intervalley scattering, both acoustic and
optical phonon modes have finite energies in the cor-
responding symmetry points [41]. However, acoustic
phonons have much smaller energies (12-14 meV for
acoustic phonons vs 27-32 meV for optical phonons
at the A’ point [41]). This results in a more efficient
scattering with acoustic modes, as the correspond-
ing rates are inversely proportional to phonon ener-
gies, see [41]. We also note that, in contrast, the cavity
decay rate -y increases/decreases smoothly with k for
the UP/LP branch, cf the dashed lines in figure 3(b).
This increase/decrease is determined by the photonic
Hopfield coefficient, which increases for the UP and
decreases for the LP branch.

To illustrate the importance of dark excitons,
we also show the polariton absorption and the
polariton-phonon scattering rates without including
dark exciton states, i.e. we only take into account
the bright KK excitons (grey lines in figures 3(a)
and (b)). We find that for the lower polariton the
resonant absorption is drastically reduced at small
momenta, with the critical coupling condition shif-
ted to higher momenta. We also find that the steep
increases step-like increases found for these polari-
tons disappear (red vs. lower grey line), as they stem
from scattering into dark excitons. For the scatter-
ing rates of the lower polariton, the intravalley scat-
tering is orders of magnitude smaller than the inter-
valley one (grey line is basically 0), due to the for-
bidden optical absorption for low temperatures and
since the scattering of LP polaritons with intraval-
ley acoustic modes is energetically forbidden [18].
In the case of the upper polariton, the qualitative
shape of the absorption curve in figure 3(a) is sim-
ilar to intravalley scattering without dark excitons
(blue vs upper grey line). In particular, both lines
show a step-like increase at ka1 um™!, which
stems from the intravalley emission via emission of
optical modes. However, the intensity of the UP
absorption is strongly reduced in the absence of
dark excitons. This is due to the overall decrease of
the polariton—phonon scattering rates, figure 3(b),
moving the system further away from the critical
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coupling condition. In a nutshell, the scattering into
dark excitons leads to a considerable quantitative as
well as qualitative variation of the optical absorp-
tion, in particular for LP states (cf colored arrows in
figure 3(a)).

So far, we have only considered the polariton
absorption at 77 K, where the critical coupling con-
dition can only be reached for the lower polariton
branch. To further investigate this, we present in
figure 3(d) the critical coupling momentum k. as a
function of temperature for the upper (blue line) and
the lower polariton (red line). The blue- and red-
shaded areas correspond to the region 0.5 > A" >
0.495 to take into account uncertainties in the exper-
imental measurement of the maximal absorption. As
we increase the temperature, the critical coupling
occurs at smaller momenta for the LP branch due
to an overall increase of the scattering with phon-
ons. Since the cavity decay rates y; are temperature-
independent within our model, the overall increase
in I'} at higher temperatures results in smaller k. ful-
filling the critical coupling conditions. Interestingly,
for the UP branch, we find that there is no crit-
ical coupling for temperatures below approximately
125 K. We show in figure 3(b) that at k=0 the cav-
ity decay rate 7' is larger than I'}. However, while 7"
decreases for increasing momenta, thus approaching
the smaller values of I'}, the opposite takes place for
1. Thus, for upper polaritons, the critical coup-
ling can only occur at higher temperatures, where I'}
is considerably enhanced. Interestingly, we find that
at around 200 K two different momenta fulfill the
critical coupling condition for UP (blue lines in in
figure 3(d). At these temperatures the cavity decay
rate crosses the polariton—phonon scattering rate in
the region of the opening of the optical emission
(step-like increase), where we can have the same value
of scattering and cavity-decay rates for two (or more)
momenta.

3.3. Absorption engineering

We have demonstrated that the polariton absorp-
tion depends on two key quantities: the polariton-
phonon scattering rate I'} and the cavity decay rate
. Now, we would like to tune the absorption by
changing these quantities. While I'} is strongly sens-
itive to temperature, 7y is determined by the cavity
quality factor (i.e. in particular the reflectance of the
cavity end mirrors).

In figures 4(a) and (b) we show the temperature-
dependent polariton—phonon scattering rates at
k =0 for the UP and LP branch, respectively. Note
that this corresponds to the half linewidth of the
respective polariton resonance in absorption spectra.
We add up different scattering channels including
intravalley scattering within the K valley (KK) as
well as intervalley scattering into momentum-dark
exciton states (KK’ and KA). For comparison,
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Figure 4. Temperature and quality factor study.
Polariton—phonon scattering rate I'y for the (a) upper (UP)
and (b) lower polariton branch (LP) at k=0 as a function
of temperature (for Q¢ &~ 160). We identify the
contributions of the intravalley (KK) as well as intervalley
(KK', KA) scattering channels (shaded areas). Note that
2I'} corresponds to the spectral linewidth of the respective
polariton. The crossing point with the cavity decay rate 2+
(dashed line) corresponds to the critical coupling
condition. (c) Polariton—phonon decay rates and the cavity
decay rate 2y at k=0 as a function of the quality factor (at
T=77K).

the black dashed line shows the temperature-
independent 27y, indicating at which temperatures
the critical coupling condition is reached at k. = 0.
This is the case for the UP branch at T~ 125K-in
agreement with figure 3(c). In contrast, for the LP
branch, the critical coupling at k. = 0 can only be
reached at temperatures significantly higher than
room temperature.

For both polariton branches, the largest contribu-
tion to the linewidth comes from the intervalley scat-
tering into dark KA excitons reflecting the efficient
scattering plus the three-fold degeneracy of the A val-
ley, similar to the excitonic case [42]. Furthermore,
atroom temperature, intervalley scattering within the
K valley is also important. At 20K, the LP linewidth
is determined to a large extent by scattering into the
dark KK’ excitons. We stress that here we are focus-
ing on the scattering from the k =0 polariton state.
There are further possible scattering channels at lar-
ger momenta, as shown in figure 3(b). Increasing the
temperature to 300 K increases the LP linewidth by
around one order of magnitude as the absorption
of intervalley phonons becomes possible. At 77 K
the intravalley contribution to the phonon-scattering
rates is very small, in accordance with figure 3.
The linewidth of the upper polariton is at 20 K much
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larger compared to the LP branch since emission into
dark excitons is possible even at k=0 thanks to the
much higher polariton energy (figure 1(b)). Hence,
the increase in UP from 20 K to 300 K is not as sub-
stantial as in the LP case. Overall, figures 4(a) and (b)
illustrate the huge impact of dark exciton states on
the polariton—phonon scattering rates and thus on the
polariton absorption.

After having addressed the role of temperature in
tuning the polariton—phonon scattering rates I'y, we
now focus on the change of the cavity decay rate
as a function of the quality factor Q. In figure 4(c)
we show 7y (gray line) and I'} (red and blue lines) as
a function of Qy. We find that UP has a critical coup-
ling condition k¢ = 0 around Q¢ ~ 200. For small val-
ues of the quality factor, the UP absorption is expec-
ted to increase, but as we move further away from the
critical coupling the absorption decreases. For the LP,
the critical coupling condition is only reached at high
values of Q.

3.4. Polariton absorption of MoSe,
So far we have studied the polariton absorption for
WSe, monolayers, where dark excitons turned out
to play a crucial role. Now we investigate the MoSe;
monolayer exhibiting a different energetic alignment
of dark and bright states. With the latter being the
lowest ones in MoSe; [1, 15, 27], we expect only
a negligible contribution from dark excitons. Simil-
arly to the case of WSe,, we show in figure 5(a) the
absorption of polaritons as a function of momentum
and energy for the zero-detuning case at T=77K.
We find a drastic reduction in absorption as well as
in the linewidth of the LP absorption compared to
WSe, (figure 2(a)). This can be clearly observed in
the momentum cuts shown in figure 5(b). Although
the intensity of the resonant absorption increases for
larger momenta, similar to the case of WSe,, quant-
itatively the increase is much slower, reaching only a
maximal value of approximately 0.1 at k = 1.5 um™!
(compared to almost 0.5 predicted for WSe;). Inter-
estingly, for larger momenta we find also an increase
of the absorption for the UP branch (figure 5(b))—
opposite to the case of WSe, (figure 2(b)). In addi-
tion, we observe a large increase in the spectral width
of polariton resonances at larger in-plane momenta k.
To microscopically understand the qualitative as
well as quantitative differences of the momentum-
resolved absorption in MoSe; and WSe;, we investig-
ate the intensity of the resonant polariton absorption
and the underlying polariton—-phonon and cavity
decay rates. We assume the same value of reflectiv-
ity r,, = 0.99 as in figure 2, resulting in similar cav-
ity decay rates 7y as for WSe, As a consequence, the
observed difference in polariton absorption must be
due to the phonon-scattering rates. We show both the
absorption and decay rates also for the case without
dark excitons (grey lines in figures 5(c) and (d)). As
expected, in MoSe, there is only a minor contribution
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Figure 5. Absorption of MoSe;. (a) Surface plot of polariton
absorption of a hBN-encapsulated MoSe, monolayer as a
function of momentum and energy (77 K, hQ2r = 50 meV
and Qr = 160). (b) Absorption cuts as a function of energy
for three different momenta. (c) Absorption intensity as a
function of momentum for the lower (LP) and the upper
(UP) polariton branch. (d) Decay rates I'; and 2y as a
function of momentum for the LP and UP branch. The thin
grey lines in (c) and (d) correspond to the case without
dark excitons (i.e. considering only the bright KK excitons).

of dark states. For the LP branch, the scattering into
the energetically higher dark exciton states is generally
weak as it is driven by absorption of intervalley phon-
ons from high-momenta states. Since for LP also the
intravalley scattering with acoustic modes is forbid-
den due to momentum and energy conservation (due
to the almost flat phonon dispersion making it diffi-
cult to fulfil the energy conservation [18]), the lower
polariton has only a very small scattering rate (the red
line in figure 4(d) is almost not visible). Nevertheless,
the decrease of the cavity decay rate - with increas-
ing momenta allows for the critical coupling condi-
tion at the very high momenta of k. = 3.25 yum~"! (cf
figure 5(d)), where the LP absorption reaches its max-
imum value of A" = 0.5 (figure 5(c)). Interestingly,
even though dark excitons have only a small contri-
bution, their presence shifts the critical coupling con-
dition to a smaller momentum (cf grey vs red line in
figure 5(c)).

For the upper polariton, the intravalley scatter-
ing contribution is also dominant (only small devi-
ations between the grey and blue line), showing
two step-like increases at k~1 and k=~ 1.3 ym™!
due to the emission of intravalley optical modes
(LO/TO and A1 with energy 36.1/36.6 meV and 30.3
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meV, respectively). In contrast to WSe,, we observe
a large increase in the phonon-scattering rates for
the UP branch, reflecting a more efficient intraval-
ley scattering with optical modes in MoSe, [41]. This
leads to the much broader spectral width of the res-
onances observed in figure 5(b). The contribution of
dark excitons is minor, however, we still observe an
opening of an emission channel into dark states, cf
the step-like increase of I')” at k~ 0.4 pm™~'. This
opening is important for understanding the increase
of the resonant absorption, when going from k=0
to k = 0.75 um ™! observed in figure 5(b) (in contrast
to the prediction for WSe; in figure 1(a)). Without
dark states, there would be a decrease of the absorp-
tion up to approximately 0.9 um~"' (cf the grey line
in figure 5(c)). In MoSe,, the upper polariton fulfills
the critical coupling condition at the four different
momenta k. ~ 1, 1.2, 1.3 and 1.6 um~!. The lowest
two values of k. are a consequence of polariton scat-
tering into dark exciton states.

4. Conclusion

We have studied polariton absorption for hBN-
encapsulated WSe, and MoSe, monolayers integ-
rated into a Fabry—Perot cavity. These two materials
are ideal to study the impact of momentum-dark
exciton states, as they possess an opposite energetic
ordering of bright and dark states. Based on a micro-
scopic theory combining the Hopfield approach with
an excitonic density matrix formalism, we predict a
significant impact of dark excitons on the polari-
ton absorption in WSe,. This is particularly true
for the absorption of the lower-polariton branch,
which shows an overall enhancement of the absorp-
tion intensity as well as a distinctive step-like increase
in momentum-resolved resonant absorption. The
latter indicate the opening of scattering channels into
dark exciton states, hence potentially suggesting a
possibility to measure the energy of dark excitons.
Furthermore, we have investigated the critical coup-
ling condition at which a maximum possible absorp-
tion intensity can be reached. To tune this condition,
we have varied temperature and the cavity quality
factor allowing us to control the polariton—phonon
scattering rates and cavity decay rates, respect-
ively. Our study provides new microscopic insights
into the polariton absorption and the role of dark
exciton states and could trigger further experimental
studies on exciton—polaritons in atomically-thin
materials.
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