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Phonon signatures in spectra of exciton polaritons in transition metal dichalcogenides
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Embedding a monolayer of a transition metal dichalcogenide in a high-Q optical cavity results in the formation
of distinct exciton polariton modes. The polaritons are affected by the strong exciton-phonon interaction in the
monolayer. We use a time convolutionless master equation to calculate the phonon influence on the spectra of the
polaritons. We discuss the nontrivial dependence of the line shapes of both branches on temperature and detuning.
The peculiar polariton dispersion relation results in a linewidth of the lower polariton being largely independent
of the coupling to acoustic phonons. For the upper polariton, acoustic phonons lead to a low-energy shoulder
of the resonance in the linear response. Furthermore, we analyze the influence of inhomogeneous broadening
being the dominant contribution to the lower polariton linewidth at low temperatures. Our results point towards
interesting phonon features in polariton spectra in transition metal dichalcogenides.
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I. INTRODUCTION

The discovery of monolayer transition metal dichalco-
genides (TMDCs) as atomically thin direct semiconduc-
tors [1,2] has led to an extensive investigation of their physical
properties in order to construct next-generation optoelectronic
devices [3,4]. The most striking feature of TMDC monolayers
is the exceptionally strong exciton binding energy of few
hundreds of meV [5,6]. If a TMDC monolayer is integrated
into a photonic cavity such that a confined light mode interacts
with the excitonic system, new quasiparticles, the polaritons,
emerge [7-10]. Being mixtures of photons and excitons, po-
laritons gain the low effective mass of the photonic field and
the nonlinearities arising from the excitonic system. Those
two features makes them promising for lasing applications
and the investigation of condensation phenomena [11-15].
Reaching the strong-coupling regime of TMDC monolayers
within photonic cavities triggered research about polariton
transport and condensation [11,16,17].

The TMDC monolayers also feature an exceptionally
strong exciton-phonon interaction, visible for example in
phonon sidebands [18] or in pronounced asymmetric line
shapes due to phonon-assisted processes [19-21] and ex-
ploited in upconversion [22-24]. As the polaritons are
composed of TMDC excitons, it is interesting to ask how
phonons influence the polariton modes. Experimental results
show that the linewidths of upper and lower polariton modes
strongly depend on the detuning between excitons and pho-
tons [7], while the specifics of linewidth and line shape and
especially their origin still have to be clarified.

This Letter is therefore devoted to discussing the interplay
between polaritons and phonons. To this end, we calculate the
linear optical response of a TMDC monolayer coupled to a
photonic cavity under the influence of phonons and analyze
the resulting line shapes with and without an additional in-
homogeneous broadening. A sketch of the system is shown
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in Fig. 1 displaying the TMDC monolayer in a photonic
cavity formed by two Bragg mirrors as well as the polari-
ton dispersion relation including possible phonon scattering
processes.

For our calculations, we apply a time convolutionless mas-
ter equation for the polariton amplitudes to obtain the linear
response in the low-density regime. This method has been
shown to describe the linear absorption spectra including the
phonon sidebands of a bare TMDC monolayer in a com-
pact way [21]. By analyzing a wide temperature range, and
discussing the influence of phonons, detuning, and inhomo-
geneous broadening, we provide a thorough understanding of
the polariton-phonon coupling.

II. THEORY
A. Hamiltonian in the exciton basis

The Hamiltonian describing the system of a TMDC mono-
layer in a photonic microcavity as sketched in Fig. 1 is given
by

H= Z EKXIT(XK + Z FZQK&I(&K
K K
+g Z(XIE?JK + af Xx) + Z ﬁwK,il;I(’,-BK.i
K K.i
+ Z 2. X, o Xk (bo.i + b ). ey

K.Q.i

The first two terms of Eq. (1) describe the free exciton and
photon system with the creation (annihilation) operators for
excitons XIJE (Xk) and photons &I( (ak) with in-plane momen-
tum K.
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FIG. 1. TMDC monolayer within a photonic microcavity. The
light field is quantized in the K, direction such that only K is a
good quantum number and only one photonic mode with detuning
Ay interacts with the excitonic dispersion forming a lower (red)
and upper (blue) polariton mode. The exciton-phonon interaction
translates to polariton-phonon interaction (green).

The exciton energy is given in effective mass approxima-
tion by
n*K?

2M

with the total exciton mass M and the bound-exciton energy
Eis. We focus on MoSe; as material, such that the bright A
excitons within the K and K’ valleys are the energetically
lowest (1ls) excitonic states [25], which can be selectively
addressed using circularly polarized light [26,27]. Higher ex-
cited exciton states are energetically well separated to the
1s exciton [28,29]. We also neglect intervalley coupling by
a combination of exciton-phonon and exciton-exchange in-
teraction [30-33] as an approximation, because we do not
focus on valley polarization. In this study, we will consider
only weak excitation and therefore do not take exciton-exciton
interaction into account, which is often accounted for in the
description of polariton condensation [15]. We further use
M = 1.1my with mg being the free electron mass.

The photon dispersion is given by AQxk. Considering light
confined in a microcavity as can be realized by distributed
Bragg reflectors [17,34], we take into account one subband
of light being quantized in the out-of-plane momentum K,
orthogonal to the TMDC plane

hQk = fic,/K2 + K2 = Epy /1 + K2/K2

with ¢ being the speed of light in vacuum and E.,, = #icK,.
Assuming quasiresonant coupling between the 1s exciton and
the cavity mode, the usual requirements for exciton polaritons
are fulfilled.

The third term in Eq. (1) describes the exciton-photon
interaction in rotating-wave approximation with a constant
interaction strength g between the in-plane exciton and one in-
plane photon branch confined in the out-of-plane direction by
the cavity. Throughout this Letter we fix the coupling strength
to g = 15 meV, which is a typical value in such systems [7,8].
Due to the rotating-wave approximation the detuning A be-

Ex = E|; +

tween the exciton and photon mode at K = 0
Ao = Ey5; — Ecay

is the relevant quantity for the dynamics instead of Ejs and
E..,. Note that with our definition the lowest exciton state is
below the photon dispersion for negative Ag and above for
positive Ay.

The last two terms in Eq. (1) describe the free phonon
system and the exciton-phonon interaction with the phonon
operators BI(,,' (BK, ;). The phonons of branch i have the energy
hwk ;. Here, we consider one effective optical phonon branch
with energy fiwk op: = 34.4 meV and one effective acoustic
phonon branch with fiwk 4 = ficsK with the speed of sound
¢s = 4.1 nmps~!. The exciton-phonon matrix elements gq
are determined in deformation potential approximation using
parameters taken from ab initio calculations [35] and the
specific values for MoSe, can be found in Ref. [21]. We do
not account for flexural phonon modes, which are important
for crumpling of monolayers [36] or polarons in bilayer struc-
tures [37]. To determine the 1s exciton wave function entering
the exciton-phonon interaction, we consider a monolayer of
MoSe,; on a SiO, substrate formed by the Coulomb interac-
tion modeled by the Rytova-Keldysh potential [38]. While
different dielectric surroundings have a profound impact on
the excitonic properties, especially the exciton binding en-
ergy [39,40], we take the absolute energetic position of the
1s exciton as a parameter and focus on the qualitative features
of polariton-phonon interaction which should be captured by
the applied model as long as the ls exciton is sufficiently
separated from other excitonic resonances.

B. Hamiltonian in the polariton basis

We next transform the given Hamiltonian into the polariton
basis by diagonalizing the coupled exciton-photon system.
This is readily done, because the in-plane momentum K is
a good quantum number. This results in the formation of the
polariton creation and annihilation operators 1312 A and Pxa
given by

P\ = ax a X + Brady. )

where ok o and Bk, are the exciton and photon contribution
to the polariton mode A, respectively. The energies of the
polariton modes are

Ex + i Ex — Q% \°
EK,A:M:}:\/(H> _+_|g|2’

2 2

where we see that an upper polariton (A = UP,“+”) and
a lower polariton (A = LP,“—") mode emerges. The corre-
sponding energy dispersions are sketched in Fig. 1. For the
uncoupled case we have two parabolic dispersions for the
excitons and photons (gray dashed lines). Due to the inter-
action an anticrossing occurs and the LP (red) and UP (blue)
branches form. The composition of the polaritons given by
the coefficients ax o and Bk s depends sensitively on the
detuning Ay, which is sketched for the photon contribution
|B|? for the case K = 0 in Fig. 2 (left).

For a detuning Ay = 0, both polaritons at K = 0 consist
of 50% exciton and photon. For positive detunings Ag > 0
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FIG. 2. Left: Photon amplitude |By A |? for K=0 of the UP
(blue) and LP (red) as a function of the detuning Ag. Right: Sketch of
a spectrum without phonons for Ay = 0 together with the spectrum
of the bare cavity (gray dashed line).

the LP is dominantly photonlike and consequently the exciton
contribution decreases. The opposite is true for Ay < 0, where
the UP is photonlike.

In the polariton basis the Hamiltonian reads

ZEKA PKA-I—Zha)Kb bK

K

+ > ek Prioalraboit+bly). ()
K,Q,A,A,i

The last line in Eq. (3) describes the effective polariton-
phonon coupling with the transformed coupling matrix
element

0% = 80 (k1A% A)-

Phonons only couple to the excitonic contribution of the po-
lariton branches and therefore the polariton-phonon coupling
g™ is proportional to the coefficient o of the respective
polariton branch. The range of momenta in which photons
and excitons are strongly coupled can be approximated by the
width K of the unconfined light cone affecting the exciton
with Ky < g‘c ~ 0.01 nm~!. Since typical polariton splittings
are in the order of 10-30 meV [7-9], phonon transitions be-
tween the two polariton branches can play a major role in
their relaxation kinetics and optical spectra. We here focus on
the case of low polariton density and linear spectra, where
polariton-polariton interaction can be neglected. The latter
becomes important in particular in the regime of polariton
condensation [11,12,41].

C. Calculation of the optical spectrum

The quantity of interest of the polariton system is its optical
spectrum. We assume that initially the cavity is occupied with
a coherent light field with K = 0, which subsequently couples
to the excitonic system, i.e., we take ag = (ag)(t = 0) and
ap € R. This leads to the initial condition for the polariton
amplitudes

(Po.a) (1 = 0) = B pao.

Considering the linear response of the system, the spectrum
is calculated as the real part of the Fourier transform of the
expectation value of the photon operator

a(w) = Re{FT(ap)(®)]} = Re [fT(Z ﬁo,A<ﬁo,A><r>)}.
A

“

A spectrum without phonons in the case of vanishing de-
tuning Ay = 0O is sketched in Fig. 2 (right) for the uncoupled
(gray dashed lines) and coupled (blue and red lines) systems.
The coupling of excitons and photons leads to a splitting into
UP and LP, which are well visible in the spectrum if the
splitting is larger than the linewidth. For a vanishing detuning
Ao = 0 the two polariton peaks are at the energies Eyppp =
E..y £ g, i.e., their splitting is 2g.

To calculate the phonon influence on the spectrum, we
solve the equations of motion within a time convolutionless
approximation (TCL) for the coherent polariton amplitude
PK,A = (pK,A> reading

d i
—P = ——Ek AP — Ca o (K, )P pr. 5
PR KA PkA ; an (K, 1)Pg A (5

The momentum- and time-dependent coupling I'x o/ (K, #) is
given by

1N A'(K 1)
AAY A *
~UD(Exqu—ExwEhoai)

Q Ai
" (l n 1 n ) e
2 2 nQ’I —%(SK,Q,AH — g](,A/ + ha)Q’[)
(6)
with the thermal incoherent phonon occupation ng ; of mode
Q and branch i.

The above equations of motion are derived by using the
Heisenberg equations of motion for the polariton and the
phonon operators to set up the equations of motion for the
coherent polariton amplitude and the phonon-assisted po-
larizations (Pk_ Q. Ale) and (Px_ Q. Ab ;). The resulting
infinite hierarchy of equations of motlon is truncated in
second Born approximation within a correlation expansion
scheme [21,42]. In the next step, we adiabatically integrate the
equations of motion in Born approximation using an initial
time 7o = 0 of optical excitation of the polariton modes at
normal incidence by an ultrafast external source. Due to the
time dependence of I' non-Markovian features like phonon
sidebands are dynamically included in the description [21],
thereby going beyond Lindblad approaches using a constant
rate. The important steps of the derivation are given in the
Appendix. A detailed discussion of the TCL method for a
bare TMDC monolayer can be found in Ref. [21], where it
is also shown that the approximate solution within the TCL
approach yields accurate results when compared to high-order
Born approximations. It should be noted that it is mandatory
to formulate the TCL in a suitable basis, i.e., the polariton
basis, to correctly account for the low-energy excitations of
the system, while a general correlation expansion treatment
without Markov approximation is independent of the chosen
basis [42,43].

In a real system, there are several dephasing channels apart
from phonons. On the one hand, the confined cavity mode
couples to unconfined continuum modes and thereby leaks out
of the cavity, resulting in the decay rate y.,y. Additionally,
the exciton may decay radiatively into photonic continuum
modes described by the decay rate y.x. These rates can be
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FIG. 3. (a) Spectrum as a function of energy relative to the cavity
energy E.,, for different temperatures, (b) fractional contributions of
the LP (red) and UP (blue) to the spectrum and (¢) FWHM of the
respective resonances as a function of temperature.

combined to calculate the decay rate of the polaritons yé\A/ =
YeavBie ABK. A + Vex@iz sk, - To simplify the discussion and
to focus on the phondn-related effects we set Vex = YVeay =
2 ps~! resulting in the constant rate y,. Thereby the linewidth
of the polariton resonances without phonons is independent of
the respective exciton and photon contributions to the polari-
ton mode. The equation of motion therefore is extended by

d P ! P 7
g Do Lo 5 Yofoa. )
After initializing the polariton polarizations, the resulting
equations of motion of Py o as a sum of Eq. (5) and Eq. (7)
are propagated in time and I, »/ from Eq. (6) is calculated by
separating the K space in a polariton region with |K| < 2Kj
and a region |K| € 12Ky, 5.5 nm™']; in the latter case only the
lower polariton is relevant for polariton-phonon interaction,
because the UP has no exciton contribution. Both of these
regions are discretized on an equidistant grid of 400 K- points.
We have given the equations of motion above for the
general case of finite in-plane momentum K of the polariton
modes, while due to excitation at normal incidence only the
in-plane mode K = 0 is excited. We therefore drop the index
K of all quantities in the following and K = 0 is always
implied.

III. RESULTS

A. Temperature-dependent polariton spectra

Figure 3(a) shows the spectra without phonons (gray
dashed lined) and with phonons for four different tempera-
tures at T = 4, 100, 200, 300 K. In the case without phonons
we take Ao = 0, such that we obtain two peaks corresponding

to the two polariton branches split by 2g = 30 meV and the
linewidth is given by yy.

When including phonons, there are several effects: On the
one hand, the exciton-phonon interaction results in a shift of
the exciton dispersion due to the formation of the polaron.
To compensate for the low-temperature polaron shift of the
exciton to lower energies of about 11 meV [21], we set the
single-particle detuning to Ay = 11 meV for better compari-
son. Therefore for 4 K this corresponds to having no effective
detuning. Nonetheless, a reduced total splitting compared to
the phonon-free case can be observed due to a reduced effec-
tive exciton-photon coupling because the exciton is dressed by
the phonon field which in turn does not couple directly to the
light field [44].

Furthermore, the phonons affect the line shape and inten-
sity. Already for 4 K, the peak intensity of the UP is reduced
compared to the case without phonons. This results from an
increased broadening of the UP due to scattering by acous-
tic phonon emission into lower-energetic states. This process
does not affect the LP because there are no lower-energetic
states available which can be reached by phonon emission.

When increasing the temperature, we observe a gradual
broadening and shift to lower energies of both polariton res-
onances. For increasing temperature the broadening of the
polariton lines increases due to increased phonon occupation.
While for temperatures below 200 K the LP exhibits the dom-
inant peak intensity in Fig. 3(a), for temperatures above 200 K
the UP dominates the spectra. This crossover can be explained
by the temperature-dependent polaron shift of the system. As
temperature increases, the polaron shifts the excitonic disper-
sion to lower energies [19,21], therefore out of resonance with
the photon field. While LP and UP have equal photon and
exciton contributions at resonance, the LP is excitonlike for
negative detunings. Thereby the LP couples more strongly to
phonons for negative detunings (higher temperatures) and is
also less visible in the cavity spectrum because it has a lower
contribution of the photon field for negative detunings [cf.
Fig. 2 (left)].

These features are quantified in Figs. 3(b) and 3(c) [45].
In Fig. 3(b) we plot the fractions C, of the LP (red) and UP
(blue) signals to the total signal

Cp=—20

aup +orp
with o, being the integrated spectrum around the A reso-
nance. We separate the two resonances by determining the
energetic position of the minimum in the spectrum between
the two peaks. The resulting contributions in Fig. 3(b) clearly
show that the contribution of the LP reduces with increas-
ing temperature because of the increasing detuning. Only for
T = 4 K are photon and exciton systems in resonance and it
holds that C, ~ 0.5.

In Fig. 3(c) we plot the temperature-dependent full width
at half maximum (FWHM) of the LP and UP. While at low
temperatures the UP shows a larger FWHM due to the afore-
mentioned possible relaxation channels to lower-energetic
states, above 200 K the FWHM of the LP dominates. This is
attributed to the increase of exciton contribution of the LP as
found in (a) and to an increased possibility of optical phonon
absorption which may overcome the polariton binding energy.
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When comparing these results with experiments, it should
be noted that the temperature-dependent detuning between
photon and exciton is not fully described by the polaron
shift discussed here. Instead the phenomenological Varshni
shift in experiments is found to be larger than the polaron
shift [19,46]. Additionally the energy of the cavity mode can
also slightly change as a function of temperature [47]. Such
shifts may quantitatively modify the temperature dependence,
but will result in a similar qualitative picture of the temper-
ature dependence with the reduction of the LP signal as a
function of temperature.

B. Dependence on the detuning

We have seen above that the temperature-dependent de-
tuning of excitons and photons has a profound impact on
the optical properties of the polariton spectra. To analyze the
detuning dependence in detail, we fix the temperature to a
certain value and vary the detuning A,. Experimentally, this
can be realized by a tunable microcavity [7]. In Fig. 4 we plot
the FWHM of UP (blue line) and LP (red line) as functions
of the detuning A for (a) T = 50 K and (b) T = 150 K. The
filled circles (solid lines) refer to the full calculation, while the
empty circles (dashed lines) are calculated in an approximate
solution as described below.

For the UP (blue), we find that the FWHM increases mono-
tonically as a function of the detuning for both temperatures.
This is reasonable because the excitonic component of the UP
increases for increasing detuning and therefore couples more
strongly to phonons. The opposite is true for the LP (red) such
that for T = 150 K (b) one observes a gradual decrease of
linewidth for increasing detuning. However, the linewidth of
the LP decreases not as strongly as the linewidth of the UP
increases. For T = 50 K in Fig. 4(a) the LP linewidth almost
does not change at all.

It is instructive to notice that the dephasing processes for
UP and LP are not strictly independent of each other since
the dephasing function I'y »/ from Eq. (6) couples both po-
lariton amplitudes for A # A’. Neglecting such nondiagonal
contributions of I" results in independent dephasing processes
for the two polaritons, which is often employed to quantify
dephasing. In Fig. 4 we plot the case when neglecting the
nondiagonal contribution of I'" (labeled as I'giye) as empty
circles (dashed lines). For both temperatures the nondiagonal
contributions have a non-negligible impact on the linewidth
and always lead to a decrease of the UP FWHM and an
increase of the LP FWHM. Importantly, neglecting the non-
diagonal contributions for 7 = 50 K [cf. Fig. 4(a)] results in
a constant FWHM of the LP as a function of detuning which
is solely given by the decay rate yy. This illustrates that for
T = 50 K only the nondiagonal coupling of the two polariton
branches results in a detuning-dependent linewidth of the LP.

This behavior is linked to an efficient decoupling of the
LP mode from acoustic phonons. Figure 4(c) shows a sketch
of the LP dispersion together with the dispersion relation of
acoustic phonons (left) as well as a sketch of the polaritonic
density of states (right). A resonant dephasing process by
acoustic phonon absorption is possible if the two lines cross
(marked by a black cross) with an energy-conserving scat-
tering process determined by Erpx — Erpo — fiwye,—x = 0.

LPfulll @ LP, Fdiag (o)
45 UP fulll’ @ UP, Fdiag 0
4 @T= 50K |
3.5
3

FWHM (meV)
[\S]
9]

—
—_— N

—_
o

FWHM (meV)

LP Ac. phonon
dispersion ||

D(E)~Megt

FIG. 4. FWHM of the UP (red) and LP (blue) peaks for (a) T =
50K and (b) T = 150 K as a function of the detuning A,. Filled
circles (solid lines) correspond to the full calculation; empty circles
(dashed lines) are without the off-diagonal elements of I'. (c) Sketch
of dephasing by acoustic phonon absorption in the case of the LP
(left) together with a sketched density of states (right). The LP disper-
sion is sketched in red and acoustic phonon dispersion in green with
the position of a resonant scattering by acoustic phonon absorption
marked by a black cross.

Due to the bending of the LP dispersion to lower energies,
the relevant dispersion relation for this process acquires the
effective mass of the photon state, which leads to a strongly
decreased density of states in the region where polariton and
phonon dispersion cross. In a two-dimensional system with
parabolic dispersion relation the density of states is given by a
step function with the amplitude given by the effective mass.
The effective mass of the photon field is orders of magnitude
lower than the effective mass of the exciton. Therefore the
scattering probability in the low-energy region above the low-
est LP state is strongly reduced due to the low density of states
and essentially no dephasing due to resonant acoustic phonon
absorption takes place. This leads to the constant FWHM of
the LP in Fig. 4(a). The small, but finite dependence of the LP
FWHM on the detuning in Fig. 4(a) results from the nondiag-
onal coupling of LP and UP such that a small contribution of
the dephasing of the UP is added to the LP.

For increased temperatures, optical phonon absorp-
tion becomes important, because optical phonons carry a
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FIG. 5. Spectrum together with Lorentzian fits (black dashed
lines) for (a) both polaritons and 7' = 100 K and (b), (c) only for
the UP for T = 150 K and T = 200 K, respectively. The inset in
(a) sketches the phonon-assisted transitions which lead to the in-
creased spectral weight below the UP resonance.

momentum-independent energy larger than the polariton
binding energy and may thereby lead to a finite dephasing of
the LP as observed in Fig. 4(b) for T = 150 K. This explains
the weaker dependence on detuning of the LP FWHM in
Fig. 4, because mainly optical phonon scattering determines
the respective linewidth.

We emphasize that this strict decoupling of the LP from
acoustic phonons is specific to 2D materials where the phonon
mode itself is confined to the 2D plane. In, e.g., GaAs quan-
tum wells the 2D carriers interact with three-dimensional
phonons such that acoustic phonons may overcome the energy
mismatch between the 2D-dispersion relations in Fig. 4(c) by
adding a transverse momentum K orthogonal to the quantum
well. While it has been shown that also these processes do not
lead to a strong dephasing process in a 2D quantum well [48],
it is completely absent in 2D materials.

C. Phonon side bands

Another remarkable feature of the polariton spectra is an
asymmetry of the UP line for increased temperatures. As an
example we plot the spectrum for 7 = 100 K in Fig. 5(a)
together with a sum of two Lorentzian fits adjusted to match
the high-energy flank of the LP and UP resonance, respec-
tively (black dashed line). Indeed, the UP resonance does not
show a symmetric line, but has an increased spectral weight
on the low-energy side, while the LP is well described by a
Lorentzian. For increasing temperature this asymmetry of the
UP gets more pronounced as shown in Figs. 5(b) and 5(c),
where we plot the spectral range of the UP with a Lorentzian
fit to the high-energy flank for 7 = 150 K and 7 = 200 K,

respectively. For increased temperatures also the LP gains
a small asymmetry, but the asymmetry of the UP is always
dominant (not shown). Numerical tests show that the origin
of this asymmetry is the coupling to acoustic phonons rather
than optical phonons. The phonon-assisted processes leading
to the low-energy flank of the UP are sketched in the inset of
Fig. 5(a).

An optical transition of a phonon-assisted process may take
place at energies E = Ex 5 =+ hiwk ; by phonon emission (4)
or absorption (—). Because acoustic phonons only transfer
a small energy, the LP states with finite momentum K (red)
below the UP (blue) may be reached after optical excitation of
a virtual state (red circle within the gray light cone) by such a
process (indicated by black arrows) and those transitions are
the origin of the observed low-energy flank.

Such a consideration would, however, also lead to a high-
energy flank of the LP similar to the high-energy flank of
the absorption spectrum as found for a bare monolayer on
a substrate due to acoustic phonons [19,20]. However, the
peculiar dispersion relation of the LP leads to the absence
of such processes. In the low-energy region of the LP, the
density of states is vanishingly small as sketched in Fig. 4(c)
and therefore the probability of a phonon-assisted transition
into states directly above the lowest LP state is negligible.
Therefore we do not observe an asymmetry of the LP in
Fig. 5(a). We note, however, that for higher temperatures the
optical phonons lead to a considerable coherent coupling of
LP and UP such that also the LP gains a small amount of
asymmetry, which is, however, in any case lower than for
the UP.

D. Influence of inhomogeneous broadening

Until now we have only considered homogeneous broad-
ening mechanisms in the description of the polariton spectra.
Monolayers of TMDCs usually show a pronounced inhomo-
geneous broadening of the exciton line due to the sensitivity
on the surrounding material. Even though inhomogeneous
broadening can be drastically reduced, mainly by means of
hexagonal boron nitride encapsulation [49,50], it is instructive
to include an inhomogeneously broadened exciton ensemble
in the calculation.

To account for the inhomogeneous broadening we intro-
duce an ensemble of excitons with a varying exciton-cavity
detuning A by defining the exciton energy as Ex(A) = Eqy +

2 . .
A+ hZAIfIZ. We assume that every detuning A couples inde-

pendently to the photon modes and thereby the exciton and
therefore the polariton operators depend on the detuning with

P a(A) = ak A (A)Xk(A) + Bk A (A)ak,

where the coefficients «, § depend on A [cf. eigenvectors in
Eq. (2)]. The full spectrum is then calculated by integrating
over all detunings

G E) =3 [ana@p)boaa. Exis,
A

where (130, A) 1s the Fourier-transformed polariton amplitude.
p(A) is the normalized distribution of detunings A, which we
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FIG. 6. FWHM of LP (red) and UP (blue) resonance for (a) T =
50 K and (b) T = 150 K. The filled circles (solid lines) show the case
without inhomogeneous broadening and the empty triangles (dashed
lines) show the results with an inhomogeneous broadening of
D =2 meV.

assume to be Gaussian:

p(A) =

1 <_ (A — A0)2>
V22D P 202

with the energetic width D around the central detuning A(. We
can regain the results of the former section by taking D — 0.

The inhomogeneous broadening mainly affects the polari-
ton resonance with dominant exciton contribution, while a
purely photonic mode is unaffected. This effect is shown in
Fig. 6(a), where we plot the FWHM for T = 50 K without
inhomogeneous broadening (filled circles) [cf. Fig. 4(a)] for
LP (red) and UP (blue) together with a calculation with a finite
inhomogeneous broadening of D = 2 meV (empty triangles).
It is directly evident that the linewidth of the LP is strongly
dominated by the influence of the inhomogeneous broadening,
as it is essentially constant when only accounting for homo-
geneous broadening. For negative detuning A, the excitonic
component of the LP increases, which is therefore affected
more strongly by inhomogeneous broadening. In reverse, for
positive detuning the LP becomes more photonic and accord-
ingly the FWHM of the LP with inhomogeneous broadening
approaches the calculation with D — 0 (filled circles) for
increasing Ag. The impact of the inhomogeneous broadening
on the UP line behaves in the opposite way: For negative
detuning, the inhomogeneous broadening changes the FWHM
only slightly, while for positive detuning the UP becomes
more excitonic and a strong influence of the inhomogeneous
broadening is seen. This finding is in agreement with Ref. [7],
where a crossover from a broad UP to a broad LP signal

was observed when tuning the detuning through resonance at
T =42K

When increasing the temperature to 7 = 150 K in Fig. 6(b)
the relative influence of the inhomogeneous broadening de-
creases because the homogeneous broadening by phonons
dominates. The influence on the UP (blue) is barely visible
because for strong negative detuning the UP is photonlike and
therefore not coupled to the inhomogeneous broadening, and
for positive detunings the homogeneous broadening strongly
dominates the FWHM. The influence on the LP is still larger
because the influence of acoustic phonons is essentially absent
as shown above, but the relative influence as compared to the
case of T = 50 K is reduced because of a finite contribution
due to optical phonon absorption.

IV. CONCLUSIONS

In conclusion we performed non-Markovian calculations
of the phonon-induced line shape of polariton spectra of
a MoSe, monolayer embedded in a high-Q microcavity
by means of a time convolutionless master equation. The
temperature-dependent detuning of the exciton and cavity in-
fluences the effective photon contribution of the upper and
lower polaritons and therefore their general visibility in the
spectra. We found a nontrivial dependence of the spectral
linewidths of both resonances as a function of temperature
and detuning due to the influence of phonons. The peculiar
polariton dispersion relation leads to a LP linewidth that is
largely independent of the acoustic phonon contributions. In
contrast, acoustic phonons lead to a low-energy shoulder of
the UP resonance in the spectra due to phonon-assisted pro-
cesses involving the excitonlike part of the LP branch. We
further discussed the impact of inhomogeneous broadening
of the exciton ensemble on the spectra and showed that this
affects especially the LP linewidth at low temperatures.

The presented results contribute to a thorough understand-
ing of polariton-phonon interaction and will help to interpret
and optimize the optical properties of TMDC-based polari-
tonic devices.
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APPENDIX: DERIVATION OF THE TCL EQUATION

We here give a brief derivation of the equation of motion
of the polariton amplitude Pk » from Eq. (5) starting from the
Hamiltonian in Eq. (3). Starting from the Heisenberg equation
of motion for the polariton annihilation operator, the equa-
tion of motion for the coherent polariton amplitude Px 5 is
derived, which couples to the phonon-assisted density matri-
ces Sy = (Px_q.abq.) and Sy o= (Px_q.abl )
according to

4= Lle . p
dt K,A — i K,ALK,A
i AN -) )
- > 8ok 0k o T SKoan)-
Q,i,A/,
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The equation of motion for S reads in second Born
approximation [42]

d (1)

i
_ (£)
21 KQA T _£(5K—Q.A” + hwiQ,i)SK,Q.A”,i

. 11
% ;ng,K,,’PK,A’ (5 ¥5 + nth,i)-

The TCL equation now results from a formal integration of
S®), where in the integrand Pk, is approximated in zeroth
Born approximation [21] by

Piar(t — )~ eWMERNT P 0(1)

in the spirit of a slowly varying dynamics in the interaction
picture.
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