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We study experimentally and theoretically the exciton-phonon interaction in MoSe2 monolayers
encapsulated in hexagonal BN, which has an important impact on both optical absorption and
emission processes. The exciton transition linewidth down to 1 meV at low temperatures makes
it possible to observe high energy tails in absorption and emission extending over several meV,
not masked by inhomogeneous broadening. We develop an analytical theory of the exciton-phonon
interaction accounting for the deformation potential induced by the longitudinal acoustic phonons,
which plays an important role in exciton formation. The theory allows fitting absorption and emis-
sion spectra and permits estimating the deformation potential in MoSe2 monolayers. We underline
the reasons why exciton-phonon coupling is much stronger in two-dimensional transition metal
dichalcodenides as compared to conventional quantum well structures. The importance of exciton-
phonon interactions is further highlighted by the observation of a multitude of Raman features in
the photoluminescence excitation experiments.

I. INTRODUCTION

Layered van der Waals materials provide a versatile
platform for exploring fundamental physics and potential
applications by combining different two-dimensional (2D)
crystals [1–6]. Among these layered materials, transition
metal dichalcogenides (TMDs) are particularly suitable
for fundamental and applied optics, as they are semicon-
ductors with a direct bandgap when thinned down to one
monolayer (ML) [3, 4]. The Coulomb interaction between
conduction electrons and valence holes is strong due to
2D confinement of charge carriers, heavy effective masses
and weak screening. As a result, the optical properties
of monolayer TMDs are dominated by excitons, electron-
hole pairs bound by Coulomb attraction [7–14].

The interaction of excitons with phonons governs many
important aspects of the optical properties of 2D mate-
rials [15–21] and semiconductor nano-structures in gen-
eral [22–28] including energy relaxation, dephasing and
transition linewidth broadening with temperature. Un-
der non-resonant optical excitation high energy excitons
are generated that subsequently loose energy by phonon
emission, as recently discussed for MoSe2 MLs [29]. In-
teractions of carriers with phonons play a key role in
the exciton formation process [30–33]. Other impor-
tant signatures of the exciton-phonon interaction are sin-
gle resonant and double resonant Raman scattering pro-
cesses [34–39]. Also the possible impact of polarons, elec-
trons dressed by a phonon-cloud, on the optical proper-
ties has been discussed [40] for TMD MLs. There is a
multitude of neutral and charged excitons in ML TMDs
that give rise to complex photoluminescence spectra [41].
Here phonons provide the necessary energy and in cer-
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tain cases momentum for transitions between states in
different valleys [42–44]. Knowing details about the in-
teraction of excitons with phonons is therefore important
for exciton dynamics that dominates light-matter inter-
action in TMD MLs.

The deformation potential is a key parameter which
describes the interaction of the charge carriers and ex-
citons with phonons. It controls a plethora of effects
including momentum and energy relaxation processes,
linewidth broadening, as well as the photoelastic prop-
erties of nanosystems relevant for optomechanical appli-
cations. The direct determination of the deformation po-
tential, e.g., by shifts of the exciton line as a function of
the elastic strain or deformation as in Refs. [45, 46] is
difficult due to the necessity of applying homogeneous
uniaxial strain and requires substantial deformations in
order to provide a measurable line shift. That is why
determination of the deformation potential values from
other effects, like thermal broadening of the exciton emis-
sion lines and asymmetric shapes of the exciton absorp-
tion lines are of high importance.

Recently encapsulation in hexagonal boron nitride
(hBN) of TMD monolayers has resulted in considerable
narrowing of the exciton transition linewidth, down to
about 1 meV [37, 47–51]. This gives now access to in-
teresting details of the exciton spectra. Here we show in
photoluminescence excitation spectroscopy on monolayer
MoSe2 encapsulated in hBN at T = 4 K a strong absorp-
tion tail at energies as high as 15 meV above the neutral
exciton peak, well outside the transition linewidth. We
demonstrate in resonant absorption experiments with a
tunable laser that this high-energy tail is a very promi-
nent feature in several samples investigated, underlin-
ing the importance of phonon-assisted exciton formation.
In temperature dependent PL experiments we show a
high energy emission tail appearing as the temperature is
raised from 9 to 70 K. We argue that the efficient interac-
tion between exciton and acoustic phonons is responsible
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for both the broadening in absorption and the unusual
evolution of the PL line with temperature observed on
the same sample. Phonon sidebands in absorption spec-
tra of ML MoSe2 are discussed in [40]. Here we pro-
vide evidence for this coupling at low temperature, pre-
viously masked by inhomogenous broadening, and intro-
duce exciton-acoustic phonon coupling as an important
ingredient also for emission lineshape analysis. Based
on model calculations within an analytical approach and
taking into account the deformation potential interac-
tion between excitons and acoustic phonons we obtain
compact expressions for the absorption spectrum and
phonon-assisted emission. This allows for a numerical fit
of our absorption and emission experiments. We discuss
the role of phonons in exciton formation and compare
our findings to exciton-phonon interactions in quasi-2D
quantum well structures.

The paper is organized as follows: In Sec. II we re-
port on experimental methods and results. Section III
presents the model and analytical results. In Sec. IV we
compare the experiment and theory and estimate the ex-
citon – acoustic phonon coupling strength. Conclusions
are given in Sec. V.

II. OPTICAL SPECTROSCOPY RESULTS

A. Experimental methods

The samples are fabricated by mechanical exfoliation
of bulk MoSe2 (commercially available from 2D semi-
conductors) and very high quality hBN crystals [52] on
80 nm-thick SiO2 on a Si substrate. The experiments
are carried out in a confocal microscope build in a vibra-
tion free, closed cycle cryostat with variable temperature
T = 4 − 300 K. The excitation/detection spot diame-
ter is ∼ 1µm. The monolayer is excited by continuous
wave (cw) Ti-Sa laser (Msquared solstis) with sub-µeV
linewidth. The photoluminescence (PL) signal is dis-
persed in a spectrometer and detected with a Si-CCD
camera. The typical laser excitation power is 3 µW .

B. Experimental results

In PL experiments shown in Fig. 1a we observe well-
separated (≈ 25 meV) emission lines for neutral (X0

at ≈ 1.637 eV) and charged excitons (trions, T, at
≈ 1.613 eV) [53]. The transitions at low temperature
in encapsulated MoSe2 MLs show very narrow lines with
a linewidth down to 1.2 meV [49]. This gives access to
physical processes previously masked by inhomogeneous
contributions to the linewidth. We study now in detail
quasi-resonant and resonant laser excitation of the X0

transition. We start by discussing PL excitation (PLE)
experiments detecting the X0 PL emission intensity as
function of excitation laser energy. The integrated in-
tensity of the X0 transition is plotted in Fig. 1b. We

tune the laser from 1.651 eV to 1.747 eV in 2.5 meV
steps (wavelength is incremented by ∆λ = 0.5 nm). We
observe oscillations of the PL intensity as a function of
excitation energy, see also Fig.2a,c for different samples.
The period of the oscillation is ∼ 20 meV and exactly
matches the longitudinal acoustic phonon energy at the
M point of the 2D hexagonal Brillouin zone, LA(M), as
discussed in detail by Chow et al. [29]. As the excitation
laser energy approaches the X0 transition, we make an
important observation: in Fig. 1b the PL emission inten-
sity starts to increase considerably for excitation energies
below 1.653 eV, even though the X0 resonance is still∼ 15
meV away and the X0 PL emission line is spectrally very
narrow. We verified this surprising result by performing
PLE measurements on different samples of MoSe2 MLs
encapsulated in hBN, compared in Fig. 2.

As we approach the X0 transition with the laser, scat-
tered laser light starts to obscure the PL signal on the
CCD. In order to avoid this complication, we change de-
tection scheme: We approach the X0 resonance further
with our laser but we detect the trion emission and as-
sume that it is a reasonable measure of X0 absorption.
The excitation energy is tuned from 1.632 eV to 1.647 eV.
The integrated trion emission intensity as a function of
laser energy is recorded in Fig. 1c. This X0 absorption
spectrum strongly deviates from a symmetric Lorentzian
lineshape, with a pronounced tail on the high-energy side
of the main resonance. We have repeated this experi-
ments for different laser powers and have reproduced each
time this highly asymmetric lineshape. Note that instead
of monitoring the trion emission when scanning across
the neutral exciton transition, also upconversion emis-
sion of the B-exciton and the excited A-exciton states
can be monitored. These measurements further confirm
the pronounced high energy tail in absorption [54].

In addition to this high energy tail in absorption, we
also obtain a surprising result when studying emission
at different temperature. In temperature dependent PL
from 10 K to 70 K of the X0, shown in Fig. 1d, we observe
an asymmetric broadening, with stronger broadening on
the high energy side, a clear deviation from a standard
Lorentzian emission lineshape.

In the following section we will explain the observed
asymmetry in absorption and emission due to the efficient
coupling of excitons to acoustic phonons. Especially the
strong dependence on temperature of the asymmetry ob-
served in emission is a strong indication that phonon re-
lated processes are important. Our theoretical investiga-
tion is further motivated by the efficient exciton-phonon
coupling observed for two additional samples in Fig. 2.
Also for these sample we confirm the strong absorption
tail at higher energy, well above the X0 resonance. In
Figs. 2a and 2c for samples 2 and 3, respectively, this
absorption tails is clearly observable up to 25 meV above
the X0 resonance. At higher excitation energy also for
these samples we observe the multi-phonon LA(M) reso-
nances as for sample 1 in Fig. 1b. In addition samples 2
and 3 show strong resonant Raman signals, involving dif-



3

1.600 1.610 1.620 1.630 1.640 1.650
0

1000

2000

3000

4000

5000

 

 

PL
 in

te
ns

ity
 (c

ou
nt

s/
se

c)

Energy (eV)

0

1

1.632 1.634 1.636 1.638 1.640 1.642 1.644 1.646
Laser energy (eV)

 
 

 

 
In

te
gr

at
ed

 tr
io

n 
in

te
ns

ity
 (a

rb
. u

ni
t) 

T

1.632 1.634 1.636 1.638 1.640 1.642 1.644 1.646

1.608

1.612

1.616

Laser energy (eV)

P
L 

en
er

gy
 (e

V
)

                  hBN 
MoSe2 ML 
                          hBN 
                     SiO2	  

                  Si	  

Laser light Emitted light (a) 
(b) 

(c) 

(d) 

1.5	  meV	  

(e) 

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0.0

1.1
1.637 1.657 1.677 1.697 1.717 1.737 1.757

  

 X0

 X
0  in

te
gr

at
ed

 in
te

ns
ity

 (a
rb

. u
ni

t)

E(Laser)-E(X0) (eV)

A'
(Γ
)

2L
A(

M
)

3L
A(

M
)

4L
A(

M
)

5L
A(

M
)X0	  

T	  

X0	  

-6 -4 -2 0 2 4 6

 

 

 

 9.4K
 15K
 20K
 25K
 30K
 35K
 40K
 45K
 50K
 60K
 70K

X0

N
or

m
al

is
ed

 P
L 

in
te

ns
ity

 (a
rb

. u
ni

t)

Δ= h/2π (ω −ω
0
)(meV)

Temperature 

Δ=ħ	  (ω-ω0)(meV)	  

M	  

K-‐	  K+	  
M	  

Γ	  
K+	  

K+	   K-‐	  

K-‐	  

FIG. 1: Optical spectroscopy results. ML MoSe2 encapsulated in hBN - sample 1 (a) Typical PL emission spectrum at
T=4 K. Emission peaks at energy 1.613 eV and 1.637 eV are due to the charged (T) and the neutral exciton X0. Inset of panel
(a): Schematics of sample structure: MoSe2 ML encapsulated in hBN, the bottom hBN layer is (140±5 nm) thick as determined
by AFM, the SiO2 layer is 80 nm thick. (b) PLE experiments : Integrated X0 PL intensity plotted in terms of excess energy
(bottom axis), defined as the difference between the laser energy (top axis) and the X0 resonance. The average oscillation
period corresponds to the M-point longitudinal acoustic phonon LA(M). Inset of panel (b): Schematics of 2D Brillouin zone
with K, M and Γ points (c) Integrated trion PL intensity as a function of excitation energy scanning laser across X0 resonance
and (d) contour plot of trion PL intensity scanning laser across X0 resonance at T = 4 K. (e) Temperature dependent PL
emission at X0 resonance. For better comparison of emission shape, the X0 PL intensity is normalized to the maximum value
and the energy shifted to compensate the temperature evolution of the bandgap.

ferent phonons and their multiples, as indicated in Fig. 2b
and d.

III. THEORY OF EXCITON-PHONON
INTERACTION

The aim of this section is to develop a simplified
but analytical approach to exciton-phonon interaction in
TMD monolayers. Here we argue that taking into ac-
count emission and absorption of acoustic phonons the

broadening of the exciton line both in absorption at low
temperature shown in Fig. 1c and in emission at higher
temperature shown in Fig. 1e can be explained. We can
fit the experiments to demonstrate order of magnitude
agreement between our model and the measurements.
For a complementary, self-consistent approach the reader
is referred to [40], where a polaron framework was used
and the link between dark (momentum-forbidden) ex-
citons and phonon-side band formation is discussed in
detail.
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FIG. 2: Sample 2. (a) PLE spectra of MoSe2 ML plotted in terms of excess energy (bottom axis), defined as the difference
between the laser energy (top axis) and the X0 resonance. (b) Contour plot of the same data, where sharp Raman features
are superimposed on broad exciton absorption features. Sample 3. (c) Same as (a) but for different sample. (d) same as (b)
but for different sample. Phonons are labelled according to Soubelet et al. [39]. In samples with more disorder and stronger
localization, Raman features are more prominent as momentum conservation is relaxed [39], which leads to rich features in
panel (d). In addition to PL emission, the integrated signal in panels (a) and (c) also contains contributions from Raman
scattered photons if the laser energy is a multiple of a prominent phonon energy above the X0 transitions. In panels (b) and
(d) the Raman features are spectrally very narrow due to the narrow linewidth of the excitation laser used.



5

A. Deformation potential interaction

In semiconductors usually two types of interaction be-
tween excitons and acoustic phonons are discussed: the
deformation potential interaction and the piezoelectric
interaction [55, 56]. Although the latter is typically domi-
nant for individual charge carriers [55–57], the piezoelec-
tric coupling is expected to be strongly suppressed for
excitons in transition metal dichalcogenides due to close
values of effective masses of electrons and holes (predicted
by theory [58]) and also due to the small exciton Bohr
radius.

The deformation potential interaction involves, in the
axially symmetric approximation, longitudinal acoustic
phonons. This is because the energy shift of the charge
carriers dispersion is, within the axial approximation,
proportional to the divergence of the lattice displace-
ments u(r): U ∝ ∇ · u(r). Thus, U 6= 0 for the longi-
tudinal phonons only, where the displacements of atoms
are parallel to the phonon wavevector. Hereafter we con-
sider only the phonons from the MoSe2 monolayer be-
cause the electron-phonon deformation potential interac-
tion occurs in general at short range. The van der Waals
interaction between the monolayer and surrounding is
relatively weak and, unlike ionic or covalent bonding, is
not expected to efficiently transfer deformation from one
layer to another. The exciton perturbation due to the
deformation potential reads

Uq =

√
~

2ρΩqS
qb†q[e−iqreDc − e−iqrhDv] + c.c. . (1)

Here q is the phonon wavevector, b†q (bq) is the phonon
creation (annihilation) operator, ρ is the two-dimensional
density of mass of the TMD ML, Ωq = sq is the phonon
frequency, s is the (longitudinal) sound velocity, S is
the normalization area, Dc (Dv) are the deformation po-
tential constants for the conduction (valence) band, c.c.
stands for the complex conjugate. The matrix element
describing the exciton scattering from the state with the
center of mass wavevector k to the state with the cen-
ter of mass wavevector k′ accompanied by the phonon
emission is derived from Eq. (1) with the result

Mq
k′k =

√
~

2ρΩqS
q(Dc −Dv)F(q)δk,k′+q, (2)

where the form-factor

F(q) =

∫
e−iqρ/2ϕ2(ρ)dρ =

1[
1 +

(
qaB

4

)2]3/2
, (3)

is introduced. Here and in what follows we as-
sume equal electron and hole effective masses, ϕ(ρ) =√

2/(πa2
B) exp (−ρ/aB) is the ground state envelope

function (taken in the hydrogenic form), aB is the ef-
fective exciton Bohr radius. For relatively small phonon
wavevectors qaB � 1 the form-factor is not sensitive to
the shape of the envelope function.

B. Exciton-phonon scattering

In this subsection we study the phonon-induced broad-
ening of exciton resonance in the simplest possible ap-
proach based on the Fermi golden rule. To that end we
introduce the out-scattering rate from the exciton state
with the wavevector k and kinetic energy Ek = ~2k2/2M ,
where M is the translational mass of the exciton, due to
emission of the acoustic phonons:

1

τk
=

2π

~
∑
k′q

|Mq
k′k|

2δ(Ek − Ek′ − ~Ωq). (4)

For Ek, Ek′ � Es, where Es = Ms2, the exciton-phonon
scattering is quasi-elastic [55] (this point is discussed in
detail below in Sec. III C), thus we can omit the phonon
energy, ~Ωq, in the energy conservation δ-function. As-
suming that typical phonon and exciton wavevectors are
smaller than the inverse Bohr radius, k, k′ � a−1

B (this
condition is fulfilled at all realistic temperatures), we put
the form-factor F ≡ 1 and obtain from Eq. (4):

1

τk
= 4

√
2E3

sEk

~E
. (5)

Here

E−1 =
(Dc −Dv)2

4π~2ρs4
. (6)

Since exciton-phonon scattering is quasi-elastic both
absorption and emission processes are possible because
the phonon energy ~Ωq is typically much smaller than
kBT with T being the temperature and kB the Boltz-
mann constant. Thus, for a thermalized exciton gas one
has

1

τT
=

2π

~
∑
k′q

|Mq
k′k|

2(1 + 2nq)δ(Ek − Ek′), (7)

where

nq =
1

exp
(

~Ωq

kBT

)
− 1

(8)

is the phonon occupation numbers. For ~Ωq � Ek, Ek′ ∼
kBT we have nq = kBT/~Ωq � 1 and, as it follows from
Eq. (7) [75]

1

τT
=

4π

~
EskBT

E
. (9)

The phonon-induced exciton linewidth can be roughly
estimated making use of Eqs. (7), (9) with the result

~
τT

= c1T, c1 = 4π
EskBT

E
. (10)

The parameter c1 can be accessed in experiments [49, 59,
60], see also this work, Appendix A. Since the material
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intensity of PL emission measured (symbols) and calculated after Eq. (24) (solid lines) as a function of temperature at a fixed
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state, exciton-phonon scattering resulting in a real final state for exciton (on the exciton dispersion, 2), and relaxation toward
the radiative states inside the light cone (3). (d) Sketch of the photon absorption accompanied by the phonon emission. Exciton
and phonon wavevectors have same absolute value but opposite directions.

parameters and the speed of sound are known to a large
extent, the experimentally determined value of cexper1 al-
lows us to estimate the strength of the exciton-phonon
interaction. Relevant parameters of exciton-phonon in-
teraction are summarized in Tab. I. The analysis in Ap-
pendix A demonstrates that the accuracy of determina-
tion of c1 parameter is not extremely high because at
moderate to high temperatures the broadening can be
dominated by the optical phonons and acoustic phonons
at the Brillouin zone edge. Therefore the values cexper1

and the deduced deformation potentials can be consid-
ered as order-of-magnitudes estimates only.

C. Phonon-assisted absorption and high-energy
tail. Perturbative derivation

In this paragraph we aim to discuss exciton forma-
tion, assisted by phonons, for laser excitation energies
below the first LA(M) resonance i.e. closer than 19 meV
to the neutral exciton resonance. In absence of exciton-
phonon interaction the absorbance of the transition metal
dichalcogenide monolayer at the normal incidence of ra-
diation in the spectral vicinity of exciton resonance is
described by the Lorentzian profile

A0(ω) =
2Γ0Γ

(~ω − ~ω0)2 + (Γ + Γ0)2
. (11)
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TABLE I: Material parameters

Property MoSe2 MoS2 WSe2 WS2

s (105×cm/s)a 4.1 6.6 3.3 4.3
ρ (10−7×g/cm2)b 4.46 3.11c 6.04 4.32
cexper1 (µeV/K) 91d , 52 . . . 88e 45 f , 70 g 60 h 28d

|Dc −Dv|fit (eV)i 5 . . . 6.5 5.5f , 7.7g, 10.5j 5.4k 3.5
aFrom Ref. [61].
bCalculated from the data on bulk crystals as ρ = ρbulkc/2, where
c is the lattice constant for the 2H polytype.
cFrom Ref. [62].
dFrom Ref. [59]
eThis work
fFrom Ref. [63]
gFrom Ref. [49]
hFrom Ref. [64].
iFit to experimental data on c1 (thermal broadening of exciton

resonance) after Eq. (10).
jFrom experimental data in Ref. [45] on strain tuning of optical

resonances.
kFrom experimental data in Ref. [46] on strain tuning of optical

resonances.

Here ω is the incident light frequency, ω0 is the exciton
resonance frequency, Γ0 is the exciton radiative decay
rate, Γ is the non-radiative decay rate of the exciton.
This expression can be derived within the non-local di-
electric response theory [65, 66] by calculating the ampli-
tude reflection r(ω) and transmission t(ω) = 1 + r(ω) co-
efficients of the monolayer and evaluating the absorbance
as A0(ω) = 1− |r(ω)|2 − |t(ω)|2. Hereafter we disregard
the effects related with the light propagation in the van
der Waals heterostructure [67]. The estimates performed
for our structures show that the asymmetry in the shape
of the A0(ω) related to the light propagation effects is
negligible.

To simplify derivations we consider in a first approach
in what follows the limit of Γ0 � Γ, which allows us to
take into account the light-matter interaction perturba-
tively. In this limit we can arrive at Eq. (11) making
use of the Fermi’s golden rule and evaluating the rate of
the transitions to the excitonic state with the in-plane
wavevector k = 0 as

A0 =
2π

~
|Mopt|2δ(~ω − ~ω0). (12)

Here |Mopt|2 is the squared matrix element of the optical
transition to the k = 0 state normalized per flux of the
incident photons. The δ-function ensuring the energy
conservation is broadened by non-radiative processes

δ(~ω − ~ω0) =
1

π

Γ

(~ω − ~ω0)2 + Γ2
.

The radiative broadening of the exciton resonance can
be introduced as Γ0 = |Mopt|2/~. Within second-
order perturbation theory the phonon-assisted absorp-
tion [schematically shown in Fig. 3, panels (c) and (d)]
is possible for ~ω > ~ω0 via a two step process: First
the exciton is created in the intermediate (virtual) state
with k ' 0 and the emission of the phonon takes place

as a second step. Correspondingly, the contribution to
absorbance due to this two-step process reads

A1 =
2π

~
∑
k,q

∣∣∣∣∣M
q
k,0Mopt

∆

∣∣∣∣∣
2

δ(∆− Ek − ~Ωq). (13)

Here

∆ = ~ω − ~ω0, (14)

is the detuning between the photon energy and the exci-
ton resonance energy.

It follows from the momentum conservation law that
the phonon wavevector q = −k as the total linear mo-
mentum of the electron-hole pair is equal to the in-plane
photon momentum, that is close to zero at the normal in-
cidence of radiation. The energy conservation law there-
fore reads

~2k2

2M
+ ~sk = ∆. (15)

Equation (15) can be readily solved to obtain the phonon
energy in the form (q = k)

~Ωk = Es

(√
1 +

2∆

Es
− 1

)
≈

{
∆, ∆� Es,√

2∆Es, ∆� Es.

(16)
For typical parameters Es ∼ 100 µeV� ∆ and all energy
is transferred to the recoil exciton, leaving the phonon
with a small energy

√
2∆Es � ∆. An illustration of

the exciton and phonon dispersions is shown in Fig. 3c.
Summation over k in Eq. (13) can be performed for any
ratio of ∆ to Es with the result

A1 = 2πΓ0
F2(Ωk/s)

E
P
(

∆

Es

)
Θ(∆), (17)

where Θ(∆) is the Heaviside Θ-function and the function
P(x) is defined as

P(x) =
1√

1 + 2x

(√
1 + 2x− 1

x

)2

≈

{
1, x� 1,√

2/x3, x� 1.

(18)
For the experimentally relevant situation where x =
∆/Es � 1 the function P(x) ≈

√
2/x3/2 and A1 in

Eq. (17) reduces to

A2 = 2
√

2πΓ0
F2(Ωk/s)

E

(
Es

∆

)3/2

Θ(∆). (19)

Expression (19) describes the tail of absorption at ~ω −
~ω0 ≡ ∆ � Γ,Γ0, Es, Ωk is given by Eq. (16), similarly
to predicted and observed in Ref. [40]. Accounting for
both the phonon emission and absorption processes gives
rise to an additional factor of (1 + 2nk) in Eq. (19).

For the purpose of direct comparison with experiment,
it is convenient to obtain a model expression for the
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absorption spectrum which accounts for both the (no-
phonon) direct and indirect (phonon-assisted) processes.
To that end we employ the self-consistent Born approx-
imation [68] for the exciton-phonon interaction, see Ap-
pendix B for details, and arrive at

A(~ω) =
2Γ0[Γ + γph(∆)]

∆2 + [Γ + Γ0 + γph(∆)]2
, (20)

where the acoustic phonon scattering rate is:

γph(∆) =

coth

(
~Ωk

2kBT

)
πF2(Ωk/s)∆

2

E
P
(

∆

Es

)
Θ(∆). (21)

In Eqs. (20) and (21) both phonon absorption and
emission processes are included. Strictly speaking, the
self-consistent Born approximation is not applicable for
∆ → 0, because the smoothing of the Heaviside func-
tion should be also taken into account. The fully self-
consistent approach such as developed in Ref. [40] should
then be applied. Here, the condition Γ0 � Γ is relaxed
that is why Γ0 is present also in the denominator of
Eq. (20). The results of calculation of A(~ω) are shown
in Fig. 3a and fit very well the measured absorption spec-
tra, they are discussed further in Sec. IV.

D. Temperature-dependent photoluminescence

In the photoluminescence process the exciton formed
non-resonantly relaxes in energy towards small k-states.
For a monolayer in free space the light cone is defined as
qphot = ω/c, c is the speed of light, and when k(ω) 6 qphot
the exciton can recombine by emitting a photon. In
the absence of exciton-phonon interaction the photolu-
minescence spectrum has a simple Lorentzian form, cf.
Eq. (11). The exciton-phonon interaction makes states
outside the light cone optically active as well. For exam-
ple, an exciton with the wavevector k can decay by emit-
ting a phonon with wavevector q = k and in addition a
photon along the monolayer normal i.e. qphot = 0. For
experiments at finite temperature not only the phonon
emission, but also phonon absorption processes become
important.

In general calculation of the photoluminescence spec-
trum requires detailed analysis of the exciton energy re-
laxation and recombination processes [69, 70]. Here, to
simplify the consideration as we aim for a qualitative
comparison with our experimental data, we assume that
the excitons are thermalized and their occupation num-
bers are described by the Boltzmann distribution

fk = exp

(
µ− Ek

kBT

)
, (22)

where µ < 0 is the chemical potential of the exciton gas.
The increase in temperature mainly results in occupation

of higher energy excitonic states, which due to the quasi-
elastic character of the exciton-phonon interaction gives
rise to the high-energy wing in the photoluminescence
which is so striking for the experiments shown in Fig. 1e.
Denoting, as in Sec. III C, by ~ω the energy of the emitted
photon, by ~ω0 the energy of the exciton at k = 0, and
by ∆ the detuning, Eq. (14), we arrive at the photon
emission rate in the form [cf. (13)]

I(ω) ∝
∑
k,q

fk(1 + 2nq)

∣∣∣∣∣M
q
0,kMopt

∆

∣∣∣∣∣
2

δ(∆− Ek). (23)

Equation (23) holds for ∆ � Γ, in the energy conser-
vation δ-function the phonon energy is omitted. The
calculation shows that the photoluminescence spectrum
at the positive detunings related to the phonon-assisted
emission takes the form

I(ω) ∝ e−∆/kBT kBTEs

∆2
F2

(√
2∆Es

~s

)
, ∆� Γ. (24)

The coefficient in Eq. (24) is temperature and detuning
independent. For given detuning ∆ > 0 the relative pho-
toluminescence intensity drastically increases with tem-
perature mainly due to the presence of excitons with
higher energies.

At the same time, the photoluminescence spectrum at
ω < ω0 (negative detuning ∆ < 0) is practically unaf-
fected by the temperature increase. Indeed, to emit a
photon with energy significantly (by more that ~Γ) lower
than ~ω0 a phonon with the energy ~Ωq > |∆| should be
emitted as well. The rate of this process is given by

I(ω) ∝
∑
k,q

fk(1 + nq)

∣∣∣∣∣M
q
0,kMopt

∆

∣∣∣∣∣
2

δ(∆− Ek + ~Ωq).

(25)
Due to the energy conservation law the process is allowed
for small absolute values of detunings only |∆| 6 Es/2,
see Fig. 3. Thus, for the experimentally relevant param-
eters the photoluminescence increase at negative detun-
ings is not expected in the theory, in agreement with
the observation of an asymmetric lineshape in Fig. 1e.
Note, that this is somewhat different from the optical
spectra in quantum dot structures where the exciton en-
ergy spectrum is discrete and exciton-phonon coupling is
essentially inelastic. Thus, in quantum dots deviations
from Lorentzian line-shapes with wings at low and high
energy can appear [26, 27].

IV. DISCUSSION

Figure 3a (same data as Fig. 1c) shows the X0 ab-
sorption measured via the integrated trion PL intensity
with a very prominent high energy tail. The results of
our model calculations using Eqs. (20) and (21) for the
best fit parameters (given in the caption) are shown by
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the red solid line. For comparison, blue dashed curve
shows the symmetric Lorentzian which describes the low-
energy wing of the absorption (~ω < ~ω0), but does not
reproduce the high energy wing. In contrast, the full cal-
culation fits the spectrum and reproduces the observed
absorption asymmetry very well, giving a strong indica-
tion that including exciton-phonon coupling is important
for describing the absorption process.

The free parameters in our fit are the radiative, Γ0, and
nonradiative, Γ damping of the exciton as well as the dif-
ference of the deformation potentials for the electron and
hole, |Dc−Dv|. The values used for Γ0 = Γ ' 0.5 meV is
in order of magnitude agreement with results from time
resolved spectroscopy reporting hundreds of fs to few ps
lifetimes [60, 71, 72]. The best fit value of |Dc −Dv| of
11 eV is somewhat larger than the literature and experi-
mental data summarized in Tab. I. The discrepancy can
originate from the simplification of the model, particu-
larly, the absence of the coupling with optical phonons
as well as with phonons at the Brillouin zone edge, as well
as from certain inaccuracy in determination of the defor-
mation potentials, see Appendix A for a brief discussion
of accuracy of fit of the temperature-induced broaden-
ing. Additionally, the presence of free charge carriers
may also provide a contribution to the high-energy wing
in absorption due to the possibility to relax the momen-
tum conservation law. We also stress that the absorption
(Figs. 1c and 3a) is detected via the photoluminescence
of the trion, therefore, efficiency of the relaxation path-
way may play a role as well. Recent X0 absorption ex-
periments based on detecting upconversion PL have con-
firmed the high energy absorption tail [54].

Similarly to the high energy tail in the absorption, the
calculations predict the same asymmetry in the photolu-
minescence emission spectrum. As described in Sec. III D
this is because the excitons with wavevectors k & qphot =
ω/c become optically active due to the phonon-assisted
processes. The increase in the temperature gives rise
to the increase of the occupancy of excitonic states at
larger wavevectors. This is exactly what is observed in
Fig. 1(e). Figure 3b shows the intensity of photolumines-
cence at three values of the positive detuning ∆ = 3, 4,
and 6 meV (all on the high energy wing) as a function
of temperature. The experimental data are in reasonable
agreement with the calculation after Eq. (24) and indeed
confirm the importance of the phonons in the photolu-
minescence emission.

Finally, we stress that the exciton interaction with
acoustic phonons is particularly strong in TMD ML-
sand, generally, in two-dimensional crystals as com-
pared with conventional quantum well structures such as
GaAs/AlGaAs. This is because the density of states of
two-dimensional phonons ∝ q is greatly enhanced com-
pared to that of the bulk phonons ∝ q2. This results
in about an order of magnitude enhancement (see Ap-
pendix C for details and further discussion) and accounts
for the observation of the high-energy tails in exciton ab-
sorption in TMD monolayers.

V. CONCLUSION

Our combined experimental and theoretical study
sheds light on the strong impact of the exciton-acoustic
phonon interaction in TMD monolayers on exciton
formation and recombination. We interpret strong
absorption above the exciton resonance in terms of
phonon-assisted exciton formation. Asymmetric line-
shapes with high-energy tails in emission are observed in
temperature dependent experiments. Also this unusual
emission lineshape is due to deformation potential
exciton-acoustic phonon coupling, which is enhanced in
TMD monolayers as compared to conventional quantum
well structures, and can be fitted by our simplified
analytical theory.
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Appendix A: Thermal broadening of exciton line

Figure 4 presents the dependence of the exciton
linewidth in photoluminescence (measured as full width
at half maximum) on the sample temperature. Two fits
are performed with very close values of parameters ac-
cording to the general expression [59, 63, 73]

γ(T ) ≡ ~
τT

= γ(0) + c1T +
c2

exp
(

~Ω0

kBT

)
− 1

. (A1)

Here γ(0) is the zero-temperature linewidth not related to
the exciton-phonon interaction, the T -linear term is due
to the exciton-acoustic phonon scattering, Eq. (10), and
the last term describes the interaction of excitons with
optical phonons or acoustic phonons at the Brillouin zone
edges, ~Ω0 is the effective phonon energy. Reasonable fit
quality can be achieved for the values of c1 which differ
by a factor of 2, compare Fit - 1 and Fit - 2 parameter
sets in the figure caption.

Appendix B: Nonperturbative derivation

For comparison with experiment it is instructive to de-
rive the expression for the indirect absorption spectrum
relaxing the condition ∆� Γ. To that end we calculate
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FIG. 4: Exciton linewidth (2× half width at half maximum at
low energy side) as a function of temperature extracted from
the PL data in Fig. 1e (points). Fit - 1 (red solid curve) is per-
formed by Eq. (A1) with the parameter set γ(0) = 1.52 meV,
c1 = 52 µeV/K, c2 = 11.52 meV and ~Ω0 = 13.4 meV. Fit -
2 (blue dashed curve) is performed by Eq. (A1) with the pa-
rameter set γ(0) = 1.49 meV, c1 = 88 µeV/K, c2 = 14.9 meV
and ~Ω0 = 15.5 meV.

the self-energy of the exciton with k = 0 with account
for the exciton-phonon interaction (allowing for, as be-
fore, the processes with the phonon emission only). In
the self-consistent Born approximation it takes the form
[cf. Ref. [40] where similar expression has been derived
by different method]

Σ0(~ω) =
∑
k,q

|Mq
k,0|

2Gk(~ω − ~Ωq), (B1)

where

Gk(~ω) =
1

~ω − ~ω0 − Ek − Σk(~ω)
(B2)

is the “dressed” and

Gk(~ω) =
1

~ω − ~ω0 − Ek + iΓ
, (B3)

is the bare retarded Greens function of the exciton in
the state k. In derivation of Eq. (B1), (B2) we assumed
that the photon damping is negligible and disregarded
the diagrams with the self-crossings [76]. Furthermore,
we assume that the phonon-induced renormalization of
the (real) part of the exciton frequency, i.e., the polaron
shift, are already included in ω0 and Ek so that Σk(~ω)
is purely imaginary. Note that self-consistent solution
of Eqs. (B1), (B2) is possible numerically only [40], it
includes polaron effects as well. For | Im Σk(~ω)| � Ek

we obtain from Eqs. (B1) and (B2)

− Im Σ0(~ω) = Γ + π
∑
k,q

|Mq
k,0|

2δ(~ω − ~ω0 − ~Ωq)

= Γ + γph(∆). (B4)

FIG. 5: Diagrams describing the photon absorption (top) and
exciton dressed Greens function (bottom).

The phonon-induced contribution can be calculated sim-
ilarly to derivation of Eq. (17) with the result

γph(∆) =
πF2(Ωk/s)∆

2

E
P
(

∆

Es

)
Θ(∆). (B5)

With account for finite temperature effects (both emis-
sion and absorption) the contribution γph(∆) can be re-
cast as

γph(∆) = (1 + 2nq)
πF2(Ωk/s)∆

2

E
P
(

∆

Es

)
Θ(∆)

= coth

(
~Ωk

2kBT

)
πF2(Ωk/s)∆

2

E
P
(

∆

Es

)
Θ(∆), (B6)

with ~Ωk given by Eq. (16).
The absorbance by the exciton is given by

A(~ω) = −2Γ0 ImG0(~ω) =
2Γ0[Γ + γph(∆)]

∆2 + [Γ + γph(∆)]2
. (B7)

We also note that for arbitrary relation between Γ0 and
Γ the radiative damping should be included only in the
denominator of Eq. (B7), see Eq. (11) and Ref. [66]. At
∆ . Γ the general expression (B7) passes to the direct
absorbance, Eq. (11). At ∆ � Γ Eq. (B7) provides the
indirect transitions contribution derived in Eq. (19). The
photon self-energy is given by, up to a factor ∝ |Mopt|2,
by the dressed exciton Greens function.

It is interesting to note that the approach developed
above can be also applied for excitons interacting with
free carriers or static disorder, if any. For example, for ex-
citon interacting with short-range impurities the γph(∆)
in Eqs. (B4) and (B7) should be replaced by the Born
scattering rate γimp (proportional to the impurity den-
sity and the electron-impurity scattering rate) which is
independent on the exciton energy.

Appendix C: Comparison with conventional
quasi-two dimensional semiconductors

The analysis shows that exciton-phonon interaction is
quite strong in transition metal dichalcogenide MLs as
compared with conventional GaAs-based quantum wells.
For example the parameter c1 in GaAs quantum wells [73]
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is an order of magnitude smaller than in MoSe2 de-
spite higher values of deformation potential and the fact
that exciton interacts with bulk (3D) phonons in GaAs-
case. Qualitatively, the enhanced exciton-phonon in-
teraction in atom-thin crystals is due to the fact that
for small wavevectors the phonon density of states is
larger in 2D than in 3D. One can demonstrate this dif-
ference between TMD MLs and quantum well structures
like GaAs/AlGaAs by determining the phonon scattering
rate, as in Eq. (7) but in this case for two-dimensional
excitons interacting with bulk (3D) phonons:

1

τ3D
T

=
2π

~
∑
k′q

|M3D;q
k′k |

2(1+2nq)δ(Ek−Ek′−~Ωq). (C1)

Here

M3D;q
k′k =

√
~

2ρbulkΩqV
q(Dc −Dv)F(q‖)Fz(qz)δk,k′+q‖ ,

(C2)
where ρbulk is the bulk mass density (gm/cm3), V is the
normalization volume, q = (q‖, qz) and the form-factor
Fz(qz) accounts for the exciton size quantization along
the quantum well growth axis.In Eq. (C3) below the sum

over k′ is removed due to the momentum conservation
law, k′ = k − q, while the sum over q is transformed to
the integral in the three-dimensional case as∑

q

=
V

(2π)3

∫
dq‖q‖

∫
dφq

∫
dqz,

where q‖ is the in-plane wavevector of the phonon, φq
is the in-plane angle of the phonon wavevector, and qz
is its normal component. By contrast, in the case of ex-
citon interacting with two-dimensional phonons, the last
integral over qz is absent. As a result, for phonons with
small energies ~Ωq � kBT , one has, instead of Eq. (7)

1

τ3D
T

=
(Dc −Dv)2MkBT

~2ρbulks2

∫
F2

z (qz)
dqz
2π
∼ 1

τT
× a0

a
,

(C3)
where a0 is the lattice constant and a is the well width
(we took into account that

∫
F2

z (qz)dqz/(2π) ∼ 1/a and
ρbulk ∼ ρ/a0). The parameter a0/a is indeed small
∼ 0.1 . . . 0.001 for typical quantum well structures. Its
appearance in Eq. (C3) as compared with Eq. (7) follows
from the simple argument: for bulk phonons the phonon
density of states is q2 → qzq‖ ∼ q‖/a.
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Rev. B 9, 690 (1974).

[31] T. Amand, B. Dareys, B. Baylac, X. Marie, J. Barrau,
M. Brousseau, D. J. Dunstan, and R. Planel, Phys. Rev.
B 50, 11624 (1994).

[32] J. Szczytko, L. Kappei, J. Berney, F. Morier-Genoud,
M. T. Portella-Oberli, and B. Deveaud, Phys. Rev. Lett.
93, 137401 (2004).

[33] A. Thilagam, Journal of Applied Physics 120, 124306
(2016).

[34] H. Guo, T. Yang, M. Yamamoto, L. Zhou, R. Ishikawa,
K. Ueno, K. Tsukagoshi, Z. Zhang, M. S. Dresselhaus,
and R. Saito, Phys. Rev. B 91, 205415 (2015).

[35] B. R. Carvalho, L. M. Malard, J. M. Alves, C. Fantini,
and M. A. Pimenta, Phys. Rev. Lett. 114, 136403 (2015).

[36] G. Wang, M. M. Glazov, C. Robert, T. Amand, X. Marie,
and B. Urbaszek, Phys. Rev. Lett. 115, 117401 (2015).

[37] C. M. Chow, H. Yu, A. M. Jones, J. Yan, D. G. Mandrus,
T. Taniguchi, K. Watanabe, W. Yao, and X. Xu, Nano
letters 17, 1194 (2017).

[38] M. R. Molas, K. Nogajewski, M. Potemski, and
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