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Excitonic linewidth and coherence lifetime in
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Atomically thin transition metal dichalcogenides are direct-gap semiconductors with strong
light–matter and Coulomb interactions. The latter accounts for tightly bound excitons,
which dominate their optical properties. Besides the optically accessible bright excitons, these
systems exhibit a variety of dark excitonic states. They are not visible in the optical spectra,
but can strongly inﬂuence the coherence lifetime and the linewidth of the emission from
bright exciton states. Here, we investigate the microscopic origin of the excitonic coherence
lifetime in two representative materials (WS2 and MoSe2) through a study combining
microscopic theory with spectroscopic measurements. We show that the excitonic coherence
lifetime is determined by phonon-induced intravalley scattering and intervalley scattering into
dark excitonic states. In particular, in WS2, we identify exciton relaxation processes involving
phonon emission into lower-lying dark states that are operative at all temperatures.
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A

s truly two-dimensional (2D) materials exhibiting a
weak dielectric screening, monolayer transition metal
dichalcogenides (TMDs) show a remarkably strong
Coulomb interaction giving rise to the formation of tightly
bound excitons1–5. In addition to the optically accessible
bright excitonic states located at the K and K0 points at the
corners of the hexagonal Brillouin zone6–10, there is also a
variety of optically forbidden states including p excitons
exhibiting a non-zero angular momentum, intravalley excitons
with a non-zero centre-of-mass momentum beyond the light
cone, spin-forbidden intravalley exciton triplets, as well as
intervalley excitons where a hole is located at the K point and
the electron either at the K0 point or the L point (half way
between K and G point in the ﬁrst Brillouin zone)11–13, cf. Fig. 1.
The corresponding transitions are denoted as K  K0 and K  L
in the following. In a recent time-resolved and temperaturedependent photoluminescence study, the existence of such
dark intervalley excitons was experimentally demonstrated14.
In particular, it was shown that in tungsten-based TMDs,
the intervalley dark excitonic state lies energetically below the
optically accessible exciton, resulting in a strong quenching of
photoluminescence at low temperatures14,15.
Since excitons dominate the optical response of TMDs, a
microscopic understanding of their properties is crucial for
technological applications in future optoelectronic and photonic
devices. The presence of dark states has a strong impact on the
coherence lifetime of optically accessible states, since they present
a possible scattering channel that can be accessed via emission or
absorption of phonons. The coherence lifetime of these excitonic
states in 2D TMDs is directly reﬂected by the homogeneous
linewidth of the corresponding excitonic resonances16. The
homogeneous linewidth in monolayer WSe2 has been recently
measured via optical 2D Fourier transform spectroscopy, a
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Figure 1 | Relaxation channels determining the excitonic coherence
lifetime. (a) Schematic representation of the minima of the excitonic
centre-of-mass motion (Q) dispersion E(Q). A K–K exciton can decay via
radiative grad (blue arrow) or non-radiative dephasing gnon-rad. The latter
occurs through exciton–phonon scattering within the K  K valley (orange)
or to dark K  L (red) or K  K0 (brown) excitonic states. For WS2, the
intervalley K  L and K  K0 excitons lie energetically below the K  K
exciton (DEKLo0) allowing efﬁcient scattering via emission of phonons
even at very low temperatures. The dashed dispersion curves refer to a
situation typical in MoSe2, where DEKL40. (b) A K  K (K  L, K  K0 )
exciton is formed by a hole (red) at the K point and an electron (blue) at the
K (L,K0 ) point.
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method which permits homogeneous broadening to be isolated
from possible inhomogeneous broadening17. Moody et al. ﬁnd a
linear increase of the homogeneous linewidth for temperatures up
to 50 K (refs 15,19,20). Further studies show both a
linear and a super-linear increase of the homogeneous18 and
total linewidths at higher temperatures. The observed increase is
typically ascribed to scattering with acoustic and optical phonons
within the K valley. Phonon-induced scattering into dark
intervalley exciton states has not been considered
to date. In addition, a consistent microscopic theory description
of exciton–phonon scattering is not available yet.
Here, we present a joint theory–experiment study that aims to
address the underlying microscopic processes determining the
excitonic coherence lifetime and, thus, the intrinsic homogeneous
linewidth in TMD monolayers. Our theoretical approach is based
on the semiconductor Bloch equation for the microscopic
polarization combined with the Wannier equation providing
access to eigenvalues and eigenfunctions of the bright and dark
excitons. The joint study reveals the existence of qualitatively
different microscopic channels behind the excitonic coherence
lifetime in tungsten- and molybdenum-based TMDs: in MoSe2,
the coherence lifetime is determined by radiative coupling at low
temperatures and by phonon-induced intravalley scattering at
room temperature. In contrast, the excitons in WS2 can be
efﬁciently scattered into the energetically lower-lying intervalley
dark excitonic state, cf. Fig. 1. This process is driven by phonon
emission and remains signiﬁcant even at low temperatures. In
this study, we focus on spin-conserving processes occurring on
an ultrashort timescale (tens of femtoseconds). Intervalley spin–
ﬂip scattering occurs on a longer (picosecond21,22) timescale for
supported samples. To describe the coherence lifetime of
optically bright excitons, we develop a theoretical model that
includes all relevant relaxation channels on a microscopic
footing. In the experimental facet of the study, we tested the
theory by characterizing WS2 and MoSe2 monolayers using linear
reﬂectance and photoluminescence spectroscopy. From the
experimental linewidths of the exciton transitions, we estimate
the temperature-dependent homogeneous broadening of the
resonances (additional details for the experimental procedure
and data analysis are given in ‘Methods’ section). Our analysis is
also consistent with recent reports on total exciton linewidths in
MoSe2 (ref. 15), as well as with the behaviour of WSe2 and
MoS2 studied through coherent spectroscopy17,18 and in
optical-pump/midIR-probe experiments23. Moody et al.17 also
reported a linearly increasing homogeneous linewidth with the
excitation density, which was attributed to exciton–exciton
scattering. In this work we focus on the low-excitation regime,
where these Coulomb induced processes play a minor role.

‘ 2 q2 m X exc m
Vq;k jq þ k þ Egap jmq ¼ Em jmq ;
j 
2m q
k

ð1Þ

with the reduced mass of the exciton m, presenting an eigenvalue
equation for excitons in TMDs. This equation includes the
exc
which is
excitonic part of the Coulomb interaction Vq;k
treated within the Keldysh formalism for 2D systems3,26, with
an underlying substrate of dielectric constant of E ¼ 2:13. We
obtain excitonic eigenenergies Em and excitonic wavefunctions jmq
for optically allowed bright and optically forbidden dark excitons,
enumerated by the quantum number m. The wavefunctions
depend on the momentum q ¼ ak1 þ bk2 describing the relative
motion of electrons (k1) and holes (k2) in real space, where a ¼
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me
mh þ me

and b ¼ mhmþh me with effective masses for electrons and
holes me, mh.
The second step is to derive a Bloch equation for the
microscopic polarization pvc
k1 ;k2 ðt Þ that determines the optical
response of the material. The quantity reads in the excitonic
P
ðwÞl
m
wv
c
¼ q jm
as annihilation
basis27 PQ
q haq þ bQ aq  aQ i, with aq
(creation) operators for an electron in the state (q,l) with the
band index l ¼ (v,c) and m being the quantum number of the
exciton state. Here, we also have introduced the in-plane
momentum Q ¼ k1  k2 denoting the Fourier coordinate of
the centre-of-mass motion in real space. The electronic
dispersion is assumed to be parabolic, which is a good
approximation in the vicinity of the K point. This results in a
quadratic dispersion for the excitons which constitutes the lowest
excitonic contribution11,12 addressed in a coherent optical
transmission experiment with ﬁxed polarization. We focus here
on the energetically lowest lying intravalley and intervalley
excitons numbered by m, that is, the bound electron and hole are
either both located at the K point (intravalley), or only the hole is
at the K point, while the electron is either in the K0 or in the L
point in the ﬁrst Brillouin zone, cf. Fig. 1. Since an emitted or
absorbed photon must match the centre-of-mass momentum Q,
only excitons with QE0 are optically accessible. As a result, all
intervalley excitons are dark.
Applying Heisenberg’s equation of motion, i‘ @t P mQ ¼ ½H; P mQ ;
we can determine the temporal evolution of the microscopic
m
. The Hamilton operator H includes: (i) an
polarization PQ
interaction-free part containing the dispersion of the electrons
and phonons, (ii) the carrier–light interaction determining the
optical selection rules, (iii) the carrier–carrier interaction that has
already been considered in the Wannier equation and (iv) the
carrier–phonon interaction coupling bright and dark excitons via
emission and absorption of phonons. The carrier–light coupling
is considered within the semi-classical approach in the
p . A gauge28. The coupling is determined by the optical matrix
element Mqs  projected to right-handed circular polarized light as
required to excite K  K excitons3,29–31. The carrier–phonon
matrix element gqla is treated within an effective deformation
potential approach for acoustic phonons and by approximating
the Fröhlich interaction for optical phonons32,33.
Evaluating the commutator in the Heisenberg equation of motion,
we obtain within the second-order Born–Markov approximation27
m
the Bloch equation for the microscopic polarizations PQ
ðtÞ:
 2 2

X
‘ Q
m
m
cv
þ Em PQ
ðtÞ ¼
þ i‘
jm
i‘ @t PQ
q Oq dQ;0
2M
q
ð2Þ
p X mna
n
i
GQ;Q þ q0 PQ
:
‘ q0 ;an
While the ﬁrst term describes the oscillation of the excitonic
polarization determined by the excitonic dispersion in Q, the second
term stands for the carrier–light interaction given by the Rabi
e0
s s
frequency Ocv
with the vector potential As  and the
q ¼ m0 Mq A
electron charge e0 and mass m0. The third contribution in
equation (2) describes the exciton–phonon interaction that is
given by the function

X mra rna 1
1
mna
a
gq0 g  q0
 þ nq0 
GQ;Q þ q0 ¼‘
2
2
 ;r
ð3Þ


d Er ðQ þ q0 Þ  En ðQÞ  ‘ oa q0 :

Here, ‘ oaq0 is the phonon energy and naq0 the phonon occupation
in the mode a corresponding to the Bose–Einstein distribution.
The function contains scattering processes including phonon
emission ( þ ) and absorption (  ). Overall, Gmna
Q;Q þ q0 accounts for

scattering of an exciton from the state m with momentum Q to
the state n with momentum Q þ q0 under emission or absorption of
a phonon in the mode a and momentum q0 . The exciton–phonon
coupling

X
ca n
m va n
gqmna
¼
jm
ð4Þ
0
q gq0 jq  bq0  jq gq0 jq þ aq0
q

depends on the electron–phonon matrix elements gqca0 and gqva0 for
conduction and valence band and the overlap of the relevant
exciton wavefunctions in momentum space. The corresponding
phonon-induced homogeneous dephasing of the excitonic
polarization reads27
p X mna
gma
G
ð5Þ
0
Q ¼ 2
‘ q0 n Q;Q þ q
giving rise to a non-radiative coherence lifetime for excitons with
momentum Q in the state m. Here, we take into account acoustic
(LA, TA) and optical phonons (LO, TO)33, explicitly considering
intravalley scattering between bright (Q ¼ 0) and dark K  K
excitonic states (Qa0) as well as intervalley scattering involving
dark K  L and K  K0 excitons, cf. Fig. 1. To evaluate the
exciton–phonon scattering rates, we calculate the rate selfconsistently, which corresponds to a self-consistent Born
approximation34,35.
Besides the exciton–phonon scattering, the coherence lifetime
of excitons is also inﬂuenced by radiative coupling, that is,
spontaneous emission of light through recombination of electrons
and holes. The radiative coupling is obtained by self-consistently
solving the Bloch equation for the excitonic polarization and
the Maxwell equations in a 2D geometry for the vector potential
As  yielding36

2
‘ 2 cm0 X s   m 
grad ¼
Mq jq  :
ð6Þ


on  q
Here, c/n is the light velocity in the substrate material and m0 the
vacuum permeability.
Excitonic absorption spectra. Having solved the Wannier
equation for K  K, K  L and K  K0 excitons, equation (1), and
the Bloch equation, equation (2), we have access to the optical
response of TMDs and can evaluate the radiative and
non-radiative homogeneous linewidth of excitonic resonances to
obtain the coherence lifetime of optically allowed excitons.
Figure 2 illustrates the absorption spectrum of 2D sheets36 of two
representative monolayer TMDs including tungsten diselenide
(WS2) and molybdenum diselenide (MoSe2). We predict the
homogeneous linewidth of the energetically lowest lying A
exciton to be in the range of a few meV corresponding to an
excitonic coherence lifetime of a few hundreds of femtoseconds.
Depending on the temperature, either the radiative or the
non-radiative contribution is the dominant mechanism. We
observe a larger radiative broadening in WS2 (7 versus 4 meV for
MoSe2), while the overall broadening at room temperature is
larger for MoSe2, namely, 40 versus 24 meV in WS2. Furthermore,
Fig. 2 shows the temporal evolution of the excitonic polarization
P01s ðtÞ after optical excitation with a 10 fs pulse. We ﬁnd that the
polarization decays radiatively with a time constant in the
range of hundreds of fs. Including exciton–phonon coupling the
time constant decreases sharply to tens of fs at room temperature.
Evaluating equations (5) and (6), we can determine the
microscopic origin of the excitonic linewidth. Figure 3 shows
the temperature dependence of the different contributions to the
total linewidth. Further, we show the corresponding exciton
coherence lifetime which is connected by Lt ¼ ‘ , with L being the
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Figure 2 | Calculated homogeneous broadening and coherence lifetime.
Predicted absorption spectrum of (a) WS2 and (b) MoSe2 for the
energetically lowest resonance of the A exciton. All spectra were
normalized to have the same peak value. While the blue line only includes
the radiative linewidth, the other lines also contain non-radiative
contributions due to exciton–phonon scattering at different temperatures.
The magnitude of the microscopic polarization for (c) WS2 and (d) MoSe2
following excitation by a 10 fs pulse at t ¼ 0 (ﬁlled curve).

full linewidth. We ﬁnd an excellent agreement between theory
and experiment with respect to qualitative trends and reasonable
quantitative agreement of the linewidths.
Temperature-dependent excitonic linewidth. In both
investigated TMD materials, we observe a temperatureindependent offset originating from radiative recombination.
Our results for the radiative dephasing are in good agreement
with recent calculations17,37. In contrast, the non-radiative
coupling via scattering with phonons introduces a strong
temperature dependence. Furthermore, we ﬁnd a remarkably
different behaviour for MoSe2 and WS2: while for MoSe2
intravalley exciton–phonon scattering is the crucial mechanism,
the exciton linewidth in WS2 is dominated by intervalley
scattering gKL
non  rad , coupling the optically allowed K  K exciton
with the dark K  L states. The reason for this difference lies in
the relative energies of these excitons. In WS2, the K  L exciton
is located B70 meV below the K  K exciton. Hence, exciton
relaxation through phonon emission is very efﬁcient even at 0 K,
resulting in a non-radiative contribution to the homogeneous
linewidth at low temperatures, cf. Fig. 3a. Zhao et al.38 report a
change of the band structure with temperature due to an
extension of the lattice, which is not included here. According to
ref. 38 one would observe a larger separation between K  K and
K  L excitons at lower temperatures, which would increase the
non-radiative contribution to the homogeneous linewidth.
However, this effect is expected to be small, since the radiative
linewidth dominates at low temperatures. The coupling to K  K0
excitons does not signiﬁcantly contribute to the exciton linewidth
due to the weak electron–phonon coupling element33.
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Figure 3 | Excitonic linewidth and lifetime. Temperature dependence of
the linewidth and lifetime of the A exciton in (a) WS2 and (b) MoSe2.
The red and black points correspond to the minimum and maximum limits
of the homogeneous linewidths extracted from experiment, respectively
(see Methods section). The thick red line shows the total predicted
linewidth consisting of the single contributions from the radiative decay grad
(blue) and non-radiative decay from intravalley exciton–phonon coupling
KL
KK 0
gKK
non  rad (orange) and intervalley coupling gnon  rad and gnon  rad (dashed
orange). Note that the latter contribution is very small.

The situation is entirely different in MoSe2, where the dark
K  L exciton lies B100 meV above the bright K  K exciton.
Thus, only the less efﬁcient absorption of phonons can take place.
Since the energy of large-momentum acoustic phonons, required
for scattering K  K excitons into K  L states, is only 15 meV in
this material33, the only contribution of intervalley scattering in
MoSe2 stems from the absorption of optical G phonons and
becomes relevant for temperatures higher than 150 K, cf. Fig. 3b.
Our calculations show that the intravalley scattering with acoustic
G phonons is crucial for the excitonic coherence lifetime in MoSe2
resulting in a nearly linear increase of linewidth with temperature,
as reported for monolayer MoTe2 (ref. 20) and MoS2 (ref. 18).
Since acoustic G phonons have low energies, the Bose–Einstein
distribution appearing in equation (3) can be linearized resulting in
 2 kT
0
2

a dephasing rate gKK
non  rad;ac ¼ 2p gq0 2‘ Mc2ac exhibiting a linear
dependence on the temperature T. The slope is given by the
exciton mass M, the velocity of the acoustic phonons cac and the
exciton–phonon coupling element gq0 at the position q0, where the
delta distribution is fulﬁlled, cf. equation (3).
The additional super-linear increase of the linewidth with
temperature observed for both MoSe2 and WS2 is ascribed to the
scattering of excitons with optical G or zone-edge L phonons.
The overall microscopically calculated temperature dependence
of the linewidth can be phenomenologically approximated
by g ¼ g0 þ c1 T þ Oc2 . For WS2, we obtain a temperatureekT  1

independent offset of g0 ¼ 9.2 meV (consisting of 7 meV due to
radiative decay and 2.1 meV due to acoustic L phonon emission),
a slope c1 ¼ 28 meV K  1 describing the linear increase due to
acoustic G phonons, a rate c2 ¼ 6.5 meV and an averaged energy
O ¼ 20 meV of relevant acoustic L (that is, zone-edge)
phonons deﬁning the superlinear increase. We ﬁnd that optical
G phonons do not give a strong contribution to the superlinear
increase, since the coupling element in equation (4) has nearly
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vanished at the required large momenta due to the sharper
exciton wavefunctions in WS2. The corresponding parameters
for MoSe2 read g0 ¼ 4.3 meV, c1 ¼ 91 meV K  1, c2 ¼ 15.6 meV
(7.2 meV due to intravalley optical phonon scattering and
8.4 meV due to K  L coupling) and O ¼ 30 meV. Overall, our
ﬁndings correspond well to the observations in refs 15 and 18,
emphasizing the importance of thermally activated scattering
processes with high-momentum phonon-modes beyond the
linear acoustic regime. Also, since the relative position of
the dark and bright exciton states plays a crucial role, TMDs
with the same transition metal are generally expected to show a
similar behaviour (see Supplementary Fig. 1 and Supplementary
Note 1 for measured and computed data for WSe2). Finally,
since the presence of the substrate has an impact on the
exciton wavefunctions due to the dielectric screening, the
exciton–phonon coupling elements gqmna
(equation (4)) depend
0
on the choice of the substrate as well. Overall, both the radiative
rate and exciton–phonon scattering are expected to decrease with
increasing dielectric constant of the substrate.

experiment, we measured temperature-dependent total linewidth Gtot (T) of the
ground state exciton resonance of WS2 and MoSe2. The measured linewidth is
considered as a convolution of the intrinsic homogeneous linewidth Gh (T) with
potential inhomogeneous broadening Gi from residual defects and disorder. The
inhomogeneous broadening was assumed not to depend on temperature and was
estimated from the low-temperature homogeneous linewidth Gh (T ¼ 0) in the
studied materials. The lowest possible Gh (T ¼ 0) is determined by the radiative
lifetime of the exciton. We obtain the radiative lifetime using its relation
to the oscillator strength21,41, the latter being calculated from the measured
imaginary part of the dielectric function e of the sample. The maximum value of
Gh (T ¼ 0) was determined by the smallest measured total linewidths in WS2 and
MoSe2 of 11 and 8 meV, respectively. These two limits thus ﬁxed the maximal and
minimal inhomogeneous broadening Gi in the measured samples and allowed us to
extract temperature-dependent homogeneous linewidths from the experimental
data. The homogeneous contribution was considered to be a Lorentzian and the
inhomogeneous contribution to be of Gaussian shape. We combined the
linewidths using an analytical approximation for the convolution42.

Data availability. The data that support the ﬁndings of this study are available
from the corresponding author upon request.
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detected by a CCD. In the reﬂectance measurements, the data were analysed by
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