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We systematically investigate the excitonic dephasing of three representative transition metal
dichalcogenides, namely MoSz2, MoSes and WSe2 atomic monolayer thick and bulk crystals, in
order to gain proper understanding of the factors that determine the optical coherence in these
materials. Coherent nonlinear optical spectroscopy, temperature dependent absorption combined
with theoretical calculations of the phonon spectra, indicate electron-phonon interactions to be the
limiting factor. Surprisingly, the excitonic dephasing differs only slightly between atomic monolayers
and high quality bulk crystals, which indicates that material imperfections are not the limiting factor
in atomically thin monolayer samples. The temperature dependence of the electronic band gap and
the excitonic linewidth combined with ‘ab initio’ calculations of the phonon energies and the phonon
density of state reveal strong interaction with the E’ and E” phonon modes.

Transition metal dichalcogenides (TMDs) have re-
cently received a lot of attention and have been sug-
gested for numerous electronic and optoelectronic appli-
cations. The ability to obtain two-dimensional materials
with variable band gaps has been very attractive for tran-
sistors, photodiodes, sensors [1-11], and more recently as
single photon sources [12-15]. Furthermore, the preserva-
tion of the optical coherence is of importance to quantum
computation devices [16, 17]. Therefore, understanding
the fundamental many-body interactions and how these
interactions influence the optical properties of these ma-
terials is crucially important.

As bulk materials TMDs are indirect band semicon-
ductors with rather poor optical properties. However,
when reduced to atomic monolayer they transition to di-
rect band gap materials leading to greatly enhanced emis-
sion [1]. When photon absorption occurs electrons are ex-
cited from the valence band to the conduction band. The
Coulomb interaction between the positively charged hole
and the electron leads to a new quasi-particle, namely
the exciton. Excitons are of importance for the opti-
cal properties of semiconductors, therefore understand-
ing their properties, such as coherence loss or dephasing
and population decay are crucial for many optoelectronic
and photonic devices [18]. In direct band gap semicon-
ductors direct excitons dominate the optical properties
as compared to indirect band gap materials where indi-
rect excitons, require momentum-conservation for emis-
sion to occur. The momentum conservation is provided
by phonons, the quantized thermal vibrations of the crys-
tal. Phonons play a crucial role in determining the op-
tical coherence and lifetime of direct excitons through
electron-phonon interactions [19].

The strength of electron-phonon interactions often de-
termines the optical properties of materials and can be
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a limiting factor for many applications. While the inho-
mogeneous linewidth of excitons is determined by mate-
rial imperfections and can be reduced by improving the
material quality, the homogeneous linewidth is often lim-
ited by the fundamental interactions taking place, which
place limitations on the material system. In the present
study we systematically investigate three representative
TMDs, namely MoSs, MoSes and WSes as monoatomic
thick layer and bulk crystals, in order to understand
the fundametal interactions taking place and how they
limit the excitonic homogeneous linewidth. The exci-
tonic coherence is a direct measure of the homogeneous
linewidth, therefore processes leading to dephasing can
be the limiting factor [21]. In order to obtain a complete
understanding of the dephasing mechanism, we combine
several techniques with state-of-the-art calculation of the
phonon spectra.

We measure the dephasing time for atomic monolayer
MoSs, WSe; and MoSes. The excitonic dephasing is
very rapid leading to fairly large homogeneous excitonic
linewidths, but dephasing time increases slightly from
MoSs in WSes and further in MoSes. Furthermore, we
were able to measure the excitonic dephasing in high
quality bulk WSe, crystals, which is only slightly longer
as compared to the monolayer. This surprising result
indicates that any sample imperfections due to exfoliat-
ing down to atomic monolayer or due to the choice of
the substrate are not the limiting factors. Therefore,
the limiting mechanism is likely to be intrinsic. The
excitation density and temperature dependence of the
dephasing time reveal a residual homogeneous excitonic
linewidth for MoSy of ~4.5 meV. These measurements
indicate that temperature i.e., electron-phonon interac-
tions set the limit on the homogeneous linewidth.

We further proceed by measuring the energy shift and
broadening of the direct excitons in bulk MoSs, WSes
and MoSe, crystals and obtain the dominating phonon
energies. ‘Ab initio’ calculations of the phonon energies
and density of states pinpoint to the E’ and E” phonon
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FIG. 1. (a) The four phase-stabilized linearly polarized beams
obtained from the multi-dimensional optical nonlinear spec-
trometer (MONSTR) instrument described in Ref. 20 are fo-
cused on the sample, which is held in the cryostat at 5 K.
The FWM signal can be measured as a function of the time
delays 7 and T using a detector, which integrates over the
time delay t. (b) The sequence of the laser pulses used in the
experiments, where A™ corresponds to the phase conjugated
pulse. The time delay 7 corresponds to the time between the
pulses A* and B, T is the time delay between the pulses B
and C, and t is the evolution of the echo in ‘real time’. (c)
Crystal structure of atomic monolayer TMDs. In bulk TMDs
the unit cell extends over two layers bound through Van der
Waals interaction along the c-axis. The laser excitation shown
is perpendicular to the covalently bound layers or parallel to
the c-axis.

modes. These phonon modes interact strongly with the
electronic states and are thought to cause the efficient ex-
citonic dephasing observed. Furthermore, calculations of
the phonon density of states (DOS) of atomic monolay-
ers lead to very similar, almost undistinguishable results
from the bulk crystals, which supports the very similar
dephasing rate of excitons observed in bulk and atomic
monolayer samples.

The four-wave mixing (FWM) technique can measure
the excitonic dephasing directly. The setup used in the
present study is shown in Fig. 1. Three consecutive
laser pulses of ~130 fs duration are used to excite the
A excitons resonantly and are separated by two time de-
lays 7 and T. By maintaining the time delay T fixed and
scanning 7 in a time-integrated FWM experiment the de-
phasing time T2 can be measured. The dephasing time
Ty is related to the homogeneous linewidth by a simple
relationship v = 2h/T». The linear absorption spectra in
these materials are dominated by inhomogeneous broad-
ening due to defects and unintentional impurities which
conceals the homogeneous linewidths.

We start by discussing the time-integrated FWM mea-
surements shown in Fig. 2. The dephasing time Ty pro-
vides the homogeneous linewidth and was measured for
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FIG. 2. (a-c) Time-integrated FWM of atomic monolayers (a)
MoS; (b) MoSez and (¢) WSez. (d) Time-integrated FWM
of the direct excitons in bulk WSez. The black symbols are
the experimental data whereas the red line is the single expo-
nential fit.(e) Temperature dependence of the homogeneous
linewidth for atomic monolayer MoS2. Squares are the mea-
sured values whereas the red line is the linear fit. (f) Ex-
citation density dependence of the homogeneous linewidth
for atomic monolayer MoSs. Circles are the measured val-
ues whereas the red line is the linear fit.

atomic monolayers of MoS;, WSes and MoSe; to be 200
fs (~6.58 meV), 279 fs (~4.72 meV), and 394 fs (~3.34
meV) respectively, showing a rapid decay for all the ma-
terials. Furthermore, we were able to measure the de-
phasing of direct excitons in bulk WSes shown in Fig. 2
(d) despite of the bulk material being an indirect band
gap semiconductor. The dephasing time of 422 fs (~3.12
meV) increased little in the bulk material as compared to
the atomic monolayer WSe;. The atomic monolayer sam-
ples are exfoliated from bulk samples and are suspended
on quartz substrates. Defects introduced during the ex-
foliation process and the effect of the substrate could
perhaps change the excitonic properties of the atomic
monolayer samples. In bulk crystals direct excitons are
thought to have a lower binding energy than monolayers
[22-26] and most excitons are well shielded from the sub-
strate. The two-dimensional atomic layers deeper under
the surface layers should not have sustained any mechan-
ical damage through exfoliation. However, the similar
dephasing rate observed in bulk and atomic monolayer
WSe, suggest that it is caused by underlying intrinsic
effects which are shared by both samples.
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FIG. 3. (a) Temperature dependence of the electronic band gap for bulk (a) MoSz, (b) WSez, and (c) MoSez. The black
squares are the experimental values whereas the red line is the fitting using equation 1. Temperature broadening of the direct
excitons in bulk (e) MoSez and (f) WSez. The black squares are the experimental values whereas the red line is the fitting
using equation 2 (d) Schematic of the E’ and E” phonon modes which are a result of the fittings. Calculated phonon density
of states for bulk (g) MoS2, (h) MoSez, and (i) WSez. The blue arrows indicate the phonon energies used in the fittings.

By maintaining the time delay 7 = 0 ps fixed and
scanning the time delay T the FWM intensity decays
according to the population time T;. The population
decay time of excitons in the WSeg crystal was measured
to decay very rapidly at ~3 ps. The rapid decay of the
population is expected due to the large excitonic oscilla-
tor strength obtained from the absorption measurements.
The rapid initial decay is followed by much longer de-
cay time of ~100 ps likely due to trapped excitons at
impurities or defects. The temperature dependence of
the homogeneous linewidth for atomic monolayer MoSs
is shown in Fig. 2 (e) and the homogeneous linewidth
~ increases very rapidly with temperature. At tempera-
tures higher than 40 K it exceeds our ability to measure
it. The scattering rate of excitons with acoustic phonons
at low temperature is described by a linear relationship
v =" + aT, where v* is the temperature independent
broadening originating from other sources. The linear
fit leads to an acoustic phonon scattering coeflicient a ~
45 peV /K, which is large and indicates strong electron-
phonon interactions. Furthermore, the excitation density
dependence of the homogeneous linewidth v is shown in
Fig. 2 (f) and exhibits some excitation induced dephas-
ing [27]. However, at the limit of ‘zero’ excitation power
the residual homogeneous linewidth independent of exci-

tation density is ~4.5 meV.

In order to obtain a quantitative understanding of the
electron-phonon interactions in TMDs we carefully mea-
sure the energy shift of the electronic band gap with tem-
perature. Temperature dependent absorption spectra of
the excitons provide the energy shift of the band gap with
temperature and also the temperature broadening of the
excitonic resonance. These effects are in large part a re-
sult of electron-phonon interactions [28-32]. The energy
shift of the exciton resonance with temperature for bulk
MoSs, MoSez, and WSes obtained from the absorption
spectra are shown in Fig. 3 (a-c), where the black squares
are the experimental data and the red line is the theoret-
ical fit. The fitting procedure was performed using the
approximate model introduced in Ref. 32,

9)—1)—1+1]

Eg = EO — E1 |:2(6Xp (ﬁ (1)

where Ey and F; are fitting parameters, whereas © is
either a dominant phonon or an average phonon energy.
The absorption spectra of the excitons in TMDs at low
temperature are predominantly inhomogeneously broad-
ened. The inhomogeneous broadening is due not only to
intrinsic material imperfections but in bulk samples also
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FIG. 4. (a) Temperature broadening of the direct excitons
for an atomic monolayer MoSz. (b) Temperature dependence
of the electronic band gap for an atomic monolayer MoS,.
Calculated phonon density of states for atomic monolayer (c)
MoS2, (d) MoSez, and (e) WSez. (f) Comparison of the cal-
culated phonon density of states for atomic monolayer and
bulk WSes.

due to varying thickness as result of the sample prepa-
ration. However, as the temperature rises, the phonon
scattering leads to observable broadening since the line-
shapes are a convolution of homogeneous and inhomoge-
neous contributions. The linewidths of the exciton ab-
sorption spectra as a function of temperature for MoSes
and WSez are plotted in Fig. 3 (e-f), were the black
squares are the experimental data, whereas the red line
is the theoretical fit. The theoretical fit was performed
according to

(2)

V=N S (O/kT) — 1
where 77 is the temperature independent inhomoge-
neous broadening. Both the energy shift and broadening
of the excitonic resonance can be fitted simultaneously
by using a phonon energy © = 22.1 meV, 16.3 meV and
15.5 meV for MoSy, WSes, and MoSe,, respectively.

In order to be able to identify the phonon energies and
gain a deeper understanding of the dephasing mechanism
we performed state-of-the-art ‘ab initio’ calculations of
the phonon spectra and phonon DOS for bulk and atomic

monolayer TMDs [33-43]. The phonon DOS for MoS,,
WSesz, and MoSes are shown in Fig. 3 (g-1), where the
blue arrows marks the energies of the © phonons obtain
from the fitting of the experimental data. Clear peaks in
the phonon DOS can be observed at these energies. The
calculations also reveal two phonon modes at these ener-
gies corresponding to the E’ and E” representation. The
calculated phonon energies are 23.3 (E’) meV and 23.5
(E”) meV for MoSs, 12.6 (E’) and 15.8 (E”) for WSe,,
and 15.8 meV (E’) and 17.7 meV (E”) for MoSe; and
a schematic of the vibration for both modes is shown in
Fig. 3 (d). These energies are very close to the observed
phonon energies. However, the two modes are energet-
ically very close which makes it difficult to distinguish
them experimentally.

We further proceed by examining the temperature de-
pendence of the excitonic resonance and the electronic
band gap for atomic monolayer MoSs. The experimen-
tal data together with the fits are shown in Fig. 4 (a)
and (b), respectively. The same phonon energy has been
used in the fitting procedure as used for the bulk MoSs
sample, leading to very good agreement with the exper-
imental data. The calculated phonon DOS for atomic
monolayer MoSy, WSes, and MoSes is shown in Fig. 4 (c-
e). The phonon DOS show very similar structure as com-
pared to bulk crystals in particular around the E’ and E”
phonon modes. In Fig. 4 (f) the phonon DOS is shown
for both, atomic monolayer and bulk WSe, for compari-
son. There are very minimal difference between the two
spectra, indicating that the electron-phonon interactions
are expected to be very similar. This is well in agree-
ment with the comparable exciton dephasing rates ob-
served atomic monolayer and bulk. The increased quan-
tum confinement in atomic monolayer TMDs would lead
to somewhat stronger exciton scattering by phonons and
as a result to even faster dephasing, which is in agreement
with the experimental observation.

In conclusion, we provide a detailed description of the
dephasing mechanism of free direct excitons in atomic
monolayer TMDs. The dephsing time in atomic mono-
layer samples does not differ significantly from bulk crys-
tals, despite the different confinement and excitonic bind-
ing energies. The temperature dependence and exci-
tation density dependence of the dephasing in atomic
monolayers indicate that the electron-phonon interac-
tions determine the rapid dephasing, and as a result, the
large residual homogeneous linewidths in this material
system. We systematically examine the electron-phonon
interactions in bulk TMDs by measuring the energy shift
on the electronic band gap and broadening of the direct
excitons with temperature. Fitting using known models
provide the phonon energies of interest. State-of-the-art
calculations of the phonon energies and phonon DOS de-
termined these phonon energies as the E’ and E” phonon
modes, which are thought to be responsible for the rapid
dephasing in TMDs. The calculated phonon DOS in bulk
and atomic monolayer are strikingly similar, which is well
in agreement with the similar dephasing rates observed



in both material systems.
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