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Intrinsic homogeneous linewidth and broadening
mechanisms of excitons in monolayer transition
metal dichalcogenides
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The band-edge optical response of transition metal dichalcogenides, an emerging class of
atomically thin semiconductors, is dominated by tightly bound excitons localized at the
corners of the Brillouin zone (valley excitons). A fundamental yet unknown property of valley
excitons in these materials is the intrinsic homogeneous linewidth, which reflects irreversible
quantum dissipation arising from system (exciton) and bath (vacuum and other quasi-
particles) interactions and determines the timescale during which excitons can be coherently
manipulated. Here we use optical two-dimensional Fourier transform spectroscopy to
measure the exciton homogeneous linewidth in monolayer tungsten diselenide (WSe,). The
homogeneous linewidth is found to be nearly two orders of magnitude narrower than
the inhomogeneous width at low temperatures. We evaluate quantitatively the role of
exciton-exciton and exciton-phonon interactions and population relaxation as linewidth
broadening mechanisms. The key insights reported here—strong many-body effects and
intrinsically rapid radiative recombination—are expected to be ubiquitous in atomically thin
semiconductors.
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hile bulk transition metal dichalcogenides (TMDs)

have been investigated over a few decades, recent

advances in isolation of atomically thin layers have
opened a new regime of semiconductor physics at the ultimate
two-dimensional (2D) limit'=3, Unlike conventional direct-gap
semiconductors such as GaAs, excitons in TMDs form at the K
and K’ momentum valleys at the Brillouin zone boundaries with
wave functions primarily composed of atomic d-orbitals*. The
exciton has exceptionally large binding energy™® with a non-
hydrogenic exciton Rydberg series®’, which leads to a small Bohr
radius (~1nm) in real space and considerable spread in
momentum space. Excitons in monolayer TMDs exhibit robust
electronic and valley coherence®® as well as coupled spin and
valley pseudospin degrees of freedom"? arising from strong spin-
orbit coupling and time-reversal symmetry’. While these seminal
experiments have demonstrated exciting new properties of TMDs
and their potential for novel optoelectronic devices, much
remains to be learned about the unique exciton physics in these
materials. In this work, we elucidate the fundamental
mechanisms that broaden the exciton homogeneous linewidth,
which is a frequency domain representation of the coherent
quantum dynamics.

The exciton quantum dynamics are characterized by two
fundamental parameters, illustrated in Fig. la. The first is the
excited state population relaxation rate I" (inversely proportional
to the population decay time T;), arising from both radiative
and nonradiative recombination. The second is the dephasing
rate y (inversely proportional to the coherence time T))
of the coherent superposition of the crystal ground (|0))
and the exciton (|1)) states, which defines the homogeneous
linewidth of an exciton resonance. The homogeneous linewidth is
linked to population relaxation throu%h y =172+ y* where y*
characterizes pure dephasing processes' such as elastic exciton—
exciton and exciton-phonon scattering. In principle, T}
and T, establish the fundamental time scales for quantum
optoelectronics (for example, lasers) and quantum information
processing applications in semiconductors. They can be
probed in either the frequency or time domain using linear and
nonlinear optical spectroscopies. In practice, however, local
potentials arising from defects and impurities shift the exciton
energy and result in an inhomogeneous distribution of exciton
frequencies w, (Fig. 1b). Inhomogeneity has concealed the
intrinsic exciton homogeneous linewidth in all prior low-
temperature optical spectroscopy experiments performed on
monolayer TMDs.

Here we use optical 2D Fourier transform spectroscopy
(2DFTS) to unambiguously separate homogeneous and inhomo-
geneous broadening of exciton resonances in monolayer WSe,.
Excitation density and temperature dependent measurements of
the homogeneous linewidth reveal an order of magnitude
stronger exciton-exciton and acoustic phonon mediated dephas-
ing compared with conventional semiconductors. When extra-
polated to zero exciton density and temperature, the residual
homogeneous linewidth is ~ 1.6 meV, equivalent to a coherence
time T,=0.4ps. This coherence time is only limited by
population relaxation and places a lower bound of ~0.2ps on
the radiative lifetime. Interestingly, microscopic calculations
predict a similar exciton radiative lifetime for a perfect monolayer
WSe, crystal, suggesting that all decoherence mechanisms
compete on a sub-picosecond timescale in samples with minimal
defects. Such dephasing and relaxation dynamics deviate
drastically from those found in conventional semiconductors!!,
where radiative recombination is considerably slower than pure
dephasing processes. The new insights obtained by quantifying
the exciton resonance broadening mechanisms reported here may
provide essential information to guide the extensive efforts
developing TMD-based optoelectronics, valleytronics and
quantum  information devices!?2. For example, coupling
TMDs to photonic cavities!> may enable novel devices such as
exciton-polariton spin switches'* and flexible semiconductor
lasers!®. Characterization of the exciton linewidth and dephasing
mechanisms would facilitate optimal cavity designs for optical
mode matching and efficient light emission.

Results

Optical properties of monolayer WSe,. We examined mono-
layer WSe, flakes ~10pm in lateral size grown on a sapphire
substrate using chemical vapour deposition!® (Supplementary
Fig. 1 and Supplementary Note 1). In monolayer TMDs optical
selection rules for exciton states at the K and K’ valleys have led to
optical control of carrier spin and valley pseudospin degrees of
freedom®!”. Here we focus on the optical properties of the
lowest energy transition corresponding to the A exciton of one
helicity. The exciton resonance is first identified from the
photoluminescence spectrum at ~10K shown in Fig. 1c by the
solid curve. The spectrum features two peaks—one corresponding
to the exciton (X) at ~1,700meV and the other from defect-
bound excitons (L) at ~ 1,650 meV ( Supplementary Fig. 1 and
Supplementary Note 1 for details). We estimate the quantum
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Figure 1 | Intrinsic exciton coherent dynamics and resonance broadening mechanisms. (a) The quantum dynamics of an exciton with resonance
frequency wg are characterized by two key parameters: the population decay rate I' (population lifetime T;), and the dephasing rate y (coherence time T5),
which defines the exciton homogeneous linewidth. The two are related through the expression y=1I/2+y*. y* is the pure dephasing rate describing
processes that interrupt phase coherence between the two electronic states without energy loss. (b) An inhomogeneous distribution of exciton oscillator
frequencies (I';,) due to a varying local potential landscape masks the intrinsic homogeneous linewidth in most optical spectroscopy experiments. (¢) Low
temperature (10 K) photoluminescence spectrum (solid curve) features two peaks corresponding to the A exciton (X) and defect-bound excitons (L) at 730
and 760 nm, respectively. The excitation laser used for the nonlinear spectroscopy measurements is shown by the dashed curve.
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yield to be less than 10% for this sample. The full-width at half-
maximum of the exciton peak (I';,~50meV) is determined by
the inhomogeneous broadening as confirmed by the coherent
nonlinear  spectroscopy  experiments  presented  below.
Inhomogeneity can be ascribed to disorder potentials arising
from chalcogenide vacancies and other impurities as well as
possible excitation of more than one monolayer flake within the
laser spot size (~30pum diameter).

To extract the homogeneous linewidth from an inhomogen-
eously broadened system, we use optical 2DFTS, which is a phase-
resolved, three-pulse photon echo (four-wave mixing) experiment
with interferometric stabilization of the pulse delays (Methods,
Supplementary Fig. 2, and Supplementary Note 2)!8, We
resonantly excite the inhomogeneously broadened excitons
using a sequence of three phase-stabilized laser pulses separated
by delays 74 and 7p, shown in the schematic in Fig. 2. The
coherent light-matter interaction generates a photon echo signal
field, Eg(t, Tp, Tc), that is emitted during a third time 7c. The
field amplitude is detected through spectral interferometry with a
fourth phase-stabilized reference pulse while stepping the delay
7a. Numerical Fourier transformation of the signal with respect to
74 yields a 2D coherent spectrum, Eg(hw,, tg, hwc), that
correlates the excitation and emission energies of the exciton. The
absolute value of Eg is shown in Fig. 3a for co-circular
polarization for all pulses, a sample temperature of ~10K, and
an exciton population density of Ny = 1.4 x 10! ¢cm ~2, which is
calculated using the laser pulse properties and material
absorbance (Supplementary Note 2). The hw, axis is plotted as
negative energy because the system evolves during 7, with the
opposite phase accumulation relative to that during the detection
time tc—a result of the photon echo time-ordering of the pulses
(Supplementary Fig. 2 and Supplementary Note 2). The spectrum
features a single peak on the diagonal line along hw;= — hw;,
indicating the system coherently evolves with the same frequency
during 74 and 7c.

Inhomogeneous broadening of the exciton resonance appears
as a continuous elongation along the diagonal dashed line in
Fig. 3a. In the present experiments the diagonal linewidth is
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Figure 2 | Coherent spectroscopy technique. (a) Three phase-stabilized
pulses with wavevectors ka, kg, and kc coherently interact with the sample
to generate a photon echo signal that is radiated in transmission in the
wavevector phase-matching direction, ks. (b) The emitted photon echo
signal field Es is measured through spectral interferometry with a phase-
stabilized reference pulse as delay ta or 7g is scanned with interferometric
precision. Exciton coherent dynamics (y) are revealed by scanning the delay
7 While holding the delay 1g fixed, whereas incoherent population
dynamics (I') are measured by scanning g with 74 fixed.

limited by the laser bandwidth and does not reflect the amount of
inhomogeneity as determined from the photoluminescence
spectrum. In contrast, the intrinsic homogeneous linewidth of
an individual exciton resonance is manifest as the width of the
cross-diagonal lineshape along hwc=hw,, which is shown as
the dashed line in Fig. 3b for an exciton resonance at 1,710 meV.
In the limit of strong inhomogeneity as seen here, the
homogeneous lineshape is well-described'® by the square root
of a Lorentzian function with a full-width at half-maximum equal
to 2y. A least-squares fit to the data yields y=2.710.2meV
corresponding to an exciton coherence time T,=h/
y=250%20fs. The linewidth extracted from the 2D spectrum
is in excellent agreement with the time-domain decay rate for an
inhomogeneously broadened system, verifying the photon echo
nature of the nonlinear signal (Supplementary Fig. 2 and
Supplementary Note 2).

Excitation-induced dephasing. Compared with previous
studies that have only probed incoherent population dynamics
(T, processes) in TMDs, measurements of the exciton coherence
(T, processes) are particularly sensitive to many-body inter-
actions, which perturb the phase evolution of the coherent signal.
We present in Fig. 3c,d a 2D spectrum and homogeneous line-
shape, respectively, for an increased excitation density of
Nx=1.4 x 102 cm ~2. We confirmed that all experiments up to
the highest power are performed in the Pasl regime. For example,
the signal field amplitude varies proportionally to the product of
the three incident fields. We find that with increasing excitation
density, the homogeneous linewidth, or dephasing rate, increases
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Figure 3 | 2D Fourier-transform spectra of the bright valley exciton.

(@) The photon echo signal appears as a single peak in the normalized 2D
spectrum (absolute value), acquired using co-circularly polarized pulses
and an exciton excitation density of Ny~1.4 x 10" cm ~2. The peak is
inhomogeneously broadened along the diagonal line connecting

hwa = — hwc, whereas the half-width at half-maximum of the cross-
diagonal lineshape provides a measure of the homogeneous linewidth,
y="h/T, (indicated by the arrows). A normalized homogeneous profile
relative to the exciton resonance frequency, o, is shown in (b). The half-
width at half-maximum of a square root of Lorentzian fit function yields
y=2.720.2meV. (c¢) A 2D spectrum for an increased exciton excitation
density of Ny~1.4 x 102 cm ~2. (d) The corresponding lineshape yields
y=6.1£0.3meV. Error bars are estimated by the s.d. from multiple
measurements at each excitation density.
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by more than a factor of two—a clear signature of excitation-
induced dephasing (EID)?° (Fig. 4a).

We now discuss possible mechanisms that contribute to the
EID effect observed. First, resonant excitation of the exciton
resonance rules out exciton—free carrier interaction as the main
linewidth broadening mechanism, since only the exciton density
is directly changed with varying laser power. Second, charged
excitons (trions) are known to have a binding energy of
~30meV in monolayer WSe, and may be masked under the
broad exciton inhomogeneous linewidth in the photolumines-
cence spectrum. However, their contribution to the nonlinear
signal is minimized because the trion binding energy is large
compared to the excitation laser bandwidth and the laser is tuned
to the high energy side of the exciton resonance identified in
photoluminescence. Thus, it is reasonable to suggest that the EID
observed is dominated by exciton-exciton interactions, an
assumption made in the discussion below.

Following a similar analysis performed for quasi-2D quantum
wells?!, EID can be described by y(Nx) =70+ yxNx, where 7, is
the zero-density linewidth and yy is an exciton-exciton
interaction parameter. A fit to the data (solid line in Fig. 4a)
yields an extrapolated y,=2.31+0.3meV (T,=0.291 0.04ps)
and yx~ 2.7 x 10 ~ 12 meV cm? for a sample temperature of 10 K.
Strong EID suggests that many-body effects dominate the
nonlinear optical response in TMDs, similar to conventional
semiconductors. To compare the interaction strength between
systems of different material composition and dimensionality, it
is illustrative to recast the data in Fig. 4a in terms of the inter-
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Figure 4 | Homogeneous linewidth broadening due to exciton-exciton
and exciton-phonon interactions. (a) The exciton homogeneous linewidth
or dephasing rate (points) for exciton excitation densities ranging from
Ny~1x10" to ~1.4 x 102 cm~2 at 10K. The linewidth increases linearly
with density as expected for excitation-induced dephasing arising from
exciton-exciton interactions. (b) Dependence of exciton-exciton interaction
broadening on the inter-exciton separation distance in units of the
respective Bohr radius for each system. The shaded region is the estimated
exciton separation distance in monolayer TMDs for Bohr radii in the range
of 0.5nm<ag<2nm, and the solid line is for ag=1nm. The GaAs and
ZnSe data were taken from (refs 22,23), respectively. (¢) The extrapolated
zero-excitation density linewidth yq increases linearly with temperature at a
rate y =60 peV K~ . The residual zero-density, zero-temperature linewidth
is 70(0) =161+ 0.3 meV.
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exciton spatial separation. We show in Fig. 4b exciton-exciton
EID, defined as Ay=y(Nx)—y(0), as a function of the inter-
exciton separation distance r, normalized to the exciton Bohr
radius, ag. The exciton spacing can be calculated from the
excitation density for 2D and three—dimensimll?l3 systems using
rx = (ma3Ny) - respectively.

and ry = (4najNy /3) ,
The measured EID for monolayer WSe, (solid circles) and a fit
to the data (dashed line) are shown for an estimated ag=1nm.
The shaded region is the calculated Ay for a range of TMD
exciton Bohr radii 0.5 nm < ap <2 nm, where a larger ap results in
a smaller normalized excitation separation. In monolayer WSe,,
the exciton-exciton interaction strength is enhanced by an order
of magnitude or more compared to conventional semiconductor
systems, such as ZnSe (squares) and GaAs (diamonds) bulk and
i-2D  semiconductor quantum  wells?»?*>.  Enhanced
quasi q
interactions in monolayer TMDs can be qualitatively explained
by the reduced dielectric screening of the Coulomb force in
atomically thin materials®?,

Phonon-induced dephasing and population relaxation. We
further examine the role of phonons as a resonance broadening
mechanism by repeating the excitation-density dependent mea-
surements of 7 as a function of temperature. We show the
extrapolated zero-density homogeneous linewidth y, for tem-
peratures up to 50K in Fig. 4c. The linewidth increases from
1.9+ 0.2meV at 5K to 44+ 0.3meV at 50K (T, =0.35%0.04-
0.15 £ 0.01 ps). This behaviour is reminiscent of exciton dephas-
ing in semiconductor quantum wells due to scattering with
an acoustic phonon with energy much smaller than kgT, where
T is the sample temperature?”. Single-phonon anti-Stokes
scattering can be modelled by y(T)=7,(0)+ 7T, where 7’
denotes the exciton-phonon coupling strength and y,(0) is the
residual exciton dephasing rate in the absence of exciton-exciton
and exciton-phonon interactions. A fit to the data (solid line in
Fig. 4c) yields y’ =60 peV K ~ !, which is a factor of 5-10 larger
compared to quasi-2D semiconductor quantum well systems?>23
and is twice as large compared to bulk TMD InSe in which optical
phonons were shown to also contribute to low temperature
(<60K) exciton dephasing26. We extract a residual exciton
linewidth 74(0)=1.6+0.3meV (7,=041£0.05ps) at zero
temperature.

In order to reveal the remaining resonance broadening
mechanisms after eliminating exciton-exciton and exciton-
phonon interaction effects, we investigate the population decay
by measuring the normalized time-integrated four-wave mixing
signal field as a function of delay tp for fixed delay 7o =0fs
(Supplementary Fig. 3). This experiment is equivalent to the
standard pump/probe technique commonly used. The decay
follows a bi-exponential function (solid line), yielding fast and
slow population decay rates I'p=32+04meV and
I'yow=4017peV. The data are acquired at 5K and for an
exciton excitation density of Nx= 1.4 x 10'! cm =2 however, we
find that g, is independent of excitation density over the range
used in the coherent measurements of 7. Bi-exponential
relaxation dynamics have also been observed in previous ultrafast
spectroscopy experiments. The fastest exciton population relaxa-
tion rate previously reported is nearly an order of magnitude
slower than our extracted T; time in both tungsten- and
molybdenum-based 2D materials, possibly due to limited
temporal resolution?”?8, We attribute the fast decay to
population relaxation of bright excitons. The bi-exponential
decay can only be explained by additional states (for example, a
dark state or a localized state) beyond a simple two-level system.
The slow component could arise from decay of energetically
degenerate localized excitons or repopulation of the bright
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exciton from dark states. The slow component could also be
partially attributed to an effective lifetime of a thermal
distribution of excitons with non-vanishing center-of-mass
momentum, which was recently predicted to decay on a few-
picosecond  timescale?>*?, The fact that the residual
homogeneous linewidth is equal to half the population decay
rate at low temperature and excitation density is a surprising
result, since it suggests that the mechanisms responsible for fast
population relaxation do not introduce additional pure dephasing
(y*=0), that is, the homogeneous linewidth is limited by the
population decay rate. Pure dephasing processes such as those
due to phonon emission are possible at low temperature and
excitation density, but they are not observed on the experimental
time scales. Exciton-electron and exciton-trion interaction can
also contribute to the homogeneous linewidth, in principle.
Future experiments performed on gated samples with controlled
carrier density and spectrally separated exciton and trion
resonances may further clarify their roles in exciton dephasing
and population relaxation.

Discussion

One might expect a narrower homogeneous linewidth or,
equivalently, a longer coherence time in a different sample with
reduced defect density. However, our microscopic calculations
reveal that for completely delocalized excitons in an ideal 2D WSe,
crystal, radiative decay becomes the dominant dephasing process
due to the large exciton oscillator strength®, leading to a residual
linewidth of y¢(0) ~1.43 meV (T,~0.5ps) (Supplementary Fig. 4,
Supplementary Fig. 5, and Supplementary Note 3). Fast radiative
decay is consistent with our current measurement, which provides
a lower bound of ~0.2ps on the exciton radiative lifetime.
Interestingly, a recent study predicts that as the exciton localization
length decreases in samples with more defects, the radiative
lifetime increases®!. Thus, we speculate that as the impurity density
in the sample is reduced, the residual linewidth may not experience
significant change while the underlying mechanism for quantum
decoherence becomes dominated by radiative decay. This
speculation is partially validated by similar dephasing times
measured from another CVD grown monolayer WSe, sample
exhibiting reduced photoluminescence from the defect-bound
exciton state (Supplementary Fig. 6).

In summary, we have measured the homogeneous linewidth of
excitons and examined various linewidth broadening mechanisms
in monolayer WSe,. We found that exciton-exciton and exciton-
phonon interaction and population recombination to be the
dominant mechanisms for quantum dephasing. These processes
all compete on a sub-picosecond time scale, which is beyond the
temporal resolution of many optical spectroscopy studies
performed on TMDs so far. This scenario is drastically different
from those found in conventional organic and inorganic
semiconductors. For example, in organic semiconductors such
as pentacene, the radiative lifetime is typically on the order of
nanoseconds while the dephasing time is on a picosecond time
scale, making TMDs an attractive alternative for flexible and
ultrafast light emitting devices®>33. Inorganic semiconductor
nanostructures, such as GaAs quantum wells, typically exhibit
~1% absorption, a picosecond long exciton coherence time
dominated by pure dephasing processes due to exciton-phonon
coupling, and tens of picoseconds radiative lifetime!"34. The
intrinsically rapid radiative decay in TMDs derives from the
concentration of oscillator strength at the exciton resonance with
exceptionally large ~10% absorption in a single layer, making
strong cougling between exciton and photonic cavity readily
observable!®. These polariton modes may lead to lasers with
ultralow threshold or Bose-Einstein condensates”.

Methods

Sample preparation. Monolayer WSe, was obtained using chemical vapour
deposition as described in detail in (ref. 16). The samples were synthesized on a
double-side polished sapphire substrate for optical experiments in transmission.
The monolayer thickness was verified using atomic force microscopy. The sample
was mounted in a liquid helium cold-finger cryostat and kept at a temperature
from 5 to 50 K.

Photoluminescence and 2DFTS experiments. The photoluminescence spectrum
was obtained using circularly polarized 532-nm continuous wave excitation.
Photoluminescence was collected in transmission with the sample in vacuum. For
the nonlinear experiments, 100-fs pulses generated from a mode-locked Ti:sap-
phire laser at a repetition rate of 80 MHz were split into a set of four phase-
stabilized pulses using a set of nested and folded Michelson interferometers. Three
of the pulses separated by delays 1, and 1 coherently interact with the sample to
generate a nonlinear four-wave mixing signal field Es(t4, Tp, Tc) that is emitted
during a third time t¢ (Fig. 2). The spectral interferogram of Eg with a fourth
phase-stabilized reference pulse is recorded as the delay 14 is scanned while holding
T equal to zero. 2D Fourier transformation of the spectral interferogram yields a
2D coherent spectrum of the signal field Es(hw,, T3 =0, fiwc). Extraction of the
signal field is enabled through heterodyning with the reference pulse and phase
stabilization up to 1/300 of the pulse delays, which allows the pulses to be phase
cycled at each delay for noise suppression. Supplementary Note 1 and
Supplementary Note 2 elaborate on the sample preparation method and 2D
Fourier-transform spectroscopy set-up, respectively.

References

1. Mak, K. F, Lee, C,, Hone, J., Shan, J. & Heinz, T. F. Atomically thin MoS,: a
new direct-gap semiconductor. Phys. Rev. Lett. 105, 136805 (2010).

2. Splendiani, A. et al. Emerging photoluminescence in monolayer MoS,. Nano
Lett. 10, 1271-1275 (2010).

3. Zhao, W. et al. Evolution of electronic structure in atomically thin sheets of
WS, and WSe,. ACS Nano 7, 791-797 (2012).

4. Xiao, D, Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled spin and valley
physics in monolayers of MoS, and other Group-VI dichalcogenides. Phys. Rev.
Lett. 108, 196802 (2012).

5. Wang, G. et al. Giant enhancement of the optical second-harmonic emission of
WSe, monolayers by laser excitation at exciton resonances. Phys. Rev. Lett. 114,
097403 (2015).

6. Chernikov, A. et al. Exciton binding energy and nonhydrogenic Rydberg series
in monolayer WS,. Phys. Rev. Lett. 113, 076802 (2014).

7. He, K. et al. Tightly bound excitons in monolayer WSe,. Phys. Rev. Lett. 113,
26803 (2014).

8. Singh, A. et al. Coherent electronic coupling in atomically thin MoSe,. Phys.
Rev. Lett. 112, 216804 (2014).

9. Jones, A. M. et al. Optical generation of excitonic valley coherence in
monolayer WSe,. Nat. Nanotechnol. 8, 634-638 (2013).

10. Scully, M. O. & Zubairy, M. S. Quantum Optics (Cambridge University Press,
1997).

11. Deveaud, B. et al. Enhanced radiative recombination of free excitons in GaAs
quantum wells. Phys. Rev. Lett. 67, 2355-2358 (1991).

12. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S.
Electronics and optoelectronics of two-dimensional transition metal
dichalcogenides. Nat. Nanotechnol. 7, 699-712 (2012).

13. Liu, X. et al. Strong light-matter coupling in two-dimensional atomic crystals.
Nat. Photonics 9, 30-34 (2015).

14. Amo, A. et al. Exciton-polariton spin switches. Nat. Photonics 4, 361-366
(2010).

15. Schwarz, S. et al. Two-dimensional metal-chalcogenide films on tunable optical
microcavities. Nano Lett. 14, 7003-7008 (2014).

16. Huang, J.-K. et al. Large-area synthesis of highly crystalline wse, monolayers
and device applications. ACS Nano 8, 923-930 (2013).

17. Mak, K. F., He, K,, Shan, J. & Heinz, T. F. Control of valley polarization in

monolayer MoS, by optical helicity. Nat. Nanotechnol. 7, 494-498 (2012).

. Cundiff, S. T. et al. Optical 2D Fourier transform spectroscopy of excitons in
semiconductor nanostructures. IEEE J. Sel. Top. Quantum Electron. 18,
318-328 (2012).

19. Siemens, M. E., Moody, G., Li, H., Bristow, A. D. & Cundiff, S. T. Resonance
lineshapes in two-dimensional Fourier transform spectroscopy. Opt. Express 18,
17699-17708 (2010).

20. Wang, H. et al. Transient nonlinear optical response from excitation induced

dephasing in GaAs. Phys. Rev. Lett. 71, 1261-1264 (1993).

. Boldt, F., Henneberger, K. & May, V. Many-body theory for the dense exciton
gas of direct semiconductors II. Calculation of exciton level shift and damping
in dependence on exciton density. Phys. Status Solidi B 130, 675-687 (1985).

22. Honold, A., Schultheis, L., Kuhl, J. & Tu, C. W. Collision broadening of
two-dimensional excitons in a GaAs single quantum well. Phys. Rev. B 40,
6442-6445 (1989).

1

fosd

2

—_

| 6:8315| DOI: 10.1038/ncomms9315 | www.nature.com/naturecommunications 5

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wagner, H. P., Schitz, A., Maier, R., Langbein, W. & Hvam, J. M. Coherent
optical nonlinearities and phase relaxation of quasi-three-dimensional and
quasi-two-dimensional excitons in ZnS,Se; y/ZnSe structures. Phys. Rev. B 56,
12581-12588 (1997).

Keldysh, L. V. Coulomb interaction in thin semiconductor and semimetal films.
JETP Lett. 29, 658-661 (1979).

Schultheis, L., Honold, A., Kuhl, J., Kohler, K. & Tu, C. W. Optical
dephasing of homogeneously broadened two-dimensional exciton transitions
in GaAs quantum wells. Phys. Rev. B Condens. Matter 34, 9027-9030

(1986).

Dey, P. et al. Mechanism of excitonic dephasing in layered InSe crystals. Phys.
Rev. B 89, 125128 (2014).

Korn, T., Heydrich, S., Hirmer, M., Schmutzler, J. & Schuller, C. Low-
temperature photocarrier dynamics in monolayer MoS,. Appl. Phys. Lett 99,
102109 (2011).

Wang, G. et al. Valley dynamics probed through charged and neutral exciton
emission in monolayer WSe,. Phys. Rev. B 90, 075413 (2014).

Andreani, L. C,, Tassone, F. & Bassani, F. Radiative lifetime of free excitons in
quantum wells. Solid State Commun. 77, 641-645 (1991).

Palummo, M., Bernardi, M. & Grossman, J. C. Exciton radiative lifetimes in
two-dimensional transition metal dichalcogenides. Nano Lett. 15, 2794-2800
(2015).

Wang, H. et al. Radiative Lifetimes of Excitons and Trions in Monolayers

of Metal Dichalcogenide MoS,. Preprint at http://arxiv.org/abs/1409.3996
(2014).

De Vries, H. & Wiersma, D. A. Fluorescence transient and optical free
induction decay spectroscopy of pentacene in mixed crystals at 2K.
Determination of intersystem crossing and internal conversion rates. J. Chem.
Phys. 70, 5807-5822 (1979).

Bulovic, V., Kozlov, V. G., Khalfin, V. B. & Forrest, S. R. Transform-limited,
narrow-linewidth lasing action in organic semiconductor microcavities. Science
279, 553-555 (1998).

Miller, D. A. B. et al. Electric field dependence of optical absorption near

the band gap of quantum-well structures. Phys. Rev. B Condens. Matter. 32,
1043-1060 (1985).

Rivera, P. et al. Observation of long-lived interlayer excitons in monolayer
MoSe,-WSe, heterostructures. Nat. Commun 6, 6242 (2015).

Acknowledgements

We thank Steven T. Cundiff and Duncan G. Steel for critical discussions and reading of the
manuscript. The work at UT-Austin is supported partially by AFOSR grant number
FA9550-10-1-0022, NSF DMR-1306878, and Welch Foundation F-1662. L.J.L. thanks
support from Academia Sinica Taiwan, AOARD-134137 USA, and KAUST Saudi Arabia.
G.C. and X.X. are supported by DoE BES (DE-SC0008145 and DE-SC0012509). EM.
acknowledges funding from the European Union Graphene Flagship (CNECT-ICT-604391).
The Berlin group is thankful to the German Science Foundation within the collaborative
research center 951. X. L. also acknowledge the support from a Humboldt fellowship.

Author contributions

G.M. and C.K.D. contributed equally to this work. G.M. and X.L. conceived the concept.
All co-authors at the University of Texas ran the experiments, acquired the data, and
analysed the results. C.-H.C,, L.-].L,, G.C. and X.X. provided the samples. G.B., E.M., and
A K. provided theoretical support. G.M. and X.L. wrote the manuscript. All authors
discussed the results and commented on the manuscript at all stages.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Moody, G. et al. Intrinsic homogeneous linewidth and
broadening mechanisms of excitons in monolayer transition metal dichalcogenides.
Nat. Commun. 6:8315 doi: 10.1038/ncomms9315 (2015).

This work is licensed under a Creative Commons Attribution 4.0

5 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:8315| DOI: 10.1038/ncomms9315 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://arxiv.org/abs/1409.3996
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Optical properties of monolayer WSe2

	Figure™1Intrinsic exciton coherent dynamics and resonance broadening mechanisms.(a) The quantum dynamics of an exciton with resonance frequency ohgr0 are characterized by two key parameters: the population decay rate Gamma (population lifetime T1), and th
	Excitation-induced dephasing

	Figure™2Coherent spectroscopy technique.(a) Three phase-stabilized pulses with wavevectors kA, kB, and kC coherently interact with the sample to generate a photon echo signal that is radiated in transmission in the wavevector phase-matching direction, kS
	Figure™32D Fourier-transform spectra of the bright valley exciton.(a) The photon echo signal appears as a single peak in the normalized 2D spectrum (absolute value), acquired using co-circularly polarized pulses and an exciton excitation density of NXsim1
	Phonon-induced dephasing and population relaxation

	Figure™4Homogeneous linewidth broadening due to exciton-exciton and exciton-phonon interactions.(a) The exciton homogeneous linewidth or dephasing rate (points) for exciton excitation densities ranging from NXsim1times1011 to sim1.4times1012thinspcm-2 at 
	Discussion
	Methods
	Sample preparation
	Photoluminescence and 2DFTS experiments

	MakK. F.LeeC.HoneJ.ShanJ.HeinzT. F.Atomically thin MoS2: a new direct-gap semiconductorPhys. Rev. Lett.1051368052010SplendianiA.Emerging photoluminescence in monolayer MoS2Nano Lett.10127112752010ZhaoW.Evolution of electronic structure in atomically thin 
	We thank Steven T. Cundiff and Duncan G. Steel for critical discussions and reading of the manuscript. The work at UT-Austin is supported partially by AFOSR grant number FA9550-10-1-0022, NSF DMR-1306878, and Welch Foundation F-—1662. L.J.L. thanks suppor
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




