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ABSTRACT: We report the observation of coherent lattice vibrations
in mono- and few-layer WSe2 in the time domain, which were obtained
by performing time-resolved transmission measurements. Upon the
excitation of ultrashort pulses with the energy resonant to that of A
excitons, coherent oscillations of the A1g optical phonon and
longitudinal acoustic phonon at the M point of the Brillouin zone
(LA(M)) were impulsively generated in monolayer WSe2. In multilayer
WSe2 flakes, the interlayer breathing mode (B1) is found to be sensitive
to the number of layers, demonstrating its usefulness in characterizing
layered transition metal dichalcogenide materials. On the basis of temperature-dependent measurements, we find that the
A1g optical phonon mode decays into two acoustic phonons through the anharmonic decay process.
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Layered semiconducting transition metal dichalcogenides
(TMDCs) such as MoS2, MoSe2, WS2, and WSe2 have
attracted great interest because of their unique optical

and electrical properties.1−9 Transition metal atoms (Mo or W)
are covalently bonded to chalcogenide atoms (S or Se) to form
an individual layer, and van der Waals interactions cause each
layer to stack into multilayered films. Notably, semiconducting
TMDCs exhibit evolutionary behaviors with the number of
layers, especially in terms of their optical properties. Being an
indirect band-gap semiconductor in bulk crystals, for example,
the energy of the indirect gap widens as the number of layers
decreases while the size of the direct band gap is maintained,
causing a transition to a direct-band gap semiconductor in a
monolayer form. Accordingly, the strong photoluminescence
(PL) observed in the monolayer is quenched in multilayer
films,1,3,10 although direct-band gap behaviors can be restored
in multilayers by applying external strains.11 The frequency of
the Raman modes also varies with the layer thickness, which
makes Raman spectroscopy a general method to verify the layer
number of semiconducting TMDCs12−18 as in the case of
graphene.
Phonons, the fundamental vibrational modes of a crystal

lattice, play important roles in determining many physical
properties of 2D materials. For example, thermal conductivity is
determined by the dynamics of lattice motions and excited

carriers cool down to band edges by releasing the excess energy
via optical or acoustic phonons. Electrical conductivity is also
affected by electron scatterings with optical phonons, thus
limiting the mobility of TMDC materials.19 By studying light
scatterings with phonons near electronic transition energies,
resonant Raman spectroscopy has been quite effective in the
characterization of TMDC materials. For example, resonance
profiles were studied and the harmonics or combinations of
zone-edge phonons were detected from Raman scatterings near
exciton energies.18,20−25

Despite substantial progress in the investigation of phonons
using continuous-wave Raman scattering, real-time observation
of coherent lattice vibration modes in mono- and few-layer
TMDCs has yet to be reported. By monitoring coherent
phonons in real time, it is possible to visualize the lattice
motions in the time domain and investigate the phonon decay
process as well as the oscillation phase, providing comple-
mentary information that is not accessible with Raman
measurements.26−29 Furthermore, even for resonant excitations
where fluorescence photons overwhelm phonon signals in
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Raman scatterings, it is possible to detect coherent phonons by
measuring the transmission change of the probe beam.
Monolayer WSe2 has 9 normal phonon modes with the D3h

symmetry, whereas bulk WSe2, belonging to the point group
D6h has 18 vibration modes. Among those, the E2g

1 and A1g
modes are common Raman-active lattice vibrations from both
mono- and multilayer WSe2. In the E2g

1 mode, W and Se atoms
move in opposite directions within the layer plane. In contrast,
two Se atoms surrounding a W atom make out-of-plane
displacements in the A1g mode. Because the A1g mode becomes
hardened and the E2g

1 mode softened as the layer number
increases, the frequency difference of these two phonon modes
was used to determine the layer thickness of TMDC
films.12,13,16 Additionally, the interlayer breathing (B1) and
shear (S) modes are also Raman active and sensitive to the
layer thickness.15,17

In this work, we report the observation of coherent lattice
vibrations in mono- and few-layer WSe2. Using ultrafast time-
resolved transmission measurements, we observe the atomic
motions of the out-of-plane A1g and the interlayer B1 modes in
the time domain. The pump photons, whose energy closely
tuned to that of the A exciton in WSe2, generate non-
equilibrium exciton population and coherent lattice vibrations,
and their evolutions with time are monitored using time-
delayed probe photons. We investigate resonance behaviors of
the lattice vibrations near the A exciton and present the
evolution of the phonon modes with the layer number.
Moreover, temperature-dependent measurements in multilayer
WSe2 indicate that the A1g optical phonon actively decays into
two acoustic modes through the anharmonic decay process.

RESULTS AND DISCUSSION

As displayed in the optical image of Figure 1a, WSe2 flakes
exhibit different optical contrasts depending on the number of
layers. To obtain few-layer WSe2, we first mechanically exfoliate
the bulk crystals and transfer the few-layer flakes onto double-
layer polymer films. After identifying the number of layers with

Raman and PL measurements, we transfer the flakes onto
transparent quartz substrates for transmission measurements.
With this method, we routinely obtain thin WSe2 flakes with a
typical size of ∼100 μm2 (see Methods). Figure 1b shows the
transmission spectra from both the mono- and double-layer
WSe2 flakes. The absorption peaks located at ∼760 and ∼600
nm correspond to the optical transitions of the A and B
excitons, respectively. These excitonic peaks originate from the
direct-gap transitions at the K points between the valence bands
that have been spin split due to the strong spin−orbit coupling
and the conduction band.10,30 Although they are not clearly
resolved at room temperature, the well-defined signals of A and
B excitons appear in the transmissions measured at 80 K (see
Supporting Information). The A and B excitonic peaks, which
have been blue-shifted from their room-temperature posi-
tions,31 exhibit a slightly increased energy difference in the
double-layer WSe2 (0.46 eV) compared with the monolayer
case (0.43 eV). To clarify the origin of this behavior, we have
calculated the optical absorption spectra of monolayer and
bilayer WSe2 based on the many-body GW plus Bethe−Salpeter
equation (BSE) formalism. The GW−BSE spectra shown in
Figure 1c reproduce the experimentally observed slight
downshift of the A exciton peak in the WSe2 bilayer,

10 which
results from the enhanced splitting of the valence band
maximum at the K point in the double-layer.30 This is again
caused by the interlayer interaction and reduced quantum
confinement effect in the double-layer, which can be more
clearly seen by comparing the first excitonic peaks obtained
without spin−orbit coupling (before the A−B splitting) in the
monlayer and the double-layer (see Supporting Information).
In agreement with earlier studies,1,3,10 the PL spectra shown in
Figure 1d exhibit much stronger PL signal from the monolayer
than the double layer, which is attributed to the direct-to-
indirect band gap transition. For the monolayer, the PL peak
(∼766 nm) is Stokes shifted by 7 nm from the absorption peak
of the A exciton (∼760 nm). Hence, resonant features relevant
to the A exciton are expected to play a significant role in the

Figure 1. (a) Optical microscope image showing mono- and double-layer WSe2 flakes. (b) Transmission spectra, (c) calculated spectra for the
excitonic optical absorption, and (d) PL spectra of mono- and double-layer WSe2.
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time-resolved pump−probe measurements when 750 nm (1.65
eV) photons are used.
Figure 2a presents a schematic of the time-resolved pump

probe experiments using ultrashort pulses with a center

wavelength of 750 nm. We implement the balanced detection
using a reference beam in order to improve the signal-to-noise
ratio. The pump pulse induces nonequilibrium excitons and
lattice vibrations in WSe2, and the resultant optical changes are
monitored by detecting the transmitted probe beam as a
function of the time delay between the pump and probe pulse.
Previous time-resolved pump−probe experiments on WSe2
have revealed the dynamics of photoexcited excitons such as
the recombination, diffusion, and intervalley scattering
processes.9,32−36 The impulsive ultrashort pulses can also
macroscopically launch the coherent motion of lattice
vibrations, which in turn modulate optical constants of the
material. Then, the temporal motion of lattice vibrations can be

visualized with monitoring the probe pulse in ultrafast pump−
probe experiments.
Figure 2b shows the time-resolved transmission change (ΔT)

of the probe pulse through the monolayer WSe2. With the
generation of A excitons by the pump pulse, the absorption
probability of the probe beam decreases because excited states
are inactive to optical transitions, which explains the onset of
the positive transmission change at zero time delay. The
background ΔT signal of the monolayer WSe2 is fitted well by a
biexponential decay function, with two decay constants of τ1=
0.08 ps and τ2= 1.2 ps, for the fast and slow processes,
respectively. The slow part corresponds to the decay of the A
exciton through the radiative or nonradiative recombinations.
The fast process is not clearly resolved with the 60 fs pulse
duration in this work, but it is probably related with ultrafast
processes such as the intervalley scattering or the exciton
dephasing.9,37

Because of the electron−phonon coupling, the equilibrium
position of the lattice depends on the exciton population and
undergoes an abrupt shift with the pump pulse. Then, with a
finite response time, the motion of the lattice initiates damped
harmonic oscillations around the new equilibrium position.
This kind of coherent phonon generation is referred to as the
displacive excitation mechanism.28 As is evident from the
expanded plot of the inset, the high-frequency modulations
from the lattice are superimposed with the electronic
contributions. We extract pure oscillatory components by
subtracting the monotonously decaying electronic contribu-
tions of ΔT. The resultant high-frequency modulations are
from the coherent lattice vibrations in the monolayer WSe2
flake (red curve in Figure 2b).
The frequencies of lattice vibrations are clarified from Fourier

transform (FT) of the time domain signal. The FT spectrum of
the oscillatory ΔT in Figure 2b is shown in Figure 2c, revealing
that a couple of strong lattice modes exist: one of which has a
central frequency of 7.448 THz (248.3 cm−1) and the other
exhibits a rather broad peak near 3.7 THz (123 cm−1). Here, we
assign the strong peak at 7.448 THz to the A1g optical phonon
and the peak at 3.7 THz to the LA(M) mode.16,38 We note that
in resonant Raman scattering of TMDC materials, athough the
harmonics or combined phonon modes relevant to the LA(M)
have been widely reported, the first-order LA(M) mode was
not observed or very weak owing to the momentum mismatch
of the scattering mechanism. The A1g phonons in the
monolayer WSe2 has a dephasing time of 4.5 ps, which was
inferred from the fitting of temporal oscillations with an
exponentially decaying sinusoidal function (see Supporting
Information for the fitting procedure). Interestingly, the
contributions from the E2g phonons are negligible, even though
their strength is comparable to that of the A1g phonons in
Raman scattering spectra.16 Although further investigations are
required, we attribute the predominant A1g phonon signal in
the transmission change to the sensitive modulation of the A
exciton resonance by the out-of-plane A1g lattice motion.
For the double-layer WSe2, time-resolved transmission

change (black curve) and extracted oscillatory signal (red
curve) are displayed in Figure 3a, and the FT spectrum of the
lattice vibrations is presented in Figure 3b. Similarly to the
monolayer WSe2, we can assign the peak at 7.482 THz to the
A1g optical phonon at the Γ point. Among noticeable
differences, however, are the missing LA(M) phonon mode
in the double-layer spectrum. Instead, a strong peak is observed
at 0.838 THz, which corresponds to the interlayer breathing

Figure 2. (a) Schematic experimental setup of pump−probe
measurements. (b) Photoinduced change of the probe transmission
as a function of the time delay relative to the pump pulse obtained
for the monolayer WSe2 with ultrashort pulses with a center
wavelength of 750 nm. The inset is an expanded plot visualizing
high-frequency modulations superimposed with the signal. The red
curve is the oscillatory part of the signal, which was extracted by
subtracting the slowly varying component from the signal. (c) FT
spectrum of the time-domain lattice vibrations showing the out-of-
plane A1g mode at 7.448 THz and the broad peak at approximately
3.7 THz due to the LA(M) mode.
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mode (B1). In order for the LA(M) phonons to activate,
inelastic scattering events at structural defects or along the
edges are necessary to compensate for the wave vector
mismatch between phonons and photons, which may be easier
under the A exciton resonance. Note that the defect-induced D-
mode is generally more distinctive in monolayer graphene than
in multilayer graphene39,40 because the scatterings along the
edges are expected to be stronger for monolayer films.
It is expected that multilayered TMDCs have interlayer

phonon modes that are assorted into out-of-plane breathing
(B) and in-plane shear (S) modes. Zhao et al. demonstrated
from the low-energy Raman scattering measurements that the
B-mode (S-mode) becomes softened (hardened) as the
number of layers increases.17 The absence of the in-plane S-
mode in our data is consistent with the selectivity of the optical
modes in the sense that the time-resolved transmissivity
measurement is exclusively sensitive to out-of-plane atomic
motions in layered TMDC materials. We observe that the
dephasing times of the B1 and A1g phonons are τB1 = 3.5 ps and
τA1g = 4.3 ps, respectively, for the double-layer WSe2.
The interlayer breathing mode is highly sensitive to the layer

thickness. Figure 4a displays the oscillatory signals of the B1
mode from double-, triple-, and quadruple-layer WSe2, and the
corresponding FT spectra are plotted in Figure 4b. Figure 4c
shows the layer-number dependence of the A1g mode, and
Figure 4d summarizes the frequency shifts of the A1g- and B1-
mode oscillations with the layer number. It is consistent with
previous Raman measurements that the frequency of the B1
mode decreases as the layer number increases. Note that the
shift of the B1 mode can be used as a robust layer-number
characterization tool because of its high fidelity (Figure 4b)
compared with the gradual evolution of the A1g phonons
(Figure 4c). In addition, we also find that the dephasing time of
the B1 mode is dependent on the layer number. For the
quadruple-layer WSe2, the dephasing time τB1 = 5.4 ps is longer
than the cases of triple-layer (3.8 ps) and double-layer (3.5 ps)
flakes. Rough estimation suggests that the dephasing time has a

tendency to scale with the period of lattice vibrations (inverse
of phonon frequency). Here, we note that Ge et al. have
observed similar results on relatively thick MoS2 flakes with the
layer number N > 10, that the period (frequency) of the
coherent LA phonon oscillations increases (decreases) as the
decay time becomes longer in thicker MoS2.

41

Further information on the dephasing process of the A1g
mode can be obtained from temperature-dependent measure-
ments. Figure 5a shows the A1g phonon oscillations of a bulk
WSe2 film (>10 layers) at different temperatures. The
frequency shifts and dephasing rates of the A1g optical phonons
are presented in Figure 5b and c, respectively, for the bulk
(purple) and quadruple-layer (blue) WSe2. It is well known that
an optical phonon can split into two phonons with lower
frequencies, conserving the energy and momentum. In this
anharmonic phonon dephasing process, the dephasing rate
(ΓA1g) and frequency (ΩA1g) are a function of temperature (T)
and is described by42

Γ = Γ + Γ × + +

Ω = Ω + × + +

n E n E

A n E n E

[1 ( ) ( )]

[1 ( ) ( )]

anh

A g

A1g 0 1 2

1 0 1 2 (1)

Here, n(E1,2) = [exp(E1,2/kBT) − 1]−1 is the thermal
occupation number of the lower frequency phonons with
energy E1 or E2, and kB is the Boltzmann constant. Γanh and A
are the proportional constants, and Γ0 and Ω0 are background
contributions to the dephasing rate and frequency, respectively.
The solid lines in Figure 5b and c are numerical fittings
obtained using eq 1 with E1 = E2 = ℏΩA1g/2, considering the
anharmonic process in which one A1g phonon decays into two
lower-frequency phonons with the same frequency but opposite
wave vectors. As shown in Figure 2, a considerable density of
the LA modes exists at the M point of the Brillouin zone with a
frequency near ΩA1g/2 (∼3.7 THz),14 suggesting that large
portion of A1g phonons in WSe2 can decay into two LA(M)
phonons through the anharmonic process (see Supporting

Figure 3. (a) Photoinduced transmission changes obtained for the
double-layer WSe2 flake, with the red curve representing the
oscillatory part extracted from the signal. (b) Fourier-transformed
spectrum of the time-domain oscillations showing the interlayer
breathing (B1) mode at 0.838 THz and the A1g mode at 7.482 THz.

Figure 4. (a) Time-domain transmission oscillations of the B1 mode
and (b) corresponding FT spectra for the double-, triple-, and
quadruple-layer WSe2 flakes. (c) Fourier-transformed spectra of the
out-of-plane A1g mode for few-layer WSe2 flakes. (d) Frequency of
the B1 and A1g modes as a function of the layer number.
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Information for the contribution of carrier-phonon interac-
tions).
When the applied photon energy is tuned to match the

transition energy of a specimen, optoelectronic signals can be
enhanced in various ways. In pump−probe experiments,
resonance effects can be induced in the excitation process by
pump photons as well as in the detection stage by probe
photons. Figure 6a shows the FT intensity of the A1g phonon
mode from the monolayer WSe2 obtained with varying the
center wavelength of pump and probe photons. The PL
spectrum is also displayed for comparison. The detection
efficiency of the A1g mode oscillation is maximum at λc ≈ 740
nm. Assuming that the absorption profile changes in

accordance with the atomic coordinates of the A1g phonon
mode, the detection efficiency will be proportional to the
energy derivative of the resonance profile, which can explain the
reason why the strongest A1g mode is detected at the high-
energy shoulder of the PL peak rather than at the peak of the
PL spectrum. The density-functional calculation suggests that
the energy bands are modulated according to lattice distortions
accompanied by the A1g mode. Once influenced by the lattice
distortion, valleys in the conduction and valence bands at the K
point move upward or downward depending on the distortion
polarity (see Supporting Information). In the calculation,
change of the bands was found to be more susceptible to the
displacement of the A1g mode than that of the E2g

1 mode, being
consistent with not observing coherent E2g

1 oscillations from
the transmission change. The unbalanced features of A1g
phonon intensity around the exciton resonance can be
attributed to the asymmetry in the generation efficiency,
which could be further confirmed by performing nondegenerate
pump−probe measurements with tuning the pump and probe
energies independently.

CONCLUSION
By performing pump−probe experiments with ultrashort pulses
resonant with the A exciton of the mono- and few-layer WSe2,
we were able to visualize coherent lattice vibration modes in the
time domain, especially out-of-plane motions of the intralayer
A1g mode and the interlayer breathing mode B1. Dephasing
time of the A1g mode was found to be around 4.5 ps for the
monolayer WSe2. From temperature-dependent measurements
of the A1g phonons in multilayer WSe2, the accelerated phonon
dephasing with temperature was modeled by the anharmonic
process, in which the A1g mode decays into two acoustic modes
of LA(M). The frequency of the interlayer breathing mode
(B1), being strongly dependent on the number of layers, has
proven to be a powerful characterization method of the layer
thickness of TMDCs. The observed phonon dynamics in this
study will be useful in predicting the performance of TMDC-
based devices as well as in understanding their physical
properties.

METHODS
Sample Preparation. Transparent samples were obtained by

transferring WSe2 flakes onto quartz substrates. First, using the scotch
tape method, WSe2 flakes were mechanically exfoliated from bulk
crystals onto silicon wafers covered by double polymer layers
consisting of a water-soluble layer (PSS; poly(4-styensulfonic acid))
and PMMA, in which the PSS/PMMA thickness was carefully selected
to better classify monolayers by optical contrast. Then, an OHP frame
with a square hole was attached to the layer with the WSe2 flakes
located inside the hole. By dissolving the PSS layer in deionized water,
we obtained the OHP/PMMA membrane with WSe2 flakes, which was
then transferred onto a quartz substrate. Finally, we removed the
PMMA layer in acetone.

Pump−Probe Experiment. Photoinduced change of the time-
resolved transmission was measured by performing pump−probe
experiments using a cavity-dumped Ti:sapphire layer, which delivers
ultrashort pulses with a duration of approximately 60 fs at a repetition
rate of 400 kHz. The center wavelength was tuned around 750 nm. A
beam splitter divides the beam with a ratio of 4:1 for the strong pump
and weak probe. After the pump beam passes a shaking mirror in order
to modulate the path length, an objective lens with a numerical
aperture of 0.57 focuses the two beams at the same spot in the sample.
The focused spot size was approximately 5 μm in diameter, and a
pump fluence of approximately 1.0 mJ/cm2 was used. The shaker scans
the time delay between the pump and probe pulses at a frequency as

Figure 5. (a) Coherent lattice vibrations of the A1g mode for bulk
WSe2 obtained at different temperatures ranging from 80 to 320 K.
(b) Frequency and (c) dephasing rate of the A1g mode as a function
of temperature for the quadruple-layer and bulk WSe2 flakes. The
filled scatter points are experimental data, and the solid lines are
fitting curves of the anharmonic decay model.

Figure 6. (a) Fourier-transformed intensity of the A1g phonon
oscillations of monolayer WSe2 flake as a function of the center
wavelength of ultrashort pulses. The PL spectrum of the same flake
is displayed for comparison. (b) Density-functional calculation of
the energy gap shift at the K point of the Brillouin zone as a
function of the lattice distortion of the A1g mode.
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fast as 13 Hz, and the high-speed data acquisition with data averaging
enabled us to obtain high-quality signals with a signal-to-noise ratio as
low as 10−7.
Photoluminescence and Transmission Measurement. WSe2

samples were excited by a continuous wave laser at 532 nm to measure
PL using a monochromator equipped with a CCD detector. The
transmission spectra were measured using a supercontinuum laser
delivering broadband light in the 450−2400 nm region.
Computational Methods. We performed first-principles calcu-

lations with the projector-augmented wave scheme as implemented in
the VASP code.43 The plane-wave cutoff was set to 400 eV and the
exchange correlation contributions were treated within the local
density approximation as well as Perdew−Burke−Ernzerhof general-
ized gradient approximation augmented by empirical dispersion
corrections proposed Tkatchenko−Scheffler.44 The two-dimensional
slabs were prepared with a vacuum space of about 15 Å along the
direction normal to the WSe2 plane to ensure decoupling between
periodic images. A 12 × 12 × 1 Γ-centered k points were sampled
within the Brillouin zone for the band structure calculations, and an
increased 14 × 14 × 1 k-point mesh was used for the GW−BSE
calculations. These ground-state calculations were then used to
compute the quasiparticle eigenvalues within the non-self-consistent
GW scheme (G0W0) with and without including the spin−orbit
coupling.30,45 The cutoff for the response function was set to 150 eV,
and more than 256 bands were included for the calculation of the
polarizability and the self-energy. Using the G0 W0 quasiparticle bands,
we solved the Bethe−Salpeter equation within the Tamm−Dancoff
approximation to account for the interactions between quasielectrons
and quasiholes.30,46 The six highest valence bands and the eight lowest
conduction bands were used as a basis for the excitonic eigenstates.
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