Letter
pubs.acs.org/NanoLett

The Role of Electronic and Phononic Excitation in the Optical
Response of Monolayer WS2 after Ultrafast Excitation
Claudia Ruppert,*,†,‡,▽ Alexey Chernikov,†,§,▽ Heather M. Hill,†,∥,⊥ Albert F. Rigosi,†,∥,⊥
and Tony F. Heinz†,∥,⊥
†

Departments of Physics and Electrical Engineering, Columbia University, New York, New York 10027, United States
Department of Physics, Technische Universität Dortmund, Dortmund 44227, Germany
§
Department of Physics, University of Regensburg, Regensburg 93053, Germany
∥
Department of Applied Physics, Stanford University, Stanford, California 94305, United States
⊥
SLAC National Accelerator Laboratory, Menlo Park, California 94025, United States
‡

ABSTRACT: Transient changes of the optical response of WS2 monolayers are studied
by femtosecond broadband pump−probe spectroscopy. Time-dependent absorption
spectra are analyzed by tracking the line width broadening, bleaching, and energy shift of
the main exciton resonance as a function of time delay after the excitation. Two main
sources for the pump-induced changes of the optical response are identiﬁed. Speciﬁcally,
we ﬁnd an interplay between modiﬁcations induced by many-body interactions from
photoexcited carriers and by the subsequent transfer of the excitation to the phonon
system followed by cooling of the material through the heat transfer to the substrate.
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In this letter, we address this issue by presenting a detailed
analysis of the evolution of the exciton line shape after
photoexcitation of a WS2 monolayer using femtosecond
broadband pump−probe spectroscopy. From our data, we
extract individual contributions to the modiﬁcation of the
optical response−namely, changes in the exciton peak area, line
width, and energy−and monitor their temporal evolution. Such
a deconvolution of the diﬀerent contributions allows for a more
detailed analysis of the optical response after the excitation and
facilitates the analysis of the underlying physical processes.
Through this approach, we identify two diﬀerent regimes. The
ﬁrst regime is dominated by the many-body interactions
originating from the optically injected charge carriers during
roughly the ﬁrst 1−10 ps of the excitation for the chosen
intermediate pump densities, and the second later regime is
strongly inﬂuenced by the transfer of electronic excitation to
phonons. In particular, we demonstrate that the resulting
transient increase of the lattice temperature is largely suﬃcient
to account for the observed changes of the optical response
after the majority of the photoexcited electron−hole pairs have
recombined. The subsequent decay of the pump−probe signal
on the 100 ps time scale is attributed primarily to the cooling of
the phonon system by thermal coupling to the underlying
substrate.

tomically thin materials have received much recent
attention from the scientiﬁc community. Particular
interest has been directed toward the family of semiconducting
transition metal dichalcogenides (TMDCs),1−3 including
MoS2, WS2, MoSe2, WSe2, and MoTe2 crystals. This class of
materials is characterized by intriguing physical properties,
including strong Coulomb interactions and distinctive spinvalley physics.4−9 TMDC materials oﬀer excellent opportunities
to study fundamental phenomena in condensed matter as well
as to explore properties important for future applications.
Within this context, it is crucial to understand how these
systems respond to external perturbations. Recent eﬀorts have
been directed toward studying the response of mono- and fewlayer TMDCs to optical excitation, particularly focusing on the
behavior of the photoexcited charge carriers. A variety of
distinct phenomena have been explored, including photoexcited
carrier lifetimes,10−17 exciton−exciton interactions and annihilation processes,18−21 coherent coupling and control,22−24
bandgap renormalization,25−28 behavior in the high-density
regimes beyond the Mott threshold,29 ultrafast structural
deformation,30 and spin-valley dynamics.31−38 In the majority
of these studies, ultrafast optical pump−probe spectroscopy
was utilized as a useful experimental tool. Pump-induced
changes of the optical response can, however, be challenging to
analyze because even an isolated resonance can exhibit
nontrivial modiﬁcations after the photoexcitation. In addition,
both photoexcited charge carriers and nonequilibrium phonon
populations (including transient heating of the lattice) can alter
the optical properties of the material.
© 2017 American Chemical Society
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Figure 1. Spectrally resolved pump−probe measurements of a WS2 monolayer. (a) Optical micrograph of the studied WS2 ﬂake on a fused silica
substrate. The monolayer region is indicated by the dotted line. (b) A typical linear absorbance spectrum of a WS2 monolayer on a fused silica
substrate (data from ref 39) in the spectral range of the A and B transitions. The arrow indicates the photon energy of the pump radiation used in the
pump−probe experiment. (c) Photoluminescence spectra of the sample shown in (a) for three diﬀerent pump ﬂuences. (d) Room-temperature
reﬂectance contrast spectra at selected delay times after the excitation for the pump ﬂuencies of 17 μJ/cm2 (top panel) and 101 μJ/cm2 (bottom
panel). Spectra before the pump (Δt = −0.4 ps) are also plotted for comparison (dark thin lines) illustrating the response prior to excitation.

applied pump ﬂuence F was varied from 7 to 101 μJ/cm2,
corresponding to the photoexcited electron−hole pair densities
between 9 × 1011 and 1.3 × 1013 cm−2, as estimated from the
absorbance of ∼0.05 at the pump photon energy (see Figure
1(b)). This density range can be considered an intermediate
excitation regime, where the interactions between the charge
carriers already play a signiﬁcant role, yet excitons are still
bound states, i.e., the densities are below the so-called Mott
threshold, where excitons dissociate.25,26,29 Optical excitation of
such monolayer samples supported on a substrate can give rise
to changes in the charge state of the layer through photodoping
eﬀects with corresponding modiﬁcations of the optical
response42 associated with charged exciton states.43,44 However, for our samples exposed to air at room temperature, such
optically induced doping was shown to be signiﬁcantly
reduced.42 In addition, because of the observed line shape of
the resonance and the absence of a second peak in the
reﬂectance contrast,26 we conclude that the optical response in
our experiment is governed by neutral excitons. The ﬂuence of
the probe beam was kept suﬃciently low (∼1 μJ/cm2) to be
nonperturbative with induced carrier densities at least an order
of magnitude lower than the density created by the pump.
In the following, we focus on the optical response at the
fundamental optical gap, i.e., A exciton resonance. We use the
reﬂectance contrast RC = (RWS2 + S − RS)/RS as the main
observable, where RWS2 + S and RS denote the reﬂectance of the
WS2 monolayer on the substrate and of the bare substrate,
respectively. Fused silica was the substrate of choice as there are
no complex interference eﬀects inﬂuencing the reﬂectance
contrast spectra, as would occur for substrates such as silicon
covered by a thin ﬁlm of thermal oxide. Furthermore, for a
transparent substrate covered by an ultrathin layer producing a
moderate reﬂectance contrast signal, the reﬂectance contrast is

The WS2 monolayer sample was prepared by mechanical
exfoliation of a synthetic bulk crystal onto a fused silica
substrate. The corresponding optical micrograph is presented in
Figure 1(a), where the monolayer area is indicated by a dashed
line. In our experiment, the sample was excited by a frequencydoubled, ampliﬁed ﬁber laser with pulses of ∼250 fs duration
and a repetition rate of 1 MHz, centered at the photon energy
of 2.4 eV. The changes in the optical response were probed by
white-light supercontinuum pulses generated in a YAG crystal
by pump pulses at the fundamental frequency of the
modelocked laser. Both pump and probe beams were focused
onto the sample in collinear geometry by a microscope
objective, yielding respective spot sizes of 5 and 2 μm, and a
mechanical delay stage was used to control the time delay Δt
between the pulses. The reﬂected probe signal was spectrally
dispersed in a spectrometer and detected by a charge-coupled
device array. We adopted a balanced detection scheme with a
reference white-light pulse being measured simultaneously to
compensate for ﬂuctuations in the intensity of the probe beam.
The data were corrected for the wavelength-dependent chirp of
the supercontinuum probe pulses, which was measured using
the ultrafast response of a thin gold foil. All measurements were
performed at room temperature and under ambient atmosphere.
The excitation conditions are further illustrated in Figure
1(b), where a typical absorption spectrum of a supported WS2
monolayer (from ref 39) is presented. The spin-split exciton
ground-state resonances corresponding to the direct transition
at the K/K′ point of the Brillouin zone are labeled as A and B.
The pump photon energy of 2.4 eV, indicated by the arrow in
Figure 1(b), predominantly leads to the optical injection of
electron−hole pairs at the B exciton resonance with smaller
contributions from the electron-hole continuum of the A
transition and from the ﬂank of the higher-lying states.40,41 The
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mostly determined by the imaginary part of the dielectric
function, i.e., by the sample absorption.39
The photoluminescence (PL) of the WS2 monolayer under
femtosecond pulsed laser excitation is shown in Figure 1(c) for
diﬀerent ﬂuences. For low pump ﬂuences, the maximum of the
PL feature lies at 1.986 eV, but shifts to slightly lower energies
with increasing pump ﬂuence. This phenomenon is linked to
the pulsed nature of the excitation, as described in detail below.
The PL peak follows this trend because most of the photons are
emitted on a time scale comparable to the duration of the
spectral shift of the resonance. The overall shape of the PL
feature and its energy corroborate the assumption that the
optical response is governed by neutral excitons.
Reﬂectance contrast spectra of the WS2 monolayer are
presented in Figure 1(d) at selected time delays after the
excitation with low (17 μJ/cm, top panels) and high (101 μJ/
cm2, bottom panels) pump ﬂuences. A spectrum at negative
time delay is included in each panel for comparison. For both
ﬂuences, the pump-induced modiﬁcation of the exciton
resonance is a combination of changes in the line width, area,
and energy of the peak. In particular, both blue and red shifts of
the resonance are observed. (See, e.g., spectra at Δt = 0.3 ps for
F = 17 μJ/cm2 and at Δt = 6.6 ps for F = 101 μJ/cm2 in Figure
1(d).)
We repeated the measurements on a second monolayer of
WS2 in the vicinity of the specimen shown in Figure 1(a). We
obtained very similar results from the second sample as those
described above. Furthermore, environmentally induced
changes of the optical response seem to be of minor
importance under our measurement conditions. We performed
the experiment under vacuum conditions without a meaningful
diﬀerence in the experimental ﬁndings. We note that this
comparison does not imply that interactions of the WS2
monolayer with the substrate are unimportant because the
same substrate was used throughout.
To extract the individual contributions to the induced
spectral changes, we performed a line shape analysis of the data
in Figure 1(d) by ﬁtting a Lorentzian function to the A exciton
peak with a linear oﬀset to account for the broad background,
as illustrated in Figure 2(a). This allows us to monitor the
pump-induced changes in the peak line width w (full-width at
half-maximum), the area A, and the resonance energy E
independently as a function of delay time after excitation. The
extracted parameters are presented in Figure 2(b) for a pump
ﬂuence of 101 μJ/cm2. The data are normalized to the
corresponding values at negative time delays: w0 = 47 meV, A0
= 1 arb unit, and E0 = 1.996 eV. These latter parameters diﬀer
only very slightly from the ones obtained in the absence of the
pump beam, indicating the absence of any appreciable steadystate heating of the sample by the pump beam. For direct
comparison, the change of the normalized reﬂectance contrast
ΔRC/RC0 at the peak of the resonance (integrated over a
narrow spectral region of 13 meV) is presented in the lower
panel of Figure 2(b). This temporal evolution, which might be
recorded in a more conventional pump−probe measurement at
ﬁxed probe wavelength, reﬂects a complex combination of the
individual dynamics arising from peak shifts, broadening, and a
decrease of the peak area.
Changes in the optical response of the WS2 monolayer
appear immediately after pump excitation within the experimental resolution of several 100s of femtoseconds. Initially, we
observe a strong increase of the line width of A exciton,
accompanied by a simultaneous bleaching of the resonance, i.e.,

Figure 2. Quantitative analysis of the time-dependent line shape of the
A exciton resonance. (a) Representative reﬂectance contrast spectrum
ﬁtted with a Lorentzian line shape (red line) and linear oﬀset (green
line). (b) Relative changes of the line width Δw/w0, area ΔA/A0, and
resonance energy ΔE/E0 of the peak are presented as a function of
time delay for a pump ﬂuence of 101 μJ/cm2. The data are normalized
to the corresponding values at negative delay times: w0 = 47 meV, A0 =
1 arb unit, and E0 = 1.996 eV. (inset) The relative change of the line
width and area for short delay times. Lower panel: The relative change
of the reﬂectance contrast RC at a probe energy of 1.997 eV, averaged
over a narrow spectral range of 13 meV, is shown for comparison.

a decrease in the area of the feature. Both the broadening and
bleaching of the feature exhibit decay dynamics on the
picosecond time scale (inset of Figure 2(b)). After a few 10s
of ps, the peak area returns to its original value, and the optical
response mostly reﬂects a red shift of the exciton transition
energy with only a small contribution from line width
broadening. These changes then decay on the 100 ps time
scale, and the system fully recovers after ∼250 ps. In the
following, we analyze the two regimes of fast and slow
dynamics in detail, examining both the origin of the individual
contributions and their associated time constants.
We begin with a discussion of the photoinduced optical
response on fast time scales. Initially, the optical pulse creates
electron−hole pairs at the excitation photon energy. The
subsequent scattering processes with phonons and with other
carriers are expected to lead to rapid thermalization and
relaxation of the carrier population toward the respective band
minima. For nonresonant excitation processes corresponding to
the experimental conditions in our study, the time scales for
this initial relaxation are usually expected to be on the order of
100s of femtoseconds45 and should thus be below the
resolution of our measurements. The presence of the
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photoexcited carriers in the material strongly modiﬁes the
optical response at the exciton resonance. Several distinct
physical processes contribute to this response.25,38,46 First,
Coulomb scattering of the carriers leads to the spectral
broadening of the exciton peak, a process usually termed
excitation-induced dephasing. Second, phase-space ﬁlling (or
Pauli-blocking) of the electron and hole states, as well as the
screening of the Coulomb interaction, results in reduced
exciton binding energy and oscillator strength. The latter
manifests itself in a decrease of the exciton peak area and, thus,
bleaching of the resonance. Third, the quasi-particle band gap
energy, i.e., energy of the onset of the electron−hole
continuum, decreases due to the reduction of repulsive
Coulomb interactions. Combined with the decreased exciton
binding energy from phase-space ﬁlling and screening, this can
lead to a shift of the exciton resonance either to higher or lower
energy. We note that the resulting absolute energy shift of the
resonance generally depends on a variety of material properties
and excitation conditions, including the eﬀective temperature
and density of the photoexcited carriers, as well as the ratio of
the excitons to free electrons and holes.
A comprehensive many-body theoretical approach is typically
required for an accurate, quantitative description of the
phenomena outlined above. Nevertheless, the overall changes
in the optical spectra, such as the simultaneous broadening and
bleaching of the exciton resonance, allow us to identify the
initial response as arising from the presence of photoexcited
carriers and to monitor their dynamics.
With this qualitative description of the initial transient optical
response, we now turn to a closer examination of the
parameters obtained in our experiment. The extracted changes
of the line width, area, and energy of the exciton resonance
during the ﬁrst 10 ps are presented in Figure 3(a−c) for the
pump ﬂuences of 17 and 101 μJ/cm2. The observed line width
broadening (Figure 3(a)) and bleaching (Figure 3(b)) of the
exciton resonance are strongly correlated with one another and
both scale with pump ﬂuence. As discussed above, both
observations are consistent with the inﬂuence of the photoexcited carriers. In particular, the measured absolute magnitude
of the excitation-induced broadening of 6.3(±1) × 10−12 meV
cm−2 carriers compares well to the results for a similar
monolayer material (MoS 2) studied under comparable
experimental conditions21 and to a reported value of 5.4 ×
10−12 meV cm−2 for exciton−exciton scattering in WSe2
monolayers.16 As discussed in detail in ref 16, the large
magnitude of the carrier-induced broadening, compared to
typical III−V and II−VI quantum well systems, reﬂects the
unusually strong Coulomb interaction in TMDC monolayer
materials. In addition, the maximum measured bleaching of
∼30% at the highest pump ﬂuence is consistent with the
electron−hole densities lying below the Mott threshold.25,29,46
We also note that because both phase-space ﬁlling and
Coulomb screening give rise to a bleaching signal, it is usually
diﬃcult to distinguish the two contributions. However, recent
reports25,26,38 including a strong modiﬁcation of the optical
response from the presence of free electrons in the spin-split
lower conduction band in WS226 (which does not contribute to
the formation of the optically bright A exciton state), indicate
the existence of signiﬁcant contributions from screening in
TMDC monolayers.
In addition to pump-induced broadening and bleaching, we
observe an instantaneous blue shift of the exciton resonance
immediately after the excitation, which subsequently turns into

Figure 3. Pump−probe dynamics on short time scales after the
excitation as governed by the excited carrier population. Relative
changes of the line width (a) Δw/w0, (b) area ΔA/A0, and (c) energy
ΔE/E0 of the A exciton feature for the pump ﬂuences of 17 and 101
μJ/cm2. Also shown are single exponential ﬁts (solid lines) used to
quantify the time scale of the initial decay and the resulting time
constants. The extracted time constants as a function of pump ﬂuence
are presented in (d). The solid lines are guides to the eye. The
corresponding initial decay times from exciton−exciton annihilation in
MoS2 monolayers (ref 21) are added for comparison and are
represented by the dashed gray line.

a red shift. The relative magnitude of the blue shift is small
compared to the changes in the line width and peak area. As
previously discussed, the shift of the exciton resonance due to
the presence of carriers involves a subtle interplay between the
reduction of the exciton binding energy and the renormalization of the quasi-particle band gap. Although the former leads
to a decreased exciton binding energy, resulting in a blue shift
of the exciton resonance, the latter leads to a smaller band gap
and thus contributes to a red shift of the optical transitions. A
blue shift of the exciton peak under nonequilibrium conditions
in monolayer TMDCs was previously reported for optically
excited18 and electrostatically gated samples.26,43,47 Many-body
calculations, however, predict an eﬀective red shift in the
presence of free electrons and holes for all but the lowest
densities for the case of MoS2 monolayers.25 The precise
microscopic origin of the shift due to the presence of excited
carriers may thus strongly depend on the speciﬁc conditions,
including the ratios of bound and unbound electron−hole pairs,
carrier temperature, and so forth. Nevertheless, the decay of the
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Figure 4. Pump−probe dynamics on longer time scales: decay of the carrier population followed by heating and subsequent cooling of the lattice. (a)
Increase of the lattice temperature ΔT as extracted from the shift of the peak energy and from broadening of the line width for a pump ﬂuence of 101
μJ/cm2. Time constant for recombination of the photoexcited carriers and the maximum temperature increase are denoted by τfast and ΔTmax,
respectively. (b) Comparison of the temperature transients extracted from the shift of the peak energy for three diﬀerent pump ﬂuences.
Corresponding maximum temperature increases ΔTmax, and the results of the estimate based on heat capacity are presented in the inset. (c)
Schematic illustration of the overall scenario after pulsed optical excitation of the WS2 monolayer, consistent with the observed photoinduced
changes in the optical response.

to be the dominant decay channels. The observed decrease of
the recombination time with increasing pump density as well as
the comparison of the initial decay constants with the densitydependent Auger rates from a recent study on MoS2,21
presented in Figure 3(d) as a dashed line, supports the latter
mechanism. Overall, the initial transient changes of the optical
response at short time scales, <10 ps, after the excitation are
attributed to the presence of photoexcited carriers and their
subsequent nonradiative decay via Auger processes.
Next, we consider the regime of slower dynamics. A number
of studies in the literature attribute the optical response at
longer delay times to the inﬂuence of charge carriers with
corresponding lifetimes. In many cases, at delay times longer
than ∼100 ps, a ﬁnite carrier population is indeed still present
in the system, as observed in time-resolved photoluminescence
measurements.10,52 Nevertheless, as we show in the following,
thermal eﬀects can play a particularly important role in pump−
probe absorption-type experiments, as the changes in the
optical response at later time-scales can be explained largely by
phonon dynamics, i.e., by heating and subsequent cooling of
the lattice.
Because the main recombination channel for the photoexcited carriers in currently available TMDC monolayers is
usually nonradiative, as is the case for WS2, it is reasonable to
conclude that the energy of the pump pulse is largely
transferred from the carrier to the phonon system. In particular,
for an Auger-type annihilation mechanism, where an electron−
hole pair recombines by exciting a second electron−hole pair to
a higher lying state, the excess energy of the second pair is

blue shift and the development of the red shift roughly coincide
with the decay of the photoinduced broadening and bleaching
signals. Therefore, we can tentatively attribute the blue shift to
the presence of photoexcited carriers under the experimental
conditions of our study.
To analyze the carrier dynamics, we compare the time scales
of the initial decay, extracted by exponential ﬁtting of the
individual contributions in Figure 3(a−c) and presented in
Figure 3(d), as a function of pump ﬂuence. As previously
noted, the changes in the peak line width, area, and energy are
strongly correlated with one another. The corresponding time
constants are slightly below 15 ps for the lowest ﬂuence and
decrease with increasing ﬂuence down to several picoseconds.
We can thus exclude radiative recombination at room
temperature of thermalized excitons and free electron−holes
due to the short, picosecond time scales (theoretical predictions
for eﬀective radiative recombination are in the nanosecond
range48,49) and the low quantum yield of the as-exfoliated
TMDC samples.2,50 In addition, scattering of bright excitons to
optically dark states due to the conduction band spin-splitting
in monolayer TMDCs51 is expected to occur on time scales of a
few picoseconds.52 Although this process is typically accompanied by a decrease in the photoluminescence from the
sample,52,53 it should not lead to a strong modiﬁcation of the
reﬂectance contrast because Coulomb-scattering, screening, and
Pauli-blocking from the photoexcited holes should contribute
to changes of the bright and dark exciton states in a similar
manner.38 Nonradiative recombination via defects and Augertype exciton−exciton annihilation19−21 are therefore considered
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temperature increase with the pump ﬂuence and a similar
time scale for the subsequent decay.
To estimate the expected temperature increase ΔT, we
assume that the total absorbed energy of the pump pulse is
converted into heat and use the relation ΔT = ΔE/(dρcP),
where d = 0.618 nm denotes the thickness of the monolayer, ρ
J
is the density of 7.5 g/cm3, c P = 0.25 gK is the heat capacity60 of

rapidly converted to phonons as it relaxes toward the band
edge. In this case, the energy transfer rate to the phonon system
is expected to roughly match the eﬀective annihilation rate so
that the recombination of optically injected carriers correlates
with the increase of the phonon population. The energy is
expected to be subsequently transferred from optical to acoustic
phonons within a few picoseconds.54,55 On these time scales,
the thermalization of the phonons should thus roughly follow
the energy dissipation of the photoexcited carriers. Most
importantly, the resulting heating of the lattice modiﬁes the
optical response of the material by shifting the exciton peak
position to lower energies in accordance with the temperaturedependent shift of the band gap and by introducing an
additional line width broadening mechanism from increased
carrier-phonon scattering rates. Previous temperature-dependent studies of TMDC monolayers allow us to relate the
measured shift and broadening in a semiquantitative fashion to
the lattice temperature. In general, both the temperaturedependent shift and the line width of the resonance can exhibit
nontrivial temperature dependence. In many cases, however,
including mono- and few-layer TMDCs, the scaling of the shift
and broadening can be reasonably approximated by a linear
relationship for not too large temperature changes at elevated
temperatures, such as room temperature and above. For various
monolayer TMDCs, we ﬁnd literature values for the temperature-dependent shift of the exciton resonance energy lying
between −0.26 and −0.5 meV/K (most values are closer to
−0.3 meV/K) and for the line width increase lying between
0.12 and 0.25 meV/K. These estimates of the coeﬃcient reﬂect
either published temperature variation or were determined by
directly analyzing temperature-dependent photoluminescence
or absorbance measurements.44,56−59 In addition, for bulk
MoS2, the temperature-dependent shift of −0.3 meV/K was
shown to be mainly governed by electron−phonon interactions
and not the thermal expansion of the lattice. We therefore
expect the temperature-dependent shift of the exciton
resonance in monolayers to be largely independent of the
substrate.
The temperature increase ΔT extracted from the changes of
the position and line width of the A exciton feature are
presented in Figure 4 for a pump ﬂuence of 101 μJ/cm2 using
temperature coeﬃcients of −0.3 (±0.1) meV/K to calculate the
shift of the resonance energy and 0.15 (±0.05) meV/K for the
increase in line width, respectively. The shaded areas are error
bars corresponding to the maximum and minimum temperature
coeﬃcients from the literature. At short time delays after the
excitation, the extracted values of ΔT from the line broadening
and energy shift do not match, as expected, because the optical
response in this regime is dominated by the presence of
photoexcited carriers. For time delays greater than 10 ps,
however, both the line broadening and the shift result in a
similar estimate of the lattice temperature. Furthermore, this
time scale corresponds to roughly twice the initial lifetime τfast
of the optical response after the excitation, associated with the
nonradiative decay of the charge carriers. Hence, after 2τfast ≈
10 ps, as almost 90% of the photoexcited carrier population has
decayed, presumably largely through Auger-type annihilation,
the extracted lattice temperature reaches a maximum value
ΔTmax as indicated in Figure 4(a). A comparison of the lattice
temperature transients extracted from the shift of the resonance
is further presented in Figure 4(b) for three diﬀerent excitation
ﬂuences. We observe a linear scaling of the maximum

bulk WS2, and ΔE is the absorbed pulse energy per area (using
5% absorption). The results of this estimate, presented in the
inset of Figure 4(b) as a solid line, are in a good agreement with
the maximum temperature jump extracted from analysis of the
optical response. This ﬁnding strongly supports the assignment
of the exciton line broadening and shift at longer time scales to
an increase of the lattice temperature. In addition, the
subsequent cooling of the lattice with a time constant on the
order of 100 ps is largely consistent with the previous reports
for supported atomically thin materials.61 This rapid cooling is
attributed to eﬃcient transfer of heat from the sample to the
underlying substrate. Using a simple model for heat
conduction, we estimate the cooling rate under the assumption
that the substrate acts as a cold reservoir and the heat ﬂow is
limited by the interfacial thermal conductance G.62,63 In this
case, the temperature of the WS2 monolayer drops exponentially with a cooling time of τc = cPρd/G. The reported literature
values for the interfacial thermal conductance at the van der
Waals interface vary from 0.1 to several 10s of MW/
(m2K)54,61,64,65 and yield τc in the range of a few 10s of
picoseconds to several nanoseconds, in reasonable agreement
with the measured cooling time. Thus, at longer time scales
after the excitation (>10 ps), the temperature increase of the
lattice and the subsequent cooling are suﬃcient to account for
the pump-induced changes in the optical response, dominated
by a red shift and line broadening of the exciton resonance.
The overall scenario after pulsed optical excitation of the
WS2 monolayer, consistent with our ﬁndings, is illustrated
schematically in Figure 4(c) for the conditions of our
measurements. Initially, electron−hole pairs are created by
the pump pulse and induce a combination of bleaching and line
broadening of the exciton resonance accompanied by a small
blue shift in the energy of the resonance. The carrier population
subsequently decays on a fast time scale, on the order of 5−15
ps, by eﬃcient nonradiative decay dominated by Auger-type
exciton−exciton annihilation. During this process, the energy is
transferred from the carrier to the phonon system, resulting in a
local temperature increase of the lattice and thus leading to an
additional red shift of the exciton transition. At time delays
greater than 10 ps after the excitation, the optical response
remains dominated by the shift of the exciton resonance and
residual line broadening. This remaining response decays on a
time scale on the order of 100 ps, reﬂecting the cooling of the
lattice by heat transfer from the monolayer to the underlying
substrate. Although a small residual population of the
photoexcited carriers might still be present in the system, the
changes in the reﬂectance spectra at these time scales can be
mostly accounted for simply by transient heating eﬀects.
In summary, supported WS2 monolayers have been studied
by ultrafast white-light pump−probe spectroscopy at room
temperature in a regime of intermediate excitation with injected
electron−hole pair densities between 9 × 1011 and 1.3 × 1013
cm−2. Transient spectra at the fundamental exciton transition
were quantitatively analyzed by tracking individual contributions from the line broadening, bleaching, and an energy shift of
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(28) Ulstrup, S.; Č abo, A. G.; Miwa, J. A.; Riley, J. M.; Grønborg, S.
S.; Johannsen, J. C.; Cacho, C.; Alexander, O.; Chapman, R. T.;
Springate, E.; Bianchi, M.; Dendzik, M.; Lauritsen, J. V.; King, P. D. C.;
Hofmann, P. ACS Nano 2016, 10 (6), 6315−6322.
(29) Chernikov, A.; Ruppert, C.; Hill, H. M.; Rigosi, A. F.; Heinz, T.
F. Nat. Photonics 2015, 9 (7), 466−470.
(30) Mannebach, E. M.; Li, R.; Duerloo, K.-A.; Nyby, C.; Zalden, P.;
Vecchione, T.; Ernst, F.; Reid, A. H.; Chase, T.; Shen, X.; Weathersby,
S.; Hast, C.; Hettel, R.; Coffee, R.; Hartmann, N.; Fry, A. R.; Yu, Y.;
Cao, L.; Heinz, T. F.; Reed, E. J.; Dürr, H. A.; Wang, X.; Lindenberg,
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the resonance as a function of time delay after the excitation.
The experimental results allow us to identify two main sources
for the pump-induced changes of the optical response of the
material. We observe interplay between modiﬁcations induced
by many-body interactions from the photoexcited carrier
population and by the subsequent transfer of excitation to
the phonon system. In particular, transient heating of the lattice
is found to be adequate to account for the pump-induced
changes of the optical response on longer time scales.
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