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ABSTRACT: Transition metal dichalcogenides (TMDs) are emerg-
ing as promising two-dimensional (2D) semiconductors for
optoelectronic and flexible devices. However, a microscopic
explanation of their photophysics, of pivotal importance for the
understanding and optimization of device operation, is still lacking.
Here, we use femtosecond transient absorption spectroscopy, with
pump pulse tunability and broadband probing, to monitor the
relaxation dynamics of single-layer MoS2 over the entire visible range,
upon photoexcitation of different excitonic transitions. We find that,
irrespective of excitation photon energy, the transient absorption
spectrum shows the simultaneous bleaching of all excitonic transitions and corresponding red-shifted photoinduced
absorption bands. First-principle modeling of the ultrafast optical response reveals that a transient bandgap
renormalization, caused by the presence of photoexcited carriers, is primarily responsible for the observed features.
Our results demonstrate the strong impact of many-body effects in the transient optical response of TMDs even in the low-
excitation-density regime.

KEYWORDS: two-dimensional materials, transition metal dichalcogenides, transient absorption spectroscopy,
many-body perturbation theory, real-time simulations

Molybdenum (Mo)- and tungsten (W)-based dichal-
cogenides are semiconducting layered crystals that
are attracting an ever increasing attention for the

potential technological impact of their electronic and optical
properties.1−5 In the single-layer (1L) limit, they exhibit an
indirect-to-direct band gap transition, which is accompanied by
efficient light emission in the NIR-visible range.6,7 In addition,
the coupling of spin and valley degrees of freedom gives rise to
valley-selective optical properties.8−10 Interestingly, enhanced
many-body Coulomb interactions emerge in these atomically
thin materials due to the extreme quantum confinement and
reduced screening. This yields large exciton binding energies of
several hundred millielectronvolts,11−13 together with other
prominent multiparticle excitations, such as trions,14−16 and
biexcitons.17

The recent attempts to harness these properties for new-
generation optoelectronic devices, from photodetectors18 to

light-emitting diodes,19 have triggered an intense research
activity devoted to the fundamental understanding of the
photophysics of these materials, with special focus on MoS2. A
number of time-resolved studies have shown that, despite
differences related to the nature of the samples, some common
features are ubiquitously observed, both in 1L- and few-layer
MoS2

20−26 as well as in other TMDs:27,28 The transient
absorption (TA) spectra always exhibit a bleaching of the
lowest-energy excitonic features, accompanied by red-shifted
photoinduced absorption sidebands. The interpretation is,
however, controversial, ranging from carrier-induced broad-
ening,22 to exciton−biexciton transitions.26 On the theory side,
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the investigation of the carrier dynamics is only at the
beginning.24,29,30

In this work, we assign these features by combining ultrafast
TA spectroscopy of exfoliated 1L-MoS2, with selective
excitation of the three excitonic resonances and broadband
probing, and time-domain first-principles simulations, account-
ing for electronic correlations and spin−orbit effects. This
approach allows us to establish the dominant role of
renormalization effects, stemming from the partial compensa-
tion of electronic bandgap shrinkage and exciton binding
energy reduction induced by the photoexcited carriers.

RESULTS AND DISCUSSION
Experiments are performed on a 1L-MoS2 flake, prepared by
micromechanical cleavage of the bulk crystal and placed using a
wet-transfer technique onto a fused silica substrate,4,5 allowing a
transmission geometry (see Figure 1a). The samples are
characterized by photoluminescence and Raman spectroscopy,
both before and after transfer (see Methods). The static
absorption spectrum of 1L-MoS2 is also measured, as discussed
in Methods, and is reported in Figure 1b. The spectrum is
characterized by three main peaks of excitonic nature at ∼1.9,
2.04, and 2.9 eV, the so-called A, B, and C excitons,
respectively, in agreement with previous observations.6,7,31 A
and B result from optical transitions between the spin−orbit-
split top valence band and the bottom conduction band, around
K and K′.31−33 C resonance is ascribed to a weakly bound
exciton, with a complex composition mainly resulting from
interband transitions around Γ.31,34
The transient optical response is measured with a custom-

built broadband TA microscope (see Figure 1a), where a
tunable pump pulse is combined with a broadband white-light
probe to span the entire visible range, thus covering the three
main excitonic transitions (see Methods). Figure 1c shows a
two-dimensional (2D) TA map as a function of probe photon
energy and pump−probe delay, for a pump photon energy of
3.1 eV, i.e., above the C peak and the electronic bandgap of 1L-
MoS2 (∼2.8 eV).35 For each delay, the TA spectrum exhibits
three prominent features in correspondence of A, B, and C.
Each feature consists of a reduced absorption (photobleaching)
at the excitonic resonance (negative signal) and a correspond-
ing red-shifted photoinduced absorption (positive signal). The

relative intensity of these peaks changes for time delays up to
100 ps, but no further spectral components appear in this
temporal interval.
To probe specific features of different excitonic transitions,

the transient optical response of 1L-MoS2 is investigated also as
a function of the excitation energy. Figure 2 compares, for a

fixed delay of 300 fs, the TA spectrum for 3.1 eV pump photon
energy to those recorded with excitation in resonance with A
(1.88 eV) and B (2.06 eV). Despite the different excitation
conditions, the three TA spectra bear a remarkable similarity,
and each of them shows the previously discussed negative
(photobleaching) and positive (photoinduced absorption)
features in correspondence of A, B, and C, although the
relative intensity of these peaks changes with the pump photon
energy. Similar features were previously observed in the TA

Figure 1. (a) Schematic of the pump−probe microscope. A femtosecond pump pulse excites 1L-MoS2, while a delayed broadband probe pulse
monitors the changes in the optical transmission spectrum as a function of delay. (b) Absorbance of 1L-MoS2. The pump−probe experiment
is performed by pumping in resonance with A (ωpump = 1.88 eV, red arrow) and B (ωpump = 2.06 eV, green arrow), and out of resonance with
C (ωpump = 3.10 eV, blue arrow); the probe pulse covers the entire visible range (1.6−3.2 eV). (c) Transient absorption map as a function of
probe photon energy and pump−probe delay, after photoexcitation at ωpump = 3.10 eV.

Figure 2. Transient absorption spectra of 1L-MoS2, recorded at
fixed pump−probe delay t = 300 fs, for three pump photon
energies, i.e., in resonance with the A (ωpump = 1.88 eV) and B
(ωpump = 2.06 eV) excitons, and out of resonance with C (ωpump =
3.10 eV).
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spectra of 1L- and few-layer MoS2,
20−26 as well as in other

TMDs,27,28 even though probing was limited to the low-energy
region (A and B), with a variety of interpretations. The
absorption reduction at the excitonic resonances was
alternatively attributed to Pauli blocking,20,21,23 stimulated
emission,24,26 or exciton self-energy renormalization.22 The
photoinduced absorption, instead, was explained invoking
carrier-induced broadening21,22,24 or biexciton formation.26

Our experimental evidence, with tunable excitation and
broadband probing, puts these interpretations in a different
perspective. We observe a simultaneous change in the system
response throughout the probed energy range, regardless of the
excitation photon energy. This shows a resolution-limited
buildup and appears already in the low-excitation regime, where
contributions from multiparticle excitations are negligible. This
suggests a more general electronic mechanism, in action from
the very early stages of the carrier dynamics.
To identify the underlying process, we perform time-domain

ab initio simulations36−39 that combine non-equilibrium
Green’s functions and density-functional theory, as imple-
mented in the Yambo package40 (see Methods). We compute
from first-principles both the static absorption spectrum, within
the GW plus Bethe-Salpeter (BS) scheme,41 and the TA
spectrum, following the system excitation with an ultrashort
pump pulse. This method reproduces the experimental
excitation conditions, and fully takes into account electron−
hole (e−h) interactions, both in the static optical response and
in the nonequilibrium dynamics. This is of fundamental
importance when investigating TMDs and other low-dimen-
sional materials, where Coulomb interactions are known to
dominate the optical response.11,12 Spin−orbit coupling is also
taken into account to correctly describe the A−B splitting.6,7

Figure 3 plots the simulated TA spectra. As in the
experiments, we consider three excitation pulses, with photon
energies in resonance with A and B, and 0.1 eV above the C

peak of the theoretical absorption spectrum, the latter
mimicking the off-resonance condition. Starting from the
nonequilibrium carrier population created by the pump pulse,
we compute the perturbed optical response of the system. Since
we are in a regime of low-carrier concentration, one option
would be to assume that the excitation energies (i.e., the poles
of the response function) of the perturbed system are the same
as those at equilibrium. This corresponds to interpreting the
observed features as the result of a change in the electronic
occupations only, i.e., Pauli blocking. However, the TA spectra
computed within this approximation (Figure 3a) do not
reproduce the experimental results, as they mainly show a
bleaching of the exciton that is in resonance with, or closest to,
the excitation frequency. As a consequence of Pauli blocking, a
simultaneous bleaching of the three excitons can only occur if
they are composed by the same e−h pair population. This is
not the case here, as demonstrated by the exciton composition
analysis (see Supporting Information, Figure S2), in agreement
with previous calculations.31 Thus, the simultaneous bleaching
cannot be interpreted solely in terms of Pauli blocking.
However, photogeneration of excited-state carriers may also

alter the excitons’ energy and composition by affecting the
underlying electronic states. This occurs because the
modification of the electronic occupations provides both
additional screening channels and charge density variations.
Figure 3b displays the TA spectra obtained by including all the
modifications induced by the photoexcited carrier population.
This shows a striking effect on the TA spectra, which are in
much better agreement with experiments, compared to the case
where Pauli blocking only is included (Figure 3a). For all pump
photon energies, we find a simultaneous bleaching of the three
excitonic transitions. In addition, positive features appear in
correspondence of the peaks, red-shifted with respect to the
exciton energies. As schematically depicted in Figure 4, the
enhancement of the electronic screening leads to the

Figure 3. Calculated transient absorption spectra of 1L-MoS2 for three pump photon energies, i.e., 1.88 eV, 2.01 eV, and 2.83 eV. The first two
energies correspond to excitation of the system in resonance with the A and B excitons; the higher energy is 0.1 eV above the theoretical
position of the C peak. The results obtained by including Pauli blocking only (a) are compared to those obtained including also the effect of
the renormalization of electronic gap and excitonic binding energies (b).
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simultaneous renormalization of both binding energy and
bandgap (BGR), giving rise to opposite effects that partially
compensate each other: a red-shift of the optical spectra due to
electronic gap shrinkage, and a blue-shift arising from binding
energy reduction. Even though the quantitative details of this
compensation depend on both material and dimensionality, this
is a general effect in the low carrier-density regime,42 studied in
several systems from bulk semiconductors43 to quantum
wires.44 Here, the compensation is only partial and gives rise
to an overall peak shift of a few tens millielectronvolts, in
agreement with recent photoluminescence and TA data of refs
45, 46. This explains the characteristic derivative-like line shape
of the TA spectra, with alternating positive and negative peaks
in correspondence of the excitonic resonances, as observed
experimentally. Note also that, since this renormalization is due
to a change of the potential felt by electrons and holes, it affects
all states simultaneously and independently of their energy,
again as we observe experimentally. Different phenomena arise
instead in the high carrier-density regime, where the dynamics
is dominated by the presence of a hot e−h plasma, as predicted
theoretically for MoS2

29 and observed in WS2.
47

CONCLUSIONS

By probing the transient optical response of 1L-MoS2 with
unprecedented spectral coverage and tunable pump, we
demonstrate that exciton photobleaching and red-shifted
photoinduced absorption are not limited to the lowest-energy
excitations, but appear throughout the probed energy range,
independently of excitation energy. The application of a novel
ab initio approach, able to describe the carrier dynamics upon
photoexcitation by fully accounting for many-body effects,
allows us to reveal that the mechanism responsible for the
simultaneous bleaching of the three excitonic peaks and the
corresponding red-shifted photoinduced absorption is the
renormalization of the excitation energies in the presence of
photoexcited carriers. Our results provide a global under-
standing of the ultrafast photophysics of 1L-MoS2, in the early
stages after photoexcitation, in terms of fundamental
phenomena, which are expected to govern the physics of the
entire class of 2D TMDs.

METHODS
Sample Preparation and Characterization. MoS2 flakes are

prepared by micromechanical cleavage of bulk crystal of natural
molybdenite (Structure Probe, Inc., SPI) on a Si wafer covered with
285 nm of SiO2. 1L-MoS2 flakes are then identified by optical contrast,
photoluminescence and Raman spectroscopy.48,49 The selected 1L-
MoS2 flakes are moved onto 100 μm fused silica substrates (suitable to
perform TA in transmission in view of its isotropy) by a wet-transfer
technique based on a sacrificial layer of poly methyl-methacrylate
(PMMA).5 To locate the samples for TA measurements, a metal frame
is fabricated around selected flakes by photolithography, followed by
thermal evaporation of 2 nm Cr and 100 nm Au. Photoluminescence
and Raman spectroscopy measurements are repeated after transfer and
metal frame deposition, showing no significant changes.50

The optical absorption is measured using a broadband white light
from a tungsten halogen lamp. The transmitted light is collected with a
100× objective (0.9 numerical aperture). A 50 μm pinhole in a Horiba
LabRAM HR800 spectrometer is used to achieve ∼2 μm resolution.
The collected transmitted light is dispersed by a 150 grooves/mm
grating and measured with a liquid nitrogen cooled charge coupled
device (CCD) detector. The absorbance is defined as (T0 −T)/T0,
where T0 is the transmitted light through the quartz substrate and T is
the transmitted light through 1L-MoS2 on quartz.

Pump−Probe Setup. We use an amplified Ti:sapphire laser
(Coherent Libra), emitting 100 fs pulses at 1.55 eV, with average
power of 4 W at 2 kHz repetition rate. A 320 mW fraction of the laser
power is used for our experiments. The output beam is divided by a
50/50 beam splitter into pump and probe lines. We produce ∼100 fs
pump pulses at 3.1 eV by second harmonic generation, while we use an
optical parametric amplifier to generate ∼70 fs pump pulses at ∼2 and
1.9 eV. The probe is obtained by white light continuum generation in a
5 mm-thick CaF2 plate, filtering out light at the fundamental frequency
with a colored glass short-pass filter, and it shows rms fluctuations as
low as 0.2%. The collinear pump and probe pulses are focused by a
reflective microscope objective with 15× magnification to avoid
chromatic aberrations. At the sample position, the pump and probe
spots have a diameter of 10 and 5 μm, respectively, as determined by
knife-edge measurement using the edge of a pinhole on the metal
mask. The transmitted probe is collected with a 7.5 mm achromatic
doublet, dispersed by a CaF2 prism and detected by a Si CCD camera
with 532 pixels, corresponding to a bandwidth per pixel of 1.1 nm. The
pump and probe pulses have perpendicular polarizations and a linear
polarizer is used to filter out the pump light scattered from the sample.
The pump pulse is modulated at 1 kHz by a mechanical chopper,
resulting in a detection sensitivity of the order of 10−4 with an
integration time of 2 s. For our setup, we estimate an overall temporal
resolution of ∼150 fs. Although the probe pulse is not transform-
limited, in the case of broadband multichannel detection the effective
temporal resolution is almost the same as with a transform-limited
probe pulse.51,52 The pump fluence is ∼10 μJ/cm2, well below the
damage threshold of 50 μJ/cm2.53 This corresponds to a photo-
generated carrier density of (2−3) × 1012 cm−2 (depending on the
pump photon energy), well-below the Mott density measured for this
material.54 The initial carrier density, calculated assuming that each
absorbed photon generates one carrier,23 is determined from the
experimental absorption of 1L-MoS2 at each pump photon energy
(Figure 1b), taking into account the light scattering background (5.7%
at 1.88 eV, 6.1% at 2.06 eV, and 15% at 3.1 eV). A detailed scheme of
the experimental apparatus is reported in Figure S1 of Supporting
Information.

Computational Details. We perform density-functional theory
(DFT) calculations, within the local-density approximation (LDA),
using the Quantum Espresso package.55 We employ fully relativistic
norm-conserving pseudopotentials, including the Mo semicore 4p, 4d,
and 4s states in the valence band. The computed equilibrium lattice
constant is ∼3.12 Å at 0 K, in good agreement with the experimental
lattice constant, 3.13 Å at 77 K.56 The equilibrium absorption
spectrum is calculated by solving the BS equation for the four-point
polarizability on top of the GW-corrected band structure,41 as

Figure 4. Electronic band structure (black) of 1L-MoS2 at the K
point and its optical excitations (red) in absence (left) and in
presence (right) of pump pulse absorption. The overall shift of the
excitonic absorption resonances (δ) results from both the
shrinkage of the electronic bandgap and the renormalization of
the exciton binding energy, due to the presence of photoexcited
carriers, i.e., δ = ΔEg − ΔEb.
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implemented in the Yambo package.40 A distance of 21 Å is kept in the
out of plane direction, together with the application of a truncation
scheme for the Coulomb potential,57 to avoid spurious interactions
between sheet replicas. The irreducible Brillouin zone (IBZ) is
sampled with a 24 × 24 × 1 k-point grid centered at Γ. The random-
phase approximation (RPA) polarizability is built using a cutoff of 8 Ry
in the reciprocal space, and including in the summation states up to 30
eV above the conduction band minimum. The BS kernel is computed
using two occupied and two empty bands. This minimal set is chosen
to guarantee the feasibility of real-time simulations, while ensuring a
good description of the main excitonic features. A scissor operator of
−0.2 eV is further applied to match the experimental position of the
first excitonic peak, and an energy-dependent broadening is added to
mimic lifetime effects31 (see Figure S2 of Supporting Information).
The nonequilibrium population of the electronic states in the

presence of the pump laser pulse is obtained by following the time
evolution of the lesser Green’s function with the static Coulomb-hole
screened exchange expression (CoHSEx) for the electronic self-
energy,41 as described in refs 36−39. The polarization created by the
laser pulse is dephased with a constant (in time) term of 20 meV,
consistent with the broadening used for the absorption at equilibrium.
We do not consider the time evolution of the occupations due to
scattering events, since the goal of our simulations is to describe the
origin of the simultaneous bleaching of the excitons, which appears
immediately after the pump and not during the time evolution. The
laser pulse is simulated as a sinusoidal time-dependent external
potential convoluted with a Gaussian function with 100 fs standard
deviation, and intensity 2000 kW/m2. This value of the field,
corresponding to a carrier density of (0.6−1) × 1011 cm−2 (depending
on the pump photon energy), gives TA spectra quantitatively
comparable to those measured experimentally. Moreover, we have
checked to be in the linear regime for the chosen value of the field
(density), as in the experimental case. This holds for simulated carrier
densities up to 1012 cm−2, giving a behavior consistent with
experiments regardless of the exact density value used in the
simulations. However, the simulated carrier density should not be
directly compared with that estimated experimentally, as the evaluation
of this quantity relies on several assumptions in both theory and
experiments.
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