ARTICLES
PUBLISHED ONLINE: 15 JUNE 2015 | DOI: 10.1038/NPHOTON.2015.104

Population inversion and giant bandgap
renormalization in atomically thin WS2 layers
Alexey Chernikov1*†, Claudia Ruppert1†, Heather M. Hill1, Albert F. Rigosi1 and Tony F. Heinz1,2,3*
Control of the optical properties of matter on ultrashort timescales is of both fundamental interest and central importance
for applications in photonics. It is desirable to achieve pronounced changes over a broad spectral range using the least
possible amount of material. Here, we demonstrate a dramatic change over a spectral range of hundreds of meV on the
femtosecond timescale in the optical response of atomically thin two-dimensional crystals of the transition-metal
dichalcogenide WS2 following excitation by intense optical pump pulses. Our ﬁndings reveal the role of extremely strong
Coulomb interactions. At the direct gap, we observe a Mott transition from excitonic states to free carriers, accompanied
by a giant bandgap renormalization of approximately 500 meV and the development of population inversion.

M

any-body phenomena arising from the interaction between
charge carriers are of central importance in condensedmatter physics. In semiconductors, Coulomb interactions
can lead to the formation of stable many-particle electronic states,
such as excitons, trions, excitonic molecules and dropletons, as
well as macroscopic condensates1–5. Excitonic quasi-particles
appear as pronounced resonances in the optical response and can
dominate absorption and emission spectra6. These many-body
interactions can be strongly altered in the presence of elevated
electron–hole densities7, providing a method of modifying the
material’s response by optical carrier injection via ultrashort,
intense laser pulses. From the fundamental point of view, this
approach offers an excellent experimental method to probe manybody interactions under controlled conditions. For applications,
these phenomena can be exploited in photonic devices ranging
from lasers to optical switches, saturable absorbers, and modulators.
In this respect, the emerging ﬁeld of atomically thin two-dimensional materials, such as semiconducting transition-metal dichalcogenides (TMDCs)8–11, shows much promise. These materials
provide strong light–matter coupling, with optical absorption
around 10–20% in layers as thin as 0.6 nm12–14 and extremely efﬁcient Coulomb interactions, with exciton binding energies on the
order of 0.5 eV (refs 15–19). Recent theoretical studies of monolayer TMDCs20 predict that high carrier densities should produce
massive changes in the optical response. However, despite a
number of studies addressing the dynamics of excitons21–35, the behaviour of these systems under strong photoexcitation in the
regime of a dense electron–hole plasma beyond the Mott transition
remains unexplored experimentally.
Here we access this regime by subjecting WS2 mono- and bilayers
to strong photoexcitation, injecting carriers via ultrashort laser
pulses with ﬂuences up to several mJ cm–2. We show that the
optical response of atomically thin TMDC crystals changes dramatically across a spectral range of many hundreds of meV at high
electron–hole densities. We observe both a complete disappearance
of the main excitonic resonance and the development of a spectral
feature with negative differential absorption at lower photon
energies. The semiconductor undergoes a Mott transition from an
insulating excitonic regime to an electron–hole plasma. The

subsequent response is characterized by the absence of excitonic resonances, population inversion, and bandgap renormalization on the
order of 500 meV. The energy scale of the observed changes is at
least one order of magnitude larger than found in conventional
low-dimensional systems, such as III–V quantum wells36–38. We
show that the strong pump-induced restructuring of the optical
properties of the two-dimensional TMDC materials is highly transient, with picosecond lifetimes and full recovery of the optical
response in hundreds of picoseconds, both at cryogenic and
room temperatures.
Our samples were mechanically exfoliated on quartz substrates
and their optical response was investigated by spectrally resolved
ultrafast pump–probe spectroscopy (see Methods for details). The
materials were excited by 250 fs laser pulses centred at a photon
energy of 2.4 eV, corresponding to the resonance of the split-off
valence band (B-exciton) and the onset of the ionization continuum
of the lowest direct transition (A-exciton) in WS2 (refs 14,17,39).
In the following we use the reﬂectance contrast spectra (RC)
as the experimental observable. This quantity is the relative
reﬂectance of the sample with respect to the quartz substrate:
RC = (Rsample − Rsubstrate)/Rsubstrate. For the ultrathin layers investigated here with moderate reﬂectance contrast signals arising from
the samples on a transparent substrate, the reﬂectance contrast is
essentially determined by the imaginary part of the dielectric function, that is, by the sample absorption40,41 (see Supplementary
Section 4 for a direct comparison of reﬂectance and transmission
spectra). A reﬂectance contrast of unity on fused silica corresponds
to an increase in the optical reﬂectance of the sample by 0.035, as
obtained from the refractive index of the substrate of 1.46. In case
of the studied TMDC layers, this corresponds to an effective
optical absorption of ∼0.12 for the supported samples on fused
silica (see ref. 14 for details).
The response of a WS2 layer after strong pump excitation is
presented in Fig. 1a. Here, reﬂectance contrast spectra of a WS2
bilayer are plotted with and without pump excitation pulses. An
applied pump ﬂuence of 840 μJ cm−2 or 2.2 × 1015 photons cm−2
was used. Taking the light absorption during the pump pulse to
be that in the linear regime14, we estimate an electron–hole
density per WS2 layer approaching 1.1 × 1014 cm−2. Possible
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Figure 1 | Photoinduced optical response of WS2 bilayers. a, Reﬂectance contrast spectra, shown without pump excitation (RC,0) and 0.4 ps after excitation
(RC) by a pump pulse with an applied ﬂuence of 840 μJ cm−2. The sample temperature was T = 70 K. The solid red line is a guide to the eye, obtained by
smoothing the original data (light red). The low-energy part of the spectra is presented in the inset. b, Corresponding differential reﬂectance contrast spectra
ΔRC = RC – RC,0. The region around 2 eV is scaled by a factor of 0.3. c, Reﬂectance contrast spectra at different time delays after excitation, vertically offset
for clarity (n.p. denotes the spectrum without pump excitation). d, Differential reﬂectance contrast as function of time delay and photon energy in a falsecolour plot. e, The ΔRC transient, spectrally integrated between 1.68 eV and 1.72 eV, as shown by the arrow and dotted rectangle in d. The instrument
response is indicated by the grey area.

nonlinear absorption of the pump pulse is discussed in
Supplementary Section 5. In the absence of pump excitation, the
spectrum is dominated by the A exciton resonance, lying slightly
below 2 eV in energy and corresponding to the direct transition at
the K and K′-points of the Brillouin zone. The exciton state is, in
fact, associated with the charged (trion) species. This reﬂects the
presence of both unintentional doping and photoinduced doping
of the samples at a density of ∼1 × 1013 electrons cm−2 (see
Supplementary Section 1 for additional details). The underlying,
featureless spectral background is attributed to the low-energy tail
of the strong high-energy optical transitions, which have been
widely observed in this type of material13,14,42,43 and are centred
above the pump photon energy.
After pump excitation, we ﬁnd that the absorption feature associated with the exciton resonance completely disappears (Fig. 1a).
Instead of a peak in the absorption, we observe the emergence of
a broad dip in the spectrum, several hundreds of meV below the
initial excitonic transition, with an onset at ∼1.65 eV and a
maximum around 1.7 eV. A detailed view of the relevant spectral
region is shown in the inset of Fig. 1a. The corresponding differential reﬂectance contrast spectrum ΔRC , deﬁned as the difference
between the spectra with and without pump excitation, is presented
in Fig. 1b. It exhibits a strong negative signal at the exciton transition
around 2 eV from the complete bleaching of the resonance and
a weaker negative signature corresponding to the dip in the
original spectrum. The relative magnitude of the latter negative
response is about 10% of the peak absorption of the original
excitonic transition.
To understand the origin of the drastic changes observed in the
optical response, we turn to the predictions of the well-developed
many-body theory for quasi-two-dimensional semiconductors7, a
theory that has been extensively applied to conventional directand indirect-gap quantum-well systems36–38,44. A schematic representation of the optical absorption adapted from ref. 7 is presented
in Fig. 2a for both low and high densities of electron–hole pairs. The
low-density case corresponds to the linear response of the material
and is characterized by the exciton ground-state resonance (X) and

the onset of the ionization continuum, that is, of the quasi-particle
bandgap Egap. Here, the horizontal axis is shown in units of the
exciton binding energy (EB,0) relative to the bandgap energy.
The high-density case describes the semiconductor after strong,
non-resonant photoexcitation and corresponds to the conditions
in our experiment. In this regime, the Coulomb interaction
between charge carriers is strongly screened due to the high
density of carriers. The screening of the attractive interaction
between the opposite charges reduces the exciton binding energy
to zero: the semiconductor undergoes a so-called Mott transition
from the insulating excitonic regime to a dense electron–hole
plasma, as illustrated in Fig. 2c. The exciton is no longer a bound
state and the exciton resonance disappears. (The peak-like contribution from the Coulomb enhancement in the plasma continuum7
also becomes negligible at these high densities.) The reduction of the
repulsive Coulomb interaction between the charges of the same sign
results in a decrease in the quasi-particle energy. This produces a
bandgap renormalization, shifting the bandgap even below the
energy of the initial exciton peak. A more detailed discussion of
the renormalization effect can be found in Supplementary Section
6. In addition, ﬁlling of the conduction and valence band states
with electrons and holes leads to a shift of the quasi-Fermi levels
far into the respective bands. This contributes to the bleaching of
the exciton resonance via Pauli blocking and, more importantly,
leads to inversion of the carrier population near the band edge.
The latter manifests itself in the emergence of a spectral region
with a negative optical absorption, starting at the renormalized
bandgap energy and extending to a point deﬁned by the effective
chemical potential, where the absorption crosses zero and becomes
positive. In the absence of any additional absorption or scattering
channels this will allow the material to show optical gain, that is, to
amplify radiation instead of absorbing it.
These two hallmarks of the high-density case—the disappearance of the exciton resonance and the simultaneous development
of a broad dip in the spectrum at lower photon energies—match
our experimental observations. Potential contributions from the
bleaching of the optically bright defect states and indirect gap
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Figure 2 | Optical absorption of a two-dimensional semiconductor in the
presence of high electron–hole densities. a, Schematic representation of the
optical absorption of a two-dimensional semiconductor for regimes of low
and high carrier density, adapted from the predictions of microscopic
many-body theory7. The horizontal axis is plotted in units of the
zero-density exciton binding energy EB,0 relative to the bandgap energy Egap.
b, WS2 bilayer data for strong optical excitation from Fig. 1a after subtraction
of a linear background. c, Illustration of the transition from the low-density
excitonic regime to a dense electron–hole plasma.

Γ-to-K transition in the bilayer system are excluded due to the
overall strength of the measured response (see Supplementary
Section 2 for a detailed discussion). For a direct comparison, the
data from Fig. 1a are presented in Fig. 2b after subtraction of a
linear background. This allows us to extract the position of the
renormalized bandgap from the onset of the negative signal. We
ﬁnd a renormalized bandgap energy of 1.65 eV, which lies 300 meV
below the energy of the exciton. Furthermore, the spectral width
of this feature of 100 meV indicates the range of population inversion in the electron and hole bands.
We can compare this result with expectations based on the
density of carriers generated by the pump pulse. Because we are
probing a WS2 bilayer here, we need, however, to consider the
role of additional valleys, both in the conduction (Λ) and valence
(Γ) bands that lie below the band edges at the K point. To that
end, we applied a simple model of two-dimensional parabolic
bands at the band extrema, with the masses (me = 0.3 (K),
0.56 (Λ); mh = 0.26 (K), 1.21 (Γ)) and band offsets (ΔEΛ–K = 80 meV,
ΔEΓ–K = 240 meV) taken from band-structure calculations45.
Within this model, we obtain quasi-chemical potentials for the
electrons and holes of 270 meV (relative to Λ) and 375 meV (relative to Γ), respectively, assuming a carrier density per layer of
1.1 × 1014 cm−2 and a range of possible carrier temperatures up to
1,000 K. These values for the chemical potentials correspond to
population inversion at the K-point extending into the bands by
∼140 meV, consistent with our experimental ﬁndings. This treatment only provides a rough estimate of the behaviour, because
many-body effects and deviations of the band dispersions from
the assumed parabolic shape are expected. Furthermore, directly
after excitation, non-thermal carrier distributions may be present
in the system. Nonetheless, this simple analysis shows that the
high density of photoexcited carriers is alone sufﬁcient to produce
population inversion in the K-valley of WS2 bilayers under quasiequilibrium conditions. In addition, a rough estimate of the Mott
density in our system based on the exciton Bohr radius a0 on the
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Figure 3 | Evolution of the population inversion with pump ﬂuence.
a, Differential reﬂectance contrast spectra of a WS2 bilayer 0.4 ps after
excitation with pump ﬂuences between 35 μJ cm−2 and 840 μJ cm−2 at
T = 70 K. The spectra are vertically offset for clarity and smoothed data
are shown as solid lines. b, The low-energy region of the differential
reﬂectance spectra, indicated in a by the dotted rectangle.
14
−2
order of 1 nm (refs 17,43) yields a value of a−2
0 = 1 × 10 cm . As
this model is typically considered to overestimate the actual Mott
density6, the excitation conditions in our experiment are fully consistent with the observed transition from an excitonic regime to an
electron–hole plasma.
To obtain the magnitude of the bandgap renormalization effect,
we estimated the initial energy of the bilayer quasi-particle bandgap,
which lies above the observed excitonic transition by the exciton
binding energy. In bilayers the measured energy separation of the
exciton ground state and the ﬁrst excited state is known from experiment to be 100 meV (ref. 17). Assuming that the excited excitonic
states scale as they do in monolayer samples, we then obtain an
exciton binding energy of ∼200 meV. Thus, from the measured
exciton emission energy of 1.95 eV in the present sample, we infer
that the quasi-particle bandgap lies around 2.15 eV. The carrierinduced shift to 1.65 eV under high excitation density then corresponds to a renormalization of 500 meV. This value is at least
one order of magnitude greater than that seen in conventional
quantum-well systems under conditions of high excitation
density36–38,44. The reason for such an unusually strong manybody effect in the present case is the highly efﬁcient Coulomb interaction in the limit of atomically thin two-dimensional materials, as
manifested in the exciton binding energies of hundreds of meV.
The magnitude of the bandgap renormalization scales with this
value7 (Fig. 2a). Such unusually large renormalization energies
have, in fact, been explicitly predicted in a recent theoretical study
of MoS2 monolayers20.
To examine the dynamics and the reversibility of the observed
optical response, we present the evolution of the spectra in Fig. 1c
as a function of delay time after excitation (additional individual
spectra in the −0.3 ps to 5 ps range are presented in
Supplementary Section 7). The corresponding differential spectra
(ΔRC) are plotted in Fig. 1d as a function of energy and time
delay for the ﬁrst 20 ps, and the inversion dynamics are shown in
Fig. 1e, as obtained from the spectral integration between 1.68 eV
and 1.72 eV. The data at negative time delays correspond to the
linear response of the sample without pump excitation, indicating
negligible quasi-stationary heating. The initial bleaching of the
exciton peak and inversion both develop instantaneously within
the experimental resolution of 0.4 ps, indicating that initial relaxation processes occur on the 100 fs timescale. The inversion signal
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Figure 4 | Photoinduced optical response of WS2 monolayers. a, Differential reﬂectance contrast of the WS2 monolayer as a function of time delay and
energy in a false-colour plot after excitation with a pump ﬂuence of 840 μJ cm−2 at T = 70 K. b, ΔRC transient, spectrally integrated between 1.75 eV and
1.85 eV, with the area denoted in a by the arrow and dotted rectangle. c, Corresponding reﬂectance contrast spectra at different time delays after pump
excitation, vertically offset for clarity (n.p. denotes the spectrum without pump excitation). d, Same as c, for T = 290 K and a pump ﬂuence of 3,400 μJ cm−2.

is found to decay with a time constant of ∼1 ps and is attributed to
the decay of the electron–hole population. In addition to extrinsic
non-radiative channels from defects, both efﬁcient Auger-type processes30,32,35 and radiative recombination of electron–hole plasma
can strongly contribute at such high carrier densities. The decreasing rate of the initial decay observed at lower pump densities (see
Supplementary Section 3 for details) provides additional support
for the role of these latter two density-dependent processes.
Subsequently, after several picoseconds, the exciton resonance
slowly recovers, showing spectral broadening and a redshift by
∼100 meV, resulting in the positive tail in the transient reﬂectance
contrast data in Fig. 1e. The redshift can be attributed both to
lattice heating from energy transfer to the phonon system and to
possible residual effects of bandgap renormalization at lower
carrier densities20. In this regime, the position of the bandgap
shifts back to lie above the exciton resonance. After ∼250 ps, the
optical response fully returns to the initial condition.
We now turn to the variation of the response with pump ﬂuence,
highlighting the behaviour of the inversion signature. Differential
reﬂectance contrast spectra of the WS2 bilayer 0.4 ps after excitation
are presented in Fig. 3a for pump ﬂuences between 35 μJ cm−2 and
840 μJ cm−2 (corresponding reﬂectance contrast spectra are
presented in Supplementary Section 8). For relatively low ﬂuences,
the lowest-lying transition shows the combined effect of bleaching
of the exciton resonance and increased spectral broadening, attributed to the effect of Coulomb scattering7. Both effects grow with
increasing ﬂuence. In addition, the previously observed inversion
feature with its negative differential response gradually develops at
lower energies, as shown in Fig. 3b in more detail. The corresponding threshold ﬂuence for the development of population inversion is
∼200 μJ cm−2, which is somewhat smaller than that obtained from
the rough estimate within the band-ﬁlling model presented above.
The width of the inversion signature increases and the onset
appears to shift to lower energies for higher pump ﬂuence, both
observations consistent with our interpretation of the increasing
width of the inversion region and larger bandgap renormalization
at higher carrier densities.

Finally, we demonstrate that the key changes in the optical
response observed in the WS2 bilayer—namely, the complete disappearance of the exciton peak and the development of an inversion
feature—are also seen in monolayer samples. Differential reﬂectance
contrast spectra of a WS2 monolayer at T = 70 K are presented in
Fig. 4a as function of photon energy and time delay for a pump
ﬂuence of 840 μJ cm−2. In close analogy to the bilayer data in
Fig. 1d, the monolayer exhibits a spectrally broad negative differential response extending more than 300 meV below the ground-state
transition. The decay of this signal, as shown by the transient
response centred at 1.8 eV and plotted in Fig. 4b, is comparable,
but somewhat faster than in the bilayer. The lower overall optical
response and the resulting lower signal-to-noise ratio in the monolayer sample preclude a precise determination of the photon energy
for the signal’s onset. Still, inspection of the data reveals that the
inversion feature in the monolayer is present at lower photon energies relative to the increased bandgap energy (around 2.4 eV)17 and
that the inversion feature has a broader spectral width compared to
the bilayer. These characteristics are fully consistent with enhanced
Coulomb interaction strength in the monolayer, as well as with the
material’s direct-gap character. The corresponding spectral traces,
presented in Fig. 4c as a function of delay time (differential
spectra are shown in Supplementary Section 9), illustrate the emergence of the exciton resonance with a redshift of ∼100 meV and the
subsequent full recovery of the linear response after 250 ps, closely
mimicking the behaviour of the bilayer (cf. Fig. 1c). Moreover, the
complete transient bleaching of the exciton transition followed by
the strong redshift and recovery are also observed in room-temperature data. As an example, monolayer spectra are presented in Fig. 4d
for a pump ﬂuence as high as 3,400 μJ cm−2 (obtained with a slightly
smaller pump spot of 3 μm diameter). The latter result demonstrates
that even under ambient conditions, monolayer TMDC samples can
exhibit dramatic ultrafast changes in their optical response when
strongly pumped.
In summary, we have shown that atomically thin TMDCs exhibit
a complete restructuring of their band-edge optical response after
intense photoexcitation through a Mott transition. The exciton
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resonance, which dominates the linear spectra, disappears completely.
A bandgap renormalization of 500 meV or more is observed, which
is an order of magnitude larger than that found in conventional
quantum-well systems. All changes are transient and reversible in
nature, so the material fully recovers its initial optical response.
The observed phenomena are intimately connected with the
strong Coulomb interaction between charge carriers in these
atomically thin two-dimensional systems. Induced changes in
the optical spectra over hundreds of meV are consonant with
large exciton binding energies in these materials that also lie in
the range of hundreds of meV. The observation of these phenomena
in samples at room temperatures and under ambient conditions is
highly advantageous for potential applications of the mono- and
few-layer TMDCs in optoelectronic and photonic devices, such as
lasers, optical modulators and saturable absorbers, particularly for
applications beneﬁting from the nanoscale dimensions of
the material.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 9 February 2015; accepted 19 May 2015;
published online 15 June 2015
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Methods

Sample preparation. Mono- and bilayer samples of WS2 were produced by
mechanical exfoliation of WS2 bulk synthetic crystal onto a fused-silica substrate.
The samples were identiﬁed by optical microscopy and the number of layers was
independently conﬁrmed by photoluminescence spectroscopy.
Pump–probe spectroscopy. The pump laser for our measurements was a frequencydoubled, ampliﬁed ﬁbre laser system that produced pulses of 250 fs duration at a
repetition rate of 200 kHz, with a photon energy centred at 2.4 eV. For the probe
pulse we employed broadband supercontinuum radiation generated in a YAG crystal
by pulses from the fundamental frequency of the pump laser. Both the pump and
probe pulses were focused onto the sample in a collinear geometry by a microscope
objective, yielding respective spot sizes of 5 μm and 2 μm. The two beams were

circularly polarized, with opposite polarizations (similar results were obtained for
other polarization combinations). The sample was held in a cryostat and the
measurements were performed at liquid-nitrogen and room temperatures. 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 simultaneously measured to compensate for
ﬂuctuations in the intensity of the probe beam. All data were corrected for the
wavelength-dependent chirp of the white-light supercontinuum, which was
measured using the ultrafast response of a thin gold foil. The instrument
response time of 400 fs (full-width at half-maximum) was estimated from the rise
time of the signal from the gold sample. We also note that the reference spectra for
the substrate were also obtained under pump excitation to account for any residual
pump-induced changes of the substrate.
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