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Discontinuous character of the ultrafast exciton Mott transition in monolayer WS2
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There are conflicting predictions and reports on the character of the exciton Mott transition (EMT) in
monolayer transition metal dichalcogenides. It could be either a discontinuous or a continuous transition from
the excitonic to the plasma phase, with important implications for devices such as photoswitches. To resolve the
nature of the transition in monolayer WS2, we study its ultrafast optical response upon resonant photoexcitation
of the A exciton across a broad range of photoexcitation densities. In agreement with previously reported
measurements, we observe that the A exciton quenches gradually with increasing excitation density. However,
a detailed lineshape analysis unveils an abrupt red shift in the transient peak positions of the A and B exciton
resonances above an excitation density threshold. This is attributed to band gap renormalization arising from the
formation of a free charge carrier plasma, i.e., the EMT. The plasma phase decays with a time constant of 0.65 ps
into the excitonic state. The abrupt appearance of the plasma phase at the threshold density suggests that the EMT
is a discontinuous and not a continuous transition. This work demonstrates how transient optical spectroscopy
combined with simultaneous lineshape analysis of two excitonic resonances can be used to investigate the EMT
in 2D materials.

DOI: 10.1103/hh6p-dpf7

I. INTRODUCTION

Strong light–matter interaction and large exciton binding
energies make atomically thin TMDCs promising systems for
fundamental studies and applications [1–3]. At low charge
carrier densities, excitons govern the optical and electronic
properties, whereas at a critical (Mott) density, enhanced
screening weakens the Coulomb attraction between electrons
and holes and leads to dissociation of the exciton gas into
a metal-like electron–hole plasma—the EMT. This transi-
tion has been intensely studied [4–14], both because device
concepts such as excitonic optoelectronics, valleytronics, and
nanolasers depend on the balance of free carriers and exci-
tons [15], and because high densities enable exploration of
many-body physics, including the electron–hole liquid with
its exotic correlated properties [16,17]. The large binding
energies in TMDCs yield strong excitonic signatures even
at room temperature, suggesting that optical spectroscopy
should readily probe the EMT. Yet for monolayers—with
direct band gaps and the highest binding energies—it re-
mains unclear whether the EMT evolves continuously with
increasing excitation density, via coexistence of excitons and
plasma, or discontinuously, as an abrupt or avalanche-like
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transition [18]. Resolving this is crucial for device design and
for understanding photoexcited TMDC monolayers at high
densities. Moreover, an ultrafast, discontinuous EMT could
enable novel TMDC-based photoswitches and potentially ac-
cess exotic quantum phases.

Theoretically, both continuous and discontinuous EMTs
are possible. Material-realistic many-body calculations using
GW-DFT and Bethe–Salpeter methods predict that a small
exciton fraction (1%) dissociates below the Mott density,
followed by an abrupt jump to full ionization [13]. Such an
abrupt jump is calculated for WS2, WSe2, MoS2, and MoSe2

TMDC monolayers [13] and suggests a discontinuous char-
acter of the EMT. In contrast, a more conceptual study using
a half-filled Hubbard model mapped to the exciton problem
argues that the EMT character depends on the exciton binding
energy [14], which varies with TMDC composition.

Experimentally, EMT studies have focused mainly on bi-
layers [4–8], heterostructures [4,9], and bulk TMDCs [19,20].
For monolayer TMDCs, however, only limited and conflicting
observations exist. In MoS2, continuous wave excitation re-
veals an abrupt switch from narrow exciton emission to broad
electron–hole plasma emission at the Mott density [10], later
linked to an electron–hole liquid [16]. By contrast, WSe2 and
MoSe2 monolayers show a continuous EMT, evidenced by
continuously broadened time-integrated photoluminescence
under ultrafast excitation [11]. Ultrafast time-resolved EMT
measurements have so far been reported only for WS2 [12],
where pump–probe spectroscopy shows a gradual quench-
ing of the A exciton resonance (AX) and the simultaneous
emergence of stimulated emission below the optical gap be-
cause of plasma-induced band-gap renormalization (BGR)
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over a large (> 1 order of magnitude) pump laser fluence
range [12]. The coexistence of exciton and plasma signals
supports a continuous EMT in WS2 [14]. These differing
behaviors across monolayer compositions may reflect the
Mott–Hubbard model [14], but they contrast with ab initio
predictions of an abrupt EMT [13].

The above observations do not permit firm conclusions. On
the one hand, the time-resolved measurements in WS2 show
that the plasma decays on a few-picosecond timescale, while
the overall photoexcited state relaxes much more slowly [12].
Thus, the continuous EMT inferred for WSe2 and MoSe2

from time-integrated photoluminescence must be interpreted
cautiously: if the plasma rapidly relaxes into excitons, their
luminescence will mix with plasma emission even if the
initial transition is abrupt. On the other hand, in the time-
resolved measurements on WS2, the mere persistence of an
excitonic resonance does not guarantee stable excitons, be-
cause collective Coulomb screening develops on ultrafast
timescales comparable to the inverse plasma frequency [21].
Transient excitons can even appear at metal surfaces [22,23].
In bulk WSe2, above the EMT, time-resolved x-ray photoelec-
tron spectroscopy reports exciton dissociation within about
100 fs [19]. Therefore, in TMDCs probed with femtosecond
pulses, an exciton resonance may still appear—even in a
pure plasma phase—albeit broadened, shifted, or weakened
by photoexcited carriers.

Fortunately, because of the clearly defined exciton res-
onances in TMDCs, these changes can be tracked in the
ultrafast time domain using line shape analysis, as previ-
ously demonstrated for low excitation densities below the
EMT [24–27]. Our previous work [24] showed that excitons,
free charge carriers, and lattice heating can be disentangled in
WS2. For example, the presence of other excitons blue shifts
the AX, while free charge carriers and lattice heating cause a
red shift because of BGR. Applying such analysis to optical
spectra across the EMT has so far been elusive. Furthermore,
photoexciting one excitonic resonance can affect another ex-
citonic resonance in the system. Transient absorption and 2D
spectroscopy have shown that an A exciton population leads
to an amplitude change of the second lowest energy B exciton
resonance (BX) [28–31]. The shift dynamics have not been
analyzed yet. Interestingly, ab initio calculations of optical
pump-probe spectroscopy predict that the BX exhibits no shift
upon photoexcitation of A excitons [32]. This could poten-
tially make the BX shift an exclusive indicator for BGR and
hence, the existence of free charge carriers when tuning the
photoexcitation density across the EMT.

Here, we report a systematic study of the EMT in
monolayer WS2 through fluence-dependent ultrafast tran-
sient absorption (TA) spectroscopy combined with a detailed
line-shape analysis of both the AX and the BX. Using pho-
toexcitation resonant with the AX, we photoexcite the system
across a broad range of excitation densities, in which the EMT
is expected to occur, and track the temporal evolution of the
optical response in the ultrafast time domain. In the low laser
fluence regime, the AX position and width are determined by
the pump-induced A exciton population and the heating of the
lattice, as observed before [24]. We confirm the theoretical
prediction [32] that the BX does not show an A exciton
population-induced blue shift, but exclusively exhibits a red

shift arising from the BGR induced by lattice heating and free
charge carriers, which can be well separated because of their
different decay times. As the excitation density increases, a
gradual reduction of the oscillator strength of the AX is ob-
served, in agreement with previous measurements [12]. This
is attributed to population-induced bleaching. Well before
the exciton resonance is completely bleached, the lineshape
analysis of the differential spectra reveals an abrupt red shift
of several tens of meV of the AX and the BX at a crit-
ical excitation density of nC = 29 ± 2 × 1012 cm−2 arising
from BGR upon plasma formation. The plasma decays within
0.65 ps, leading to a recovery of the excitonic phase. The
BX, being exclusively sensitive to BGR, can be used to track
the plasma population across all excitation densities. Besides
the abrupt jump at the critical density, a small amount of
plasma is detected already at low excitation densities. The
trend closely follows the prediction by ab initio many-body
theory of Ref. [13]. The abrupt change of the excitonic res-
onances suggests that the EMT in WS2 has a discontinuous
character. This, combined with the previously reported dis-
continuous EMT in MoS2, suggests that the different exciton
binding energies in these systems do not play a significant
role in the EMT character, contrary to theoretical predic-
tions [14]. The excitonic resonances persist across the Mott
transition, which is consistent with a finite dissociation time
of photoexcited excitons to plasma. Our data show that the
dissociation is completed within less than 200 fs. This work
shows how optical spectroscopy can be used to investigate the
Mott transition in 2D materials. In particular, we show that the
inspection of several excitonic resonances at once can yield a
comprehensive picture of the charge carrier dynamics across
all excitation densities.

II. EXPERIMENTAL SECTION

To resolve the optical response of the WS2 monolayer
following resonant photoexcitation, we use TA spectroscopy,
as sketched in Fig. 1(a). TA spectroscopy is a pump-probe
technique, in which a first femtosecond laser pulse (“pump”)
photoexcites the system, and a second laser pulse (“probe”)
monitors the photoinduced changes of the absorption at vari-
able delays. The monolayer sample is resonantly photoexcited
at the A exciton, using a photon energy of 1.985 eV. A
low fluence white-light continuum (WLC) probe pulse rang-
ing from 1.8 to 4.5 eV is used to measure the absorption
A of the sample across multiple excitonic transitions. The
pump-induced change in the absorption is recorded as �A =
Apumped − Aunpumped.

The experimental setup was described in detail previously
in Refs. [33,34]. Briefly, the laser source for TA is a regener-
atively amplified laser system (Astrella by Coherent), which
outputs 30 fs laser pulses at a wavelength of 800 nm with
a repetition rate of 5 kHz. The fundamental beam is split to
produce separate pump and probe beam paths. In the pump
beam path, the desired wavelength is generated using an op-
tical parametric amplifier (Light Conversion TOPAS). In the
probe beam path, the 800 nm light is frequency doubled and
generates the WLC in a CaF2 crystal. A delay stage (Physik
Instrumente M-531.5IM) controls the time delay between the
pump and probe pulses. The chirp of the white-light pulses
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FIG. 1. (a) Sketch of TA applied to a WS2 monolayer on a fused
silica substrate. (b) Band diagram and excitonic resonances (AX,
BX, CX, DX) in the monolayer inserted into the single-particle band
structure as photoionization energy levels of the excitons. (c) Energy-
and delay-dependent differential absorption spectra (color plot) of
the monolayer photoexcited resonantly to the AX. (d) AX band
integral at 200 fs relative to its steady-state value and fit with a
saturable absorber model to determine the excitation density.

is corrected a posteriori and computationally with about
20 fs precision as described in Ref. [34]. The cross correlation
of pump and probe laser pulses is on the order of 50 fs
(FWHM).

To calculate the laser fluence, the spot sizes of pump- and
probe laser pulses are characterized at the sample position
with a CCD camera. Pump- and probe pulses have similar
spot diameters of d = 150 μm (D4σ ). The laser fluence is

calculated using

F = 2P

AR
(1)

with P the factor of 2 in Eq. (1), A = πd2/4 and R the laser
repetition rate. The factor of 2 accounts for the fluence at the
center of a Gaussian beam profile (peak fluence). Since pump
and probe spot sizes are approximately equal in our exper-
imental configuration, the edge of the probe beam samples
areas with lower excitation density as well. Therefore, our
fluence calculation slightly overestimates the fluence. Under
these nonideal conditions, our analysis probably overesti-
mates the width changes and underestimates the peak shifts.
However, as discussed in Sec. III B3, the quantitative results
are in agreement with previous studies in the excitonic regime.
Moreover, apparently the setting does not affect the spectra
so much as to inhibit a sharp Mott transition as shown in
Sec. III B4 and is therefore also not expected to severely affect
the Mott density determined in this work.

The high-quality WS2 monolayer on a fused silica sub-
strate is prepared from its bulk counterpart using the
gold-exfoliation technique, detailed in Refs. [35–37]. This
method provides high-quality monolayers with fewer de-
fects than commercially grown monolayers [15]. The flake
size is several hundred micrometers. All measurements are
performed at room temperature (22 ◦C).

III. RESULTS

The results section is structured as follows. First, we
present a data set to define the observables and determine
the excitation density. Then we present the kinetics below and
across the Mott density.

A. Data and excitation density

An exemplary data set obtained for a single pump fluence
at 150 μJ/cm2 is shown in Fig. 1(c). The differential absorp-
tion (�A) is displayed as a function of pump-probe delay
and probe energy. The false color plot shows weak positive
(blue) and prominent negative (red) signals. They appear im-
mediately at time zero (i.e., at the pump-probe overlap) and
decrease partially within the first few picoseconds. Part of the
signal extends beyond the shown delay window and survives
up to the longest measured delay of 60 ps (not shown). The
negative signals are centered around 1.99 eV, 2.38 eV, 2.88 eV,
and 3.05 eV and align with the A, B, C, and D excitonic
resonances, respectively, which can be observed in the steady-
state absorption spectra of the WS2 monolayer [24,26,38,39]
(cf. Sec. S1 of the Supplemental Material [40]). Figure 1(b)
shows the origin of these features. The AX and the BX are
located in the K valleys in the band structure of the WS2

monolayer. The energy difference between the two excitons
is primarily attributed to spin–orbit coupling, which splits the
valence band (VB) into two subbands. Besides the band edge
excitons, C and D excitons are higher-lying optical transitions
that form a bound state at the band nesting region along the
�– K point and � point, respectively [38]. Thus, our probe
can observe several excitonic resonances simultaneously. In
this paper, we focus on the AX and the BX; the BX will
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be shown to be a convenient observer of the EMT. Before
analyzing the charge-carrier dynamics that induce the changes
to the optical absorption, it is necessary to determine the
initial excitation density n0 in the system for each pump laser
fluence. n0 is determined by how many photons are absorbed
in the monolayer. In the linear limit (i.e., at low laser fluences),
the absorptance at the pump wavelength can be determined by
steady-state spectroscopy [24]. However, strong photoexcita-
tion can lead to changes in the absorption, as we have just
demonstrated in the above exemplary dataset [see Fig. 1(c)].
To quantify the pump-induced absorption change at the pump
wavelength, we integrate the differential absorption signal
around the AX resonance (1.8 to 2.1 eV), computing a band
integral [41] and inspect it as a function of pump laser fluence.
Here and in the rest of the paper, we restrict our analysis
to delays larger than 200 fs to avoid artifacts resulting from
the coherences during the pump-probe overlap. Figure 1(d)
shows the band integral of the AX at 200 fs relative to its
steady-state value. The absorption decreases increasingly with
pump fluence (note the flipped sign as indicated in the axis
label). The bleach grows nonlinearly, approaching 60% at the
highest pump laser fluence of 5 mJ/cm2. The solid line is a fit
with the saturable absorber model

I (F ) = α
F

F + Fsat
, (2)

where α is the saturation amplitude. Fsat is the characteristic
fluence at which the absorption reaches half of its saturated
value. The fit clearly describes the trend of the AX band
integral well.

The resolved trend can now be used to calculate the ex-
citation density n0. The band integral I is assumed to be
proportional to the excitation density n0, because of ground-
state bleach as discussed below. The proportionality constant
between I and n0 can be determined by comparing the low
fluence limit of Eq. (2) to the value determined from the
steady-state absorptance.

The resulting excitation density as a function of laser flu-
ence is given on the right axis in Fig. 1(d). The excitation
density range of 7.75 to 43 × 1012 cm−2 covers the theoret-
ically calculated Mott density of 8 × 1012 cm−2 for WS2 on
SiO2 [13].

The gradual increase of the bleach of the excitonic absorp-
tion is in agreement with previous measurements of Ref. [12].
Physically, this change could be attributed to (i) ground-state
bleach, (ii) changes in screening in the system (particularly
upon undergoing the EMT), or (iii) pump-induced tempera-
ture changes. The latter is a weak contribution, as we show
below by analyzing the kinetics of the AX band integral. The
fact that the saturable absorber model fits so well to the data
strongly suggests that a simple population-induced bleach is
at the origin of the oscillator strength reduction. Indeed, it can
be noted that up to 100% bleach is reached at high fluence
and close to time zero (cf. Sec. S5 of the Supplemental Ma-
terial [40]), as expected for a few-level system at population
saturation. Screening, instead, does not appear to contribute to
the AX bleach, and will be discussed in more detail at the end
of the paper after having presented the discontinuous EMT.

FIG. 2. (a) Differential absorption spectrum, at a delay of 1 ps
and a pump fluence of 150 μJ/cm2 (n0 = 15.5 × 1012 cm−2), fitted
with the difference of two Voigt functions V (t ) − V0 [according to
Eq. (3)]. (b) V (t ) and V0 contribution of the fit.

B. Lineshape analysis and kinetics

After introducing the observables and determining the
excitation density, we now move on to analyze the kinetics.
Changes in the optical absorption of TMDC monolayers result
not only from a change in the oscillator strength of exci-
tonic resonances, but also, to a great extent, from shifts and
broadening of these resonances [24,25,42]. Access to these
observables requires an approach beyond spectral integration,
namely lineshape analysis. In the following, we introduce
our lineshape analysis model and apply it to the differential
absorption data. We then proceed to analyze the kinetics of
the pump-induced changes. To disentangle effects that simply
scale with the number of excited quasiparticles from those
that depend on their character (excitonic vs free carrier) as
well as the pump-induced lattice heating, we first determine
the quasiparticle population lifetime. Finally, we examine the
excitonic regime and the changes of the kinetics across the
Mott density.

1. Model for lineshape analysis

Figure 2(a) shows an exemplary differential absorption
spectrum of the AX and the BX at a pump-probe delay of 1 ps,
extracted from the two-dimensional dataset in Fig. 1(c). The
shape is characterized by strong negative signals at the reso-
nances, but also contains positive signals, which are clearly
visible at the low energy side of the AX and in between
the AX and the BX. As a first approximation to model the
data, we assume that the differential spectrum is solely arising
from a pump-induced modification of the ground-state exci-
ton resonances. The steady-state resonances are described by
Voigt profiles (cf. Sec. S1 of the Supplemental Material [40]).
We therefore model the differential spectra as the difference
between Voigt profiles,

�A = V (t ) − V0. (3)

Note that V0 is not equal to the steady-state response Vs as
discussed below. V (t ) and V0 are composed of the sum of the
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Voigt profiles of the AX and the BX,

V = VA(SA, γA, σA, EA) + VB(SB, γB, σB, EB). (4)

Here, SA/B is the oscillator strength, γA/B the respective
Lorentzian width, σA/B the Gaussian width, and EA/B are the
AX and BX peak positions. For V (t ) the parameters are de-
pendent on the pump-probe delay t and for V0 they are kept
the same for all delays. It should be noted that the Voigt
profile is the convolution of a Gaussian and a Lorentzian
profile and therefore has two width parameters. Because the
difference between the two widths is very subtle and pre-
vents convergence, a common and time-independent Gaussian
width (σA/B = σ ) for both AX and BX is used, and σ of V (t )
and V0 are set equal. To describe the differential absorption
data, it is sufficient to vary the Lorentzian width (γA/B) of V (t )
with respect to V0.

Applying this model to fit the exemplary differential spec-
trum in Fig. 2(a) leads to a satisfactory match with the
data. The corresponding V (t ) and V0 are shown in Fig. 2(b).
Before interpreting the results, i.e., the extracted nonequi-
librium response V (t ), it is important to understand the
V0 contribution. V0 does not vary as a function of pump-
probe delay, but is extracted for each pump fluence using
a global fitting procedure, in which several spectra from
200 fs to 1 ps are fitted using Eq. (3) with a common V0

and a time varying V (t ). The position and width of the global
fit-extracted V0, although showing only a small variation with
pump fluence, agree closely with those of the steady-state
absorption (cf. Sec. S2 of the Supplemental Material [40]).
However, its oscillator strength increases monotonically with
pump-laser fluence (cf. Sec. S2 of the Supplemental Mate-
rial [40]), and approaches the absorption in the steady state,
but always remains below it. This is reasonable if one consid-
ers that a great part of the sample remains unexcited at low
fluences. In the differential absorption signal �A as defined
in the experimental section, the parts of the optical response
cancel out if they are not modulated by the pump laser beam.
Therefore, at low pump fluences, the oscillator strength of V0

is expected to be lower than the steady-state value (i.e., the
oscillator strength of Vs). As the pump laser fluence increases,
so does the excitation density, until almost every probe photon
encounters a spot that is affected by photoexcitation with the
pump laser beam. This photoselection effect is reflected in the
growth of V0 with pump laser fluence. We expect, and observe,
that the V0 oscillator strength asymptotically approaches the
steady-state value. We emphasize that replacing the V0 with
the known steady-state spectra of the monolayer using their
full oscillator strength does not fit the differential data well.
In contrast, the description of the differential data with the
V0 determined by the global fitting procedure, is excellent
across a broad range of delays and fluences (cf. Sec. S3 of
the Supplemental Material [40]), strongly supporting this way
of analyzing the data.

By fitting V (t ) at all pump-probe delays with a common
V0, the following transient parameters are extracted:

�EA,B(t ) = EA,B(t ) − E0
A,B,

�γA,B(t ) = γA,B(t ) − γ 0
A,B,

�SA,B(t ) = (
SA,B(t ) − S0

A,B

)
/S0

A,B,

TABLE I. Fit-retrieved transient shift, broadening, and oscillator
strength change of the AX and BX at a pump-probe delay of 1 ps and
a pump fluence of 150 μJ/cm2 (n0 = 15.5 × 1012 cm−2).

Excitonic
resonance �EA,B (meV) �γA,B (meV) �SA,B (%)

AX −5.4 ± 0.1 39.5 ± 0.2 −21 ± 0.3
BX −18 ± 0.9 119.0 ± 1.5 12.8 ± 0.8

where �EA,B, �γA,B, and �SA,B correspond to the transient
shift, broadening, and oscillator strength change of each ex-
citonic resonance (A, B), respectively. For the exemplary fit
in Fig. 2(b), the fit retrieved shift, broadening and changes in
oscillator strength magnitudes are tabulated in Table I. V (t ) is
slightly red shifted with respect to V0, substantially broadened,
and, in the case of the AX, it also has a lower oscillator
strength. The oscillator strength of BX is slightly increased,
opposite to that of AX and contrary to the initial expectations
from inspecting the data. We note in passing that this calls
into question previous interpretations of absorption data, in
which the reduction of signal at the BX energy is attributed to
a reduction in its oscillator strength, because of, for example,
an AX to BX population transfer [29–31,43]. Discussing the
BX oscillator strength in greater detail, however, is beyond
the scope of this article. Instead, we now apply the model to
explore the population lifetime of A excitons, and thereafter
the shift and broadening kinetics in the excitonic regime and
across the Mott transition.

2. Population lifetime

In Sec. III A, we have established that the AX oscillator
strength reduction is caused by ground-state bleach. We now
examine the quasiparticle population lifetime by inspecting
the recovery dynamics. We use the oscillator strength deter-
mined with the lineshape analysis. Almost identical results are
achieved from analyzing the AX band integral kinetics (not
shown).

Figure 3 shows the time-dependent oscillator strength
change of the AX for different initial excitation densities.
The intensity transients are normalized at 200 fs and dis-
played on a logarithmic scale. The oscillator strength change
recovers to about 10% within the first 5 ps for all excitation
densities—slightly slower for the lowest and slightly faster for
the highest excitation density. The remaining 10% decays on
a tens-of-picoseconds timescale (not shown) and is attributed
to pump-induced lattice heating, which cools on a 20–30-ps
timescale, as established in the subsequent section.

To extract the population lifetime, we fit the data using a
single exponential decay function,

y(t ) = Apop exp(−t/τpop) + y0, (5)

with the population decay time constant (τpop) and an offset
y0 accounting for the remaining oscillator strength bleach.
The fit describes the data well. At an excitation density
of 15.5 × 1012 cm−2, a dataset that we analyze in detail in
the next section, the extracted population lifetime is τpop =
1.4 ± 0.2 ps. For the highest excitation density, the lifetime
reduces to τpop = 1.1 ± 0.2 ps. These values are in the range
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FIG. 3. Ultrafast relaxation of the AX oscillator strength change,
i.e., the ground-state bleach, for different initial excitation densities.
To evaluate the relaxation time, the traces are normalized at 200 fs
and fitted with a single-exponential decay function (see text). For
clarity, the fit functions are shown only for four traces, as black lines.

of those determined with time-resolved photoelectron spec-
troscopy measurements at room temperature [44] as well as
other optical studies at comparable excitation densities [45].
From the above, we have determined the population lifetime.
This enables us to interpret the shift and broadening kinetics
in the following.

3. Excitonic regime

We start by characterizing the optical response in the ex-
citonic regime before proceeding to high excitation densities
at which the Mott transition occurs. We inspect the peak
shifts and width changes of the AX and the BX as a func-
tion of pump-probe delay for a low excitation density of

15.5 × 1012 cm−2. As outlined in the Introduction, based on
previous experimental findings [24,25] and theoretical predic-
tions [32], we expect a blue shift of the AX in the presence
of A excitons but not of the BX. Furthermore, we expect a
red shift of both the AX and the BX because of the pump-
induced lattice heating, which causes BGR. In addition, both
population and pump-induced lattice heating are expected to
lead to broadening [24,46–49]. In a collisional broadening
picture, this should affect both excitonic resonances simul-
taneously. It should be noted that excitons and phonons (as
well as free carriers that will be formed at higher excitation
densities) are individual sets of quasiparticles, each evolving
with their specific time constants. The observables, i.e., the
optical resonances, reflect the superposition of the effects of
all quasiparticles. We will show in this section empirically
that all kinetics can be described with the superposition of
exponential decays, each accounting for the temporal evo-
lution of one set of quasiparticles. Based on this, we will
develop a global fit function in the next section that works
across all excitation densities and delays. This will allow us
to disentangle the contributions of excitons, free carriers and
lattice heating to the optical response across the Mott density.

Figure 4(a) shows the overall shift of the AX resonance.
Prior to going through the description of the dynamics in
detail, let us note that we refer to shift components with a
positive amplitude as “blue shifts” and those with a negative
amplitude as “red shifts.” Because the measured dynamics
arise from the superposition of multiple components with
different decay constants, the overall shift at a given pump–
probe delay may be either red or blue. In particular, a rapidly
decaying initial blue shift superimposed on a more slowly
decaying red shift can produce the appearance of a rising red
shift (and vice versa).

The overall AX shift firstly (at 200 fs) exhibits a few
meV blue shift (�EA > 0), which decays quickly. This is
followed by the apparent rise of a red shift on a timescale of
a few picoseconds and, finally, equilibration dynamics on a

FIG. 4. Shift (a), (b) and broadening (c), (d) of A and B exciton resonances at a low excitation density (15.5 × 1012 cm−2) as a function of
pump-probe delay. The data are fitted with a sum of exponential decay functions as described in the text. The individual components of the fit
are illustrated with the shaded areas.
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tens-of-picoseconds timescale. We find that the observed dy-
namics of the AX shift can be best fitted with a sum of three
exponential decay functions, with two blue shift components
and one red shift component, plus an offset. In preparation for
the global fit developed later, we write

�EA(t ) = B0 e−t/τ0 + B1 e−t/τ1 + R e−t/τ2 + y0. (6)

The resulting fit is shown as a black solid line on top of the
data in Fig. 4(a). It describes the data well. The figure also
contains a decomposition of the total fit function into the
contribution of each exponential to the fit (blue and orange
curves). For the AX shift, the main part of the observed dy-
namics can be described with a blue shift decaying with τ1 =
2.1 ± 0.1 ps plus a red shift decaying with τ2 = 25 ± 1 ps.
In addition, there is a very small contribution of a blue shift
at early time delays decaying with τ0 = 80 ± 10 fs as well
as a longer-lived signal, captured by y0. τ1 is close to the
population lifetime τpop = 1.4 ± 0.2 ps established from the
ground-state bleach recovery in the preceding section. τ2 is
in agreement with the cooling time constant τcool of several
tens of picoseconds resolved in previous work [24,25]. These
two contributions are therefore attributed to an A exciton
population-induced blue shift and the lattice heating-induced
BGR, respectively. The lattice heating-induced red-shift am-
plitude R is determined to be −18.3 ± 0.1 meV, which is
in agreement with the value reported in Ref. [25] at a sim-
ilar pump fluence. Using a proportionality constant derived
from equilibrium measurements, see Ref. [25] and references
therein, we can estimate that the pump excitation at this
fluence leads to an increase in lattice temperature by 30 K
at time zero. Beyond these two contributions, the extracted
decay time constant of the small initial blue shift is in agree-
ment with the scattering time constant of K-valley electrons
into the 	 Valley at the center of the Brillouin zone [50,51].
We refer to it as τ	 in the following. The remaining signal
after 60 ps, captured by y0 with the fit is commensurate
with lifetimes of defect-trapped carriers, which range up to
ns [52,53]. As the τ	 blue shift component and the remaining
signal arising from defects are essentially out of the range
of recorded delays, we do not discuss them further. Overall,
as expected for the excitonic regime, the decay dynamics are
dominated by the pump-induced excitons and lattice heating,
each following first-order kinetics. The two contributions can
be well separated, both because of their different timescales
and because they induce shifts of opposite sign: In the main
section of the accessed delay window, the AX shift dynamics
are the superposition of a blue shift arising from the A exciton
population decaying with τpop and a red shift arising from
pump-induced lattice heating decaying with τcool on a tens of
picoseconds timescale.

We now turn to the BX shift. As shown in Fig. 4(b) it
exhibits a red shift of −20 meV at 200 fs. Except for a very
small part of the red shift that decays in the first picoseconds,
relaxation takes place on a timescale of tens of picoseconds.
We find that the BX shift is best described with the sum of two
exponential decay functions, with two red shift components.
Again, as preparation for the global fit employed later, we
write this down explicitly

�EB(t ) = R1 e−t/τ1 + R2 e−t/τ2 . (7)

The resulting fit is shown as a black solid line on top of the
data in Fig. 4(b). The decomposition of the fit function into the
individual components (solid red and yellow lines with shaded
area) reveals that the main part of the BX red shift relaxes
with a time constant of τ2 = 30 ± 1 ps to the equilibrium, in
agreement with τcool, the lattice cooling time constant estab-
lished above. A very small part of the shift (R1 = −2 meV)
relaxes with a time constant of τ1 = 0.65 ± 0.10 ps. This
is much faster than the population relaxation time constant
τpop = 1.4 ± 0.2 ps. As shown below for the region above the
Mott limit, τ1 can be related to the decay of free carriers.
A small population of free carriers has been detected before
in the low excitation density regime and has been attributed
to defect-ionized excitons [15]. Remarkably, the BX exhibits
no component decaying on the timescale of the population
decay. This contrasts with the AX but agrees with theoretical
predictions [32]. It is the absence of BX shift dynamics on
timescales of a few picoseconds that allows the detection of a
very small contribution of the free carrier population, which
would likely be obscured otherwise.

To further corroborate that the dynamics in the excitonic
regime are dominated by the pump-induced excitons and lat-
tice heating, we also inspect the broadening. The broadening
for the AX and the BX is shown in Figs. 4(c) and 4(d). Both
excitonic resonances are already broadened at 200 fs and the
broadening relaxes on a picosecond timescale. Fits with a
biexponential decay are shown as black solid lines for both
panels. They clearly describe the data well. The resulting time
constants are τ1 = 1.3 ± 0.1 ps, τ2 = 8 ± 1 ps for the AX, and
τ1 = 1.5 ± 0.1 ps, τ2 = 25 ± 1 ps for the BX. These two time
constants agree well with τpop and τcool established above. The
finding that τ1 equals τpop implies a proportionality between
broadening and exciton population, in agreement with previ-
ous reports [24,48,49,54].

Taken together, shift and broadening kinetics in the ex-
citonic regime can be largely attributed to pump-induced A
excitons and pump-induced lattice heating as observed in
previous studies. The decay of the pump-induced changes
can be described empirically with a sum of exponential de-
cay functions, each accounting for different processes in the
sample that superimpose to a total shift and broadening of the
excitonic resonances, respectively. Notably, the BX shift is,
on the one hand, insensitive to the A exciton population as
predicted theoretically [32]. On the other hand, it is sensitive
to changes in the underlying single-particle band structure
through BGR induced by lattice heating and free carriers.
These properties qualify the BX resonance to be a spectator
of the Mott transition.

4. Exciton Mott transition

Upon increasing the excitation density and crossing the
Mott density, photoexcitation will initially still create A
excitons, but they subsequently dissociate into free carri-
ers, i.e., an electron–hole plasma. The electron–hole plasma
induces BGR and is expected to red shift the excitonic reso-
nances [24]. We restrict the discussion here to the AX and the
BX shift. The broadening also shows strong changes at the
same excitation density [55] (cf. Sec. S7 of the Supplemental
Material [40]). A detailed discussion is beyond the scope of
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FIG. 5. AX (a) and BX (b) shifts as a function of pump-probe
delay for different initial excitation densities, together with fits (solid
lines). The fit functions are the sum of four and two exponential
decays for AX [see Eq. (14)] and BX [see Eq. (13)], respectively.

the present publication. For the shift analysis presented in the
following, it should be noted that the dissociation is expected
to happen on a screening timescale of tens of femtoseconds
as mentioned in the Introduction [21]. Since we only analyze
pump-probe delays >200 fs, we expect to observe only the
decay and not the formation of the plasma.

Figure 5 shows the AX and the BX shift as a function of
pump-probe delay for different excitation densities. The low
excitation density trace at 15.5 × 1012 cm−2 discussed in the
last section is shown in light gray as a reference. Roughly
doubling the excitation density does not change the dynamics
qualitatively, neither for the AX [Fig. 5(a)] nor for the BX
[Fig. 5(b)].

However, already at a slightly higher excitation density
of 31 × 1012 cm−2, the dynamics change dramatically: the
corresponding yellow trace shifts down, up, down, and up
again with various timescales. As will be clear later on, this
is caused by the superposition of multiple peak shifts caused
by different physical phenomena. At an excitation density of
31 × 1012 cm−2, the shifts, coincidentally, have comparable
amplitudes. Even higher excitation densities result in a clear
initial red shift of −30 to −40 meV, which partially decays
within ca. 1 ps. After this initial relaxation, the dynamics show
a similar decay as for low excitation densities.

At the same critical excitation density of 31 × 1012 cm−2,
the initial red shift of the BX jumps abruptly from −30 meV
to about −100 meV. For even higher excitation densities the
initial red shift does not increase further. The enhanced initial
red shift decays with ca. 1 ps. After this initial relaxation,
the dynamics also show a similar decay as for low excitation
densities, i.e., a red shift that decays into equilibrium on a
timescale of tens of picoseconds.

Note that the abrupt red shift is also visible in the raw data:
See Sec. S4 of the Supplemental Material [40] for a compar-
ison of the spectra below and across the critical excitation

density, together with a demonstration of how the lineshape
analysis captures the spectral changes.

The abrupt appearance of an enhanced red shift in both
excitonic resonances, which quickly decays with a similar
rate, strongly suggests that the excitation density has crossed
the Mott limit. The pump laser beam now creates a sufficiently
large excitation density, such that initially excited excitons
dissociate into free carriers. This apparently happens within
less than 200 fs and induces a red shift of both excitonic
resonances through BGR. The red shift decays within a pi-
cosecond and is followed by shift dynamics similar to those
in the low-excitation-density regime. In particular, the AX
shift also shows a weak few-ps blue shift contribution as τ1

in the previous Sec. III B3 that was attributed to the exciton
population decay [τpop component, cf. gray traces and yellow
trace in Fig. 5(a)]. This indicates the decay of the plasma and
subsequent re-establishment of the excitonic phase.

In the following, we develop a fit model that allows us to
describe the peak shifts quantitatively. It is based on three
contributions, i.e., lattice heating, excitons, and the plasma.
We will prepare for a global fit across all excitation densities
and delays to determine the time constant associated with the
decay of the plasma phase and follow the evolution of the
plasma as a function of excitation density. This will finally
allow us to discuss the character of the transition.

The basic assumption for the fit model is that the plasma
population (nplasma) either builds up an exciton population
(nAX) and then subsequently recombines, or directly decays
into the ground state by recombination. This can be repre-
sented as the following coupled rate equations:

dnplasma

dt
= − 1

τAX
nplasma − 1

τpop
nplasma, (8)

dnAX

dt
= 1

τAX
nplasma − 1

τpop
nAX. (9)

The excitons and free charge carriers are assumed to have
the same recombination time constant τpop, which is justified
empirically as the ground-state bleach recovery changes only
slightly as a function of excitation density (cf. Fig. 3). The
solution of the rate equation system is

nplasma(t ) = n0
plasmae

− t
τplasma , (10)

nAX(t ) = [
n0

plasma(1 − e− t
τAX ) + n0

AX

]
e− t

τpop (11)

with

τplasma =
(

1

τAX
+ 1

τpop

)−1

, (12)

n0
plasma is the initial plasma population directly after the dis-

sociation process. n0
AX is the exciton population that remains

from the dissociation process. Incorporating this is neces-
sary to cover the case of the low-excitation-density regime,
where n0

AX dominates. Furthermore, we can cover the cases
of a discontinuous or continuous Mott transition, where the
pump-induced A excitons are dissociated completely at the
Mott density or to a continuously increasing fraction upon
increasing the excitation density, respectively.
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We now deduce fit functions for our observables, namely
the AX and the BX shift, based on the rate equation model
above and incorporating the additional contributions to the
AX and BX shift derived with the empirical fits in the last
section. We assume that the plasma population leads to BGR
and hence a red shift of both the AX and the BX, proportional
to nplasma. Furthermore, the AX (but not the BX) exhibits a
blue shift proportional to nAX. As established in the last sec-
tion, pump-induced lattice heating leads to an additional red
shift contribution of both excitonic resonances, which decays
exponentially in time with τcool. With this, the fit function of
the BX shift becomes a sum of two exponential decays,

�EB(t ) = RB
plasmae−t/τplasma + RB

heate
−t/τcool . (13)

Here, RB
plasma and RB

heat are the plasma and lattice-temperature-
induced red-shift amplitudes, respectively. RB

plasma is propor-
tional to the initial plasma population n0

plasma via Eq. (10). This
fit function is identical to the one derived empirically in the
previous section [cf. Eq. (7)] to describe the dynamics in the
excitonic regime. This enables systematic tracking of the shift
amplitudes over the entire excitation density range below.

The fit function for the AX shift has three more compo-
nents because of the sensitivity to the AX population nAX,
an additional fast (τ	 = 80 fs) decaying blue shift at early
delays [56] and a long-lived component y0; cf. the previous
section. This leads to a sum of four exponential decays asso-
ciated with τplasma, τpop, τcool, and τ	 , plus an offset,

�EA = RA
plasmae−t/τplasma + BA

pope−t/τpop + RA
heate

−t/τcool

+ BA
	e−t/τ	 + y0. (14)

Here, RA
plasma and RA

heat are the plasma and lattice temperature-
induced red-shift amplitude, respectively. As for the BX shift,
RA

plasma is proportional to the initial plasma population n0
plasma,

which enters via Eqs. (10) and (11). BA
pop is a blue shift

caused by the A exciton population term Eq. (11). Not trivially
though, it is proportional to the sum of n0

plasma and n0
AX, which

is equal to the total pump-induced excitation density. This is
because the model assumes that the plasma decays partially
by forming A excitons. This exciton population then blue
shifts the AX resonance the same way as initially created
excitons do. Compared to the empirical fit in the previous
section, which perfectly described the dynamics in the exci-
tonic regime, an additional exponential decay is introduced to
describe the plasma-induced red shift RA

plasma. This is forced to
be zero at low excitation densities to avoid overfitting.

We now fit the shifts for both the AX and the BX by
optimizing τplasma and τcool globally across all excitation den-
sities and together for the AX and the BX shift. Here, τpop is
determined from the ground-state bleach recovery of the AX
(Sec. III B2). τ	 is fixed at 80 fs. The fits are shown with the
solid lines in Fig. 5. Clearly, they describe the peak shifts for
both excitonic resonances well. The retrieved plasma decay
time is τplasma = 0.65 ± 0.1 ps. The good match of the fit
for both the AX and the BX shift using globally determined
time constants shows that the peak shifts can be described with
only three coupled contributions, i.e., the temporal evolution
of lattice heating, excitons and the plasma. In particular, the
global fit shows that the initial red shift observed in both ex-
citonic resonances at elevated excitation densities decays with

FIG. 6. Shift amplitudes associated with the three decay time
constants τpop, τcool, and τplasma (see text) for both AX (a) and BX
(b) as functions of excitation density. BA

pop and RA
heat are multiplied

by a factor of 5 to display the trend more clearly. The jump of
all amplitudes except BA

pop across the Mott density (nC) indicates a
discontinuous Mott transition.

the same rate. It therefore must be of the same physical ori-
gin, consistent with a plasma population causing BGR, which
affects both excitonic resonances. Notably, τplasma agrees well
with the decay time of stimulated emission from plasma car-
riers in the renormalized conduction band, observed in optical
spectroscopy at high excitation densities for the same sample
system [12].

Having established that the excitonic resonances detect
a plasma and its decay at elevated excitation densities, we
now tackle the question of whether the dissociation ratio,
and hence the plasma population, increases discontinuously or
continuously upon increasing the excitation density. Clearly,
in the time domain, a continuous decay of the plasma pop-
ulation is observed, leading to a gradual relaxation of the
plasma-induced red shift for both the AX and the BX shift
with τplasma and the reestablishment of the excitonic regime.
This behavior is independent of the character of the phase
transition, because the plasma population decay is based on
probabilistic events and not an abrupt coherent process such
as optical excitation. To investigate the pump-induced effects
extrapolated to the moment immediately after the dissocia-
tion, we inspect the relevant shift amplitudes as a function of
initial excitation density. These are shown in Fig. 6 for the AX
and the BX, respectively. We can distinguish the following
trends:

(1) The population-induced blue-shift amplitude of the
AX BA

pop (blue) increases as a function of excitation density.
(2) The plasma-induced red-shift amplitude of the AX

RA
plasma (red, top), which can only be resolved above

31 × 1012 cm−2, is at about −30 to −50 meV above this
excitation density.
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(3) The plasma-induced red-shift amplitude of the BX
RB

plasma (red, bottom) is very small but finite below 31 ×
1012 cm−2 and then jumps to −70 meV. It stays almost con-
stant thereafter.

(4) The lattice-heating induced red-shift amplitudes of the
AX and BX, i.e., RA

heat and RB
heat (orange), increase as a func-

tion of excitation density, but exhibit a distinct jump between
26.5 × 1012 cm−2 and 31 × 1012 cm−2.

All shift components besides BA
pop exhibit an abrupt change

upon increasing the excitation density from 26.5 × 1012 cm−2

to 31 × 1012 cm−2. We thus define a critical density nC =
29 ± 2 × 1012 cm−2 (green shaded area in Fig. 6). At nC, a
fundamental change in the kinetics occurs, showing that it
separates two distinct phases of the system. In particular, the
simultaneous and abrupt increase of the plasma-induced AX
and BX red-shift amplitudes RA

plasma and RB
plasma is consistent

with a Mott transition occurring at nC. Whether or not this
transition is of continuous or discontinuous character is dis-
cussed in the following.

As outlined above, the red-shift amplitudes RA
plasma and

RB
plasma are proportional to the plasma population after the

initial dissociation process of pump-induced A excitons. In the
low-excitation-density regime below nC, only a few excitons
dissociate. The plasma-induced red-shift amplitudes therefore
are expected to be small. This agrees well with the observation
that the AX red shift RA

plasma can only be resolved above nC.
Because of the overlapping blue shift of the AX caused by
the A exciton population (which likely also leads to the high
error bars in the RA

plasma and BA
pop amplitudes above nC), a small

plasma-induced red shift evolving at a similar time scale as the
overall quasiparticle population decay with τpop is invisible.
Notably, the BX red-shift amplitude RB

plasma remains small but
finite for all excitation densities below nC. This observation
shows, consistent with the individual fits in the preceding
section, that in the excitonic regime a small plasma population
is formed. The BX shift serves as an exclusive spectator of
BGR and therefore allows us to resolve the plasma-induced
red shift across all excitation densities.

At the Mott density, exciton dissociation becomes fa-
vorable. The dissociation ratio, i.e., the plasma population
compared to the total excitation density, is expected to change.
Crucially, the change of the BX red-shift amplitude RB

plasma at
nC is abrupt, reminiscent of a step function as a function of the
excitation density. This indicates an equally abrupt change of
the dissociation ratio at nC. This observation strongly suggests
that the Mott transition has a discontinuous character and not
a continuous one, in which case we would expect that RB

plasma
changes gradually as a function of the excitation density.
The sharp character of the transition is underscored by the
abrupt appearance of the AX red-shift amplitude RA

plasma at
nC. Moreover, it is substantiated by the jump of the lattice-
heating-induced red-shift amplitudes RA

heat and RB
heat at nC.

The increased lattice heating can likely be attributed to an
increased electron–phonon scattering cross section, as free
carriers have an increased mobility compared to excitons. It
is important to note that the increase in the AX blue-shift
amplitude BA

pop over nC does not contradict the interpretation
of a discontinuous Mott transition. As explained above, within
the rate equation model the AX blue-shift amplitude BA

pop

associated with τpop is proportional to the total excitation
density, which is composed of the sum of the plasma and ex-
citon population and is independent of the dissociation ratio.
We therefore expect that it does not change abruptly at the
critical density, and the fact that this is not the case implicitly
shows that the assumption of the rate equation model must
be satisfied, i.e., that the plasma decays through the combined
action of exciton formation and recombination.

Compared with theoretical predictions of plasma-induced
BGR at the Mott density, the values determined here are
relatively low. The experimentally determined value of the
BGR by this method is, taking the BX shift as a reference,
−70 meV, which is considerably lower than the theoretically
calculated value of about −350 meV [13]. This is likely be-
cause the BGR is probed via an optical transition, rather
than through direct measurement of electronic energies via,
e.g., photoelectron spectroscopy [36]. Screening leads to a
concurrent blue shift of excitonic resonances because of the
reduction of the binding energy, as is known from previous
studies of the excitonic regime [24]. The two effects, binding
energy reduction and BGR, partially compensate for each
other [57], resulting in a smaller effective red shift.

In summary, both the AX and the BX exhibit an abrupt
and strong red shift at the same excitation density of nC =
29 ± 2 × 1012 cm−2, which decays with the same timescale.
We attribute this to free-carrier-induced BGR upon crossing
the Mott density. A simple rate equation model is introduced,
which assumes that the photoexcitation—besides heating the
lattice—creates excitons, and for sufficiently high excitation
densities, dissociated excitons, i.e., free carriers. The free
carriers have two decay channels, namely recombination and
exciton formation. This model describes the observed shift
dynamics for both the AX and the BX very well for both
the excitonic and plasma phases with globally determined
time constants for the plasma decay, the population lifetime,
and the lattice cooling. The global fit is quantitatively consis-
tent with independent fits performed in the excitonic regime.
The fitting enables the tracking of the amplitudes of the
free-carrier-induced BGR, the lattice-heating-induced BGR,
and the total pump-induced population on the excitonic res-
onances across all excitation densities. All these parameters
(besides the total pump-induced population) show an abrupt
change at the critical density.

IV. DISCUSSION AND CONCLUSIONS

The above evaluation of the broadband differential TA
data through careful lineshape analysis has enabled us to
discern that monolayer WS2 exhibits two distinct regimes
of photoexcited dynamics, which are separated by an abrupt
change at a critical excitation density. At low excitation den-
sities up to 26.5 × 1012 cm−2, the pump-induced dynamics
are dominated by excitons and lattice heating, occurring at
their characteristic timescales. While lattice heating leads
to a red shift through BGR that affects all excitonic res-
onances, the presence of A excitons uniquely impacts the
AX peak position, causing it to blue shift. It does not affect
the BX peak position, as theoretically predicted [32]. This
independence of the BX peak position from the A exciton
population makes it a spectator of even small changes in
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the BGR, and the analysis shows that a small quantity of
pump-induced free charge carriers must be present in the
excitonic regime. At 31 × 1012 cm−2 and higher excitation
densities, the optical spectra suddenly indicate the presence
of a large number of free charge carriers. The plasma creates
BGR and red shifts the lowest optical transitions, the AX
and the BX likewise. As the quasiparticle density decreases
with time and rapidly falls below the Mott limit, the plasma
decays gradually by A exciton formation and recombina-
tion, with a time constant of 0.65 ps. The reemergence of
the excitonic phase after the plasma decay is demonstrated
by the recurrence of the dynamics of the excitonic phase,
in particular, the A exciton population-induced blue shift of
the AX.

The observation of two distinct regimes, separated by a
critical excitation density, shows that the EMT in monolayer
WS2 is a sharp transition. Within an excitation density win-
dow of only 4.5 × 1012 cm−2 i.e., 15% of the Mott density
nC = (29 ± 2) × 1012 cm−2, the shift amplitude of the B
exciton increases by a factor of 10. The sharpness of the
jump is comparable to the calculation by Steinhoff et al. [13].
In both the theoretical calculation of Ref. [13] and our ex-
periment, the sharpness is limited by the amount of data
points across the critical density. This observation is in con-
trast to the gradual reduction of the AX oscillator strength
over a broad excitation density regime observed by us and
Ref. [12]. The gradual bleach is the result of a population-
induced ground-state bleach, combined with a finite exciton
dissociation time as discussed below. The sharp transition
strongly suggests that the EMT has a discontinuous character,
but it cannot be regarded as proof. We expect that even if
the EMT is truly discontinuous, inhomogeneities within the
excitation spot, as well as experimental parameters such as
the laser power stability, would lead to a finite broadening
of the jump. A finer sampling across the critical density
would therefore likely not help to resolve the question fun-
damentally. It is noteworthy that, in our experiments, the
pump spot is about the same size as the probe laser spot,
as mentioned in the experimental section. This creates a
macroscopic inhomogeneity of the pump laser fluence within
the probe spot and is expected to broaden an initially sharp
transition—the center of the Gaussian-shaped excitation spot
would undergo an EMT at a lower pump laser fluence than
the outer ring segments. Despite all these existing causes
that would lead to an apparent broadening, our experiments
show a rather sharp jump as outlined before. While we cur-
rently cannot estimate the broadening effects quantitatively,
an intriguing possibility would be that the transition is in
fact avalanche-like. In an avalanche-like transition, one could
expect that if a sufficient part of the photoexcited area (e.g.,
the center of the photoexcited spot) undergoes an EMT, it
will assist in dissociating excitons present in the neighboring
areas that have not yet reached the Mott density [18]. To
explore this further, spatial resolution could be a next step,
e.g., monitoring the TA locally at the center of a Gaussian-
shaped excitation spot and comparing this to an outer
segment.

Our observation of a sharp EMT is in agreement with the
abrupt photoluminescence change under cw laser excitation at
a critical density, observed in monolayer MoS2 and attributed

to the EMT [10]. Apparently, W-based and Mo-based TMDC
systems do not behave differently in this respect, despite
theoretical predictions of different behavior because of their
differences in exciton binding energy [14]. The finding of
a sharp transition is in agreement with the material-realistic
many-body theory [13]. The finite amount of plasma formed
before the critical density, resolved through the BX shift, is
explained by the exciton-screening induced dissociation by
Steinhoff et al. [13]. Plasma formation, locally within the
excited oscillator strength, could, however, also be favored
via exciton dissociation at defects [15]. Notably, Mott den-
sity nC = 29 ± 2 × 1012 cm−2 is somewhat higher than the
value of 8 × 1012 cm−2 predicted by Steinhoff et al. and is
notably close to the critical density of 34 × 1012 cm−2 in
the cw laser experiments in MoS2. In their case, they at-
tributed this phase to an electron–hole liquid instead of an
electron–hole plasma [16]. The existence of this exotic phase
in this and other studies [17] is substantiated by imaging of
the photoexcited spot. This once again motivates the use of
spatially resolved techniques with ultrafast time resolution to
study the EMT in WS2 could be an interesting topic for future
studies.

We observe this transition in combination with the previ-
ously observed gradual bleach of the A exciton resonance as
a function of excitation density [cf. Fig. 1(d)]. As explained
in Sec. III A, the A exciton bleach can be entirely explained
by the ground-state bleach caused by the pump-induced pop-
ulation. It clearly shows no abrupt change at the Mott density,
which means that there is no screening-induced change of the
A exciton oscillator strength. The persistence of the A and
B excitonic resonances above the Mott density shows that
excitons are still eigenstates of the system. This may seem
inconsistent with our interpretation of a discontinuous Mott
transition at first sight. However, as mentioned in the Intro-
duction, even if an incoherent exciton population is formed,
this population would be expected to dissociate and form
plasma only within a screening timescale. In our case, this
must have happened within 200 fs, which is also in agreement
with measurements for bulk WSe2 [19]. These findings show
that simply measuring the oscillator strength of excitonic res-
onances as an indicator of the EMT is not sufficient. However,
their shift dynamics can be used to examine the nature of
the transition and the associated time constants, as we have
shown.

With this study, we demonstrate the applicability of optical
spectroscopy combined with a detailed lineshape analysis of
the differential spectra to study Mott transitions via excitonic
resonances. The sharp character of the particular Mott tran-
sition in WS2 monolayers could be useful for photoswitches,
exploiting the change in the optical or electronic properties.
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