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ABSTRACT 
Fundamental understandings on the dynamics of charge carriers and excitonic quasiparticles in semiconductors are of central 
importance for both many-body physics and promising optoelectronic and photonic applications. Here, we investigated the carrier 
dynamics and many-body interactions in two-dimensional (2D) transition metal dichalcogenides (TMDs), using monolayer WS2 as 
an example, by employing femtosecond broadband pump-probe spectroscopy. Three time regimes for the exciton energy 
renormalization are unambiguously revealed with a distinct red-blue-red shift upon above-bandgap optical excitations. We attribute 
the dominant physical process in the three typical regimes to free carrier screening effect, Coulombic exciton–exciton interactions 
and Auger photocarrier generation, respectively, which show distinct dependence on the optical excitation wavelength, pump 
fluences and/or lattice temperature. An intrinsic exciton radiative lifetime of about 1.2 picoseconds (ps) in monolayer WS2 is 
unraveled at low temperature, and surprisingly the efficient Auger nonradiative decay of both bright and dark excitons puts the 
system in a nonequilibrium state at the nanosecond timescale. In addition, the dynamics of trions at low temperature is observed to 
be significantly different from that of excitons, e.g., a long radiative lifetime of ~ 108.7 ps at low excitation densities and the evolution of trion 
energy as a function of delay times. Our findings elucidate the dynamics of excitonic quasiparticles and the intricate many-body physics in 
2D semiconductors, underpinning the future development of photonics, valleytronics and optoelectronics based on 2D semiconductors. 
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1 Introduction 
Monolayer group VI transition metal dichalcogenides (TMDs) 
are emerging two-dimensional (2D) semiconductors with a 
sizable direct bandgap and exceptional physical properties [1–6]. 
Owing to the reduced dimensionality and significantly sup-
pressed dielectric screening in monolayer TMDs, excitons, 
namely Coulomb-bound electron–hole pairs, show enormous 
binding energy of several hundred meV and strong light–matter 
interactions [6, 7]. Consequently, the optical and electronic 
properties are mostly dominated by excitons, rendering great 
opportunities for novel optoelectronic and photonic applications 
[1–3, 5–8]. Recently, tremendous research efforts have been 
made to developing high-performance photodetectors [9, 10], 
light-emitting diodes [11, 12], valleytronic transistors [6, 13–15], 
optical interconnects [16], excitonic lasers [17, 18], etc. On the 
other hand, the tightly bound exciton offers an ideal system to 
investigate many-body physics [7, 19–21]. For instance, multi- 
particle excitonic complexes, like charged exciton (trions), 
biexcitons and charged biexcitons, are observed and show distinct 
optical properties for potential device applications [22–26]. 
Fundamental understanding of carrier/exciton dynamics, many- 
body correlations and the resultant optical nonlinearities are 

critically important to facilitate the intelligent design and 
utilization of novel valleytronic, optoelectronic and photonic 
devices with desirable functionalities.  

In the past few years, the carrier and exciton dynamics in 
monolayer TMDs are studied extensively by using ultrafast 
pump-probe spectroscopy which is an ideal tool to investigate 
the intrinsic ultrafast optical phenomena in the 2D regime. The 
ultrafast formation and recombination of excitons [27–31], 
many-body correlations between excitonic complexes [32–35], 
valley/spin depolarization dynamics [33, 36–39], giant bandgap 
renormalization and transient optical gain under intense optical 
excitations [20, 40], as well as ultrafast interface charge transfer 
in TMDs van der Waals heterostructures [41], are revealed 
responsible for the corresponding macroscopic optical properties 
and device performances. However, a comprehensive physical 
picture for the exciton dynamics and transient optical non-
linearities is still absent. First, the influence of carrier screening 
effects on the optical response of exciton resonance is reported 
inconsistently under different experimental conditions, such 
as the sample quality, excitation wavelength and temporal 
resolutions [40, 42, 43]. Secondly, the nature of exciton–exciton 
interactions, either Coulombic repulsion or atom-like attraction, 
is still controversial [43–46]. Thirdly, when the excitation 



densities are in the intermediate and high regimes, the explicit 
assignment of Auger-type nonradiative mechanisms for excitons 
is required to fully understand the associated nonlinear optical 
phenomena [30, 47–51]. For instance, the photoexcited electron– 
hole system of monolayer TMDs remains in an unexpected 
nonequilibrium state at the nanosecond (ns) timescale [28, 30]. 
More importantly, the dynamics of other quasiparticles, such 
as trions, remains largely unexplored since most pump-probe 
experiments are done at room temperature [31, 33, 35, 40, 42, 
43]. Detailed studies of trion dynamics as a function of lattice 
temperature and pump fluence could provide critical information 
for the many-body correlations and unprecedented valley physics 
in 2D TMDs. 

In this report, we address these important questions by 
presenting a systematic study of the exciton and trion 
dynamics in monolayer WS2 using broadband femtosecond 
transient absorption (TA) spectroscopy. The temporal evolution 
of the pump-induced changes of exciton and trion absorption 
is examined as a function of excitation wavelength, pump 
fluence and lattice temperature. We observe a distinct red- 
blue-red shift of the exciton resonance in different time regimes 
under non-resonant excitations. In the first sub-picosecond 
regime, the redshift and broadening of exciton resonance, 
which disappear under resonant excitations, are attributed to 
screening effects of hot carriers. Following the quick relaxation 
of free carriers and buildup of exciton population within the 
first picosecond (ps), the repulsive exciton–exciton interaction 
leads to a slight blueshift of exciton energy at low temperature. 
Interestingly, the effective lifetime of bright excitons in monolayer 
WS2 becomes longer when the pump fluence increases, which 
persists to several tens of ps. In the third regime at longer delay 
times (> ~ 10.0 ps), a redshift of exciton energy develops and 
shows a super-linear dependence on pump fluence, suggesting 
that Auger recombination of excitons generates nonequilibrium 
free carriers, instead of heating the lattice. Furthermore, the trion 
dynamics, distinct from exciton dynamics, shows an increase 
of trion binding energy in the first sub-ps time regime and 
subsequently a much longer decay time of ~ 108.7 ps at low 
pump fluence and low temperature. 

2 Results and discussions 
The monolayer TMDs are prepared by mechanical exfoliations 
of commercially available bulk crystals and then transferred onto 
sapphire substrates. The exfoliated samples are characterized 
by using steady-state photoluminescence (PL) and absorption 
spectroscopy. Figure 1(a) shows the absorption spectra of 
monolayer WS2 at room and low temperatures which are 
extracted from transmission spectra. More results about the 
optical micrograph and the photoluminescence spectrum of 
the monolayer WS2 at room temperature are shown in the Fig. 
S1 in the Electronic Supplementary Material (ESM). At room 
temperature, the two absorption peaks at around 1.97 and 2.4 eV 
are known as A and B excitons, respectively, arising from the 
direct optical transitions at K points of the Brillouin zone as 
schematically shown in Fig. 1(b). Due to strong spin-orbit 
coupling in WS2, the spin-splitting of valence and conduction 
bands leads to a large energy difference between bright A and 
B excitons, while the resulted spin-forbidden dark exciton has 
the lowest transition energy as indicated by the dashed arrows. 
These characteristics largely determine the unique optical pro-
perties of monolayer WS2. At 10 K, the exciton energies show 
considerable blueshift following the increasing of the electronic 
bandgap (Eg) shown in Fig. 1(a). In addition, a new absorption 
peak appears slightly below A excitons and is attributed to 
the charged exciton states (trions). It has been well established 

Figure 1 The steady-state absorption spectra of monolayer WS2. (a) The 
absorption spectra of monolayer WS2 on a sapphire substrate measured at 
10 K (blue solid curve) and 294 K (red dashed curve). The A, B and T indicate 
the absorption peaks for A and B exciton and trion states. (b) Schematics 
of the electronic band structure at K points of the Brillouin zone (left) and 
exciton and negative trion states (right) for monolayer WS2. The red and 
blue curved bands show the spin-splitting of the valence or conduction bands 
due to the spin-orbit interactions, and the corresponding spin orientation 
is indicated by the short grey arrows. The optical transitions associated 
with bright A and B excitons are marked by the red and blue arrows, 
respectively. The grey dashed arrow shows the spin-forbidden dark excitons 
which cannot be directly accessed by optical excitations. The dark excitons 
as the energetically lowest states play an important role in the exciton 
dynamics in monolayer WS2. 

that the exfoliated WS2 and MoS2 samples on various substrates 
present unintentional electron doping from sulfur vacancies or 
substrate and impurities induced doping [21, 22]. Therefore, 
the exciton can capture one additional electron through the 
Coulomb force to form a negative trion as schematically 
shown in Fig. 1(b). The trion binding energy (EB) is ~ 42.8 meV 
in our sample, which is the energy difference between the 
exciton and trion absorption peaks. The intensity ratio between 
the exciton and trion absorption peaks, analyzed by the multi- 
Lorentzian fitting and shown in Fig. S2 in the ESM, allows us 
to estimate the electron doping concentration in the range of 
5 × 1011–8 × 1011 cm−2 [21], which is further supported by the 
TA measurements to be discussed in the following text. 

We further investigated the exciton and trion dynamics in 
monolayer WS2 by using broadband femtosecond TA spectros-
copy as a function of lattice temperature, excitation energy 
and density. In our TA measurements, charge carriers and 
excitons are injected into monolayer TMDs by using a 
femtosecond pump beam with a pulse width of ~ 100.0 fs. The 
broadband probe beam (1.65–2.85 eV) is generated from an 
optically pumped sapphire crystal. The two beams are collinearly 
focused into the samples with cross-linear polarizations. The 
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at controlled delay times (Δt) present a combination of changes 
of exciton/trion populations, resonance energies and so forth, 
allowing us to monitor the evolution of optical nonlinearities 
in the excited system. 

Figure 2(a) shows a contour plot of TA spectra of a monolayer 
WS2 under the above-bandgap excitation of 3.35 eV at 10 K. The 
pump fluence is ~ 12.7 μJ/cm2, corresponding to an estimated 
carrier density (np) of ~ 3.6 × 1012 cm−2. Following the optical 
excitation, the pump-induced bleaching (PIB) and absorption 
(PIA) features, corresponding to positive and negative ΔT/T, 
respectively, appears instantaneously around the A exciton 
(EA = 2.09 eV) and trion (ET = 2.05 eV) resonances. Three-time 
regimes can be identified according to the distinct PIB and PIA 
features as a function of delay time. (I) First of all, a sub-ps 
decay feature, especially a prominent PIA at energies below 
2.03 eV, is observed; (II) secondly, in the time regime of ~ 1.0 ps 
to several tens of ps, the PIB peaks corresponding to the 
excitons and trions, as well as the PIA feature at energies larger 
than 2.10 eV, decay as a function of delay times; (III) thirdly, for 



Figure 2 Carrier-screening induced redshift of the exciton resonance 
in the first sub-ps regime. (a) and (b) Time evolution of the TA spectra 
of monolayer WS2 at 10 K. The photon energy of pump beams (Epump) is 
3.35 eV (a) and 2.25 eV (b), respectively, and the pump fluence is kept 
as ~ 12.7 μJ/cm2. (c) Absorption spectra around the A exciton resonance 
energy of monolayer WS2 at Δt = 0.15 ps as a function of pump fluence for 
Epump = 3.35 eV. The experimental data (solid curves) are fitted with two 
Lorentzian peaks (dashed curves) for excitons and trions. The vertical 
dashed line is a guide to the eye. (d) The energy shifts (ΔE), which are the 
energy difference of the A exciton resonance with and without pump, as a 
function of pump fluence extracted from the fitting curves in (c). The 
inset in (d) shows the schematics of electronic band structure of 
monolayer WS2 and the energy renormalization of the bandgap (Eg) and 
exciton resonance (EA) at the presence of pump injected free carriers. The 
gray dashed curve is a guide to the eye. 

the delay times longer than several tens of ps, a derivative 
feature centered at EA rises over a few tens of ps and decays 
over hundreds of ps. Two more sets of TA spectra as a 
function of pump fluence (1.9 and 24.0 μJ/cm2) are shown in 
Fig. S3 in the ESM, particularly one can clearly observe the 
typical three time regimes in a line cut along delay time axis. 
We also observed similar dynamics of A excitons for monolayer 
WS2 and MoS2 at room temperature shown in Figs. S4 and S5 
in the ESM, respectively. The rich nonlinear optical phenomena 
observed here signify the complicated exciton dynamics and 
intriguing many-body physics in 2D TMDs.  

We first discussed the underlying physics of the first sub-ps 
decay feature. By further performing the excitation-energy 
dependent TA measurements, the PIA feature at the low 
energy side gradually diminishes when the photon energy of 
pump excitations approaches the exciton resonance, while the 
dynamics observed in the second- and third-time regimes 
remains the same as shown in Fig. 2(b) and Fig. S6 in the ESM. 
Therefore, unambiguously this ultrafast decay can be correlated 
to optical nonlinear effects induced by the presence of no-
nequilibrium hot carriers in the system. Generally, the carrier 
screening effect in semiconductors not only leads to significant 
renormalization of the bandgap but also reduces the oscillator 
strength and binding energy (EB) of excitons [45, 46]. However, 
the resulted overall change of the optical response could be 
drastically different in various semiconductors [42, 45, 46]. In 
Fig. 2(c), we extract the absorption spectra for Δt = 0.15 ps at 
which the ΔT/T of the sub-ps PIB feature rises to its maximum 
(Fig. 2(a)). All the absorption spectra can be well fitted by the 
Lorentzian line shape with two components, corresponding to 

the exciton and trion resonances, respectively (e.g., refer to 
Fig. S2 in the ESM). The decreasing of the oscillator strength 
and the broadening of the A excitons are observed. In particular, 
a slight redshift of the exciton resonance appears for all pump 
fluences (Fig. 2(d)), suggesting that the carrier-screening induced 
decrease of Eg is slightly larger than the decreasing of EB (inset 
of Fig. 2(d)). In addition, the redshift of A excitons in the first 
sub-ps regime is also observed in monolayer MoS2 (Fig. S5 in 
the ESM), consistent with above-bandgap pump excitations 
in WS2 (Fig. 2(a) and Fig. S4 in the ESM), which further 
confirms that such scenario is not influenced by the subtle 
difference of band structures in different 2D TMDs, in good 
agreement with recent theoretical calculations [52]. Further, 
the nonequilibrium hot carriers relax down towards the band 
edge through carrier–phonon and carrier–carrier interactions, 
and subsequently form excitons and/or trions [30, 53]. As shown 
in Fig. S7 in the ESM, by fitting the kinetics of the sub-ps PIA 
feature for the probe energy of ~ 2.01 eV at low pump fluence, 
the hot-carrier relaxation time is obtained to be ~ 0.33 ± 0.03 ps 
under the pump excitation of 3.35 eV. Since the carrier–carrier 
Coulomb interaction can be further amplified with the increase 
of pump fluence [53], it is expected that the hot-carrier relaxation 
time becomes shorter and consequently the exciton/trion 
population buildups faster. Indeed, explicit signatures from 
the contribution of excitons are observed in the first sub-ps 
time regime, including the appearing of multi-exponential 
decay for the sub-ps PIA feature (Fig. S7 in the ESM) and the 
decreased redshift of A excitons (Fig. 2(d)), at the pump fluence 
larger than ~ 10.0 μJ/cm2. We will then focus on the exciton 
population dynamics at longer delay times. 

Figure 3(a) shows pump-fluence dependent TA spectra at 
Δt = 1.0 ps for the excitation energy of 3.35 eV at 10 K. The 
TA spectra for A excitons have a dispersive profile with the 
PIA feature at higher energies (> ~ 2.10 eV) and a prominent 
PIB peak at energies slightly below EA. The PIB/PIA peak for 
A excitons shifts to lower/higher energy with increasing pump 
fluence, i.e., the exciton density, respectively. This behavior 
strongly indicates that the blueshift of A excitons results from 
robust exciton–exciton interactions [45, 46]. In semiconductors, 
exciton population contributes to the nonlinear optical response 
in two major ways. One is the reduction of exciton oscillator 
strength due to the phase-space filling (Pauli blocking), and the 
other is the self-energy renormalization and broadening arising 
from exciton–exciton interactions [45, 54]. The prominent PIB 
signature of the A excitons and its pump-fluence dependence 
are mainly attributed to the phase-space filling, while the PIA 
feature is largely determined by the exciton–exciton interactions. 
Interestingly, the blueshift of the exciton energy observed at 
all pump fluence unambiguously reveals the nature of the 
repulsive Coulomb interaction between excitons in the 2D limit. 
Nevertheless, the exciton blueshift is rather small and estimated 
to be less than ~ 1.0 meV at a pump fluence of ~ 19 μJ/cm2 
(Fig. S8 in the ESM), which could be the reason that other 
optical spectroscopy techniques (like the time-resolved photo-
luminescence) with lower sensitivities cannot access such small 
changes [55].  

Therefore, we can conclude that the decreased redshift of A 
excitons at Δt = 0.15 ps (Fig. 2(d)) is an overall response from 
the reduced carrier screening effect and enhanced exciton– 
exciton interactions with the increase of pump fluence. 
Furthermore, the blueshift of A excitons decays following the 
exciton recombination as show in Fig. 2(a), determined the 
second time regime with a timescale of few to several tens of 
ps depending on the pump fluences.  



The exciton decay mechanism in monolayer TMDs is yet 
to be fully understood due to the complicated intrinsic and 
extrinsic factors, such as the influences of dark exciton states, 
defects, lattice temperature and pump fluence [31, 42, 43, 49, 56]. 
The decay kinetics extracted at EA = 2.09 eV at two different 
pump fluences is shown in Fig. 3(b). The kinetics can be well 
fitted well by using a sum of biexponential components with 
decay times of τ1 = 0.32 ± 0.05 ps and τ2 = 1.16 ± 0.15 ps at the 
low pump fluence (1.9 μJ/cm2). In addition to these two fast 
decays, a slow process with a decay time of τ3 =23.99 ± 2.37 ps 
occurs and dominates at higher pump fluences (e.g., 12.0 and 
24.0 μJ/cm2) (Fig. S3(c) in the ESM). These results are drastically 
different with those measured at room temperature shown in 
Fig. S4 in the ESM. At room temperature, the decay of A 
excitons in monolayer WS2 occurs at a timescale of ns at low 
pump fluence and becomes shorter at high pump fluence 
[48, 50]. Here, we attribute the τ1 to the hot carrier relaxation 
process as discussed above, τ2 to the intrinsic radiative lifetime 
of A excitons at low temperature and τ3 to the nonradiative 
exciton–exciton annihilation process as schematically shown 
in Fig. 3(c), in which exciton–exciton scattering (EES) and 
exciton–exciton annihilation (EEA) processes are annotated. 
The A excitons at the band edge with momenta close to 0 
(K ≈ 0), namely within the light cone, can recombine radiatively. 
While for the exciton with large momenta (referred as 
momentum-forbidden dark excitons), they can either relax 
down to become bright excitons or recombine non-radiatively 
via direct phonon-emission to heat up the lattice, Auger pro-
cesses and/or defects [30, 31, 50]. Ideally, the intrinsic radiative 
lifetime of A excitons is calculated to be on the order of several 
hundred fs because of the giant exciton oscillator strength in 
2D TMDs at 0 K [57, 58]. However, at finite temperature, the 
radiative lifetime of excitons increases due to their thermalization 
through the exciton–phonon interactions [57, 58]. The observed 
exciton radiative lifetime τ2 (~ 1.2 ps) for monolayer WS2 at 
10 K agrees very well with theoretical predictions [57, 58]. We 
believe that the defects play a minor role since no such fast 

exciton decay process is observed with low pump fluence at 
room temperature (Fig. S4 in the ESM). 

With an increasing exciton density, the EES is substantially 
enhanced, which leads to a nonthermal distribution of excitons 
with a large fraction of momentum-forbidden dark excitons 
(Fig. 3(c)) [27, 49, 50, 59]. Although the momentum-forbidden 
dark excitons can relax down to emit photons, most of them 
decays primarily through the Auger-type EEA process owing 
to the strongly enhanced Coulomb interaction in 2D TMDs 
[27, 49, 50, 60, 61]. As a consequence, an effective radiative 
lifetime (τeff) of A excitons, which captures the interplay between 
bright and dark excitons with increasing pump fluence, is fully 
determined by the long decay time (τ3, for instance) of the 
Auger recombination for the pump fluence in the saturation 
regime [48, 50]. On the other hand, at room temperature the ns 
decay time of A excitons at low excitation density arises from 
the more complicated interplays among the bright, momentum- 
forbidden dark excitons and particularly the long-lived spin- 
forbidden dark excitons which is only a few tens of meV below 
the bright excitons in monolayer TMDs [6, 56]. Similarly, the 
EEA becomes the main decay channel for excitons at high 
densities at room temperature [48, 50]. It is also noteworthy to 
mention that the efficient EEA process greatly suppresses the 
formation of biexcitons, and indeed there is no signature of 
biexcitons observed in the TA spectra for all pump fluences at 
both room and low temperatures in our studies. 

Following the decay of exciton population, a redshift of A 
excitons is evidenced by the presence of a dispersive TA 
spectra centered at EA shown in Figs. 2(a)–2(c) and 3(d) in the 
third time regime (Δt > ~ 10.0 ps). The exciton redshift reaches 
its maximum value at Δt ~ 30.0 ps, and then decays until 
~ 200.0 ps slightly depending on the pump fluence. At room 
temperature, the redshift of A excitons is observed, which 
was ascribed to the atom-like attraction between excitons or 
lattice heating induced by the EEA process [42, 43]. However, 
the comprehensive results presented here suggest a different 
scenario. First of all, the exciton–exciton interaction leads to 

Figure 3 The blue- and red-shift of exciton energy arising from Coulombic exciton–exciton interaction and Auger photocarrier generation, respectively. 
(a) Pump-fluence dependent TA spectra for Epump = 3.35 eV at Δt = 1 ps. (b) The normalized TA kinetics at Eprobe = ~ 2.09 eV for the pump fluence of 1.9 μJ/cm2

(red curve) and 24.0 μJ/cm2 (blue curve), fitted with bi- and multi-exponential decay (black lines), respectively. (c) Schematic of band structure and
exciton radiative decay (i.e., PL), EES and the Auger recombination process of EEA in monolayer WS2. (d) Pump-fluence dependent TA spectra for Epump = 
3.35 eV at Δt = 30.0 ps. (e) The ΔT/T of the PIA and PIB for different probe energies as a function of the pump fluence at Δt = 30.0 ps, and the results for 
the PIB at Δt = 0.15 ps are shown as a comparison. The colored lines are the fitting results with the superlinear function and the gray line with a saturation 
function. (f) Pump-fluence dependent TA spectra for Epump = 3.35 eV at Δt = 1.0 ns. 



the blueshift of A excitons as discussed above. Secondly, as 
schematically shown in Fig. 3(c), in the EEA process one 
exciton recombines non-radiatively and transfers its energy 
to the second one which is promoted to the continuum band 
to become free carriers. The EEA-excited free carriers will 
subsequently relax down towards the band edge via carrier– 
phonon and carrier–carrier interactions. However, the phonon 
emitted during the carrier relaxation process at such low 
carrier densities could not give rising to notable changes of the 
lattice temperature [30, 42, 43]. Therefore, the redshift origin 
is the same as that observed in the first sub-ps time regime, i.e., 
the carrier screening effect.  

Figure 3(e) shows the pump-fluence dependent ΔT/T of the 
PIB/PIA around EA at Δt = 30.0 ps. The PIB results (triangle) 
at EA for delay time 0.15 ps are shown for a comparison. At 
those two delay time scales, the exciton exhibits the most 
pronounced red shift (Fig. 2(a)). As shown in Fig. 3(e), the 
exciton redshift probed at 2.095 eV shows a super-linear growth 
with increasing pump fluence, in a stark contrast to that at 
0.15 ps with a saturating behavior. This super-linear dependence 
indicates that charge carriers are mainly generated by the 
bimolecular EEA process. At high pump fluence, the bright A 
excitons primarily decay via EEA, creating a dynamical density 
ratio between EEA-excited free carriers and excitons as a 
function of delay time. Indicated by the temporal evolution of 
the A exciton redshift, the density ratio reaches its maximum 
at ~ 30.0 ps, and then decreases over several hundreds of ps 
(Fig. 2(a) and Fig. S3 in the ESM). At the subsequent longer delay 
times (up to the limitation of our measurements, ~ 8.0 ns), a 
quasi-equilibrium state is reached, showing a small population 
of bright A exciton (Fig. 3(f)). It is interesting that at low 
pump fluence the exciton redshift and similar dynamics are 
evident, although the bright excitons are mainly depleted in 
the ps timescale via radiative recombination. Inherently, the 
bright exciton is only a small portion of total exciton density 
even at low pump fluence, as the density of dark excitons 
can be up to several orders of magnitude higher than that of 
bright ones in monolayer TMDs at low temperature calculated 
theoretically [56]. The Auger-type EEA is also the dominant 
decay channel for the long-lived spin-forbidden dark excitons 
as predicted by recent theories [49, 56], thus contributing to 
the free carriers significantly. Therefore, the efficient EEA for 
bright and dark excitons puts the system in a nonequilibrium 
state at unexpected long delay times. 

Lastly, we will discuss the dynamics of the negative trions 
at 10 K, which shows considerable difference from that of 
excitons. Firstly, as shown in Fig. 4(a), the PIB kinetics at 

the trion energy (ET) shows an ultrafast decay component of 
~ 0.6 ± 0.06 ps and a slow one of 108.7 ± 12.0 ps at low pump 
fluence. The ultrafast decay is related to the hot carrier relaxation 
and the formation of exciton and trion, while the slow decay 
component is primarily attributed to the radiative decay of 
trions. The longer lifetime is an intrinsic characteristic of the 
three-body quasiparticles, resulting from the reduced probability 
for the electron left behind when the trion recombines to find 
available phase space at the conduction band edge owing to 
the Pauli blocking [58]. With the increasing pump fluence, 
the population of trions saturates at an excitation density of 
~ 1012 cm−2 is shown in the inset of Fig. 4(a), agreeing well with 
the estimated electron doping concentration discussed above. 
The different saturation density for exciton (Fig. 3(e)) and trions 
(Fig. 4(a)) also suggests no noticeable photo-doping effect 
occurred during the pump-probe experiments with the pump 
fluence below 24 μJ/cm2 [60, 61]. Further, the decay time of 
trions becomes faster with the increase of pump fluence because 
of the trion–trion annihilation (Fig. S9 in the ESM). Secondly, 
the binding energy of trions increases with increasing pump 
fluence in the first sub-ps time regime presented in Figs. 2(c) 
and 4(b). This anomalous behavior is not caused by the carrier 
screening effects which would be expected to induce an 
opposite trend as discussed above [52]. Possible contributions 
from the trion fine structures are also not likely at such 
low electron doping concentration [33], while many-body 
correlations between excitons and trions may play an important 
role [32]. However, further experimental investigations on 
monolayer samples with tunable doping concentrations are 
needed to understand the many-body physics and fascinating 
valley-contrasting properties of excitonic complexes such as 
trions, biexcitons and charged biexcitons [23, 25, 26, 32]. 

3 Conclusions 
In summary, we have studied the exciton and trion dynamics 
in monolayer TMDs by using ultrafast transient absorption 
spectroscopy. The exciton resonance shows a distinct red- 
blue-red shift at three different time regimes following 
above-bandgap optical excitations, resulting from many-body 
interactions among free carriers, bright and dark excitons. The 
many-body interactions and associated transient excitonic 
nonlinearities can be well-tuned through varying lattice 
temperature and excitation energy and density. An ultrafast 
radiative lifetime of A excitons in monolayer WS2 is observed 
to be ~1.2 ps at 10 K. The robust exciton–exciton annihilation 
for both bright and dark excitons leads to a non-equilibrium 
state of the photoexcited system in the nanosecond timescale. 

Figure 4 Trion dynamics in monolayer WS2 at 10 K. (a) The TA kinetics at the trion resonance (ET = ~ 2.05 eV) for Epump = 3.35 eV at the pump fluence 
of 1.9 μJ/cm2, fitted with bi-exponential decays (red solid lines). The inset shows the ΔT/T of the PIB at ET as a function of pump fluence at Δt = 3.0 ps. 
(b) The evolution of trion binding energy (ΔE) as a function of pump fluence for Epump = 3.35 eV at Δt = 1 ps. 



Furthermore, the negative trions in monolayer WS2 show an 
intrinsic radiative lifetime of ~ 108.7 ps at low temperature and 
an unusual energy renormalization at the sub-ps delay time 
upon the non-resonant excitations. Our results present a 
comprehensive physical picture of the distinct exciton dynamics 
and many-body interactions in 2D TMDs and will shed light on 
their potential applications in novel photonic and optoelectronic 
devices. On the other hand, the microscopic understanding of 
many-body physics in 2D semiconductors is still in its infancy, 
and a plethora of quantum phenomena are waiting for future 
investigations.  

4 Materials and methods 

4.1  Sample preparations 

The monolayer TMDs were mechanically exfoliated from bulk 
crystals and transferred on sapphire substrates. The large-area and 
high-quality monolayer samples were characterized by optical 
contrast, absorption and photoluminescence spectroscopy, and 
atomic force microscopy (AFM). 

4.2  Optical spectroscopy measurements 

The steady-state absorption/transmission spectra at room tem-
perature were measured by using a micro-spectrophotometer. 
The ultrafast pump-probe measurements were conducted by 
employing a commercial transient absorption spectrometer 
(Ultrafast Systems, USA). The 800 nm output pulse laser 
(1 kHz repetition rate, ~ 100 fs pulse width) from a Ti:sapphire 
regenerative amplifier (Spectra-Physics Spitfire) was split into 
two paths. One beam went through a mechanical delay stage 
to pump a sapphire crystal to generate a light continuum to 
serve as the probe pulse. The second beam was sent to an optical 
parametric amplifier (Spectra-Physics TOPAS) to generate pump 
pulses (260–2,000 nm). The pump and probe pulses with a 
cross-polarization configuration were collinearly focused on 
samples with a beam size of about 100 and 50 μm, respectively, 
by using parabolic mirrors. A mechanical chopper with a 
synchronized readout of a CMOS detector was used for 
acquisitions of probe spectra with and without pump-induced 
changes, enabling the measurement of a differential transmission. 
The spectra resolution was ~ 1.0 nm across the detecting range. 
For each transient absorption spectrum, three scans were 
performed to ensure the repeatability for the obtained results. 
The steady-state and ultrafast optical spectra at low temperature 
were conducted by using a liquid-helium cryostat. 
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