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Ultrafast nonequilibrium dynamic process of separate electron
and hole during exciton formation in few-layer tungsten
disulfidet

Junjie Chen, 2 Sen Guo, 2 Dabin Lin,® Zhaogang Nie,*® Chung-Che Huang,® Kaige Hu,® Cheng
Wang,? Fangteng Zhang @ Weiren Zhao @ and Wenchun Zhang ¢

Femtosecond transient absorption spectroscopy has been employed to unravel separate initial nonequilibrium dynamic
process of photo-injected electrons and holes during the formation process of the lowest excitons at the K-valley in few-
layer tungsten disulfide. Charge carrier thermalization and cooling as well as concomitant many-body effects on the
exciton resonances are distinguished. The thermalization of holes is observed to be faster than that of electrons. Both of
them proceed predominantly via carrier-carrier scattering, as evidenced by the observed dependence of the
thermalization time on pump fluences. The fluence dependent time constants also suggest that the subsequent cooling for
electrons is probably dominated by acoustic phonons, whereas for holes it is mostly controlled by LO phonons. An
extremely fast red- and blue-shift crossover followed by a slow blue-shift of exciton resonance was observed in temporal
evolution of exciton resonances by resonant exciton A excitations. The rapid red-shift could be due to the strong screening
of the Coulomb interaction between quasi-free charge carriers in electron-hole plasma. The subsequent slow blue-shift is
the net result of the competitions among many-body effects in the hot-exciton cooling process. Our findings elucidate the
carrier-selective ultrafast dynamics and their many-body effects, underpining new possibilities for developing
optoelectronic devices based on transport properties of single type of carriers.

Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) with
atomically thin structures are currently attracting significant
interests in both fundamental physics and many promising
applications such as light emitters,> photodetectors/sensors,3*
valleytronics,>8 optical interconnects® and excitonic lasers,'%! due
to their uniquely controllable properties.’>** The quantum
mechanical confinement and reduced dielectric screening in these
atomically thin materials result in enhanced Coulomb interactions
between electron and hole,’>'® which lead to strong excitonic
effects that dominate their optical and electronic responses.1215-17
Significant progress has been made in understanding the exciton
dynamics, for example, exciton recombination,'®'® many-body
interaction and rapid scattering among excitons,?>72% charge
transfer and interlayer excitons in hetorostructures.?®=3¢ Despite the
extensive efforts, the exciton formation as one of the key processes
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to determine the excitonic effect is still yet to be understood. The
exciton formation occurs immediately following the photoexcitation
and thus plays a crucial role for subsequent exciton decays.
Understanding the exciton formation dynamics is consequently
essential for improving the optical and electronic functionalities of
2D-TMD-based devices.

So far, several optical pump—-probe studies via above-resonant
optical excitations have reported characteristic times on
subpicosecond (sub-ps) time-scales for the formation of the lowest
exciton (exciton A, X,, see Fig. 1(a)) at the K-valley in 2D-TMDs, and
have further verified that the formation time linearly increases with
excitation photon energy.3’-3° A recent experiment evidenced that
not all of the photogenerated charge carriers form excitons on a
sub-ps time scale, indicative of a nonequilibrium state of the
photoexcited electron—hole system.3® Despite a few studies above,
the dynamic picture of exciton formation is still unclear. Firstly, the
early nonequilibrium free (or quasi-free) carrier distributions in
principle require many carrier-carrier and carrier-phonon
scatterings in the relaxation toward their respective band minima
before the formation of the lowest exciton phase.*°-*2 However, a
targeted discussion on the carrier scatterings during the exciton
formation is still locking. Secondly, the exciton formation is a
process in which the photoinjected carriers, including electrons and
holes, evolve from a fermionic plasma of unbound carriers with
extremely high temperatures to a bosonic exciton phase associated
with low temperatures due to a large binding energy. Thus the
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unbound quasi-free electrons and holes should play an important
role during the formation process. However, the experiments above
were all focused on exciton dynamics or combined dynamics of
electrons and holes, 3773 rather than individual dynamics of single
type of carriers. Since the effective mass of electron and hole in
semiconductors are usually different,*>-*> there should be obvious
differences in the scattering probability and relaxation rate
between them. In addition, many-body effects, such as band-gap
renormalization (BGR), Pauli blocking and Coulomb screening, in a
fermionic plasma of unbound carriers should be different from
those in bosonic exciton gas, which are more or less neutral
particles.*® This inevitably leads to the difference of response time
between devices based on electrons and holes, respectively. So far,
there is still limited insight into the sub-ps time scales during the
exciton formation in 2D-TMDs. Therefore, it is highly desirable to
present a detailed dynamical description of how charge carriers
evolve after photo-injection, for example, to describe how highly
energetic nonequilibrium electrons and holes relax into quasi-
equilibrium carrier distributions and how the many-body effects
between carriers affect the exciton resonance and band-gap during
the exciton formation.

As one of the most important TMDs, the carrier dynamics!32° and
many-body effects?326 in mono- and few-layer tungsten disulfide
(WS,) have attracted significant interests in recent years. Compared
to their monolayer counterparts, few-layer TMDs have many
notable superiorities such as higher electron mobility, stronger
photon absorption ability and larger optical density of states.*’ For
example, the few-layer WS, has been demonstrated to be an
excellent channel material with good electron mobilities of 234 cm?
V-1 s and on/off ratios exceeding 108 for the making of high
performance field-effect transistors, required for both energy
saving and high power electronics applications.*® In this present
work, we report the use of femtosecond transient absorption
spectroscopy to address separately the ultrafast nonequilibrium
dynamics of electrons and holes in the formation process of the
lowest X, at the K-valley in few-layer WS,, used as an example. A
nondegenerate pump-probe scheme is used to isolate separately
the nonequilibrium dynamics, including carrier thermalization and
cooling processes, of electrons and holes as well as the concurrent
exciton resonance evolution that are controlled by intense many-
body interactions among carriers during the exciton formation
process. It should be noted that, as the carrier dynamics at the K-
valley also dominates the photoelectric response in mono-layer
TMDs,*32° our study is also significant for mono-layer applications.

Experimental section

Sample preparation

The few-layer WS, film sample was prepared by Van der Waals
epitaxy (VAWE) process.*>=>1 In this process, WClg (99.9% pure from
Sigma-Aldrich) was kept in a bubbler at room temperature, and
W(Clg vapour was delivered by argon gas through a mass flow
controller (MFC) to the VAWE quartz reaction tube. The reactive
gas, H,S, was delivered through second MFC and then mixed with
another argon gas through a third MFC. The argon gas flow rate for
delivering WClg precursor was typically set at 300 standard cubic
centimeters per minute (sccm) and H,S/Ar gas mixture were
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Fig. 1 (a) UV/visible absorption spectrum of the five-layer WS, sample
collected at 300 K (black line). The green line is the fitting result by a
three-Gaussian superimposed on a cubic polynomial function. The X, and
Xg transitions are centered at 640 and 531 nm, respectively. The
narrowband (blue line) and broadband (red line) laser spectra employed
for pump and probe pulses, respectively, are shown together. (b)
Schematic illustration for the band-selective probing of ultrafast electron
and hole relaxation dynamics in WS,. Following resonant excitation of the
X, transition, the X probe interrogates the electron dynamics at K.. With
knowledge of the electron dynamics, the hole dynamics at K,; can be
extracted from the X, probe signal, which reflects both electron and hole
dynamics.

typically set at 50 sccm and 300 sccm respectively. The whole
system was connected to a chemical resistant pump (Vacuubrand
MV 10C NT Vario) with a pressure controller set at 30 mBar for the
entire deposition process. With this VdWE apparatus, uniform
large-scale multilayer WS, were epitaxially grown on fused silica
substrates (more than 20mm x 20mm) at the furnace temperature
set at 900 °C. The Raman spectrum of the sample, as shown in Fig.
S1(e) in the Electronic Supplementary Material (ESM), indicates that
the sample is four-layer.>?

Transient absorption spectroscopy

In the AA measurements, an 800 nm output pulse laser (1 kHz
repetition rate, 35 fs pulse width) from an amplified Ti:sapphire
laser system (Solstice Ace35F1K HP, Spectra Physics) was split into
two paths. One beam was sent to an optical parametric amplifier
(Spectra-Physics TOPAS) to generate narrowband pump pulse,
which wavelength can be tuned within 250-1100 nm. The second
beam was focused into a noble gas filled hollow-core-fiber,
followed by a chirped-mirror compressor (UltraFast Innovations,
Design PC1332), to generate sub-10 fs broadband pulse within
~480-950 nm. A part of the broadband spectrum is shown in Fig.
1(a). A small part of the broadband pulse was separated from the
sub-10 fs pulse to be used as the probe pulse. A second-order
intensity cross-correlation between the narrowband pump and
broadband probe pulses, performed in a 10 um thick BBO crystal
located at the position of the sample target, reveals a time
resolution of 65 fs fwhm for the apparatus (Fig. S2(a) in the ESM).
The sub-10 fs broadband pulse duration is also verified by the cross-
correlation measurement (Fig. S2(b) in the ESM). The pump and
probe beams are both linearly polarized and perpendicular to each
other to minimize the coherent artifacts in the AA signals, which
can be further suppressed by singular-value decomposition of the
2D probe energy-time delay data set. The transmitted probe beam
is spectrally dispersed in a 300 mm spectrograph and detected by a
1024-element linear array detector, with a read-out rate of 1 kHz
and synchronized to a 500 Hz optical chopper positioned in the path
of pump beam.

This journal is © The Royal Society of Chemistry 20xx
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The transient absorption signal was obtained by measuring the
differential absorbance spectra AA = —log;o(1+AT/T), where AT/T =
(Ton=Toft)/Tott, Ton and Ty are the intensity of the transmitted probe
light passing through the sample in both the presence and absence
of the pump excitation. The spot size of pump and probe on the
sample are 420 pm and 190 pm, respectively. A computer-
controlled, piezo-driven high precision translation stage (Physik
Instrumente) incorporated with a long travel range motorized stage
(Newport) was placed in the pump beam arm to generate a time
delay between pump and probe pulses with 2 fs time delay
precision. We estimate the excited carrier density (0.7-3.9x10'3 cm-
2) from the measured incident pump fluence and the absorbed
laser spectra of the sample at the excitation wavelength. The
detailed methods for ultrashort pulse generation and carrier
density estimation were described in our previous work.*
Compared to previous reports on exciton formation,3”3% in which
the carrier density is in a low regime (~1x10'2 cm), the carrier
density in this work is in a high density regime, so as to increase the
initial quasi-free carrier density of the electron-hole plasma and to
enhance the many-body effects in carrier dynamics. All
measurements are performed at 300 K. Excitation pump fluence-
dependence measurement was performed to verify that
photoexcitation of the sample occurs in the one-photon regime
(Fig. S3 in the ESM).

Results and discussions

The stead-state absorption spectrum of the sample at 300 K is
shown in Fig. 1(a). The pump laser spectrum peaking at 640 nm for
Xa resonant excitation and a part of broadband probe laser
spectrum in a range of 450-750 nm are shown together with the
absorption for transient differential absorption (AA) signal
detection. The absorption contains three peaks assigned to Xa, Xz,
and Xc excitonic transitions.'”:33 The absorption can be fit to three
Gaussian functions superimposed on a cubic polynomial. The cubic
polynomial component and the three Gaussian curves for the fitting
are shown in Figs. S1(a—c) in the ESM. The two lowest excitons Xa
and Xg originate from transitions between the spin—orbit split levels
in the valence band and conduction band at the K-valley of the
Brillouin zone.'” A nondegenerate pump-probe scheme is used to
isolate the electron and hole dynamics, as demonstrated in Fig.
1(b), which is similar to that used early in optical pump-probe
studies of GaAs to measure the electron dynamics
independently.>*>> To isolate the electron dynamics, a narrowband
laser pulse as the pump pulse resonantly excites the electrons from
the spin-split lower valence band K,; to the lowest conduction band
K. due to X, transition, while a broadband pulse as the probe that
spans the absorption of X, and Xg transitions is used to collect the
AA signal. The pump energy is chosen low enough to promote
electrons from the K,; valence bands to K. conduction bands (Fig.
S1(d) in the ESM). Different from few-layer MoS,,*! the transition
bands of X, and Xz are separated very well at the K-valley,?® as
shown in Fig. S1(c) in the ESM. In this case, almost no holes are
generated in the spin-split higher valence band K, band. Note that
the spin-orbit splitting of lowest energy states (K, and K) at
conduction band is ~200 cm™,%¢ which is much smaller than the
frequencies of the strongest phonons(~300-450 cm™, see Fig. Sle)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Differential absorption AA spectra collected as a function of time
delay following photoexcitation of the WS, sample with pump wavelengths
at 640 nm (a,c) and 625 nm (b,d). The dotted gray lines and the solid lines
in (a,b) are respectively the contour lines and the first moment traces as
eye guides to show the peak shift of X, and Xg resonances. Pump fluences
of 0.24 mJ/cm? and 0.51 mJ/cm? are respectively used for 640 nm and 625
nm excitations. The sample temperature is 300 K.

in WS,. In principle, the electrons can easily traverse these two
states, mediated by phonons in the carrier relaxation process. Thus
in this work we assume the X, and Xg transitions share the same
lowest state (K.), as shown in Fig. 1b. After laser excitation, there
could also be a possibility that the electrons in the higher energy
state K,, relax to the lower energy state K,,, leaving holes in the K,,.
However, the energy separation of K,; and K, in the valence band is
~3500 cm,%6 which is around ten times larger than the strongest
phonon frequencies, leading to a much slower non-radiative
relaxation than that in K. According to this hypothesis, the
temporal evolution of the AA signal between K,, and K. is
dominately sensitive to electron distribution in K. in the initial
exciton formation process. Since the X, and Xg transitions include
the same electron dynamics at K, the hole dynamics at K,; can then
be recovered from the temporal evolution of the X, transition,
which bear contributions from both electron and hole dynamics.

Figs. 2(a) and (b) present the 2D plots of AA spectra obtained by
excitations of X, at 640 nm and 625 nm respectively, where the
colour scale, the horizontal axis and the vertical axis represent the
magnitude of AA, the probe wavelength and the pump—probe time
delay, respectively. The pump spectra peaking at 625 nm is
presented in Fig. S1(e), which is on the blue side of X, absorption.
Figs. 2(c) and (d) further show several AA spectra recorded up to 3
ps to demonstrate the general spectral features of AA. According to
the steady-state absorption spectrum shown in Fig. 1(a) and Fig.
S1(a), the negative AA bands at 640 nm and 531 nm reflect ground
state bleachings (GSB) of the X, and Xg transitions. The positive AA
features are induced absorptions, which can be attributed to
carrier-induced peak broadening or transitions to higher energy
levels.38 The dotted curves and the solid lines superimposed on the
2D plots in Figs. 2(a) and (b) are contour lines and first moment
traces of the two GSBs, which will be used later to discuss the
many-body effects on excitonic resonances.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) Dae+n) Peak traces obtained at 640 nm for X, transition, (b) Dg() peak traces at 530 nm for X transition and (c) Da,) peak traces, obtained at two
different pump fluences under resonant X, excitation at 640 nm. The solid lines in (a—c) are the fitting due to the convolution of a mono- or bi-
exponential decay function with the Gaussian IRF of the experiment (see Fig. S2(a) in the ESM). (d) (Me.V(t)) traces of Daesm for X, transition, (e)
(M M(t)) traces of Dy peaking for Xz transition and (f) (M,M(t)) traces, obtained at two different pump fluences under resonant X, excitations at 640

nm.

The dynamics of Xa (Dage+h)), including the combined contributions
from electron and hole (electrons in K. and holes in K,;), reflects the
formation process of hot excitons and their subsequent cooling
process toward their band edges. Here, a hot exciton is referring to
a state where an electron is weakly bound with a hole and its
energy and temperature is much higher than the tightly bound
exciton at the bottom of the band edge. As mentioned above, the
dynamics of Xg (Dg)) originated from pure electrons in K. If we
take only into account the contribution of population difference in
AA. Then with knowledge of the electron dynamics, the hole
dynamics D can be recovered from Dp.n) by the difference signal
caIcuaItion, DA(h) = DA(e+h)_ Dg(e).

The time traces probed at the GSB peaks of the X, and Xg
transitions, named as peak traces, are chosen to describe the
carrier relaxation dynamics. The peak traces of Dpe.h) at 640 nm and
those of Dg(e) at 531 nm are shown in Figs. 3(a) and (b), respectively,
at two pump fluences. The pump fluences are 0.09 mJ/cm? and 0.30
ml/cm?, corresponding to single-layer carrier densities in a range of
0.7-2.3x10%3 cm2. The calculated Da is plotted in Fig. 3(c). The
evolution of Dagesn), Which reflects the combined dynamics of
electrons and holes, exhibits a similar behavior to D). Both of
them appear to be biphasic in the time scale of our measurements,
which spans <100 fs to 3 ps, whereas Dy exhibits a monophasic
profile. The similarity of Dae.) and Dge) reminds us that the
contribution of the early fast decay in Dage.n) is mostly from Da),
since Dg) includes only a slow decay component. To take into
account the temporal widths of the pump and probe pulses,? the
exponential fitting was done by convoluting with the Gaussian
instrument response function (IRF), as follows

AAMY) = Yo(h) + IRF(t) * {S(O) x [AAo() + 8AMe ]} (1)

4| J. Name., 2012, 00, 1-3

where A is the peak wavelength, t is the time delay, yo(A) is the
overall offset at the peak wavelength position, IRF(t) is the
instrument response function (IRF), S(t) is the step function, AAy(A)
is the offset after time-zero, reflecting the AA spectrum in the limit
of large time delays, and AA(A) is the AA signal at A position that
decays exponentially with the time constant 1, (i = 1, 2),
corresponding to mono- or bi-exponential functions. The IRF is
obtained by the intensity cross-correlation trace of pump and probe
pulses (Fig. S2(a) in the ESM). The returned fitting results are listed
in Table 1. Two time constants for the fast and slow processes in
Dage+n) (Da(n)) are denoted as Tre+h) (Ten)) @and Tsiesn) (Tsn)), respectively.
For Dgg), only a time constant tye) due to the slow process was
obtained. It is seen that Tye.n) and Ty both decrease significantly
with increasing pump fluences and they are close to each other at
the same pump fluences. Different from the fast decay in Dag) (or
Daesny), it is interesting that the dependence of Tye) and Ty (Ts(erh)
(see Table 1) exhibit opposite trends in their fluence dependence:
Tse) decreases with pump fluence, whereas typ) (Te+h)) increases.
The schematic illustration of electron and hole dynamics in the K-
valley during the formation of the lowest excitons is presented in
Fig. 4. In principle, immediately following the laser excitation,
electron-hole plasma should be generated with a nonequilibrium

Table 1 Exponential fitting results of peak traces due to Daesn), Dae) and
Dagny dynamics as a function of pump fluence under resonant X, excitations
at 640 nm. The pump fluences are from 0.09 mJ/cm? to 0.30 ml/cm?,
corresponding to single-layer carrier densities in a range of 0.7-2.3x10%3
cm?2,

Fluence Thesh) (fS)  Tyesny (fS) Ty (Fs) Ty (Fs) T ()
0.09 mi/cm?  60+5 790+10 93010 80+7 77049
0.12mJfem?  50+9 8309  847+9 60+9 85011
0.24mifem?  20+5 990+9  749+11 19+5 95310
0.30mljem o 4 1010+8 70548  16+5 1000+ 10

2
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(or non-thermal) distribution and with a relatively localized density
in momentum space. Similar situations were also reported in
multilayer MoS,* and GdAs/AlGaAs nanowires.”” As the exciton
wave function is composed of free carrier states in the initial time
range, the band filling when charge carriers move from high to low
energy states in the carrier thermalization process can alter the
oscillator strength and saturate the exciton absorption in the K-
valley. As the exciton wave function is composed of free carrier
states in the initial time range, the band filling when charge carriers
move from high to low energy states in the carrier thermalization
process can alter the oscillator strength and saturate the exciton
absorption in the K-valley. For example, the electrons in the
conduction band reduces the absorption since the electrons occupy
states from which an exciton is constructed and these final states
are not available for the transition, thus resulting in a decrease of
the AA signal, 374158 as in our experiments. It was proved that the
initially injected charge carriers are about twice more efficient on
inducing transient absorption than excitons. 37:>3 Several previous
studies of exciton dynamics in 2D-TMDs have indicated that in the
case of resonant excitations, the majority of excited population
decays via thermalization and cooling within the first around one
picosecond.3®41>%  The evolution of the initial nonthermal
distribution of carrier energies toward a hot quasiequilibrium
Fermi-Dirac distribution was reported to be on a typical time scale
of sub-100 fs in 2D-TMDs.*>*° The appearance of the <100 fs fast
decay component in Ty is thereby assigned to the thermalization
of holes, while the slow processes with sub-ps time constants, Ty,
and Ty, are respectively due to the cooling of pure electrons and
holes. The Tfes) and Tsesn) are thereby due to the combined
dynamics of electrons and holes in thermalization and cooling
process. It was reported that the carriers with nonthermal
distribution randomize their momenta primarily by carrier-carrier
scatterings.*16061 As 3 result, the thermalization rate is expected to
increase with pump fluence (or carrier density). This is in good
agreement with our experiment results, as listed in Table 1. Note
that it is difficult here to distinguish the difference of the time
constants between the charge carrier thermalization and the
formation of hot excitons. Their kinetic mechanisms are different.
The former is due to the energy redistribution through carrier
scattering, while the latter originates from the attraction of
electrons and holes. Both were accomplished in an extremely short
time. The measured carrier thermalization time in WS, is
comparable to those of MoS,,4' and graphene,®? which were also
found to be <100 fs.

After thermalization, the probed states are governed by high-
temperature carrier populations, which decreases by cooling or
relaxation via intra- and inter-valley carrier-phonon scattering. The
intravalley scattering releases the carrier energy by phonon
emission and leads to the carrier relaxation from the higher
vibrational states to the lower ones in the K valley, whereas the
intervalley scattering results in the transfer of electrons and holes
to the Q valley in the conduction band andTlin the valence band,
respectively.*’ As mentioned above, the fluence dependence
measurements show that tye.n and Ty are both prolonged by
increasing fluence (See Table 1), while ty) is shortened. Analogous
to the situation encountered in few-layer MoS,,*! the behaviors of
Dage+ny and Da, are consistent with the hot LO-phonon effect,

This journal is © The Royal Society of Chemistry 20xx
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electrons in the conduction band (K.) and holes in the valence band (K,,).
After thermalization via carrier-carrier scattering the electrons and holes
form hot excitons and assume a hot thermal distribution, fig", in K. and
K.1, respectively. When the charge carriers cooled down sufficiently to
reach equilibrium with the crystal lattice via carrier-phonon scattering,
the electrons and holes form cold excitons at the bottom of the energy
bands and exhibit an equilibrium distribution (fg®® ).

whereby a large LO-phonon population with high temperatures that
results from high density of hot carriers impedes the carrier
cooling.5® In other words, when the LO-phonon population reaches
its maximum in the carrier relaxation process, the reverse energy
reabsorption from hot phonons to carrier system slows down the
cooling process. Different from the LO-phonons, the acoustic
phonon is assumed to be in thermal equilibrium with the lattice and
the substrate, thus making them relatively insensitive to the hot
phonon effect.5* The assistance of acoustic phonons can even lead
to an acceleration with increasing pump fluence via intra- and inter-
valley scattering in the cooling process. Therefore, we prefer to
have the competition of optical and acoustic phonons in the cooling
processes of separate electrons and holes. According to the pump-
fluence dependent results, we infer that the elecron cooling in K,
might be dominated by acoustic phonons, whereas the hole
relaxation in K,; could be controlled by LO-phonons. The
subsequent exciton-exciton annihilation or Auger recombination
process (not shown) is also expected to accelerate with increasing
pump fluence. However, the Auger process is typically on a time
scale of 2 100 ps,'®%5 which is not expected to contribute
significantly to the sub-ps exciton formation dynamics in this work.
Note that the results obtained above are different from those in
previous studies on sub-ps exciton formation with resonant Xu
excitation.3” In those experiments, the early sub-ps decay is absent
when excitons are resonantly injected. This is because the
photoinjected carriers are in a low carrier density regime, which
results in the direct formation of resonant excitons, instead of high
density free carriers with high temperatures, as in our experiments.

Also illustrated in Fig. 4, along with the non-equilibrium carrier
relaxation during exciton formation, the high density of carriers in
2D-TMDs may induce various many-body effects,?3-28 resulting in
the temporal modulation of the optical bandgap and also the
exciton resonance peaks. First of all, the BGR effect (AEgggr) due to
non-equilibrium occupation of electron and hole states can cause
the band edge to shift below the initial position of the exciton
resonance. Second, Pauli blocking effect (AEpg) arising from Pauli
exclusion principle because of the fermionic nature of electrons and
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holes would cause a reduction of exciton binding energy and
gradually drive the onset of direct dipole transition to higher
energies. Third, the carrier screening of the Coulomb interaction (or
Coulomb screening, AEcs) can also lead to a decrease of the exciton
binding energy. Some other effects, such as intervalley
plasmons,®®67 are not included, since only the K-valley dynamics are
involved here. The significant BGR effect and the reduction of
exciton binding energy due to the latter effects, Pauli blocking and
Coulomb screening, strongly modifies optical response and
compete with each other, leading to shifts of exciton resonance and
optical bandgaps either to higher or lower energy. The temporal
evolution of exciton resonance can therefore serve as a delicate
probe of the competition among the many-body effects. Carefully
inspection of the contour lines in Fig. 2(a) under 640 nm excitation
suggests there is an obvious early rapid red-shift in X, resonance.
Similar rapid shift appears for Xz resonance when the pump peak
wavelength was tuned to be at 625 nm, as shown in Fig. 2(b). These
observations indicate that there are intense many-body effects
among nonequilibrium carriers. The time evolution of exciton
resonance (or band structure) can be further discerned from the
spectral first moment trace (soid lines in Fig. 2(a) and (b)),*%8
defined as

(MiRo) = TR EPAEDUE / Eisp g nar

where, t is the pump-probe time delay, E is the probe photon
energy (in eV), E; and E; correspond to the limits of the integral, and
AA(E,t) is the difference absorption spectra as a function of the
probe photon energy. The (M,;(t)) traces give the evolution of
energy difference between the bands which are optically coupled
by the broadband probe pulse.

The calculated (M., 1(t)), (McD(t)) and (M, V(t)) respectively for
Da(e+h), Dg(e) and Dagny with two different pump fluences are shown in

Figs. 3(d—f). The (MyM(t)) is equal to the sum of the gnereybands
gap (E;), obtained from the static absorptiof5pecémPity Fig2104)
and Fig. S1(d), and the temporal evolution of chemical potential
(Ma(n)) of Ki1. In the calculation, the bottom of conduction band is
used as the reference of zero energy position. Here, the E; is a
constant and the pan of Ky (see the inset of Fig. 3(f)) can be
modulated as a function of time by many-body effects.®® As shown,
the evolution of (M.,M(t)) can be adequately described by two
stages in chronological order. In stage I, for (Me.,V(t)) and (M, 1(t)),
the moment traces exhibit a similar initial fast red- and blue-shift
crossover, starting from carrier photoinjection time point to within
200 fs. The red-shift takes place as hot carriers are injected by
incident pumps and its amplitude increases slightly with increased
pump fluence. Compared with the peak traces in Figs. 3(a) and (c),
the rapid initial crossover appears simultaneously with the fast
thermalization process in Dpgesn) and Dag). For (M.M(t)), there isn’t
obvious initial rapid shift in stage I, as seen in Fig. 3(b).

Insight from microscopic theory reveals that the initial red-shift
observed in stage | mainly arises from high-density plasma induced
BGR.?1252669 The red-shift for charge carrier generation was
theoretically expected in WS, near the insulator-metal transition,
but not observed for the comparatively low excitation densities
used in previous works.212> Here, the Coulomb interaction due to
the non-equilibrium occupation of electron and hole states is
strongly screened when carrier density is in high-density regime,
which is comparable to the theoretically predicted 2D Mott density
in monolayer WS, (~1x10'3 ¢cm).%6 The reduction of the repulsive
Coulomb interaction between the charges of the same sign results
in a decrease in the quasi-particle energy. This produces BGR,
shifting the bandgap even below the initial exciton resonance peak
energy. The BGR can play a dominant role in the initial
thermalization process. More detailed discussions of BGR can be
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found in Ref. 69. The slight increase of the red-shift with higher
pump fluence in Figs. 3(d) and (f) indicates the intensification of the
screening effect. The following rapid blue-shift reflects the recovery
process of the Coulomb interaction. For the evolution of (Me.,(1(t)),
which reflects the combined dynamics of electrons and holes, it
exhibits a similar behavior to (My!(t)). The red- and blue-shift
crossover in (Me.,(1(t)) originates from the many-body effects of
combined electrons and holes. Since there isn’t obvious initial peak
shifts in (M.1(t)), as mentioned above, the shfit-crossover in
(MenD(t)) is most probably due to the many-body effect among
holes.

In the following stage Il the first moment traces exhibit similar
slow blue-shifts in (Mey(1(t)), (MD(t)) and (M,((t)) traces. This
blue-shift is actually similar to that reported for exciton dynamics in
a low and intermediate density excitation regime.?%?> In this stage,
hot carriers start to fill the lowest conduction and valence band and
more and more lowest excitons at band edges were created. For
(MenD(t)), except for BGR there are usually two more effects which
can affect the excitonic resonance: Pauli blocking and screening of
the Coulomb interactions. Different from BGR, the latter two effects
can lead to the decrease of the exciton binding energy. Incomplete
compensation of these effects may produce a net peak shift of
exciton resonance inducing a redshift or a blueshift.2%?! The slow
blue-shift in stage Il of (M..,V(t)) indicates that the latter two
effects dominate in the competitive process. A careful comparison
of (MW(t)) and (M, 1)(t)) traces shows that after the early rapid
blue-shift in stage I, the subsequent slow blue-shift in (M,1)(t)) is
more sluggish than that in (M.%)(t)). Thus, by comparing Da) and
Dg(n), it is reasonable that the contribution from (M.Y(t)) is more
than (M,@(t)) to the slow blue shift in {Mc.,()(t)). We note that
although the (M.9(t)) at this stage still reflects the many-body
effects among pure electrons, we cannot exclude the influences
induced by the Coulomb constraints of electron-hole pairs due to
the formation of hot excitons.

Table 2 Time constants obtained by bi-exponential fitting the peak traces
due to Dpgesn) Dge) and Dapy dynamics as a function of pump fluence
under X, excitations at 625 nm. The pump fluences are from 0.16 mJ/cm?
to 0.48 mJ/cm?, corresponding to single-layer carrier densities in a range
of 1.3-0.39x10% cm2.

Fluence Tf(e+h) Ts(e+h) Ti(e) Ts(e) Tt(h) Ts(h)

(ml/ecm?)  (fs) (fs) (fs) (fs) (fs) (fs)
0.16 24 +3 940+ 7 103+2 1004 +7 32+5 866 +9
0.20 22+3  950%10 98+3 980 + 11 26+8 976 + 18
0.32 16+4 961+11 705 930+ 10 19+4 980 + 11
0.48 12+5 994 +9 31+5 863 + 12 13+6 1011+25

As mentioned above, under resonant X, excitation at 640 nm
there isn’t distinguishable initial thermalization process in Dg() and
also no early rapid red-shift in (M.1(t)). The pump power was
further increased to inject even higher carrier density, the fast
decay can really appear in Dg,) peak traces, but the laser power
used is too high to beyond the linear dependent regime in this
experiment. It was reported that in the case of excitations at higher
energies than exciton resonance energy, more absorbed photons
will be consumed for unbound electrons and holes.3’-3° Thus
further experiments were tried with higher pump photon energy at
1.98 eV (625 nm). The narrowband pump spectrum peaking on the

This journal is © The Royal Society of Chemistry 20xx
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blue side of the X, absorption band is shown in Fig. S1f{d). Neotethat
in this case the pump energy is a little highd?@hdR tREXRYesB8harte
energy (1.93 eV, 640 nm) and the pump laser spectrum is still in the
resonant absorption range of X, (see Fig. S1(d)). Except for higher
pump photon energies, a bit higher pump fluences in the linear
dependent regime were used, resulting in higher carrier densities
and higher carrier temperatures. One of the corresponding 2D plots
of AA spectra obtained by pumping at 625 nm is shown in Fig. 2(b).
In contrast to Fig. 2(a), the contour line and the first moment trace
due to Xz resonance band indicates obviously that the initial
resonance in the early time range is distorted to the direction of
lower energy. The corresponding peak traces and the first moment
traces due to Daesh), Dg(e) and Dag) dynamics at two pump fluences
are shown in Fig. 5. The peak traces of Da, are still calculated by
Da(e+h)=Dgie). Similar to Dpesn), the peak traces of Dgi) and Dagpy are
both biphasic and the early fast decays appear simultaneously with
the initial red- and blue-shift crossovers in (M(1(t)) and (My®(t))
traces. This is different from the phenomena under excitation at
640 nm.

The bi-exponential fitting results of Dagesh), Dge) and Dag) peak
traces are presented in Table 2. For the fast processes, Tfeh) Tr(e)
and Ty all decrease with increasing pump fluences, exhibiting the
same trends to those under 640 nm excitations (see Table 1),
suggestive of carrier-carrier scattering occurring in the early carrier
thermalization process. The Tye.n) becomes shorter than those
under resonant excitations at 640 nm, because the pump fluence
used is higher than before. At the same pump fluence, the ty is
much longer than 1. This could because the effective mass of
electrons (m,) is smaller than that of holes (m;),***¢ indicative of
the faster processes in Dae.n) mostly associated with holes.” This is
to some extent consitent with the first moment traces in Fig. 3(f)
and Fig. 5(f), which show that the slower blue-shift process in stage
Il for holes is very flat in contrast to those of electrons (Fig. 3(e) and
Fig. 5(e)). That is, the holes take a shorter time to go to an
equilibrium state in K,; than electrons in K. after thermalization.
Note that the fast decay in Dg) should not be due to the electron
relaxation from the photoinjected higher energy position (1.98 eV,
625 nm), because it will result in an increase of the population at
the states probed or a rise (not a decay) process in the GSB peak
traces at the lower energy positions (~1.93 eV, ~640 nm).

For the subsequent cooling processes, all the time constants
exhibit the same trends as they do under 640 nm excitation. That is,
Tye) is shortened with increasing fluences (see Table 2), whereas
Tyesh) and Ty are both prolonged. This still indicates that the
acoustic phonon could play important roles in the electron cooling
process, while the LO phonon could dominants in the hole
dynamics.®3%4 To avoid simultaneous excitation of X, and Xz, we
didn’t increase the pump photon energy further. However, the
excitation on the red side of the X, band at 1.86 eV (665 nm, see
Fig. S4) was also tried with the same fluence to that under 625 nm
excitation. As shown in Fig. S4, no initial fast decay and rapid initial
crossover shifts was observed in Dgg), similar to the situation
encountered with pump wavelength at 640 nm. Finally, in this work,
we assume that the non-radiative electron relaxation from K, to K,
is much slower than that in K., however, the exact rate of the
relaxation needs to be verified in even longer decay time range.
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Conclusions

In summary, we separately distinguished the electron and hole
nonequilibrium dynamics, including the initial rapid thermalization
and the subsequent cooling, and concomitant many-body effects on
the exciton resonances during the lowest X, formation process at
the K-valley in five-layer WS,. Under resonant X, excitation at 640
nm, the Dg in K. shows a single exponential sub-ps carrier cooling
process, while the Dap in Ky, exhibits an early sub-100fs
thermalization followed by a slow sub-ps cooling process. Further to
shift the pump laser spectrum to the blue side of X, resonance at
625 nm, the Dg) exhibits similar biphasic profiles to Da). The Tye) in
Dg) and the tqn) in Dapy both decrease with increasing pump
fluence, suggesting the process is mediated dominantly via carrier-
carrier scattering. It is evidenced that the electron thermalization
time has proved to be longer than that of holes. The sub-1ps
cooling processes for electrons is probably dominated by acoustic
phonons, whereas the holes are controlled by LO phonons. The
many-body effects on exciton resonance is illustrated by first
moment traces. Under resonant 640 nm excitation, both the
(Men(t)) and (M, (1(t)) exhibit an initial extremely fast red- and
blue-shift crossover, followed by a slow blue-shift. In contrast, the
(M(t)) only includes a slow blue-shift. Also, to shift the pump to
the blue side of X, resonance at 625 nm, the hole-like dynamic
behaviors, including initial fast thermalization decay in D,y and red-
and blue-shift crossover in (M.1(t)) appear simultaneously. The
extremely fast crossover could be originated from the screening of
expansion of the same sign of carriers in the early time range, while
the subsequent slow blue-shift is due to the net result of the
competition between BGR and the effects of Pauli blocking and
Coulomb screening in the cooling process. With respect to
applications, firstly the observations of the separate relaxation
process of electrons and holes have major implications for future
optoelectronic devices based on electron or hole transport.
Secondly, the analysis of many-body effects on exciton resonance is
helpful to develop effective ways to dynamically control the
photoelectric response of two-dimensional materials.
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