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Abstract
Monolayer (MoL) and multilayer (MuL) MoS2 are extremely fascinating materials for optoelec-
tronics, particularly in scenarios involving high excitation carrier densities. Consequently, it is
essential to understand the various processes and their associated time scales in MoL and MuL
two-dimensional materials under such high excitation densities. Here, we demonstrate that car-
rier dynamics in MoL and MuL MoS2 exhibit distinctly different behaviors above the Mott density,
with MoL showing faster carrier relaxation and enhanced many-body interactions compared to
MuL. Despite the similarity in band structure near the K-point and the formation of A-excitons,
pronounced differences in the transient response are observed, highlighting the influence of the
overall band structure. Exciton dissociation, band gap renormalization, and intervalley relaxation
play a consequential role in dictating the ultrafast transient properties of these samples. The study
in this paper provides a detailed understanding of the fundamental optoelectronic properties of
the two-dimensional MoS2 at high excitation densities, paving the way for its potential applications
in various photonic and optoelectronic domains.

1. Introduction

Due to the increasing demand for scalable optoelectronic applications, the exploration of novel mate-
rials has led to the emergence of transition-metal dichalcogenides, a class of two-dimensional layered
materials. Among them, molybdenum disulfide (MoS2) is a highly studied material because of its tun-
able optoelectronic properties, which can be controlled by varying the number of layers. In particular,
MoS2 shows a transition from indirect to direct band gap as it is thinned from bulk to single-layer form
[1, 2]. Due to the direct band gap nature, the monolayer (MoL) MoS2, possesses several physical prop-
erties that make it suitable for a wide range of applications, including optoelectronics, valleytronics, and
quantum technologies [3–5]. On the other hand, bulk and multilayer (MuL) MoS2 find their applica-
tions in transistors, photodetectors, solar cells, flexible electronics, and gas and biosensors, among oth-
ers [6–10].

Regardless of the number of layers, MoS2 exhibits three types of excitons in the visible region: A,
B, and C [1, 2]. In addition, owing to the significant contribution of the d-orbital electrons from Mo-
atoms, MoS2 exhibits high spin–orbit coupling at the K-point of the Brillouin zone, which is strong
enough to lift the degeneracy in both the valence and conduction bands [11]. In the MoL form, quan-
tum confinement and enhanced Coulomb interactions between charge carriers become significant, result-
ing in tightly bound excitons with binding energies of approximately ∼0.5 eV [12–14]. By comparison,
the exciton binding energy in bulk MoS2 is much lower, around 45 meV [15, 16], which is still larger
than that of typical bulk semiconductors such as Si, Ge, InAs, and GaAs. Moreover, MoL MoS2 exhibits
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two nonequivalent yet degenerate valleys at the K-points as a consequence of broken inversion symme-
try. In contrast, bulk MoS2 possesses inversion symmetry, rendering the bands near the K-points equiva-
lent, while the spin and optical transition properties remain similar to those of the MoL [1, 2, 15].

The application of MuL and MoL MoS2 in optoelectronic and sensor devices necessitates a compre-
hensive understanding of their fundamental carrier dynamics. Investigating carrier relaxation dynam-
ics offers valuable insight into the transient optical and electronic properties of these materials. Several
research groups have studied the carrier dynamics in MoS2 earlier to understand the carrier behavior
with different excitation and probing conditions [17–27]. Until now, research has primarily focused on
the carrier dynamics at low excitation densities, where perturbations in the properties due to high exci-
tation conditions are kept to a minimum. However, several MoS2-based applications demand handling
of high excitation densities, such as optical parametric amplifier [28], modulator [29], and photodetec-
tors [30]. Consequently, it is essential to understand the carrier dynamics at such high photo-excitation
conditions.

In this work, we present the results of the carrier dynamics studied in MoL and MuL MoS2 flakes
under varying nominal photoexcited carrier densities per layer (NPL), ranging from 0.66 × 1014 cm−2

to 4.16 × 1014 cm−2 at A-exciton energy, which is above the Mott density of a MoL MoS2 [31]. Atomic
force microscope (AFM) measurements were performed to determine the number of layers in the
selected MoS2 flakes. The thickness of the MuL on which the carrier dynamics measurements were
reported is 8.9 nm, which corresponds to about 11 layers of MoS2. As previously reported, an increase in
the number of layers leads to a gradual change in the optical property of the MoS2 [1, 2, 32]. However,
the properties remain almost unchanged if the number of layers goes beyond six [1, 2, 32]. Thus, the
present sample with 11 layers can be treated as a bulk MoS2. By investigating the transient carrier behav-
ior in both of these samples, we present a comparison of the carrier relaxation pathways and their asso-
ciated time constants. We find that the Auger and defect-assisted Auger processes play a crucial role in
determining carrier relaxation in MoL, whereas an additional mechanism, intravalley scattering, domi-
nates in MuL. In MoL, intervalley scattering is not prominent, as carriers are excited at the lowest tran-
sition energy, which corresponds to the A-exciton. Furthermore, the peak heights of the transient signal
show a distinct saturation behavior in MuL while it remains linear in MoL MoS2. The primary objec-
tive of the present study is to directly compare the two limiting dimensional regimes, MoL and MuL, in
order to clearly elucidate the influence of reduced dimensionality on carrier dynamics at photoexcitation
densities above the Mott density.

2. Result and discussion

The samples that are used in the ultrafast carrier dynamic measurements are procured from 2DLayers,
USA, and are grown on sapphire substrate in the chemical vapor deposition method [33]. Figure 1(a)
shows the large area absorption spectrum of the flakes, which has two distinct peaks in the lower energy
region corresponding to A and B-excitons [2, 18, 34]. These peaks can be well fitted with Lorentzian
functions, centered at 1.83–1.98 eV with spectral widths of 0.11–0.18 eV, respectively. In addition, the
absorption spectrum of the MoL sample used for the transient studies (figure S3) shows the A- and B-
exciton peaks at 1.83 eV and 1.98 eV, respectively. Microscopic optical images of the sample reveal the
presence of both well-separated and partially connected MoS2 flakes. The observed transmission con-
trast indicates that, although the sample consists of flakes with different thicknesses, each individual
flake exhibits a constant height. Subsequent AFM measurements confirm that most flakes are MoLs,
along with a few MuL flakes. The images of the specific MuL and MoL MoS2 flakes used for the pump–
probe measurements are shown in figures 1(b) and (c), respectively [35, 36]. These optical images were
acquired using a home-built microscope integrated into the pump–probe setup, enabling both the iden-
tification and investigation of the selected flakes. The dotted circles in the images indicate the specific
locations where transient measurements were performed in transmission mode. The thickness of the
flakes was determined by performing AFM topography scans at the edges of these flakes. AFM topog-
raphy scans of the MoL and MuL flakes on which the transient measurement results presented in this
work are shown in figures 2(a) and (c), respectively. Furthermore, the corresponding height profiles
across the edges of the MoL and MuL flakes are shown in figures 2(b) and (d), respectively. From the
height differences at the edge of the flakes, the thicknesses of the MoL and MuL flakes are estimated
to be nearly 0.8 nm and 8.9 nm, respectively. Further, the Raman spectrum (figure S2) confirms the
single layer MoS2. Based on the thickness of a single layer, the MuL flake is expected to be composed
of 11 mono layers [1, 2, 37]. The in-plane dimensions of the MuL and MoL flakes are ∼35 µm and
∼100 µm, respectively.
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Figure 1. Optical characterization of the MuL and MoL MoS2 flakes. (a) Large area averaged absorbance spectrum of the MoS2
flakes. The solid green line represents the best fit to the data using two Lorentzian peaks shown as solid magenta lines. Optical
image of the MuL MoS2 flake (b), and MoL MoS2 flake (c), acquired using a microscope. Dotted circles indicated the region
where carrier dynamics measurements were performed. Optical image of the MoL MoS2 in panel (c) is adapted from our previ-
ous work, [37]. Copyright © IOP Publishing. Adapted with permission under the IOP Authors Rights Policy.

All transient data presented herein were acquired using a home-built, degenerate pump–probe con-
figuration tuned to the A-exciton transition energy (figure S1). A more detailed description of the exper-
imental setup is provided in the supporting information (SI). In this article, all the measurements are
performed in the pump fluence range, 1.2 mJ cm−2 to 7.5 mJ cm−2 which corresponds to an NPL of
6.6 × 1013 cm−2 to 4.1 × 1014 cm−2 at the A-exciton wavelength [35–37]. The NPL is calculated using a

standard conversion relation, N∝ E

Eph

A

π r2FWHM

with N as number of photons, E as the laser pump pulse

energy, A as absorbance, Eph as energy of a single photon at the pump wavelength, and rFWHM as the
beam radius at full width half maximum on the sample, measured using a CCD camera. In this calcu-
lation, the absorption across the MuL is considered uniform across the film to first order, as the optical
decay over such thickness is weak due to the higher optical penetration depth of ∼81.3 nm as calculated
from the absorption coeffiecient [38]. Since measurements were carried out at such high excitation den-
sities, it is essential to ensure that there are no permanent modifications or damage to the flakes. Pan
et al studied structural modifications in MuL MoS2 and found that the samples remained intact up to
a pump fluence of 150 mJ cm−2 [23]. When they increased the fluence up to 400 mJ cm−2, nanoridges
and nanocracks were formed in the flakes. We have performed AFM measurements before and after our
pump–probe measurements, revealing no structural changes in either MoL or MuL flakes. This indi-
cates that the maximum fluence used in the pump–probe measurement (10 mJ cm−2) is small enough
to damage the flakes. Further, we have also checked that the MoL is stable even up to 50 mJ cm−2

[36, 37].
The fluence-dependent transient transmission signal (∆T/T) of the MuL MoS2 flake is shown in

figure 3(a). At low pump fluences, the transmission of the sample reduces with the arrival of the pump
pulse and attains a negative peak near the end of the pump pulse. This change in the transmission
then starts recovering as the time delay between the pump and probe increases and returns to its orig-
inal unperturbed transmission state by about 5 ps. As the pump fluence increases, the magnitude of

3
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Figure 2. Panels (a) and (b): AFM topographic scan and the corresponding height profile extracted along a line perpendicular
to an edge of the MuL flake, respectively. Panels (c) and (d): are the same but for the MoL flake. Panel (d) is adapted from our
previous work, [37]. Copyright © IOP Publishing. Adapted with permission under the IOP Authors Rights Policy.

Figure 3. Fluence-dependent transient transmission signals recorded at a pump–probe wavelength of 672 nm: (a) for MuL MoS2
flake (inset: same data on a shorter time scale is shown with a logarithmic y-axis), and (b) for MoL MoS2 flake (inset: same data
normalized and zoomed around zero delay time). The legend indicates the pump fluence in mJcm−2.

the peak change in the transmission also increases. At higher fluence, the recovery of transmission was
found to be faster than that at lower pump fluences. Furthermore, when pump fluence is <6.5 mJ
cm−2, the transient signal recovers completely by about 5 ps. However, as the fluence increases beyond
6.5 mJ cm−2, ∆T/T was found to change its sign from negative to positive after nearly 4 ps. The inset
of figure 3(a) shows the same transient signal of the MuL MoS2 flake over the first few picoseconds, and
the y-axis is plotted on a logarithmic scale. The solid lines in the inset plot are the linear fit to the log-
arithm of |∆T/T| in 0.3 ps to 2.5 ps range. The linear relationship between the log(|∆T/T|) and decay
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Figure 4. fluence dependence of the initial negative peak magnitude of∆T/T for the MuL MoS2 (red dots) and MoL MoS2 (blue
dots). The solid lines represent the best fit to the corresponding data sets.

time with a negative slope indicates that the ∆T/T shows a single exponential decay. From the slope of
this linear fit, the decay time of ∆T/T can be obtained.

In figure 3(b), the transient transmission signal of the MoL MoS2 flake is shown for the same pump
fluence range as that used for the MuL flake. Similar to the MuL sample, the ∆T/T signal of the MoL
MoS2 also starts decreasing with the arrival of the pump pulse reaching a negative peak. This negative
change starts recovering with increasing delay time. As the pump fluence is increased, the magnitude
of the maximum change in ∆T/T also increases. At lower pump fluences, the transient signal recovers
completely within the first 2 ps. However, at higher pump fluences, ∆T/T changes sign from negative
to positive. This positive signal builds up slowly and attains a positive maximum by about 3 ps. In the
inset of figure 3(b), the normalized |∆T/T| of MoL MoS2 flake is shown up to one picosecond delay
between pump and probe. Clearly, the decay time of |∆T/T| decreases with the increase in pump flu-
ence. In addition, to assess any possible laser-induced heating effects, we measured the transient response
over longer pump–probe delay times for both MoL and MuL samples, and also performed the same
measurements on the sapphire substrate to evaluate its contribution to the transient signal (figure S4).
No evidence of laser heating or substrate-induced effects was observed (see SI for a more detailed discus-
sion).

Let us now compare the behavior of the MuL flake with that of MoL flake. Figure 4 shows the vari-
ation of the magnitude of the initial negative peak height of ∆T/T (|∆T/T|Peak) with pump fluence for
the MuL MoS2 (red dots) and MoL MoS2 (blue dots) samples. In the case of MuL MoS2, the |∆T/T|Peak
increases with pump fluence, but at higher fluence, the peak shows signature of saturation.

At higher excitation intensities it is possible to saturate the electronic or excitonic transitions by fill-
ing a substantial fraction of the higher energy state and also by the depletion of the initial state. This
leads to a reduction in the absorption under higher excitation conditions. In this regime, the intensity-
dependent absorption coefficient can be expressed as,

α=
α0

1+ I/IS
, (1)

5
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Figure 5. Pump fluence dependence of the relaxation times of the MuL (τMuL, red dots) and MoL (τ s
MoL, blue dots) MoS2 flakes.

The solid lines indicate the best fits to the data.

where I and IS are the intensity of excitation and saturation intensity of the material. In the experiment,
both the temporal pulse width and spot size of the pump pulse are kept constant; therefore, the flu-
ence (F) is directly proportional to the peak intensity of the pulse. The peak transient transmission is
related to the change in absorption in the presence of pump by ∆T/T=−∆αd. Here, d is the thick-
ness of the sample and ∆α represents the pump-induced change in the absorption. Substituting α from
equation (1), the peak change in the transient transmission can be expressed as,∣∣∣∣∆T

T

∣∣∣∣
Peak

=
(α0d)F

F+ FS
, (2)

where F denotes the fluence used in the experiment, and FS is the saturation fluence. The above
equation was used to fit the experimentally measured data for the MuL sample and is represented as a
solid red curve in figure 4. In contrast, the variation of the initial peak height |∆T/T|Peak for the MoL
sample shows a linear dependence on the pump fluence (figure 4). The solid blue line shows the linear
fit to the |∆T/T|Peak data for MoL MoS2.

Having discussed about the initial negative peak change in the ∆T/T, let us now compare the asso-
ciated recovery time, or equivalently the decay time of |∆T/T|, τs, occurring at the initial short time
scale. For the MuL case, the decay time τs at each fluence is extracted by fitting the transient data in the
range of 0.3 ps to 2.5 ps to a single exponential function. The obtained best-fit decay time for various
fluences is plotted in figure 5. The fluence dependence of τs is well described by the empirical relation
τ = A/F 2+B, where, A and B are fitting constants. The corresponding best fit is also shown in figure 5.
The observed decrease in relation time τMuL with 1/F 2 suggests the involvement of nonlinear relaxation
processes such as Auger recombination, carrier–carrier scattering, or exciton–exciton annihilation. In this
case, the presence of higher number of excited carriers enhances the relaxation dynamics via collective
effect as the threshold is being crossed.

When compared to the MuL flake, the transient transmission of MoL flakes shows more complex
dynamical behavior. Following the recovery of the initial negative peak, the ∆T/T becomes positive,
which subsequently recovers over much longer time scales at later times (figure 3(b)). Hence, extract-
ing the correct recovery time in MoL is more complicated compared to MuL. A detailed discussion on
the fluence dependence of the MoL flake can be found in our earlier publication [35]. However, for the
sake of completeness, in short, we discuss the time dependence of the MoL sample here. To obtain the

6
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Figure 6. Simplified schematic of the band structure near the band edge and various processes that happen at femtosecond to few
tens of picosecond time scale when pump photon energy is tuned to A-exciton: (a) MuL MoS2 with exciton dissociation, Auger
scattering, and intervalley scattering and (b) MoL MoS2 exciton dissociation and Auger scattering.

fast recovery time of the MoL case, τs, we fit the experimental data to an empirical function,

F = A0

[
1+ E

(
t

t0

)]
exp

(
− t

τs

)
+B0

[
1− exp

(
t− td
τr

)]
exp

(
− t− td

τL

)
. (3)

The first part of the equation represents the initial fast negative change in the transmission and a
corresponding exponential recovery with a recovery time τs. Here, A0 denotes the amplitude of the initial
negative transient signal, while t0 represents its build-up time. The second term accounts for the pos-
itive ∆T/T component that emerges after the recovery of the initial negative signal. Here, τr describes
the build-up time of this delayed positive response. The decay constant τL represents the subsequent
relaxation of this positive component. The short-range decay time component, τs, for MoL MoS2 is also
plotted in figure 5. At lower pump fluences (<2.7 mJ cm−2), τs remains almost constant around 0.4 ps.
However, as the pump fluence exceeds 2.7 mJ cm−2, the relaxation time decreases rapidly, showing a
similar trend as that of the MuL case.

Following the recovery of negative change in transmission, the MoL flake shows a positive transmis-
sion change even at a pump fluence of 3.9 mJ cm−2 which subsequently increases with higher pump
fluences. However, the MuL flake shows only a small positive change at the highest fluence used in the
present measurements (7.5 mJ cm−2). Furthermore, the positive peak in ∆T/T for the MoL sample
appears around 3 ps followed by a gradual decay. In contrast, for the MuL sample, the positive change
in ∆T/T remains almost constant without any noticeable recovery over tens of picoseconds of delay
time.

It is well established that the electronic band structure of MoS2 is highly dependent on the number
of layers in the material [1, 2]. Figure 6, panels (a) and (b), represents a simplified schematic of the rel-
evant band structure for MoL and MuL MoS2. In MoL MoS2, the material exhibits a direct bandgap at
the K valley, where both the conduction band minimum and the valence band maximum are located
[1, 2]. When two layers are stacked, a conduction band minimum emerges at the Q point situated in
between the Γ and K valleys, resulting in an indirect bandgap [1]. This transition significantly reduces
the photoluminescence efficiency of bilayer MoS2 by approximately a factor of ∼40 compared to MoL
MoS2 [1]. As the number of layers increases, the conduction band minima at the Q point continues to
decrease in energy [1, 32]. Beyond 5 to 6 layers, the changes in the band structure stabilize and become
largely independent of the number of layers. Thus, the MuL flake investigated in this study is an indirect
bandgap semiconductor. Despite these structural changes, the excitonic resonance energy of MuL MoS2
remains nearly identical to that in MoL MoS2, at 1.83 eV [1, 15]. However, the A-exciton binding energy

7
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differs significantly in both cases: ∼45 meV in MuL which is an order of magnitude lower than in MoL
MoS2 [15, 16].

Let us now examine the dynamical processes that drive the transient optical response of the MuL
compared to the MoL MoS2 following excitation by a short laser pulse. Several groups have studied car-
rier dynamics in MuL and MoL MoS2 flakes at the A-exciton transition energy and reported various
physical phenomena that dominate for a few hundred of picoseconds after an ultrafast pulse excitation.
The observed physical phenomena are strongly dependent on the excitation photon energy, excitation
density, and probing photon energy, as well as the type of samples and delay time, making understand-
ing of the carrier dynamics quite complicated. Various processes like exciton formation [21, 39, 40],
exciton dissociation [35, 37, 41, 42], exciton–exciton annihilation [17, 18, 20, 43, 44], carrier capture
to defect and trap states [45–47], Auger and defect-assisted Auger scattering [32, 34, 48, 49], hot-phonon
reabsorption [22, 50], and intervalley scattering [51, 52] are likely to occur in both MuL and MoL MoS2
flakes. These processes will lead to band bleaching [53], band gap renormalization (BGR) [50, 54], exci-
ton peak shift and broadening [22, 43, 55], etc.

In MoL and MuL MoS2, the exciton Mott transition typically occurs at a critical photoinduced car-
rier density per layer on the order of 1012 cm−2; specifically, Liu et al estimated a threshold density of
∼ 4.3× 1012 cm−2 for the onset of this transition [31]. Above this critical density, enhanced Coulomb
screening by the photogenerated electron–hole gas diminishes the exciton binding energy and induces
exciton ionization into a correlated electron–hole plasma. This many-body regime is characterized by
a severe suppression and broadening of excitonic resonances, bleaching of the A and B excitons, and
pronounced BGR. In ultrafast transient absorption spectroscopy, this high-density response mani-
fests as a characteristic combination of exciton bleaching and derivative-like or red-shifted photoin-
duced absorption features. This spectral profile reflects the competing dynamics between quasi-particle
bandgap shrinkage and the reduction of exciton binding energy. This interpretation is strongly sup-
ported by time-resolved angle-resolved photoemission spectroscopy on MoS2, which demonstrated a
BGR of up to ∼ 360 meV above the Mott threshold [31]. Consequently, because the estimated NPL in
this work exceeds the 1013 cm−2 regime, accompanied by pronounced exciton bleaching, our observa-
tions are highly consistent with an excitation regime situated at or well beyond the exciton Mott transi-
tion. Driven by these mechanisms, the optical properties of the material will change, leading to a mea-
surable change in the transmission of the probe beam. However, the relative contribution and temporal
evolution of these mechanisms can vary significantly between the two cases due to differences in their
band structures, carrier relaxation pathways, and interlayer interactions. Earlier reports by Bera et al and
Katsch et al established that elevating carrier densities beyond the Mott limit leads to a simultaneous
shift and broadening of the excitonic resonances, [56, 57]. While both phenomena inherently contribute
to the modulated transmission signal, linewidth broadening is conventionally the dominant factor when
exciton–exciton and exciton–phonon interactions prevail. Crucially, however, Bera et al demonstrated
that the emergence of a high-density electron–hole plasma above the Mott threshold drives bandgap
renormalization, leading to reduced transmission (-ve initial peak in ∆T/T both in MoL and MuL),
which is dominant in our studies, resulting in a pronounced redshift of the exciton peak. Since exci-
tonic annihilation into an electron–hole plasma occurs rapidly at the early stages of photoexcitation, it is
expected that the exciton peak shift serves as the primary mechanism governing the observed transient
transmission changes, overshadowing the contribution from peak broadening.

In this study, carriers are excited at the A-exciton transition energy. At this energy, the absorption
coefficient of a MoL MoS2 is approximately 40% higher than that of MuL MoS2 [58]. Assuming each
absorbed photon generates one electron–hole pair, the carrier density in MoL is expected to be 40%
higher than in MuL MoS2. Consequently, a larger |∆T/T|peak would be anticipated for MoL. However,
experimental observations reveal the opposite, with MuL exhibiting a higher |∆T/T|peak (figure 4). This
contradiction can be explained by the lower exciton binding energy in MuL, which facilitates more effi-
cient exciton dissociation compared to MoL [15, 41, 42]. The weaker binding energy of the exciton is
coming from the multilayered structure of the MuL. This further leads to stronger dielectric screening
and availability of additional intervalley scattering. In addition, in MuL MoS2, the optical absorption
and dielectric response seen by the probe is also modified [15, 59]. This results in a higher density of
free carriers near the band edge in MuL leading to stronger BGR, despite its lower absorption. This BGR
is driven by many-body Coulomb interaction, inducing a reconfiguration of the electronic band struc-
ture and reducing the bandgap energy. This accumulation of the free carriers screens the electron–hole
Coulomb attraction, causing a redshift in exciton binding energy [14, 60]. Thus, the larger |∆T/T|Peak
observed in MuL is attributed to its greater exciton dissociation efficiency and stronger BGR at compa-
rable excitation densities (figure 4). Over time, the free carriers in MuL are expected to decay to defect
states and also form hot carriers via Auger and defect-assisted Auger processes as that of MoL MoS2
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[32, 45–47]. The auger scattering not only contributes to the relaxation of some carriers but also excites
an equal number of carriers to the higher excited states (figure 6(a)). As these carriers relax to the band
edge, eventually excitons will start forming again due to lower carrier density as compared to the ini-
tial excitation condition. Such formation of the A-exciton would lead to bleaching of available states for
absorption of the probe, leading to an increase in pump transmission which is stronger in MoL MoS2
even during lower pump fluences leading to a later band bleaching with a positive peak in ∆T/T. The
band bleaching will give a positive contribution to the ∆T/T canceling the negative effect of BGR. Thus,
the action of Auger should also be coupled with the bleaching of states later and we attribute this to the
formation of excitons in the present case.

Additionally, a significant fraction of electrons relax to Q-valley in MuL within tens of femtoseconds,
leaving holes at K valley [51]. These Q-valley electrons have lifetimes of several picoseconds [51, 52].
Although some carriers relax to defect states, a substantial population remains in the conduction band
as free carriers in MuL. Moreover, since these carriers occupy different valleys, the Auger and defect-
assisted Auger recombination processes are less efficient in MuL. Additionally, the greater thickness of
MuL MoS2, enhances the dielectric screening and reduces quantum confinement compared to MoL.
These factors weaken the Coulombic interaction, further suppressing Auger scattering processes [56, 61].
Consequently, carrier relaxation is slower in MuL, resulting in longer recovery times for transient signals
(figure 5). For instance, at a pump fluence of 2.5 mJ cm−2, the decay time of MuL is ∼ 4.8 ps, whereas
in MoL, it is ∼ 0.4 ps. Similarly, at a higher fluence of 7 mJ cm−2 pump fluence, carrier relaxation time
in MuL is about 1 ps while in the case of MoL, it is 0.2 ps. Furthermore, excitation at 7.5 mJ cm−2

pump fluence generates a high density of hot phonons in MuL MoS2 leading to phonon bottlenecking
effect due to reabsorption of the hot phonons as that of MoL which turns the BGR to BF as shown in
figure 3(a). At high excitation density, Auger-assisted relaxation and hot-carrier cooling generate a larger
phonon population. These phonons are being reabsorbed by the carriers in defect states and repopulate
the A-exciton state. This additional back-transfer further slows the overall decay, reinforcing the bottle-
neck effect, [35]. This process is an intrinsic nonequilibrium effect of the photoexcited samples under
high excitation density, where a large population of carriers and emitted phonons are created within
an ultrashort time window. reabsorption of hot phonons by carriers can slow carrier cooling, and the
reduction in the number of available final states, including partial saturation of defect-assisted relax-
ation channels, can further prolong the relaxation process. However, the bottlenecking effect is more
prominent in MoL and arises at significantly lower pump fluence compared to MuL. This difference is
attributed to the intervalley scattering in MuL, which provides multiple relaxation pathways for carri-
ers, unlike MoL, where excitation and relaxation of the carriers primarily occur at the K valley. Further,
intervalley scattering and relaxation in MuL also reduce the possibility of the formation of A-excitons.
Consequently, the bleaching of ∆T/T in MuL MoS2 is much weaker and only becomes evident at much
higher excitation fluence.

3. Conclusion

In this article, we have demonstrated that the ultrafast responses of MoL and MuL MoS2 differ signifi-
cantly under excitation by ultrashort pulses. These studies were carried out at high photoexcitation den-
sities in the range of ∼6.6 × 1013 cm−2 to ∼4.16 × 1014 cm−2. In spite of the fact that the MuL has a
lower excitation density as compared to MoL, it still exhibited a higher change in |∆T/T|Peak when com-
pared to that of MoL MoS2 and clear saturation behavior, since the dissociation of excitons is much eas-
ier in MuL due to the lower exciton binding energy. Both MuL and MoL show Auger and defect-assisted
Auger recombination and a positive change in ∆T/T at later times, but the MuL shows a much longer
recovery time and a small positive change in ∆T/T at high excitation densities. Both of these changes
are attributed to the carriers scattered to other valleys in the conduction band, which increases the car-
rier lifetime by suppressing exciton formation. The insights gained from these studies contribute to the
understanding of ultrafast carrier dynamics in MoS2 and are expected to aid in the development of
optoelectronics applications involving MoL and MuL MoS2, such as lasers, OPAs, and detectors.
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