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Electron-hole plasma formation dynamics observed through exciton-plasma
interactions in transition metal dichalcogenides
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How do the many-particle interactions evolve in semiconductors is crucial for understanding light-matter
interactions. We observe Coulomb-correlated electron-hole plasma formation via its interaction with ex-
citons in a transition metal dichalcogenide semiconductor. We observe that under intense photoexcitation
~10" per cm®, huge damping destroys the Coulomb correlation and hinders the plasma formation until a
majority of the free carriers recombine and the plasma oscillation period becomes sufficiently smaller than the
damping time constant. Moreover, only 1%—-3% of the injected free carriers form Coulomb-correlated plasma.
Our study sheds light on exciton-plasma interactions and quasistatic Coulomb screening, which play pivotal

roles in device engineering.
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I. INTRODUCTION

Coulomb-correlated electron-hole plasma (EHP) forma-
tion is one of the most intriguing phenomena in the context of
light-matter interaction, many-particle phenomena, and semi-
conductor device physics. EHP is a dressed many-particle
state, where negatively charged electrons form a screening
cloud around positively charged holes and vice versa. This
leads to local density fluctuations that propagate through lon-
gitudinal waves with a frequency known as plasma frequency
(wp1), provided the oscillation periods are sufficiently smaller
than the dominant damping time constant t (wpT > 1) [1].
The presence of free carriers and EHP drastically modify
semiconductor optical properties, especially those possessing
strongly bound electron-hole pairs or excitons. Tunability of
excitonic properties are mostly achieved by altering EHP
density in the material [2-6]. As the uncorrelated charge
carriers transform to a Coulomb-correlated EHP, they screen
quasistatic Coulomb interactions leading to quasiparticle band
gap renormalization (BGR) [6-10]. Device realization in a
wide range of optoelectronic applications requires external
charge carrier injection [3,11-15], where correlated EHP
formation plays a crucial role in tuning optical properties.
Chernikov et al. have observed a broad range of tuning in
exciton binding energy via controlling the free-carrier density
in a monolayer WS, based field-effect transistor device. Since
bound and free electron-holes coexist in such semiconductors,
excitonic devices [15] are sensitive to the extent of the coex-
isting correlated plasma.

The transition from a free-carrier gas to a correlated
EHP is not instantaneous. Huber er al. have demonstrated
that plasma formation is retarded by a timescale related to
the inverse of the plasma frequency [16]. Nevertheless, this
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time-resolved study was performed for a specific excitation
density (2 x 10'® per cm®) in GaAs. It is not clear whether the
entire free-carrier gas converts to Coulomb-correlated plasma
in all semiconductors, irrespective of the input carrier den-
sity magnitude. Recently, Steinhoff et al. have theoretically
calculated the fraction of EHP for a range of carrier injection
densities in excitonic semiconductors, namely transition metal
dichalcogenides [17] in thermal equilibrium. However, the
experimental distinction between carrier and EHP and the
transition of the former to the latter remains unexplored in
a wider context.

Probing carrier-induced dynamics of excitonic states is
advantageous to observe free-carrier gas to EHP transition, as
Coulomb screening renormalizes band gap upon EHP forma-
tion, whereas state-filling effects introduce exciton bleaching,
which originates from the individual fermionic nature of the
charge carrier and is independent of the Coulomb correlations.
Despite this advantage, the superposition of excitonic, free-
carrier, phonon, and EHP-induced dynamical effects in the
time-resolved optical experiments renders the problem much
involved [6,18-21]. Possibly, this is the prime reason why
uncorrelated carriers and EHPs have not been individually
recognized in semiconductors. In the present study we choose
a transition metal dichalcogenide material (TMDC) MoS, that
possesses strongly bound excitons even at room temperature.
We use broadband transient absorption (TA) spectroscopy to
carefully monitor the time evolution of the C exciton oscil-
lator strength and resonance energy upon carrier injection.
We perform TA experiments at different pump-photon ener-
gies, pump fluence (i.e., input carrier densities), as well as
different sample environments, and analyze the data to iso-
late phonon, carrier, and exciton-induced dynamical processes
systematically. Especially, we identify second-order kinetics
of the electron-hole recombination process, unlike exciton
recombination and carrier-phonon coupling that follow first-
order kinetics. We observe that in the presence of intense
photoexcitation of order 10" per cm?, huge damping, possi-
bly originating from carrier-carrier scattering, slows down the
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FIG. 1. (a) (Upper panel) Linear absorption spectrum (extinction coefficient times sample length /) of multilayered MoS, obtained by
an ultrafast supercontinuum pulse. Corresponding A, B, C, and D excitonic line shapes are disentangled from the continuous background of
the band-to-band absorption spectrum and are depicted in the same scale (note the break in the absorption axis). (Lower panel) The optical
spectrum of the various pump excitations utilized in this work. The peak amplitudes of the same are in arbitrary units. (b) Transient absorption
spectra for 400 nm pump excitation at probe wavelength 375 to 800 nm. Temporal evolution of oscillator strength, resonance energy, and
linewidth of C exciton in the presence of (c) 400 nm and (d) 650 nm pump excitation.

plasma formation up to ~8 ps. Meanwhile, most free carriers
recombine, and only a small fraction (1%-3%) of the optically
injected carriers form the dressed plasma states.

II. RESULTS AND DISCUSSIONS

Multilayered MoS; sample on a thin quartz substrate is pre-
pared through sono-chemical exfoliation [22] of bulk MoS;
(see Ref. [23], Sec. S1 for further details). The atomic force
microscopy data reveals an average sample thickness of 30 nm
with a standard deviation of 20 nm (see Fig. 1 in Ref. [23]).
Precisely, flake thicknesses ranging from 15 to 40 nm have
the highest probability and therefore dominates the optical
response. Sample inhomogeneity does not play any significant
role in the transient absorption data in the studied timescale in
the context of heat and carrier diffusion due to low interlayer
diffusion coefficients [24—27]. An elaborate discussion can be
found in Sec. S2.1 of Ref. [23], which includes other relevant
references [28-34].

Here we use a multilayered film instead of a monolayered
TMDC as we intend to explore Coulomb screening effects
on excitons. Environmental screening from quasiparticles and
dielectric screening is efficient while sample thickness is con-
siderably higher compared to the characteristic lengths of the
excitation, here excitonic Bohr radius (approximately a few
nanometers in TMDCs [35,36]).

Figure 1(a) describes the linear absorption [A(X)] spec-
trum of the multilayered MoS, obtained by a broadband
supercontinuum pulse. Conventional A, B, C, and D excitonic

transitions centered around 674, 615, 470, and 400 nm, re-
spectively, are disentangled from the continuous absorption
background of band-to-band transitions by obtaining a sec-
ond derivative [37] and are indicated therein (see Ref. [23],
Sec. S5.1 for more details). We measure transient absorp-
tion due to intense, ultrafast optical excitation (pump) of
various wavelengths (A,: 400 and 500 to 800 nm having
an interval of 50 nm) and especially examine the C exci-
tonic properties induced by the carriers and plasma up to
~6 ns. Further details of our setup [37-39] is presented in
Sec. S2 of Ref. [23]. As multilayered MoS, has an indirect
band gap at 1.29 eV [40], each pump-photon energy en-
ables free-carrier generation. Parallel valence and conduction
bands (band nesting) at several k points of TMDCs lead to
high optical conductivity constituting broad and intense C
exciton transition [41]. This exciton, as compared with band
edge A and B excitons, has higher binding energy, oscillator
strength, and Mott density, and therefore allows us to explore
a broad range of exciton-carrier interaction dynamics without
being saturated and ionized. We are interested in studying
exciton-free carrier interactions where pump excitation cre-
ates free carriers. A resonant probe tuned to an excitonic
state measures the temporal evolution of the exciton-plasma
(or free carrier) interactions. Here we choose the C exci-
tons whose energy is higher than most of the pump-photon
energy used in the experiment. This prevents the formation
of pump-generated C excitons in below-resonance excita-
tion conditions and facilitates distinguished observation of
exciton-carrier (or plasma) interactions. Additionally, lack
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of understanding of this band-nesting exciton dynamics has
influenced us to choose this particular state for studying
exciton-plasma interactions. Here, pump-induced C exciton
formation is limited to 400 and 500 nm excitation, whereas
higher wavelengths energetically forbid the formation of the C
exciton. The spectra of the chosen pump pulses are displayed
in Fig. 1(a), lower panel; peak intensities are in arbitrary
units.

We use pump fluence (F) of order 10 +J/cm? and maintain
FA()) to a constant value that ensures initial carrier density
10" per cm? (see Ref. [23], Sec. S4). To ensure that we pho-
toexcite the material in the linear (single-photon) absorption
regime, we verify the linearity of the differential absorption
(AOD) with pump fluence and observe linear variations for
all pump wavelengths in the mentioned fluence range except
that of 750 nm (see Ref. [23], Sec. S3). In the case of the
750 nm pump wavelength that enables two-photon absorption,
we increase the fluence by one order to obtain AOD values
comparable to that of the other pump wavelengths. We depict
a pseudocolor representation of the AOD spectrum (4, = 400
nm) as a function of probe delay and probe wavelength in
Fig. 1(b). The AOD spectrum in the 400 to 570 nm probe
region originates from the pump-induced alterations of the C
and D excitonic properties. We model the differential absorp-
tion spectrum in the mentioned probe wavelength range to
disentangle the pump-induced evolution of oscillator strength
(AA¢), resonance energy (AE¢), and linewidth (AT'¢) of C
exciton (see Ref. [23], Sec. S5). We repeat this for the whole
range of probe delays for each pump wavelength to obtain the
excitonic parameters’ dynamical evolution. Figures 1(c) and
1(d) plot the temporal evolution of these excitonic properties
upon 400 and 650 nm pump excitation, respectively. We note
that photoinduced oscillator strength (OS) of C excitons re-
duces by 5%—-10% following ultrafast excitation, irrespective
of the pump-photon energies. On the other hand, oscillator
strengths of the band edge (A and B) excitons drop around
60% (see Ref. [23], Sec. S9) for all pump wavelengths, except
600 nm. Notably, 600 nm excitation is ~50 meV blue detuned
with respect to the B exciton resonance. Interestingly enough,
this photoexcitation triggers a Mott transition and a popula-
tion inversion [42] of the B transition. This will be discussed
elsewhere. However, all other transient measurements are ob-
tained well below the Mott transition threshold of A, B, C, and
D excitons. Moreover, the C exciton dynamical features upon
600 nm excitation remain similar to other below-resonance
excitation conditions, which do not induce any Mott transi-
tion. In the next few paragraphs we discuss the individual
photoinduced dynamics of these excitonic properties, espe-
cially excitonic oscillator strength reduction and redshift, in
the context of free-carrier and plasma effects. Now onward, by
the word “excitons,” we usually mean the C excitons, unless
otherwise mentioned.

A. State-filling effects upon below-resonance pump excitation

We observe a pulsewidth-limited reduction of exciton os-
cillator strength (i.e., AA¢c drops to a minimum within the
instrumental response function or IRF) that reverts to zero
within a few picoseconds for each A,. Absorption probability
of an exciton state drops due to the state-filling effects orig-

inating from any of the following: (1) and (2) pump-induced
electrons and holes occupy conduction band, valence band,
respectively, of the band-nesting (BN) region, and (3) excitons
are formed [7,43,44]. This indicates that apart from pump-
induced excitons, free carriers either in the valence band or
in the conduction band can induce state filling of the exci-
ton. As the pump-induced quasiparticles recombine through
different channels, the bleaching effect reverses following
similar dynamics. Exciton recombination follows first-order
kinetics, whereas electron-hole recombination is a bimolec-
ular type (second order) [45]. In case the dominant decay
mechanism follows first- (second-) order Kinetics, the solution
of carrier density hence, bleaching is exponential (inverse
linear) with respect to time delay. Here we present the AA¢
along with the AA- ! for 400 and 600 nm pump excitation
in Figs. 2(a) and 2(b). The inverse function varying exponen-
tially (linearly) with time delay identifies the first- (second-)
order relaxation process for 400 nm (650 nm) pump ex-
citation. Further investigation of AA_; ! for all other pump
wavelengths confirms dominant first-order and second-order
decay processes for above- and below-resonance conditions,
respectively.

We model the temporal evolution of AA¢ to obtain the
recombination rate constants:

AAC = —OCAN, E = —klN - k2N ) (1)

where N = N(t) is carrier (or exciton, as applicable) density,
a4 is a proportionality constant, and k; and k, are first- and
second-order rate constants (k, k, > 0). Normalized AAc can
be expressed as follows:

Ac  NQ)
|AAC|max NO
=e M x, € (400, 500 nm)

kle—kll
= DA 550, 750 .
=t — DN, 7S nm)
)

Excellent fitting of the data with Eq. (2) is depicted in Fig. 5
of Ref. [23]. We display obtained k; values as a function of
A, in Fig. 2(c). We note that on average k; values are ~0.9
and ~0.1 ps’1 for above- and below-resonance excitation,
respectively. For 400 and 500 nm pump excitation, pump-
induced C exciton population leads to state filling in probe
resonance. Therefore, we attribute ~0.9 ps~! rate constant to
direct exciton recombination. As free carriers dominate the
bleaching dynamics for 550 to 750 nm pump, we attribute
~0.1 ps~! monomolecular rate constant to the defect-assisted
hole and electron capture. Similar values of capture rates have
been reported previously [46]. We identify k, as the electron-
hole recombination rate [A, € (550, 750) nm]. We rule out
exciton-exciton annihilation that too follows a second-order
kinetics [19], as exciton formation remains prohibited in this
case. We find that the product of electron-hole recombina-
tion rate constant and the initial carrier density that induces
state filling (leading to exciton bleaching), that is, kpNy is
independent of the pump-photon energy. The k,N, values
are depicted as a function of A, in Fig. 3(f). The values are
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FIG. 2. Temporal evolution of AA¢ and the corresponding AA- ! for (a) 400 nm (above-resonance) pump and (b) 600 nm (below-resonance)
pump excitation. We add dashed lines of exponential and linear types on the AAE1 as a guide to the eye. (c) The first-order rate constant at
different pump wavelengths as estimated from the model in Eq. (2). The spectral shape of the C exciton is indicated by dashed lines in arbitrary
units for reference. (d) (Upper panel) Valence band maxima and conduction band minima of multilayered MoS, adapted from Ref. [37].
(Lower panel) Gradient of the valence band maxima and conduction band minima are displayed. Same values (within 1 eV/ 27”, where a is
the in-plane lattice constant) of the gradients indicate maxima in the joint-density-of-states that correspond to the C exciton states. Filled and
unfilled circles indicate photoinduced electrons and holes. Intervalley scattering paths are depicted by arrows.

around 1 ps~!. Inserting N, value as the initial carrier density
(10" per cm?), we estimate the electron-hole recombination
rate ko = 1077 cm?s™!, very similar to an earlier report in
MoS, monolayer [45]. One must note that Ny values are less
than the corresponding excitation densities since a part of the
photoexcited coherent excitations form excitons. Therefore,
this value provides only an estimate on the lowest possible
value of k,.

To depict the pathways for exciton bleaching in the pres-
ence of different pump energies, including below-resonance
energy, we plot valence band and conduction band extrema
along with respective gradients in parallel k direction (gTIi)

in Fig. 2(d). This data are adapted from the band structure
of multilayered MoS, from an earlier work [37]. The high-
lighted red portions display the k points related to the BN
region possessing a quasiparticle band gap of 2.94 eV. The
transition metal dichalcogenides possess an involved energy-
momentum landscape where intervalley scattering plays an
important role in the population of different valleys. In the
schematic band structure of MoS; in Fig. 2(d), we indicate
energetically favorable intervalley scattering pathways that
can create state-filling effects for the C excitons (in the probe),

even when the pump-photon energy is less than the particular
excitonic state, and no excitons are formed. We note, as long
as the pump-photon energy is sufficient to induce transitions
at the K point, yet is insufficient to directly excite the BN
region, intervalley scattering allows either electron or holes
in the BN region [pathways are shown by curved arrows
in Fig. 2(d)]. Especially, ¥ being the global minima of the
conduction band, the majority of photoinduced carriers scatter
to this valley associated with the BN. Recent time-resolved
photoemission spectroscopy experiments have revealed strong
K — ¥ scattering within 100 fs in bulk TMDCs [47—49] that
justifies the IRF-limited observation of exciton bleaching due
to intervalley scattering following below-exciton resonance
excitation (i.e., 550 to 750 nm pump).

B. Band gap renormalization dynamics
and electron-hole plasma to free-carrier ratio

Excitonic bleaching is related explicitly to the in-
dividual fermionic nature of charge -carriers, that is,
Pauli exclusion principle, and is independent of Coulomb
correlations. On the other hand, exciton resonance energy
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FIG. 3. (a) Pump-induced alteration of C exciton resonance energy (normalized AE¢) as a function of pump wavelength and probe delay.
(b) Linear variation of AE- ! with delay for A » = 550 nm. (c) Time evolution of AE and the corresponding contributions from the phonon-
induced lattice heating (AE,) and electron-hole plasma screening (AEgyp) for A, = 400 nm. (d) Similar variations for A, = 650 nm which
also includes an initial blueshift component due to exciton binding energy reduction (A Egg). (¢) Phonon rate constants that indicate hot-carrier
cooling timescale. (f) Comparison of the second-order rate constant times initial carrier density as obtained from fitting the bleaching and
resonance energy renormalization dynamics with Eq. (2) and Eqgs. (4) and (5), respectively. The C exciton absorption spectrum is depicted

(arbitrary units in y axis) in dashed lines for convenience.

(Eexe = E;, — Egg), which is the difference of quasiparti-
cle band gap (Eg) and the exciton binding energy (Egg), is
dictated by EHP-induced band gap renormalization (BGR)
(see Ref. [23], Sec. S6 for detailed discussions). Coulomb
potential of an isolated charge, placed in an electron-hole
plasma, is weakened (screened) through the surrounding
cloud of oppositely charged quasiparticles (Coulomb hole).
Moreover, the probability of two similarly charged fermions
coming close to each other reduces, which in turn re-
duces the repulsive Coulomb interaction (exchange hole).
As a result of Coulomb and screened exchange interac-
tion, the energies of electrons and holes in their respective
bands reduce introducing a redshift (§E,) in the excitonic
resonance [7,50]:

SE; = [Vi(g) = V(q)]

q#0

= > Vi@l felg, 0, T) + fulg, n, T)],

970

3

where Vi(q), V(q), f.(q,n,T), and fy(gq,n,T) are, respec-
tively, the screened and unscreened Coulomb potential in
momentum space, electron, and hole Fermi-Dirac distribu-
tion function. First and second term denotes Coulomb hole
and screened exchange effect (exchange hole), respectively.
Another origin of quasiparticle band gap reduction is lattice
heating through carrier-phonon coupling. Photoexcited hot

carriers and excitons cool down by transferring the excess
energy to the phonon system, eventually leading to lattice
heating [20,51]. There are several reports on subpicosecond
to picosecond order carrier-phonon coupling times in transi-
tion metal dichalcogenides [20,52,53]. Moreover, Lin et al.
have performed ultrafast electron diffraction on bi-layered
MoSe; to directly observe subpicosecond to 1 ps conversion
of photoenergy to lattice heating and have corroborated the ex-
perimental results with first-principles nonadiabatic quantum
dynamic simulations [54].

Note that, conventionally, band gap renormalization refers
to EHP-induced band gap reduction and not the lattice heating
effects. The weakening of Coulomb attractive potential often
leads to reduced Egg, which is reflected as a blueshift of the
exciton resonance. However, Coulomb potential of excitonic
constituents are effectively modulated by dynamic screen-
ing, where the quasistatic EHP screening is less effective
[37,55,56].

From Figs. 1(c) and 1(d) we identify that C excitons un-
dergo a predominant redshift (AEc < 0) irrespective of the
pump wavelength. It has a slow rise of the redshift feature
that reaches a maximum ~8 ps and reverts to an offset within
a few-hundred ps, as evident from the plots. The reversion
within hundreds of ps (process 1) and the offset up to 5 ns
(process 2) delay suggests two distinct features dictate the
temporal evolution of the C exciton resonance. The decay
of the latter process is beyond the temporal window of our
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experiment, and hence, we obtain a nonvarying redshift. Com-
paring the AEc(t = 8 ps) and AEc(t =5 ns), we estimate
that the relative weight of processes 1 and 2 are 68% and
32%, respectively, for a 400 nm pump. We observe that the
relative weight of process 1 is greater than that of process
2 for each pump wavelength ranging from 400 to 700 nm
(see Fig. 8 of Ref. [23]). For 750 nm, relative weights are
nearly equal, and that for 800 nm, process 2 dominates.
A closer look into the initial rise of the redshift following
400 nm excitation suggests a fast rise up to 12 meV within
0.2 ps, accompanied by a much slower (few ps) rise reaching
maxima up to ~24 meV. It is evident that the slower rise
is followed by the reversion and is associated with higher
relative weight and is therefore, related to process 1. This
is true for other pump wavelengths up to 700 nm as well.
As discussed earlier, two possible phenomenon- EHP-induced
band gap renormalization and lattice heating are responsi-
ble for the redshift of a quasiparticle band gap. Here we
attribute process 1 to band gap renormalization and process
2 to phonon-induced lattice heating. The screening effect
builds up until ~8 ps and reduces within a few hundred ps.
On the contrary, the lattice heating maximizes in a few ps,
and the lattice does not cool within the experimental time
window; thus, giving rise to a residual redshift. We provide
an elaborate discussion on these attributions in the following
paragraphs.

To understand the decay mechanism of AE¢, we investi-
gate AE; ! that follows a linear variation on a few hundred ps
probe-delay range at all A, [we display the data corresponding
to 550 nm pump wavelength Fig. 3(b)]. We already mentioned
that solution of a nonlinear kinetic equation (% = —kpN?)
follows inverse-linear function N(¢) ~ Ny/(1 — kaNot). This,
again, suggests predominant bimolecular recombination orig-
inating from recombination of electron-hole that contribute
to BGR. Therefore, the association of process 1 to BGR is
correct. Moreover, we repeat the TA measurements on mul-
tilayered MoS, flakes on a quartz substrate and dispersed in
a solvent (N, N Dimethylformamide) and compare the AE¢
dynamics following 800 nm photoexcitation for both sample
environments. While the redshift remains invariant up to a few
nanosecond probe delay in the case of the substrate, it decays
within first 1 ns for liquid solvent (see Fig. 10 of Ref. [23]).
This is due to the fact that heat dissipation from the TMDC
flakes to the surrounding solvent is much faster than the flakes
exposed in air (thermal conductivity value ~0.04 Wm~! K~1)
as DMF possess around five times higher thermal conductivity
than air [53]. This observation is in line with the fact that
the offset redshift effect at longer delays, related to process
2, is actually due to lattice heating. To further ascertain the
attribution, we compare the estimated temperature rise from
the excitonic peak shift from lattice heating with that of
temperature increase from the total conversion of absorbed
photon energy into thermal energy. At 500 nm photoexcita-
tion AEc|sns = 2.9 £ 1. Using a temperature-dependent shift
of —0.45 meV/K [53], we estimate a AT =6+ 2 K rise
of temperature for 500 nm pump with fluence 11.3 uJ/cm?
(excitation density of 10'° per cm?). Assuming total absorbed

energy is converted to heat, we can estimate AT = 2=
P

—10-4 .
=%‘£)), where F, A, d, p, and ¢, are pump fluence, lin-

ear absorption coefficient at the pump wavelength, sample
thickness, density, and specific heat capacity, respectively.
Using F = 11.3 uJ/cm?, d = 30 nm, p = 5.06 g cm 3, and
cp = 0.39J/gK [57], we get AT = 2 K. Therefore, the exper-
imentally observed AT is of same order to that expected from
the absorption of the photon energy. This observation further
bolsters our assignment of the offset AE¢ to phonon-induced
lattice heating. The appearance of the lattice heating effect
(band gap renormalization) after the photoexcitation is dic-
tated by the timescale of electron-phonon coupling processes
(correlated electron-hole plasma formation). As discussed ear-
lier, for 400 nm pump excitation, predominant ~8 ps rise can
be attributed to the EHP formation since the relative weight
of BGR induced shift is significantly higher than the redshift
due to lattice heating. In the following section we shall discuss
more quantitatively and show with data fitting that the attribu-
tions of the rise times are correct, as the opposite assumption
fails to fit the AE¢ dynamics.

We sum up the exciton renormalization dynamics for
varying pump wavelengths in a pseudocolor contour plot in
Fig. 3(a). The AE¢ values are normalized with respect to the
maximum redshift |AE¢|. In addition to the redshift dynam-
ics, notably, for A, € (650, 800) nm, there is an initial blueshift
that converts into a redshift within few ps. Similar results have
been observed previously in A/B excitons in TMDCs, where it
has been argued that exciton binding energy reduction dictates
the blueshift [6]. We also attribute this to dynamic screen-
ing [37] induced exciton binding-energy reduction. Possibly,
pump-induced mid-gap bound excitons introduce this screen-
ing that remains absent for higher pump-photon energies.

It is worthwhile to mention that the average absorption of
a 30 nm thick flake is around unity [see Fig. 1(a)]. Hence,
the bottom MoS, layer holds about ten times fewer excita-
tions (carriers and excitons) than the topmost layer. There
is a gradual change in the number of excitations per layer
from top to bottom. As Lambert Beer’s law is not valid
here due to the multiple reflections and interference effects
inside the thick flakes, it is pretty complex to find the exact
number of excitations in each layer. Such effects might be
relevant for light-matter interactions in any three-dimensional
or quasi-three-dimensional crystals. As the AFM image dis-
plays, thicker layers are much less in number than 20-30 nm
flakes. The share of optical response from thick flakes having
a thickness in the range of 60 to 200 nm is less than 20%
of the total optical response. In the present context, such
nonuniformity may be relevant in two aspects: (a) intralayer
diffusion and (b) nonuniform shift of the excitons in different
layers. We have mentioned in Sec. S2.1 of Ref. [23] that in-
tralayer heat diffusion is slow enough to be significant within
a few ns time delay. Also, the intralayer carrier diffusion is
ineffective since the diffusion coefficient is low, and the car-
riers recombine before the characteristic timescale. The other
aspect is that a nonuniform excitonic shift in different layers
of a flake might increase the inhomogeneous linewidth of the
excitonic state following pump excitation. As we discussed,
two factors introduce excitonic shift: band gap renormal-
ization and lattice heating. Band gap renormalization is a
quasistatic screening effect originating from the weakening
of Coulomb potential due to the presence of charge carriers
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in the environment. Multiple surrounding layers influence this
environmental screening effect and hence, is expected to be
nearly uniform in different layers. On the other hand, as the
lattice temperature directly depends on the excess hot car-
rier density, nonuniform excitation density in different layers
may introduce a slight variation in the lattice temperature.
Yet, it is to be noted that like the pump pulse creates a
nonuniform excitation, the probe measures more excitations
residing in top layers than in the bottom layers, thereby in-
herently reducing the effect of inhomogeneous broadening
stemming from nonuniform excitonic shift (in different lay-
ers) to some extent. The temporal evolution of the linewidth
broadening (AI'¢) as depicted in Figs. 1(c) and 1(d) is much
more complicated, as both the homogeneous and inhomoge-
neous broadening is involved. The homogeneous linewidth
of the exciton predominantly increases due to pump-induced
exciton-exciton, exciton-phonon, and exciton-carrier scatter-
ing events that eventually dephase the exciton faster [20,58]
(see Ref. [23], Sec. S10).

We model the exciton renormalization dynamics consid-
ering contributions from EHP screening (AEgyp < 0), lattice
heating (AE,, < 0), and a blueshift due to exciton binding-
energy reduction (AEgg < 0) for A, > 650:

AEc(t)
O = [AEgnp(t) + AEg(t) — my, AEgg(1)] % IRF,
|AEC|max

my, =0; A, € (400, 600 nm),

my, = 1; A, € (650, 800 nm), )

where AEgyp is estimated from solving a nonlinear differen-
tial equation, while the other two terms assume exponential
dynamics:
d(AEgnp)
dt

AEp = Bpy(1 — e,

krN
= Beupky e M — = AE]%HP’
' Benp

AEBE = BBEeikBEt. (5)

Here Bepp, Bpn, and Bpg are fitting parameters suggesting
relative strength of exciton resonance renormalization due to
EHP, phonon, and exciton binding energy reduction. Also,
kph, k1., koN, and kgg are the fitting parameters that sig-
nify rate constants of carrier-phonon coupling, formation of
EHP, electron-hole recombination (second-order) times initial
carrier-density participating in EHP formation, and exciton
binding-energy reduction, respectively.

The initial slow buildup of AE( is dictated by the dom-
inant band gap renormalization effect. To further ascertain,
we consider that low carrier-phonon coupling rate k,, (and
not EHP formation rate k; ,) describes the slow buildup of
AE¢. Latter assumption yields a poor fit (see Ref. [23], Fig. 7)
and proves the assumption false. Basically, the parameter k; ,
describes the slow rise in the considered model. In Figs. 3(c)
and 3(d) we present the fitted AE¢- dynamics along with the
individual contributions from the screening and lattice heating
(and exciton blueshift) for two pump wavelengths. Similar
results for the other pump wavelengths are shown in Fig. 8 of
Ref. [23]. All fitting parameter values along with the variances
are tabulated in Table 3 of Sec. S7 in Ref. [23]. We find that
Egs. (4) and (5) perfectly describe the temporal evolution of

exciton resonance renormalization. We present fitted &y, val-
ues as a function of the pump wavelength in Fig. 3(e). These
values, except that of the 400 nm pump, are in good agreement
with recent studies [54,59]. From these data, ~0.16 & 0.1 ps
electron-phonon scattering time (k;ll) upon 400 nm photoex-
citation might appear too fast. However, one important fact
regarding the electron-phonon coupling is that it is dependent
on the intra-/intervalley scattering processes. Precisely, the
rate of phonon interactions depends on the momentum of the
emitted (absorbed) phonons. It has been observed theoreti-
cally that phonon scattering rates increase (time reduces) at
lower phonon momenta [59]. As the global conduction band
minima in multilayered MoS; lies at ¥ point, in the case of
photoexcitation at K valleys, carriers subsequently relax to X
valleys. In this process, mostly large momentum phonons are
emitted (also absorbed). We note that the energy gap between
the valence band and the conduction band in the ¥ point is
2.98 eV [37]. The 400 nm (3.1 eV) photoexcitation directly
populates the band edge at ¥ point, which is also the global
conduction band minima in multilayered MoS,. Therefore,
low-momentum phonons predominantly contribute to the lat-
tice heating for 400 nm pump excitation. Possibly, this leads
to the ultrafast electron-phonon scattering and lattice heating
(kP;ll ~ 0.16 = 0.1 ps). However, at lower pump wavelengths,
vertical transition at X direction is not possible. Instead, car-
riers at K direction are populated, which eventually relax to
Y valleys through intervalley scattering. The latter process
involves multiple higher-momentum phonon emissions and
occurs in (longer) ~1 ps timescale. Indeed, carrier-phonon
coupling times below 0.5 ps have not been reported in the
case of TMDCs [52]. It is worth noting that none of the
reported studies has been performed with this particular pump
excitation condition, that is, direct excitation of the conduction
band global minima in multilayered TMDC:s.

Notably, ki, < kpp for A, € (400 nm, 650 nm) indicating
EHP formation rate dictates the initial slow dynamics for these
pump wavelengths. However, at higher pump wavelengths,
both quantities are comparable since the carrier-phonon cou-
pling rate decreases with a reduction in the carrier temperature
(equivalently, excess photon energy). Notably, due to the co-
existing redshift and blueshift dynamics at initial delays for
Ap > 600 nm, the obtained ki ,, kyn, and kgg values display
sizable upper and lower bounds indicating some uncertainties
in these parameters could not be avoided.

Interestingly, the magnitude of second-order rate constant
(kp) times the initial carrier-density contributing to band
gap renormalization (V) differs from k,Ny (Ny is the initial
carrier-density participating in exciton bleaching), as derived
from AAc(t) by an average factor of ~1/50 [Fig. 3()].
While pump-induced free carriers lead to state-filling effects,
they renormalize band gap upon electron-hole plasma forma-
tion. Careful investigation of the ratio N/Nj at five different
pump energies confirms that around 1%-3% photoinduced
carriers introduce BGR as they form EHP. Pump wavelength-
dependent values are tabulated in the fourth column of Table I.
Surprisingly, this data reveal only a few percent of the injected
free carriers form Coulomb-correlated electron-hole plasma
that renormalize the quasiparticle band gap. A majority of the
injected free carriers recombine (or form band edge excitons)
without forming a plasma.
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TABLE 1. Electron-hole plasma formation threshold.

Ap(m) 1p (ps) Delay @i—’; =1 (ps) Nﬂo(%) %(%)ﬂ
400 441 - - -
500 541 - - -
550 8+1 23403 25409 4
600 10+1 1.94+02 32406 1
650 9+1 25403 1.6+0.7 6
700 1141 19403 1.3+0.5 3
750 10+1 22403 444 5

*These values have huge errors up to 80%—-90% due to the very small
values (same order as the noise level) of AAc around 7.

C. Transition from uncorrelated free carriers to
coulomb-correlated electron-hole plasma

An intriguing property of the observed AE( is the slow
rise up to ~8 ps. Such slow exciton redshift dynamics have
been observed earlier and been attributed to lattice heating
[2]. However, in the present case, we have carefully isolated
the timescales and relative amplitude of the lattice heating
and BGR. For example, lattice heating time (kp_hl) for 400 nm
pump wavelength is 0.1 ps [Fig. 3(e)], and as evident from
Fig. 3(c), it has negligible relative amplitude as compared to
the EHP induced BGR. We rule out phonon-induced heating
effects and confirm that the slow rise ~8 ps originates from
EHP screening. We identify this time as fp. As mentioned
in the previous section, the exact opposite assumption that
slow rise is due to the lattice heating effect leads to poor
fitting of the AE¢ dynamics. Note that exciton binding energy
reduction is observed for A, > 650 nm, and an initial blueshift
is observed before 7, (see Ref. [23], Fig. 12 for additional
discussions).

As discussed earlier, BGR is dictated by the electron-hole
plasma via Coulomb screening and screened exchange inter-
actions [Eq. (3)]. In multivalley semiconductors like TMDCs,
BGR at a particular k point (quasimomentum) depends on
the exchange effects of the carriers residing at the specific
valence and conduction bands at the same k point [9]. The
higher the population in each band, the higher is the exchange
effect and the BGR. Moreover, intervalley exchange effects
are negligible [9]. In our experimental scenario, the conduc-
tion or valence band of the BN region is instantaneously
(i.e., within the IRF) populated by intervalley scattering ir-
respective of the pump-photon energy. Therefore, intervalley
scattering does not affect the observed slow rise of the band
gap renormalization. On the other hand, evolution of the
screened Coulomb potential [Vi(g)] is subject to the forma-
tion of EHP that is known to be around inverse of plasma

frequency (i—’; = 2}22 ). Using plasma density (1/50 times

m¥eger
injected carrier density), N = % x 10! per cm?, €, = 16,
m* = 0.525mg, we estimate EHP formation time of 0.7 ps.
This is an order lower than observed 7, and does not explain
the underlying phenomenon for large 7, values.

To obtain further insight into the plasma formation, we
compare the initial dynamics of AE¢ following 415 nm pho-
toexcitation at varying input carrier densities ranging from
3 x 10" to 4 x 10" per cm®. We choose this particular pho-

ton energy as we observed a high ky, value indicating fast
carrier-photon coupling through lattice heating. This, in turn,
helps easy distinction of the initial increase of BGR and lattice
heating. We display AE¢c up to 16 ps probe delay at five
different carrier densities and mark ¢, by yellow triangles
(as a guide to the eye) in Fig. 4(c). For the lower carrier
densities up to 1.1 x 10" per cm?, #p reduce from 9 to 2 ps;
however, jumps to 8 ps at input carrier density of 2 x 10" per
cm?. Gradual reduction of ¢, with increasing injected carrier
density qualitatively follows the earlier prediction Ref. [16],
as wlp] ~ ﬁ (see Ref. [23], Sec. S11 for further discussions).

Nonetheless, elevated tp values at higher excitation densi-
ties remain unexplained. Briefly, the density-dependent slow
rise of |AE¢| identifies a threshold of input carrier density
beyond which plasma formation time cannot be correlated
with the inverse of plasma frequency.

Afterward, we explore the electron-hole plasma formation
criterion in context to this slow-rise dynamics of BGR. We re-
call that in order to form an electron-hole plasma, an essential
criterion has to be satisfied [1,60]:

opT > 1, (6)

where 7 is the dominant damping (scattering) time constant
due to carrier-carrier, carrier-ion, or carrier-phonon interac-
tions. This criterion reinforces that if the random collisions
inside free-carrier gas are more frequent than the time period
of the plasma wave, then the Coulomb correlation cannot
form. According to the Drude model, the scattering time con-
stant (1) is inversely related to carrier density (N) as 7 = p%;,
where p is resistivity. As the carrier concentration falls rapidly
after photoexcitation, we need to check the validity of the
relation (6) in the time domain to understand the plasma
formation regime. We plot the delay-dependent instantaneous
plasma oscillation period (= i—’;) and scattering time con-

stant (t) considering the modeled carrier density dynamics
(from the corresponding AAc dynamics) for A, = 600 nm
in Fig. 4(a). Resistivity is estimated from an earlier room-
temperature transient absorption microscopy that finds carrier
mobility of 170 £ 20 cm?/V s of a bulk MoS, crystal [21]
(see Ref. [23], Sec. S8 for details on the parameters). We
observe that at initial delays, up to 1.9 ps, relation (6) remains
invalid since 7 is as small as 50 to 100 fs, whereas the plasma
oscillation period is longer. Therefore, during this timescale,
frequent carrier-scattering events (with other carriers, ions,
or phonons) destroy the Coulomb correlation between charge
carriers and a stable electron-hole plasma cannot form. How-
ever, at higher delays, as plasma oscillation period becomes
sufficiently smaller than T, EHP reaches a quasiequilibrium.
We observe a maximum shift of the quasiparticle band gap
at this quasiequilibrium around 8 ps when carrier scattering
time is roughly four times the plasma oscillation period. An
earlier pump-probe study suggests carrier-carrier scattering
times ~10’s of fs in few-layered MoS, at room temperature in
the presence of excitation densities 10'*~10'* per cm? (areal
excitation density used in our experiments is 0.25 x 10'*
per cm?) [52]. Therefore, we ascribe the slow buildup of
EHP dynamics in MoS, to the huge damping due to ultrafast
carrier-carrier scattering. In Fig. 4(b) we show a cartoon dia-
gram of uncorrelated carriers and Coulomb-correlated EHP.
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FIG. 4. (a) (axis: left) Variation of photoinduced carrier density, (axis: right) instantaneous scattering time (7) and instantaneous plasma
oscillation period (i—”l) with probe delay. Here plasma oscillation period becomes less than the scattering time beyond a crossover probe delay

of 1.9 ps. (b) Schematic representation of uncorrelated free-carrier gas and correlated electron-hole plasma. Red (blue) filled circles suggest
holes (electrons). (c) Temporal evolution of AE- upon 415 nm pump excitation with different excitation densities. A yellow triangle is inserted
in each curve to indicate the probe delay at which |AE¢| reaches a maximum (tp).

The transition from the former to the latter occurs at a ps
timescale.

From the temporal dynamics of AE¢c, we note 7p (time
delay corresponding to the maximum value of |AEc|)
and compare that with the probe delays corresponding to
crossovers of T and 2” for each A, in Table 1. Beyond

the crossover point, the plasma oscillation period is less
than the scattering time, and EHP formation is feasible when
the former is sufficiently smaller than the latter (i—z << 7).
The crossover probe-delay values estimated by the Drude
model suggests the retarded electron-hole plasma formation
following the crossover delay. Roughly, 7p corresponds to
i’:} ~ 7. As we depicted that carrier density falls drastically
in ps t1mescale, this delay threshold for plasma formation
further illuminates that fact—only 1%-3% of injected carrier
form plasma and contribute to the band gap renormaliza-
tion. We explore the ratio of carrier density at fp and the
maximum injected density (i.e., X (’D)) from the AAc¢ dy-
namics. We compare that with the obtalned ratio of EHP to
injected carriers ( NO) (see Table I). It turns out these val-
ues are in the same order and match decently for all pump
wavelengths ranging from 550 to 750 nm. Note that AA¢
dynamics for 400 and 500 nm photoexcitation is dictated by
exciton dynamics, limiting us to perform such comparative
demonstration.

In summary, we have observed the transition from a uncor-
related free-carrier gas to a Coulomb-correlated electron-hole

plasma below the Mott density regime in a transition metal
dichalcogenide through ultrafast optical spectroscopy. We
look for distinguished signatures of uncorrelated electron-hole
gas and correlated EHP in the photoinduced excitonic prop-
erties. We reveal that under high excitation density (~10'
per cm?), EHP formation is retarded up to 8 ps, and only
1%-3% photoexcited carriers contribute to the dressed EHP
state. This initial retardation stems from huge damping due
to carrier-carrier scattering. Such effect is negligible while
the photoinjection density is lowered by one order (~10'8
per cm?), which guarantees the plasma oscillation period is
always smaller than the instantaneous damping time con-
stant. This study presents an elemental understanding of
the electron-hole plasma formation under high carrier injec-
tion. Importantly, we formulate a generalized time-resolved
technique to isolate uncorrelated free carriers and Coulomb-
correlated electron-hole plasma in excitonic semiconductors.
As electron-hole plasma screening is a ubiquitous tool for
tuning semiconductor device properties, this study opens up
opportunities for effective optoelectronic device engineering.
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