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The optoelectronic properties of a material are determined by the processes following light-matter
interaction. Here we use femtosecond optical spectroscopy to systematically study photoexcited car-
rier relaxation in few-layer MoS, flakes as a function of excitation density and sample thickness. We
find bimolecular coalescence of charges into indirect excitons as the dominant relaxation process in
two- to three-layer flakes while thicker flakes show a much higher density of defects, which efficiently
trap charges before they can coalesce.

1 Introduction

Transition metal dichalcogenides (TMDCs) are two-dimensional layered semiconductors consisting of a
hexagonally packed layer of a transition metal M (typically Mo or W) sandwiched between two layers
of chalcogen atoms X (typically S or Se) and interacting through strong covalent bonds, forming a MX,
compound. In multilayer TMDCs, the single layers are loosely bound to each other by van-der-Waals inter-
actions. The best studied member of the family is the earth abundant MoS,, a semiconductor whose gap
ranges from 1.3 eV indirect in the bulk to 1.9 eV direct in the monolayer!2. The demonstration of high
mobility monolayer transistors® and the facile processing using liquid phase exfoliation* (LPE) triggered
vigorous research activity on semiconducting TMDCs>~!!, Their strong light-matter interaction makes them
particularly interesting also for photonic applications such as saturable absorbers!?, electromodulators!3
second harmonic generators '4, and light emitting devices!®.

The photonic properties of an active material originate in the behaviour of photoexcited states, which
typically manifests itself on the fs to ps time scales. Femtosecond optical pump-probe spectroscopy has
been extensively employed to gain insight into the photoexcitation dynamics in semiconducting TMDCs,
such as exciton dissociation in few-layer MoS, 1©, carrier thermalization and cooling in few-layer MoS,17-18,
and bimolecular exciton annihilation in monolayer MoS, '°. Each of these processes has been studied on a
different type of sample under different excitation conditions, which has so far precluded the merging of
these patches of insight into a coherent picture.

Here we use broadband femtosecond pump-probe spectroscopy to study the whole cascade from exciton
dissociation to charge migration, charge trapping and charge coalescence to indirect excitons as a function
of the excitation density in a multilayer TMDC. We consider two aqueous dispersions of MoS, with average
layer number of < N > = 2.5 and < N > = 9 layers, respectively, obtained from LPE followed by cascade
centrifugation for thickness selection?’. We find that the primary photogenerated excitons dissociate into
free charges, whose fate then depends on the sample thickness: in thin samples, bimolecular coalescence of
charges creates indirect excitons, while in thick samples charges are efficiently trapped at local defects. The
main difference between the two sample thicknesses is the defect content, which is higher by one order of
magnitude in the thick sample, thus causing trapping to dominate over charge coalescence.
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2 Results and discussion
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Figure 1 Extinction spectra of thin (red) and thick (black) MoS, samples.

The extinction spectra of the studied samples, reported in Fig. 1, show three main peaks, which have been
ascribed to absorption into the A, B, and C excitons L2 Excitons A and B reside at the local band extrema at
the K point, where the valence band (VB) is split by spin-orbit coupling. The C exciton has been ascribed to a
band nesting region around the A (also called Q) point?!723. The detailed shape of the extinction spectrum
provides a metric for the average number of layers < N > and the average lateral size < L > of an ensemble
of flakes?. < N > is related to the exact position of the A peak, which is blue shifted for thinner flakes due
to quantum confinement:

< N> = 23x10%0e4426xE @))

Where E, is the peak position, in €V, of the A exciton in the extinction spectrum. Moreover, the ratio
between the extinctions of the B exciton peak and the local minimum at 3.59 eV ( Eﬁ;‘;’ig) changes with the
lateral flake size < L >: '
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from these expressions we obtain < N > = 9.7 and < L > = 170 nm for the thick and <N > = 2.5 and
< L > = 70 nm for the thin flake ensemble.

We performed pump-probe spectroscopy with approximately 100 fs time resolution, using pump pulses
at 3.1 eV (400 nm) and broad band probe pulses covering a spectral range from 1.65 to 2.85 €V. An energy
of 50nJ was set for the pump pulse, with a spot size of 140 um on the sample, resulting in a pump fluence
of 8.12 x 1072 uJ/ecm~2. The MoS, diferential transmission (%) spectra, shown in Fig. 2A and D for the
thick and the thin sample, respectively, display a series of alternating positive and negative features'%17.
The customary interpretation of % is based on the photoexcited depopulation of the ground state and
population of excited states. The three main positive features spectrally coincide with the three main peaks
of the extinction spectra. Such increased transmission is called photobleaching (PB) and corresponds to a
weakening of the absorption from the ground state to the exciton states. Photoexcitation depletes the ground
states of electrons available for the transitions and also populates possible final states of the transition, both
of which reduces the absorption. Hence PB is generally an unspecific signature of photoexcited states; it
indicates their presence but does not enable their unambiguous identification. Photoinduced absorption
(PA) — negative % — features, on the other hand, arise from transitions from photoexcited to higher excited
states and are specific to the photoexcited species.
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Figure 2 (A),(D)% spectra at different delays for thick and thin sample respectively (B) thin sample’s traces at
1.78(magenta), 1.85(cyan), 2.03 (red) and 2.38(black) (E) thick sample’s traces at 1.77 eV (magenta), 1.84 eV
(cyan), 2.02 eV (red) and 2.38 (black) (C),(F)% density map for thick and thin sample respectively

Recently, an alternative origin of % during the first few 100 fs has been proposed?*. Photoexcited car-
riers cause bandgap renormalization (BGR) - which red-shifts the absorption peaks - and lower the exciton
binding energy through screening - which blue-shifts the absorption peaks. The combined action of these
two opposing effects can result in a red or blue shift, which gives a first-derivative like shape for %, as has
been observed in monolayer MoS, at sub-ps pump-probe delays?*. Due to the close vicinity of the A and B
peaks, their first deriviative is a series of positive and negative peaks similar to our ATT signal. Additionally,
BGR and screening can also broaden the peaks!®2>27, leading to a second-derivative-like 47, which again
results in a series of positive and negative peaks. It has been found that the joint effects of screening and
BGR are particularly strong during the first few hundreds of fs2>, which corresponds to the relaxation of hot
electron-hole pairs (e-h) into carriers at the band edges, while subsequently the spectrum is dominated by
the more customary population effects PB and PA28,

The % spectra evolve as follows. Photoexcitation yields a series of alternating PA and PB peaks, with
strong PB features at the absorption resonances forming within the instrumental response. Over the next
1-3 ps, the PB decreases strongly and the PA continues to grow. For another few ps, all features decrease
slowly and shift to the blue. Finally, the signal continues to decay without any significant shifts or changes
in shape. Photoexcitation at 3.1 €V creates an ensemble population of C excitons and hot carriers, which
relax towards a different ensemble containing possibly A and B excitons and thermalized carriers on a time
scale of approximately 1 ps!16-1825.29.30 and subsequently evolve into further mixed ensemble populations of
excitons and/or charges, as discussed below. We model this relaxation behaviour as a cascade?’, where each
step describes the evolution of one ensemble population of excited states into another. Since the interesting
dynamics occurs in the first few tens of ps, we fit a temporal window from 0 to 20 ps using the following



cascade:
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Where GS is the ground state, G(¢) is the pump effect (which generates the starting photoexcited popu-
lation). E is the starting ensemble of photoexcited states that evolves with a rate constant k; into the second
level of our cascade (C). C is populated only from E and evolves into F with a rate constant k,. As mentioned
above, the three ensembles may consist of different photoexcited state populations. The initial ensemble E
consists of C excitons and hot carriers, while the composition of the subsequent ensembles will be discussed
in the following. As at the end of our delay window we still have signal we can assume that there are some
slower dynamics than the ones which are in the focus of this work. Level F - the final ensemble in our model
- will be the starting population for those slower processes.

We now present a model that relates the evolution of the AT /T spectra to the photoexcitation dynamics.

According to Beer-Lambert’s law, the transmittance through the sample is3!:

T = e oo (7)

where () is the frequency-dependent absorption coefficient and d is the sample thickness. It can easily
be shown that, for AT /T < 1:

AT

= —Aa(w,r)d, ®

The absorption coefficient can be written as o/(®,t) = n(t)o(®,t), where n is the density of absorbers and
o(w,t) is the is their absorption cross section. This can be easily translated to a change in the transmitted
light.

—(@.1) = —Z[G,-(w)An,-(t) +ni(t)Aci(@,1)], 9
1

where i denotes the ground state and the various excited state populations. The first term reflects the
photoinduced changes in the populations. The second term represents changes in the absorption spectra
as a consequence of photoexcitation, such as band gap renormalization,?* the Burstein-Moss effect,3* or
Stark effect due to photoexcited charges.®>=37 All these effects are population dependent, so that the time
dependence of o;(®,t) also follows the time dependence of the photoexcited populations. In many cases
the second term is either negligible or indistinguishable from a contribution to the first term- since it has
the same time dependence as An -, and the data can be modeled using only the first term of Eq 9 with a
time-independent ¢ (®).3®

We fit the temporal evolution of AT/T using Eq. 9, using the first term only, and fitting the time de-
pendent ensemble populations according to the model in Eqs. 3-6 and obtain k;= 1 ps~! and k, = 0.045
ps~' (11 = 1 ps and 7, = 22 ps) for the thin and k; = 2.5 ps~! and k» = 0.31 ps~! (1; = 0.4 ps and .,
= 3.2 ps) for the thick sample. In few-layer MoS,, k; has been attributed to the relaxation ("cooling") of
hot e-h pairs towards relaxed charge carriers'®17-2>, k, is less well studied; in a previous study on WS,
dispersed in PMMA films, it was assigned to carrier diffusion until they are trapped?’. Rates very similar to
our k, have been observed before and assigned to trap-mediated charge recombination®?, exciton-exciton
annihilation '°, exciton recombination '8, relaxation of optical phonons!” or carrier-phonon scattering 3.
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Figure 3 (A)Spectral contribution of each cascade level to the pump probe spectrum of thin sample pumped at
50uW (B) Evolution of the population of each state in thin sample when pumped at 50 uW.

The spectra of the ensemble populations at the various stages of the cascade are shown in Fig. 3A. The
first population are the hot e-h pairs whose main spectral signature is the derivative-like ATT due to shifts and
broadenings of the absorption peaks. The two subsequent spectra are rather similar in shape and magnitude.
This small spectral change does not suggest an evolution between different photoexcited species. It is more
plausible that the two ensemble populations consist of the same photoexcited populations, with different
time dependent environmental influence, such as an evolution from free to trapped charge carriers.

The band structure of MoS, and similar TMDCs shows a characteristic evolution with the number of
layers 123940 While in the monolayer the VB maximum and the conduction band (CB) minimum are both
at the K point, in the bilayer and all thicker samples the VB maximum is at I' and the CB minimum is at
a point A between I' and K. Hence, from the bilayer onwards the energy minima for electrons are at the
same points in the band structure, which suggests that both in our thin and thick sample the same energy
relaxation pathways for photoexcited excitons and charges should exist. However, the relaxation rates along
the different possible pathways, and hence which of them dominates the observed cascade, may be different
due to different exciton binding energies or different defect content.

To gain further insight into the interaction of charges and excitons with each other and with possible
traps, we repeat the above described measurements and analysis for excitation at different fluences, from
50 to 420 uW (which corresponds to a range of density of photoexcited states from 2.4 x 10'! to 7.4 x 10'2
photoexcited states per cm?) .

ki decreases as pump power increases for both samples (Fig S5), which is in agreement with a cooling
behavior!’. Both samples behave similarly and with time constant values in a similar range, that would in-
dicate that photoexcited e-h pairs dissociate during cooling. The decreased cooling rate for higher excitation
densities may be due to a phonon bottleneck*!.

For the thick sample k, decreases slightly upon increasing the fluence (See Fig. 4), by one third over
an almost tenfold increase of the fluence. As mentioned above, the slight change of the spectrum without
significant reduction of the oscillator strength from the middle to the final ensemble in the cascade suggests
that the process described by the rate constant k, corresponds to diffusion and trapping. The slowing down
of this process with increasing fluence suggests saturation of traps. As traps are filled with charges, the free
charges need to travel longer distances to encounter a trap that is still free.

For the thin sample, on the other hand, the rate constant k, increases with increasing fluence. Such
behaviour points either towards the recombination of an electron and a hole towards the ground state or
their coalescence to form an (A, B, or indirect) exciton. Previously, recombination has been discussed for
excitons in monolayer MoS, !° and WS, %%, In our sample with < N > = 2.5, photoexcitation with a large
excess energy yields charge carriers rather than excitons?2. Hence k, is a process that happens to charges.
Charge recombination and coalescence can be geminate or non-geminate. In the geminate case the electron
and hole are from the same originally excited hot e-h pair. This process is independent of the presence of
other charges (unless the charge density becomes high enough to significantly screen the e-h interaction)
and should have a rate k, independent of the excitation density. In the non-geminate case, the electron
recombines with a hole that originates from a different exciton. If the rate limiting step of this process is the
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Figure 4 k, density of photoexcited states dependence for thin and thick sample.

recombination itself, then the electron population decays as:

de

dt

with e and & being the electron and hole densities and y the annihilation parameter. Since optical
excitation generates electrons and holes in pairs, e = h, and equation 10 can be rewritten as:

= —Yeh (10$)

% = —ye? = —yh® (11)

If such a process is fitted approximately with an exponential decay, the rate constant k, will be propor-
tional to yh and hence proportional to the excitation density. The fluence dependent k, shown in Fig. 4 is
linear in the fluence, but does not go to zero for zero fluence. We thus conclude that, for the used fluences
(with the possible exception of the lowest one), there is a strong non-geminate charge recombination or
coalescence occurring together with a weaker contribution of a mostly intensity-independent process, either
geminate recombination/coalescence or trapping without saturation.

Among the possible excited species evolution reported for MoS,, charges may coalesce to form A or B
excitons, indirect excitons, or recombine and directly repopulate the ground state. If they coalesced into A
and/or B excitons, the spectrum of the third ensemble in Fig. 3a should look more different from the second
one, in particular with less PA from charges. If they recombined towards the ground state, the spectrum of
the third state should ideally be zero. The remaining and most plausible scenario is therefore coalescence
into indirect excitons. After exciton dissociation, the initially hot electrons and holes relax towards the
minimum of the conduction band and the maximum of the VB, respectively, which are at different momenta
due to the indirect bandgap of the multilayer TMDC and result in the formation of indirect excitons.

Both indirect excitons and trapped charges are long lived. After a few tens of picoseconds the ATT signal
decays without further significant changes in the spectral shape. Hence there is a decay channel towards the
ground state. The rate of that decay seems to slow down with increasing delay. In fact, in a similar sample
dispersed in PMMA, a photoexcited A?T signal originating from long-lived states has been observed even on
the ms time scale 1°.

The main difference between the < N > = 2.5 and < N > = 9 samples is that for the thinner flakes
non-geminate coalescence into indirect excitons is the dominant charge carrier relaxation process with the
rate k,, while for the thicker flakes it is trapping of charges. Following this assignment for the rate k,, we
model the intensity dependent dynamics in order to determine the trap density. To this end, we replace Eq.
4 with
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Where 7 is the rate parameter of bimolecular recombination and Ny (¢) is the time dependent density

of active traps. Since recombination and trapping are both related to diffusion, we assume that they have

the same rate parameter. Hence, both processes are active i both samples, but recombination dominates for

C > Nr and trapping for C < Ny. Traps are active only when they are not occupied, hence trapping of a
charge deactivates one trap:

dT (1)
dt

= —yC()T(¢) (13)

When fitting the dynamics for the five different intensities with the same parameters, we obtain y =
4x 1071 ecm?s~! and N7 (0) = 1.5 x 10'? cm~2 for the thick and y = 1.5 x 10~'3 em?s~! and N7 (0) = 1.6 x 10!
cm~? for the thin sample. Both these trap densities as well as the time scale agree well with a previous
study on monolayer MoS, 3 and with surface energy measurements in LPE MoS, % Since v is related to the
diffusion constant, which in turn is proportional to the charge mobility via the Einstein relation, our result
suggests a higher charge mobility in the thicker flake. This is in good agreement with previous studies, which
showed that the highest mobility values are obtained for < N >=7 —9, and the mobility for <N >=2.5is
~ 4.5 times lower*4°, The trap density in the thicker sample is about one order of magnitude higher
than in the thin one. Defects in TMDCs, such as Sulphur vacancies or additional metal atoms have been
studied in detail with transmission electron and scanning tunneling microscopy (TEM, STM) as well as
modelled with density functional theory.#’=>° Typical defect densities exceed 10'> cm~2,°% which is higher
than the density (10'' —10'> cm~2) of traps for charges or excitons observed in electrical and spectroscopic
measurements.32°1:52 As a result of this discrepancy, the exact atomic origin of these traps has not yet been
identified and is beyond the scope of this paper. However, we can still gain some insight into the origin of
the different observed trap densities. Our thin and thick flakes originate from the same fabrication process;
only in the last step the different thicknesses are selected via fractional centrifugation. This suggests two
possible scenarios, either the trap density correlates with thickness or the traps in thicker flakes are more
effective. The first scenario may be related to the LPE process. Domains of the microcrystalline starting
material with a low trap density are closer to the ideal Van der Waals crystal that should exfoliate easily,
while in domains with a higher trap content the layers may hold more strongly together and will exfoliate
only into thicker flakes. This would be in agreement with a reported change in the photoluminescence full
width half maximum as a function of particle size.>® The second scenario may be related to the interaction
of the flakes with the solvent and surfactant. Traps can be screened by dielectrics.®>* Solutions of ionic
surfactants have high dielectric constants even at modest concentrations.>> Indeed, N7(0) obtained for our
thick flakes is consistent with the values obtained from samples with no or weak screening, while Ny (0) for
the thin flakes agrees with the values found for efficient screening. Hence, traps at the flake surface may be
screened efficiently, while those inside the thicker flakes remain active.

3 Conclusion

From our results a unified picture of photoexcitation dynamics in multilayer MoS, emerges. Photoexcita-
tion generates hot electron-hole pairs as the primary photoexcited species. These relax on the picosecond
timescale and form charge carriers at the band edges. For low excitation densities, these charges diffuse
until they are trapped at defects such as sulphur vacancies. For excitation densities exceeding the trap
density, non-geminate coalescence into indirect excitons is the dominant process. The intensity dependent
relaxation behaviour of the % signal may thus provide insight into the trap density of a sample, allowing
e.g. for systematic studies of the growth or exfoliation processes.

4 Experimental section

Sample preparation: Samples were obtained by liquid phase exfoliation (LPE)#20-56-58 Measurements were
done in aqueous dispersion because even though it is possible to produce solid TMDCs-polymer compos-
ites®?, during the drying process there is some partial reaggregation that is undesirable for this study.



MoS, was purchased from Sigma Aldrich at the highest available purity and used as received. Liquid
exfoliated MoS, was obtained by mixing MoS, powder (initial concentration C;=30 g/L) with a water-
sodium cholate dispersion (starting sodium cholate concentration Cgc=8 g/L). 80 mL of this mixture was
sonicated, using a Cole Palmer 750W ultrasonic processor, CV33 probe head with a step horn 1/2 solid
tapered 630-0219 tip, during one hour at 65% of power.

This dispersion was afterwards centrifuged at an acceleration of 2700 g for 90 minutes. Supernatant
was discarded and sediment was redispersed in a 2g/L concentration water-sodium cholate dispersion. This
mixture was exfoliated for 5 hours using 65% of power. During the whole exfoliation procedure the sample
was cooled by ice bath.

After this exfoliation procedure we have heterogeneous flakes dispersion (Stock dispersion) in terms of
lateral length and number of layers. Final samples are size selected by centrifugation steps of 90 minutes.

Stock dispersion was centrifuged at 240 g. Sediment was discarded due to its high content of non-
exfoliated material. Supernatant was centrifuged at 840 g, sediment was redispersed in 2g/L water-sodium
cholate dispersion, resulting in our thick sample. Supernatant was centrifuged at 4800 g. Sediment was
discarded and supernatant was centrifuged at 8600 g. Sediment was redispersed in a 2g/L water-sodium
cholate dispersion and used as our thin sample.

This protocol has been proved to be useful for selecting the samples in terms of thickness and lateral
size20. From the A exciton position and the ratio between the B exciton and the local minimum at 345 nm
in the extinction spectra it is possible to estimate < L > and < N > of each sample.

Femtosecond pump-probe measurements: The femtosecond pump-probe spectroscopy set-up is driven by
an amplified Ti:sapphire laser (Coherent Libra) producing 4 mJ, 100 fs, 1.55 eV pulses at 1-kHz repetition
rate. A fraction of the pulse energy is frequency doubled in a beta-barium borate crystal, obtaining the 3.1 eV
photon energy pump pulses. Another fraction of the pulse energy is focused in a 3 mm thick sapphire plate
to generate a single-filament white light continuum used as a probe. Pump and probe are non-collinearly
focused (spot diameter ~150 wm) on the sample and the transmitted probe spectrum is detected by a
spectrometer working at the full 1-kHz repetition rate of the laser. ATT spectra are recorded with a time
resolution of ~ 100 fs and a sensitivity of 1-2 x 107>

Before pump-probe measurements the concentration of the sample was adjusted in order to have an
optical density of 1 at the pump wavelength.

Extinction measurements: Dispersions were measured using Hellma Analytics cuvette with 2mm optical
path. A Perkin Elmer Lambda 1050 UV-Visible spectrometer was used to acquire extinction and absorption
spectra (see supplementary information).
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S1 Calculating the photoexcited states density

S1.1 Sample concentration

The Concentration of material in a dispersion is typically determined via filtration of the dispersion through
a membrane. The mass of nanosheets is calculated by measuring the weight of the membrane before and
after the filtration of a certain volume of dispersion. Some previous work on MoS, developed a useful
technique where the concentration can be calculated from the extinction spectral. Then, the extinction
coefficient and the concentration of dispersions can be obtained from their extinction spectra.

&g = 65.4—78.6l¢ 42796x (1)
Ext
C — ?J;ZB 2)

where &g is the extinction coefficient at the B exciton, x is the ratio between the extinction at the B
exciton and the local minimum at 3.59 €V, Exzp is the extinction value at the B exciton resonance, [ is the
light path of the cuvette (0.2 cm) and C is the concentration of the dispersion. From this metric we have
obtained a concentration of 0.08 g/L for the thick sample and 0.09 g/L for the thin sample.

S$1.2 Absorbed pump power

In order to determine the fraction of light absorbed by the sample we will consider the absorption and not
the extinction. From the Beer-Lambert law the absorbed power can be determined from:

Ptransmitted = Bx 10_Abs (3)
P, Abs — P 0— Ptransmitted (4)
A B
1,0+
0,8+
c | ¢
.0 R
© © 0,6+
= =
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L w g4+
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Figure S1 Extinction and absorption spectra of thick (A) and thin (B) samples.

As the absorption coefficient at the pump wavelength is 0.7 and 0.88 for the thick and thin sample
respectively the chosen values of pump power will correspond to different absorbed power values in each
sample.



Pump power (uW) | Pump absorbed thick sample (uW) | Pump absorbed thin sample (uW)
50 40 43
100 80 86
150 120 130
200 160 173
420 336 364

Table S1 Absorbed pump power for thick and thin sample

This difference comes from the different scattering contribution to the extinction spectra in both disper-
sions. The values of table S1 correspond to the absorbed light along 2 mm of dispersion. If we want to get
the absorbed power in the region where pump and probe beams are overlapped, and we aproximate this
region as an ellipsoid, we should scale the absorbance value:

A
A = ;“, (5)

where ¢ = 500 um is the length of the ellipsoid and / = 0.2 cm is the length of the cuvette used in the
extinction and absorption measurements. By doing so, we obtain the following absorbed power (table S2).

Pump power (uW) | Pump absorbed thick sample (uW) | Pump absorbed thin sample (uW)
50 16 19
100 33 39
150 49 59
200 66 79
420 139 166

Table S2 Absorbed pump power for thick and thin sample in the pump and probe beam overlapping region.

S1.3 photoexcited states density

As we are dealing with 2D materials the photoexcited states density which is typically considered is the 2D
excitation density. This is easier to calculate in a mechanically exfoliated sample, where a single flake is
probed and the absorbed light can be measured directly. In order to obtain the photoexcited states density
some calculation must be done. If we assume that we are probing an ellipsoid of radii a, b and ¢ (150, 150
and 500 pum respectively), and we know the concentration of our dispersions we can obtain the mass of
material sampled

M = Cx Vellipsoid (6)
4
Vellipsoid g Tabc (7)

If we know the mass and the density of MoS; (pumos, = 5.06 g/L) we can calculate the volume of material
(not to be mistaken with the volume of the ellipsoid)

M
Vmaterial - (8)
P MoS,

As the average layer number of the flakes in dispersion has been calculated (< N >) and knowing the
MoS, single layer thickness (d=0.65 nm) we can obtain the total surface tested:

Vmuteriul
9
<N>d )



Taking the previous results in consideration, and knowing that the chosen laser has a repetition rate of
1 KHz (f) and that we are pumping at 400 nm (3.1 eV) we can estimate the photoexcited states density as
follows:

P, Absorbed

— (10)
f X Ephoton

Ophotoexcited states

Applying Eq. 10 to the values of table S2 we can obtain the photoexcited states density used in Fig 4 of

the main document:

Pump power (uW) | Thick sample (10"?¢m=2) | Thin sample (10"%cm—?)
50 0.88 0.24
100 1.75 0.48
150 2.63 0.72
200 3.50 0.95
420 7.36 2.02

Table S3 Photoexcited states density for thick and thin sample.

The difference in the 2D photoexcited states density is a direct consequence of the different layer number

Density of photoexcited states (10" cm™)
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Figure S2 k2 of thick and thin sample as a function of the 2D excitation density

$1.3.1 Linear and non linear regime

The following figure shows a linear growth of the % signal at 2.37 eV with pump power. This indicates we
are not in the saturation regime.
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Figure S3 A% signal intensity power dependence at 2.38 eV.

The following plot shows the pump probe signal of the A and B exciton photobleaching as a function of
the excitation power. It is clear that the A and B exciton signal is not in a linear regime.
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Figure S4 A and B exciton signal intensity as a function of the pump power

S$2 Calculating the trap density

Following the assignment of the k, dynamics to charge trapping in the thick and charge recombination in
the thin sample, we model the intensity dependent dynamics in order to determine the trap density. To this
end, we replace Eq. 4 in the main manuscript with

W k) 1) - rcT0) a

Where 7 is the rate parameter of bimolecular recombination and 7'(¢) is the time dependent density of

active traps. Since recombination and trapping are both related to diffusion, we assume that they have the

same rate parameter. Hence, in both samples both processes are active, but recombination dominates for

C > T and trapping for T <« C. Traps are active only when they are not occupied, hence trapping of a charge
deactivates one trap:



T = e (12)

When fitting the dynamics for the five different intensities with the same parameters, we obtain y =
4x107"% ecm?s~! and T(0) = 1.5 x 10'?2 cm 2 for the thick and y= 1.5 x 10713 cm?s~! and T(0) = 1.6 x 10'!
cm~? for the thin sample. Since 7 is related to the diffusion constant, which in turn is proportional to the
charge mobility via the Einstein relation, our result suggests a higher charge mobility in the thicker flake.
This is in good agreement with previous studies, which showed that the highest mobility values are obtained
for < N >=7-09, and the mobility for < N >= 2.5 is ~ 4.5 times lower?™. Also, the thicker sample has one
order of magnitude more traps than the thinner one, as discussed in the main text.

S3 k; thickness fluence dependence.
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Figure S5 k, thickness fluence dependence.
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