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ABSTRACT: Solution-processed semiconducting transition metal dichalcogenides are
emerging as promising two-dimensional materials for photovoltaic and optoelectronic
applications. Here, we have used transient absorption spectroscopy to provide unambiguous
evidence and distinct signatures of photogenerated excitons and charges in solution-
processed few-layer MoS, nanoflakes (10—20 layers). We find that photoexcitation above
the direct energy gap results in the ultrafast generation of a mixture of free charges in direct
band states and of excitons. While the excitons are rapidly trapped, the free charges are long-
lived with nanosecond recombination times. The different signatures observed for these
species enable the experimental extraction of the exciton binding energy, which we find to
be ~80 meV in the nanoflakes, in agreement with reported values in the bulk material.
Carrier-density-dependent measurements bring new insights about the many-body
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interactions between free charges resulting in band gap renormalization effects in the few-layer MoS, nanoflakes.

B INTRODUCTION

The strong intralayer and weak interlayer interactions in two-
dimensional (2D) layered transition metal dichalcogenides give
rise to a plethora of novel optical and electrical properties that
have recently led to an abundance of research interest in the
field.' ™ Among them, 2H-phase molybdenum disulfide
(MoS,) is an indirect band gap semiconductor, an excellent
absorber with excitonic transitions evident at room temper-
ature, and shows a layer-dependent energy band gap.*®
Following the progress in processing layers with atomic-size
thickness, 2D MoS, systems have emerged as strong candidates
for next-generation electronics, optoelectronics, and cataly-
sis.”~"" Initial research concentrated on MoS, monolayers,> ™"
where a crossover between the indirect and direct energy band
gap leads to enhancement of the photoluminescence quantum
yield”"” and where strong correlation between excitons and/or
charges due to spatial confinement gives rise to the formation
of bound trions and biexcitons.”°~>* Later on, it was found that
the carrier transport in few-layer nanoflakes improves with the
number of layers up to a maximum at about 10 nm thickness
(field effect mobility of 700 cm® V™! s™* compared to 200 cm?
V™' 57! in the monolayer)* due to the absence of substrate
screening in thicker nanoflakes.”*

The necessity to clarify the fundamental properties of MoS,
nanoflakes and to unravel the relaxation and/or recombination
processes following photoexcitation has motivated extensive
studies via ultrafast spectroscopy. The excited-state dynamics in
few-layer MoS, nanoflakes varies significantly in different
studies and depends strongly on the processing route of the
samples, showing that additional research is needed to
understand their rich photophysics.'”**~** Previous transient

studies have resolved exciton and charge dynamics, but a clear
signature of free charges in the direct conduction and valence
bands, which distinguishes them from excitons, has not been
previously observed. In addition, time-resolved THz spectros-
copy measurements support the presence of free charges in
few-layer nanoflakes; however, there are contradictory assign-
ments about the involved energy bands.'”***"** Differences in
the carrier dynamics are expected to arise from different
thicknesses of the studied nanoflakes. Also, trapping processes
play a significant role in the relaxation/recombination of the
carriers due to the atomic thickness of the flakes. Wang et al.
have shown increased recombination times with the number of
atomic layers due to the interplay between fast picosecond
surface recombination and slow nanosecond bulk recombina-
tion.”” Thus, different synthetic methods may have had a
significant impact on the distribution and density of trap states
and thus on the carrier and exciton dynamics observed
previously.'”*>™** Free carrier dynamics are especially
important in view of solar energy conversion, which has been
recently encouraged by the development of methods to prepare
large area films of solution-processed semiconducting transition
metal dichalcogenides.”""

In this work, we report the temporal evolution of
photoexcited species in solution-processed MoS, nanoflakes
with an average thickness of ~10 nm (~10—20 atomic layers)
using transient absorption (TA) spectroscopy. They were
prepared by sonochemically exfoliating bulk MoS,, and the
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Figure 1. (a) TA spectra in few-layer MoS, nanoflakes recorded following photoexcitation at 600 nm at an absorbed pump fluence of ~1.1 uJ/cm’
In the inset, the temporal evolution of the A and B excitonic resonances is shown. (b) Amplitude spectra for the different relaxation time constants as

derived from the multiexponential global analysis of the TA data.

resulting flakes (ca. 100 nm—1 ym in lateral dimension) were
processed into thin films via a self-assembly method."" It has to
be noted that the thickness of these nanoflakes is larger
compared to the ones used in previous TA studies (<8 atomic
layers).'>**7*73%*! 'We demonstrate that the solution-pro-
cessed MoS, nanoflakes maintain the fundamental properties
shown by similar materials prepared using other synthetic
methods and thus remain suitable for solar energy conversion.
Moreover, we present clear evidence for the ultrafast
photogeneration of a mixture of excitons and free charges for
excitation above the direct band gap. For the first time, we
distinguish between the energy levels of the excitons and the
direct conduction/valence band levels and estimate the A and B
exciton binding energies, found to be in agreement with the
bulk exciton binding energy. We reveal the properties and
evolution of the two species. We show that the excitons are
trapped at very fast times (within a few picoseconds) and are
present even at the highest pump fluences used (~8 pJ/cm?),
while the carriers are long-lived (>>1 ns).

B EXPERIMENTAL METHODS

MoS, flakes were exfoliated from commercially available TMD
powder by a liquid exfoliation method. A 10 mg/mL MoS,
dispersion in N-methylpyrrolidone was sonicated by Qsonica
Q700 probe sonicator with 50% power for 6 h. A 0 °C cooling
bath and 10 s/2 s duty cycle were applied to avoid overheating.
After sonication, the dispersion was centrifuged at 1500 rpm,
and then at 7500 rpm, to remove unexfoliated particles and
soluble impurities, respectively. The lateral dimension of the
MoS, flakes ranged from 100 to 1000 nm similar to previous
work."" The monoflake thin films were fabricated by a modified
space-confined self-assembly method described in another
paper.® In this work, hexane and water:acetonitrile (85:15, v/
v) were used as top and bottom solvents, respectively. The
MoS, dispersion was injected to the interface and formed a
homogeneous thin film by self-assembly. After thin film
deposition on glass substrates, the MoS, films were dried at
RT and then annealed at 250 °C for 30 min in an inert
atmosphere to remove all adsorbed solvent.

Ultrafast spectroscopy measurements were performed using
the output pulses from a regenerative Ti:sapphire amplifier
system (Astrella, Coherent) with time duration of ~30 fs, 800
nm center wavelength, repetition rate of 1 kHz, and energy of
~6 mJ/pulse. A fraction of the fundamental beam was
frequency-converted in an optical parametric amplifier (OPA,
Opera Solo, Coherent). For the TA spectroscopy measure-

ments carried out in this study, output pulses at 600 and 410
nm served as excitation pulses. Another fraction of the beam
was focused on a sapphire plate to generate broadband white
light continuum pulses that were used as probe pulses and
covered the spectral region between 450 and 750 nm. Probe
pulses were sent through a delay stage and then noncollinearly
focused on the sample where they overlapped spatially and
temporally with the excitation pulses. The transmitted probe
beam through the sample and the reference probe pulses were
spectrally dispersed in home-built prism spectrometers
(Entwicklungsbiiro Stresing, Berlin) and detected separately
by a pair of charge-coupled devices (CCD detectors,
Hamamatsu $07030-0906). The spectrum of the differential
transmission change of the probe pulses after photoexcitation
was recorded for different time delays up to nanoseconds, while
the pump pulses were chopped at 500 Hz for the signal to be
measured shot by shot. The beam sizes of the excitation and
probe pulses were ~1 mm and 250 pm, respectively, to ensure
uniform distribution of detected photoexcited species.

B RESULTS AND DISCUSSION

This work aims to present a series of results to evidence that
photoexcitation of solution-processed MoS, nanoflakes results
in the generation of a mixture of excitons and long-lived free
charges at the direct band edge states, which show different
signatures in the TA spectrum. Also, it gives a clear picture
about the energy band diagram of these few-layer nanoflakes.
Figure la shows the TA spectra of the MoS, nanoflakes
following photoexcitation at 600 nm, which corresponds to
excitation above the B excitonic resonance, at an absorbed
pump fluence of ~1.1 yJ/cm? Further analysis of the TA data
to obtain the different temporal components necessary to
describe the excited-state dynamics, shown in Figure 1b, are
discussed later on. The maximum of the TA signal is reached
within the time resolution of our experimental system (<80 fs).
The TA spectra show highly structured features with a series of
narrow positive and negative bands, comparable to previous
reports for few-layer flakes."”*>?****! The negative bands with
peaks at 611 and 674 nm are observed at early times and are
assigned to photobleachin§ (PB) of the excitonic B and A
transitions, respectively.'>”>**** The positive bands recorded
on the low- and high-frequency sides of the excitonic PB peaks
at early time delays have been attributed to carrier-induced
peak broadenin§ and/or pump-induced exciton line width
broadening.'**”" As seen in the inset of Figure la, the TA
time profiles probed in resonance with the excitonic transitions
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A and B evolve quickly (<20 ps), and then the dynamics remain
almost constant for times up to 1 ns. Unexpectedly, the TA
signal changes sign within 10 ps, and the TA spectra at later
times are close to the mirror image of the early spectra. The
new PB bands at later times are located at shorter wavelengths
(~646 and ~589 nm) compared to the PB from the excitonic
resonances.

We assign the blue-shifted PB peaks seen at late time delays
in the few-layer MoS, nanoflakes to the presence of long-lived
free charges in direct conduction/valence band states. The
positive bands observed at the lower energy side of each PB
peak are attributed to photoinduced absorption caused by the
free charges. Thus, the energy difference between the PB bands
at early and long times should reflect the exciton binding
energy. To verify this suggestion, we take into consideration the
band structure of MoS, at the K-point of the Brillouin zone,
where the direct transitions take place. A simplified
representation of the band diagram is shown in Figure 2. We

Exciton B
=2.03 eV
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Figure 2. Simplified representation of the band diagram of the direct
energy band gap (solid lines) and excitonic (dashed) states in MoS,
nanoflakes at the K-point of the Brillouin zone.

note that the relatively large thickness of the nanoflakes used
suggests that their energy band diagram is similar to that of the
bulk material.”’ In Figure 2, the A and B excitonic states are
denoted by dashed lines and lie below/above the conduction/
valence band states. The absorption bands from the steady state
spectrum define the A and B excitonic transition energies to be
2.03 eV (= 611 nm) and 1.84 eV (= 674 nm) (see Supporting
Information, Figure S1), in agreement with the PB peaks in the
TA data at early times. The two excitonic transitions are related
to the same conduction band; thus, we make the simplified
assumption that the energy difference between the two valence
bands is equal to the energy difference between the A and B
excitonic transitions (AEg, g, ~ 0.19 V). Then, we use the

blue-shifted PB band at 646 nm at long time delays (associated
with free charges) to define that the energy difference between
the conduction and valence band (Kc—Kj, transition) is equal
to AEx_, ~ 192 eV (= 646 nm). By taking the difference

between the K.—Ky band gap and the A excitonic transition
energy, we find the exciton A binding energy to be ~80 meV,
similar to the binding energy in the bulk material reported from
theoretical and experimental studies.””** By adding the energy
difference between the two valence bands to the band gap, we

find an energy difference between the K conduction band and
the K’ valence band equal to AEx_x, ~ 2.11 eV (= 587 nm),

in agreement with the second PB band observed at long times.
Finally, we extract the B exciton binding energy to be equal to
~83 meV.

This simple analysis supports that the unexpected behavior at
longer times is associated with the observation of free charges
at the direct conduction/valence bands. We thus evidence that
photoexcitation above the direct excitonic transitions in thick
MoS, nanoflakes (~10—20 atomic layers) results in the
generation of a mixture of excitons and free charge carriers
that show different signatures in the TA spectrum. The
presence of free charges in few-layer MoS, nanoflakes has been
suggested in previous studies.’””' However, the PB signatures
of free charges at shorter wavelengths than the excitonic PB
peaks, leading to an apparent change in the TA signal sign at
long times, are reported here for the first time. We believe that
the solution-based synthetic method used in our case—as
discussed further below—and the large number of atomic
layers (>10 layers) facilitate the formation of free charges,
making their contribution evident in the TA spectra. The
method followed for the processing of the nanoflakes can affect
the trapping processes and thus the number of long-lived
charges. Also, the increased thickness of the flakes makes them
less sensitive to trapping via surface recombination.”” Our
nanosecond recombination lifetime for MoS, nanoflakes with
>10 atomic layers is in agreement with a previous study.”” More
evidence that the blue-shifted PBs are the signatures of free
charges will be extensively discussed below, based on pump
fluence dependent measurements, TA results obtained
following photoexcitation at 400 nm, and the similarities of
our results to the results of Bordza et al., who also used MoS,
nanoflakes synthesized via solvent exfoliation.>

A different possible interpretation of our experimental results
could be that the observed change of the sign in the TA signals
at long time delays is due to an increase of the absorption
probability of the excitonic peaks. This effect would be
observed when the photogenerated carriers cause a screening
of the internal electric field potentially existing in the ground
state material due to crystal piezoelectricity and has been
previously reported in GaN thin films.*> Piezoelectricity has
been seen in a monolayer of MoS, due to lack of inversion
symmetry; however, this mechanism is not expected to be
present in 10—20 layer nanoflakes, as the symmetry is
restored.*

To deconvolute the spectral components present in the TA
spectra, we have analyzed the entire spectral and temporal
pump—probe data sets using multiexponential global analysis.
This involves analyzing the time profiles at all probe
wavelengths using the same three time constants but allowing
the pre-exponential amplitudes to vary freely. In this way, we
can distinguish the amplitudes and time constants of different
relaxation and recombination processes that influence the
overall TA signal at different timescales. Furthermore, we can
distinguish between the TA components related to the excitons
and free charges and thus gain information about the species
involved in each relaxation/recombination process.

Figure 1b shows the pre-exponential amplitude spectra
associated with the three temporal components necessary to
describe the excited-state dynamics. Similar multiexponential
behavior has been previously reported in few-layer MoS,.">
Following an ultrafast initial rise of the TA features within the
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experimental time resolution for all probe wavelengths, a fast
relaxation component of hundreds of femtoseconds (t; ~ 0.5
ps), an intermediate one of a few picoseconds (t, ~ 5.5 ps), and
a slow component (>>1 ns) are resolved. Our analysis at this
low pump fluence shows that the fast and intermediate
relaxation components exhibit negative peaks at the excitonic
resonances. Thus, we conclude that the fast and intermediate
relaxation components are dominated by processes involving
the excitons. Based on previous studies, the two components
are related to exciton cooling and to fast trapping by trap states
formed below the direct band gap.'***” For example, Nie et al.
have performed TA experiments in few-layer MoS, nanoflakes
using very short pulses (~10 fs) to show that carrier
thermalization takes place within 20 fs via carrier—carrier and
carrier—phonon scattering processes and carrier cooling occurs
within ~0.6 ps.”® Similar results have been reported via state-
selective coherent multidimensional spectroscopy.”® Exciton
relaxation in trap/defect states was reported to occur on the
few picosecond timescale, again in agreement with our results.'”
We cannot exclude that the time constant of ~0.5 ps is partly
related to exciton splitting into charges as previously suggested;
however, our pump fluence dependent measurements—
discussed below—provide clear evidence that most of the
charges are already present even at earlier time delays (they are
generated faster than the experimental time resolution).”” It is
possible that there is a contribution of those instantaneously
generated charges to the relaxation on the subpicosecond
timescale, as suggested in a previous study.”’ However, we
cannot gain further information about this relaxation of free
charges at low pump fluence, since their spectrum coinciden-
tally resembles the mirror image of the exciton spectrum and is
therefore completely masked. The behavior of free charges at
ultrafast timescales becomes more evident at higher pump
fluences (see below). Once the excitons have become trapped
within a few picoseconds, the remaining signatures in the TA
spectra are related only to the free charges. Therefore, we
additionally find the long-lived amplitude spectrum, where the
PBs are located at higher photon energies compared to the
excitonic PBs, representing the signature of free charges, which
was previously not observed. The free charges live longer than
the time window of our measurements (>1 ns).

To understand the influence of photoexcitation density on
the exciton and free charge dynamics, pump fluence dependent
transient measurements for excitation at 600 nm were
performed. Absorbed pump fluences between 1.1 and 8.8 uJ/
cm? were used. The TA spectra at different time delays for the
highest pump fluence (~8.8 4J/cm?) are included in Figure 3a.
For early delays, the TA spectra show quite similar behavior as
the ones at the lowest pump fluence shown in Figure 1, but as
the time evolves, the spectral features change at higher pump
fluences. With higher excitation density, there is a gradual blue-
shift of the TA spectra during the first 20 ps, and the signal at
long time delays no longer mirrors the one at early time delays.
This is also clear when the TA spectra at 0.1 ps and 1 ns are
compared for different pump fluences in Figures 3b and 3c,
respectively. At the early time delay, the TA amplitude scales
linearly with the intensity, and the spectral shape is similar for
all the pump fluences, without any evident spectral shift. This is
because the amplitude of the TA signal at early times is mainly
dominated by exciton signatures and not because charges are
not present, as it is shown by the global analysis results shown
and discussed below. On the other hand, at long times and at
higher excitation densities, the long-lived TA component is

-3

Absorption Change (x10 )

o
(=]

- —

x 20 — g8udiem’ 2 2udlem’

3 o — 4.4leme2 — 1.‘lu.J.fcm2

= | ! I ¥ 1 v 1 ' I
£ 24

3 (©

£

<

— 1 T 1 T 1 T° 1
560 600 640 680 720
Wavelength (nm)

Figure 3. (a—c) TA spectra in few-layer MoS, nanoflakes following
excitation at 600 nm at (a) different time delays and a pump fluence of
~8.8 yuJ/cm?® and at different pump fluences between 1.1 and 8.8 xJ/
cm?® at (b) early (= 0.1 ps) and (c) long times (t = 1 ns).

increasingly red-shifted. As discussed below, this is due to
bandgap renormalization (BGR) effects. Similar observations
were obtained by additional TA measurements performed with
excitation at higher photon energy of 3 eV (= 410 nm) (Figure
S2a—c, included in the Supporting Information). The most
pronounced difference between excitation at 600 and 410 nm is
seen in the TA spectra at long time delays, where a higher
density of free charges is long-lived. This is expected since the
excess kinetic energy that the carriers obtain during photo-
excitation with photon energies well above the direct band gap
facilitates the formation of free charges. This is additional
evidence that the blue-shifted PBs seen at long timescales are
the signature of free charges.

The gradual blue-shift of the TA spectra with time that we
see here (most pronounced at high pump fluences, Figure 3a),
has been previously observed, but not the gradual evolution
into a mirror image spectral shape, which we observe at low
fluence (Figure la). Previously, the blue-shifted TA spectra
have been assigned to the presence of free charges by Bordza et
al, while Cunnignham et al. have related it to line width
broadening and a red-shift in absorption at early times caused
by BGR due to excitons.””’' We believe that the different
assignments originate from the different free charge densities
obtained following photoexcitation of nanoflakes synthesized
by different methods. Our results at high pump fluences show
similar behavior as the ones of Borzda et al, where they
proposed that the blue-shifted TA spectrum is due to the
presence of free charges. In this study, MoS, nanoflakes
synthesized via solvent exfoliation were also used. Thus, in
solution-processed MoS, nanoflakes, the different dynamics
governing the decay of excitons and charges, as shown by our
global analysis, are responsible for the observed blue-shift at
early times. The PB due to the excitonic transitions probed at
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Figure 4. (a—c) Amplitude spectra from multiexponential global analysis of the TA data, at different pump fluences between 1.1 and 8.8 yJ/cm” for
the fast time constant of 0.5 ps (a), the intermediate one of 5.5 ps (b), and the long component (c). (d, e) The respective amplitude spectra scaled
with the pump fluence for the fast (d), the intermediate one (e), and the long component (f).

longer wavelengths decay much faster than the PB peaks due to
the long-lived charges, shifting the overall TA spectrum to
shorter wavelengths toward the signatures of the charges within
10 ps. This leads to an evident blue-shift with time at higher
fluences (where the energy bands are affected by BGR). At low
pump fluence, the PB bands of the charges are even more blue-
shifted but coincide with the positive spectral features of the
excitons and vice versa, which leads to an apparent evolution
into a mirror image spectral shape. This behavior is a
coincidence caused by the particular exciton binding energy
of our sample.

On the other hand, Cunningham et al. studied MoS,
monolayers and multilayers synthesized via chemical vapor
deposition (CVD). In this case, we note that the blue-shift seen
for similar pump fluences is smaller (few meV) compared to
the one reported in our case and by Bordza et al.,, which is tens
of meV. This is expected, since the red-shift caused by BGR of
excitons is competing with a blue-shift due to the screening
between opposite charges, resulting in a weak overall spectral
shift that is maximum for times close to zero where also the
exciton density is maximum. As the time delay increases the
excitons recombine and the contribution from BGR is reduced;
thus, the energy states are shifted to higher photon energies
causing the PB to blue-shift with time. To compare our data
with the work by Cunningham et al., we plotted the TA spectra
at the lowest pump fluence used—where no blue-shift due to
the presence of charges is observed—for time delays up to 3 ps
in Figure S3 (Supporting Information). A small blue-shift is
observed with time, in agreement with Cunningham et al!
However, further investigation of the induced line width
broadening is out of the scope of this work, since it has been
studied previously.””'

Further insight into the relaxation/recombination dynamics
of both excitons and charges has been obtained by multi-

exponential global analysis of the TA spectra for all the fluences
used. The amplitude spectra for the fast, intermediate, and slow
time constants for excitation at 600 nm are shown in Figure
4a—c. No significant change is seen in the three time constants
used to describe the temporal evolution of the TA signal at
different pump fluences. However, as the excitation density
increases, the amplitude spectra of the fast and slow time
constants are increasingly red-shifted, but this is not the case for
the intermediate component. This is also valid for the
amplitude spectra of the three temporal components scaled
by the pump fluence shown in Figure 4d,e. These confirm a
linear dependence of the overall signal amplitude with pump
fluence for the intermediate component attributed to exciton
trapping, in contrast to the sublinear and red-shifting behavior
of the fast and slow components.

The spectral red-shift at high carrier densities of the long-
lived component (Figures 4c and 4f) is a clear sign that many-
body interactions between the free charges are responsible for
these changes. The repulsive Coulomb interactions between the
photoexcited charges, which fill the edges of the conduction/
valence band states, cause a band gap shrinkage, an effect
known as band gap renormalization (BGR). This is expected to
induce a red-shift of the PB bands at higher pump fluences, in
agreement with our experimental observations.”® In multilayer
MoS, synthesized via solvent exfoliation, large red-shifts were
previously observed for the long-lived component, attributed to
the presence of BGR due to charges.”’ In addition, recent
theoretical and experimental studies underline the strong
contribution of BGR effects caused by the presence of charges
in 2D metal dichalcogenides with high exciton binding
energy.38’3’9 For example, in our case, for the maximum
absorbed pump fluence used (~8.8 uJ/cm?), a red-shift of the
PB peaks of ~54 meV is measured at a time delay of 1 ns
compared to the lowest used fluence of ~1.1 uJ/cm®
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As in the case of quantum wells, the wavelength of the PB at
the excitonic transitions should not be significantly affected by
the photoexcited carrier density, since the red-shift due to BGR
is compensated by a blue-shift due to screening of the attractive
interaction between opposite charges, reducing the exciton
binding energy. This is consistent with the intermediate
component of t, = 5.5 ps, where the excitonic peak positions
are unaffected by pump fluence (Figures 4b and 4e). This
component can thus clearly be attributed to the trapping of
excitons, which is independent of excitation density in the
investigated range. Also, the linear dependence of the
intermediate spectral amplitude on the pump fluence shows
the absence of higher order recombination effects for the
photogenerated excitons.

The spectral behavior of the fast component (Figures 4a and
4d) brings more insight into the relaxation of both excitons and
charges at early time delays following photoexcitation. At low
pump fluences, the amplitude spectrum of the fast (0.5 ps)
component is similar to the one of the intermediate
component, showing that exciton relaxation dominates the
early dynamics, as discussed before. Since the signature of the
charges is coincidentally the mirror image of the exciton
signature, any relaxation of charges at early times is masked, as
it does not alter the spectral shape other than reducing the
overall TA amplitude. However, the sublinear fluence depend-
ence of the fast component at high excitation densities
resembles the one of the slow component due to free charges,
suggesting a contribution of charge dynamics (e.g., relaxation to
trap states) even at very early time delays. The sublinear
behavior of the fast component cannot derive from higher
order exciton recombination processes like exciton—exciton
annihilation, since this would also result in a sublinear fluence
dependence of the early TA spectrum at 0.1 ps (Figure 3b) and
of the amplitude spectrum related to the intermediate time
constant (exciton trapping, Figures 4b and 4e), which is linear
with excitation density. Also, if the fast component was due to
exciton—exciton annihilation, a larger contribution at higher
pump fluences would be expected, which is not the case. The
fact that the fast component is affected by charge carrier
relaxation is further supported by the spectral red-shift seen at
the higher pump fluences. This is a clear indication that the
contribution from free charges becomes more prominent and
leads to BGR effects even at short timescales. Thus, shifted PBs
due to free charges are evident at fast timescales and high
fluence. The fast relaxation component seems to involve more
charges at higher pump fluences, which is probably related to
the presence of nonlinear effects like Auger recombination.
This fast recombination of charges at higher fluence causes the
sublinear increment of the long-lived charge component, shown
in the Figure 4f. Our conclusions are further confirmed by the
global analysis of the TA data with 410 nm excitation included
in the Supporting Information (Figure S4).

In the work by Bordza et al, the generation of free charges
was related to the dissociation of excitons with a time constant
of 700 fs. This conclusion was based on the different rise time
between the PBs and positive TA signatures at early times. In
our case, the rise times for all peaks are pulse-width limited
(<100 fs). The kinetic analysis followed by Bordza et al. was
performed for data recorded at high pump fluences, where BGR
effects are expected. Thus, we cannot exclude that the
differences compared to our work are due to the higher
photoexcited carried densities.”® Overall, our results strongly
support that free charges are already present at ultrafast

timescales, generated during photoexcitation, and not formed
via slower exciton dissociation.

Bl CONCLUSIONS

In summary, we have examined the photophysical properties of
solution-processed few-layer MoS, nanoflakes via ultrafast
transient absorption spectroscopy. Throughout the paper, we
provide evidence that the photoexcitation above the direct band
gap in multilayer MoS, nanoflakes results in a mixture of both
charges and excitons at ultrafast times. While the existence of
both free charges and excitons has been reported by other
groups,”””" we provide clear evidence that we probe free
charges at the direct band edge states, which was not shown
before. This is also the first time that free charges are observed
to have a significantly distinguished signature from excitons, as
expected from the large exciton binding energy of this material.
The energy levels of the conduction and valence bands found in
our study are supported by the extracted exciton binding energy
that is in agreement with the one of the bulk material (~80
meV). We show that the excitons are trapped on the
picosecond timescale and are present even at the highest
absorbed pump fluence used (~8 pJ/cm?), while the carriers
are long-lived (>>1 ns). Our results are in agreement with
previous work on MoS, nanoflakes synthesized also via solvent
exfoliation but differ from studies on nanoflakes obtained by
different processing routes.”” Many-body interactions between
free charges are evident at high photoexcited carrier densities,
resulting in bandgap renormalization effects. The presence of
those effects even at <1 ps timescales evidence that the
generation of free charges occurs during photoexcitation and is
not related to subsequent exciton splitting. We believe that
solvent exfoliation used for the nanoflake synthesis results in
higher densities of free charges. Moreover, we cannot exclude
that the thicker nanoflakes used here also facilitate the
generation of free charges with long lifetimes, as suggested
previously.”” The optoelectronic properties of the nanoflakes
revealed by this study, such as the generation of long-lived
charge carriers, suggest that the solution-based processing
techniques used to prepare the MoS, thin films are suitable for
applications in energy conversion.
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