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The extreme confinement and reduced screening in monolayer Transition Metal Dichalcogenides (TMDs) leads to the appearance of
tightly bound excitons which can also couple to free charges, forming trions, owing to strong Coulomb interactions. Low temperatures
and encapsulation in hexagonal Boron Nitride (hBN) can narrow the excitonic linewidth, approaching the regime of homogeneous
broadening, mostly dominated by the radiative decay. Ultrafast spectroscopy is a perfect tool to study exciton formation and relaxation
dynamics in TMD monolayers. However, high-quality hBN-encapsulated structures have usually lateral sizes of the order of a few
microns, calling for the combination of high spatial and temporal resolution in pump-probe experiments. Here we use a custom
broadband pump-probe optical microscope to measure the ultrafast dynamics of neutral and charged excitons in high-quality hBN-
encapsulated monolayer MoS; at 8K. Neutral excitons exhibit a narrow linewidth of 7.5 meV, approaching the homogeneous limit,
which we relate to the fast recombination time of ~130 fs measured in pump-probe. Moreover, we observe markedly different dynamics
of the trions over the neutral ones. Our results provide novel insights on the exciton recombination processes in TMD monolayers,
paving the way for exploring the ultrafast behaviour of excitons and their many-body complexes in TMDs heterostructures.

1 Introduction

Monolayers of transition metal dichalcogenides (1L-TMDs) are promising semiconductors with unique
electrical and optical properties. The quantum confinement experienced by electrons and holes in the two-
dimensional (2D) structure and the reduced Coulomb screening lead to the appearance of direct bandgap
excitonic transitions showing high binding energies (up to 0.5 eV) and very large oscillator strengths up
to room temperature [1, 2, 3]. Moreover, the breaking of spatial inversion symmetry in the 2D lattice
and the large spin-orbit coupling generate spin-valley locked excitons at the K and K’ valleys, optically
addressable by circularly polarized light [4]. The strong Coulomb interactions in atomically thin TMDs
also enhance the stability of many-body complexes resulting from the correlations of excitons with charge
carriers. In this case, TMD excitons are dressed by a Fermi sea of free charges generated in the material by
natural or artificial doping, forming three-particle bound states (trions) in presence of low doping levels,
or manifesting emerging many-body phenomena at elevated doping regimes [5, 6, 7.

1Ls TMDs also offer the tremendous advantage of being stackable to form van der Waals heterostructures
(HSs), with atomically perfect interfaces without any lattice mismatch limitation [8]. This allows to
sandwich the 1Ls between few-layers of transparent high bandgap hBN, ensuring a good protection from
external contaminants and dielectric insulation. hBN encapsulation has proven to be a key requirement
for obtaining good optical quality from small flakes of mechanically exfoliated TMD 1Ls [9, 10]. Cryogenic
temperatures and encapsulation in hBN narrow the exciton lines [11], reaching the homogeneous linewidth
regime, in which the dephasing rate is dominated by radiative recombination [12]. The high quality
of encapsulated TMDs reveals a hydrogen-like Rydberg series of excitonic states below the free particle
bandgap [13]. In addition, the encapsulation of TMD bilayers recently allowed to unveil hybridized intra-
inter layer excitonic species [14, 15], showing new types of many-body interactions [16].
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Figure 1: Sketch of the custom pump-probe microscopy setup used in our experiments. Auxiliary light sources can be coupled
to the objective lens in order to perform static optical characterizations of the sample (PL and RC). Inset: schematic view
of the sample placed in a closed-loop He cryostat.

Femtosecond pump-probe spectroscopy [17, 18, 19], is a powerful technique to measure the temporal
dynamics of excitons in 1L TMDs. Using this technique, the photoinduced modifications of the excitonic
absorption spectrum are monitored in real time. In this way a full picture of the exciton dynamics is
revealed, observing in particular their build-up and decay times. The non-equilibrium optical response of
neutral and charged excitons in TMDs has been previously investigated by ultrafast optical spectroscopy,
focusing the study on the fundamental mechanisms that determine exciton formation [20], dissociation and
decay processes [21]. However, very few works studied in details the ultrafast dynamics of TMD excitons
and their many-body complexes in small area encapsulated samples, since achieving simultaneously a good
temporal and spatial resolution in pump-probe experiments is challenging.

In this work we study the non-equilibrium optical response in hBN-encapsulated monolayer MoS,, with
very narrow excitonic linewidths, approaching the homogeneous broadening regime. We develop a custom
pump-probe microscopy setup with high spatial and temporal resolution, broad spectral coverage and
pump energy tunability, which allows us to study samples with lateral size of few microns, performing
full static and transient optical characterizations. Pumping the system above the bandgap, the neutral
excitons reveal distinct dynamics characterized by an ultrafast formation, a fast decay, which we ascribe
to direct recombination processes, and a slower one, related to carrier cooling. Trions are also observed in
the sample due to residual natural doping, showing different formation and relaxation dynamics compared
to neutral excitons.

2 Experimental

We use broadband femtosecond pump-probe microscopy to measure the ultrafast dynamics of excitons and
trions in hBN-encapsulated 1L MoSs at low temperature (8K). We developed a custom confocal microscope
(Fig. 1), equipped with a closed loop He cryostat, capable of transient reflectivity measurements, with
high spatial and temporal resolution, as well as static reflectance contrast (RC) and photoluminescence
(PL) characterizations.

For the transient measurements, we use broadband ultrashort frequency tunable visible pump and probe
pulses, that are delivered collinearly on the focusing objective, resulting in a ~ 3 pm diameter spot on
the sample. Our setup is powered by an amplified Ti:sapphire laser generating 100-fs pulses at 800 nm
(1.55 V) with 2 mJ energy and 2 kHz repetition rate. A fraction of the laser output is used to drive a
non-collinear optical parametric amplifier (NOPA) pumped at 400 nm (3.1 eV) by the second harmonic of
the laser, generating broadband visible pulses [22]. The chirp of the pump pulses, mainly due to dispersive
glass elements present in the setup (lenses, beam splitters, filters), is compensated by using chirped mirrors
(23], which compress the NOPA pulses down to ~ 40 fs. The pump pulses are modulated by a mechanical
chopper at 250 Hz frequency. For the broadband probe pulses, a white-light continuum is generated by
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Figure 2: a) PL spectrum at 8K of the 1L MoSs excited with a CW 532 nm diode laser displaying a bright A exciton peak
and weaker signals from trions (A*) and localized states (L) at lower energies. Inset: bright field microscope image of the
1L MoS;y (outlined by the black dashed line) encapsulated in hBN. Scale bar: 10 ym. b) Static RC spectrum (blue line)
recorded at 8K using a tungsten lamp, evidencing the absorption features of the neutral A and B excitons and the A* trions.
Inset: Derivative of the RC spectrum (black line) fitted by a TMM model including Lorentzian oscillators (red curve).

focusing the 800 nm output of the main laser on a 1-mm-thick sapphire plate [24]. The probe beam is
sent to a mechanical delay line which controls the delay between pump and probe pulses. We underline
that the separate branches for pump and probe pulse generation provide a great flexibility in the choice of
pump wavelength (tuned by the NOPA) and probe spectral window, which are completely independent.
The pump and probe pulses are then collinearly combined by a thin wedged beam splitter and focused on
the sample using an achromatic objective with 8 mm focal length (NA: 0.3). The sample is mounted in
a closed-cycle helium cryostat reaching a temperature of 8K. The spatial overlap of the sample with the
collinear pump and probe beams is obtained by a three-axis (xyz) translation stage coupled to a home-built
imaging system consisting of a white LED for the illumination and a CMOS camera (not shown) included
in the optical path. In order to measure the differential reflectivity (AR/R) spectra, the probe beam
reflected by the sample is collected by the objective lens and delivered, via an additional beam splitter,
to a dispersive spectrometer with a high sensitivity CCD. The setup is also equipped with a CW 532 nm
diode laser and a fiber-coupled broadband tungsten white lamp for the static optical characterization of
the sample (PL and RC). For pump-probe and PL measurements, a set of long-pass and short-pass filters
is used to cut out the excitation light from the signal.

The sample was fabricated using a polymethylmethacrylate(PMMA )-assisted transfer method [25] by
sandwiching a MoS; 1L between two thin hBN layers (45 nm bottom hBN1, 5 nm top hBN2), then placing
it on a substrate. The top and bottom hBN layers provide a complete encapsulation which fully covers the
area of the MoS, flake. Flakes of few-layers hBN and 1Ls of MoSy were obtained by mechanical exfoliation
of bulk crystals. For the substrate, we use a dielectric mirror with a stop-band 600 meV broad and centered
at 1.984 eV, terminating with a SiO, layer, in order to maximize the reflected probe intensity, crucial to
obtain clean pump-probe measurements with a high signal-to-noise ratio. The inset of Figure 2a shows a
bright field microscope image of the encapsulated 1L MoSs.

3 Results and Discussion

Fig. 2a shows the PL spectrum of the encapsulated MoS, 1L, measured at 8K exciting the sample with
a CW 532 nm laser at 40 yW. The bright and sharp peak at 1.94 eV is related to the emission of the A
excitons, observed together with a weaker peak at 1.905 eV, ascribed to emission from the trions (A*). It is
worth noting that such low trion absorption/PL signal is usually observed in 1L TMDs with a modest level
of natural doping [6]. At much lower photon energies, a broad and weak peak appears in the PL spectrum,
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Figure 3: a) Color map of the AR/R signal measured on the encapsulated MoSs monolayer at 8K as a function of delay
time 7 and probe photon energy, pumping the sample above bandgap (2.3 €V). b) Spectral cross-sections of the AR/R map
taken at different times, showing positive and negative signals in the spectral window of the A exciton and A* trion of the
MoS, monolayer.

probably due to emission from localized states, labeled generically as L, generated by small residual strain
or defects arising from the fabrication process [26].

A broadband incoherent white light source was used to measure the static RC spectrum of the encap-
sulated MoSy 1L at cryogenic temperatures (8K), shown in Fig. 2b. The RC spectrum is calculated as
RC = (Rsup — Ri11)/ Rsup, where Ryy, is reflectance of the sample, while Ry, is the reflectance taken from an
area with only the two hBN layers on the substrate. In RC measurements we clearly observe one intense
and narrow peak at 1.942 eV associated to the absorption of the neutral A excitons, formed by electrons
and holes in the bands minima giving the lowest-energy allowed optical transition. A weaker signal related
to the trion appears red shifted by about 30 meV from the A exciton. At higher energies, we observe the B
excitons at 2.085 eV. We fit the derivative of the RC spectrum (black line in the inset of Fig. 2b) using the
Transfer Matrix Method (TMM). This method allows to reconstruct the dielectric function of the TMD,
which has been modelled by the sum of three Lorentz oscillators once the thickness and the refractive index
of the other layers of the structure is known [27]. Exploiting this approach we can precisely extract the
effective absorption of the material, finding a very narrow linewidth of 7.6 meV for A exciton, approaching
the homogeneous limit [9] and 20 meV for A* trion.

In order to study the temporal dynamics of excitons and trions in 1L, MoSs, we photoexcite the material
with pump pulses tuned at 2.34 eV, above its bandgap. For this experiment, we set the pump fluence
to 80 pJ/cm?, below the threshold for the Mott transition [28]. We record a differential reflectivity
spectrum (AR/R = (Rpumpon — Rpumpost)/ Rpumpost) at each delay time 7, obtaining the map shown in
Fig. 3a. Immediately after time zero, both positive and negative signals appear in the AR/R map. In
our experimental configuration, the positive (i.e. photobelching) and negative features (photoinduced
absorption) are attributed to pump-induced modification of the excitonic resonance (i.e. reduction of
oscillator strength, broadening and shift in energy).

Fig. 3b shows the spectral cross-section of the AR/R map at different delay times, displaying how the
AR/R spectrum changes with 7. We can clearly resolve narrow spectral features in the energy region of the
A excitons and A* trions. Already after 100 fs a derivative-shaped signal appears in the spectral region of
both the excitonic species, at about 1.94 and 1.91 eV. Around the A-exciton resonance, the AR/R signal
exhibits a significant absorption bleaching (i.e. red region in the map) at small delay times, which arises
from the reduction of the excitonic oscillator strength due to Pauli blocking effect [29, 30]. The negative
signal (i.e. blue region in the map) on the low energy side of the A exciton could be the result of the
energy renormalization of the exciton due to the transient reduction of the Coulomb screening [31] or the
formation of biexcitons. While for A exciton the bleaching signal is very strong at all the delay times, for
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Figure 4: a) Temporal dynamics of the oscillator intensity variation of the excitonic species with respect to their value at the
equilibrium (AI/I), showing the bleaching and the photo-induced absorption for A excitons and A* trions, respectively. The
A excitons trace is multiplied by a factor of 5. b) Normalized ultrafast variation of the A excitons oscillator intensity with
respect to the equilibrium (black circles), fitted with a multi-exponential function (red curve), shown up to 1.5 ps. Inset:
sketch of the A excitons energy-momentum dispersion showing the bright excitons recombination process (71).

trions, the photo-induced absorption is predominant. This behaviour can be explained considering the RC
static spectrum of Fig. 2b, where the trions peak is much less pronounced than that of the neutral excitons,
being indicative of the low static doping in this sample, which also leads to a weaker trion bleaching signal.
On the other hand, the free electron or hole carriers generated by the pump contribute to the formation of
trions in the dynamic absorption spectrum, manifesting as a strong photo-induced absorption signal near
the A* resonance. Recently, this effect has been also observed in encapsulated WSes monolayers. [32]
Figure 4a shows the oscillator intensity variation with 7 of the excitonic species with respect to their
value at the equilibrium (AI/I), for A and A*. In order to extract the dynamics of this parameter, we follow
a procedure shown very recently [33], fitting for each delay time the reconstructed transient reflectivity
spectrum using the TMM, then tracking the exciton peak intensity variation. Neutral excitons show a
very rapid formation, followed by a multi-exponentional decay with a fast component in the sub-ps time
scale and a longer one. A zoom of the experimental A excitons dynamics up to 1.5 ps is shown in Fig.
4b, together with a fitted multi-exponential function convoluted with a Gaussian taking into account the
instrumental response function of the apparatus. The decay times extracted from the fit are 71 ~ 133 £ 37
fs, 79 &~ 10.7 £ 3.1 ps, with an almost instantaneous rise time, in agreement with the formation dynamics
previously measured in non-encapsulated MoSs 1L samples [20]. In fact, it has been demonstrated that
the short exciton formation timescale is the result of the ultrafast exciton cascade process upon carrier
photoexcitation at high energy [34]. The first rapid decay time (71) of the A excitons can be ascribed
to the combination of radiative and non-radiative direct relaxation processes of particles with small in-
plane momenta which can couple to light (see the inset of Fig. 4b) [35, 36]. The homogeneous linewidth
v = FW HM/2 is linked to exciton lifetime 7} through v = h/Ty = h/(2+T1)+y*, where T} is the coherence
time and 7 is related to pure dephasing processes [37]. In encapsulated TMD samples at low temperatures,
the measured absorption linewidth approaches the limit of homogeneous broadening, where the coherence
time is mostly dominated by the radiative lifetime of the excitonic transitions [12]. Moreover, looking at
the homogeneous linewidth of non-encapsulated 1L TMDs by performing 2D electronic spectroscopy, it
has been shown that at low temperatures and small exciton densities v is very small [38]. In our case, the
coherence time Ty calculated from the absorption linewidth is Ty = 2h/FW HM ~175 fs, suggesting that
the observed fast exciton decay is mostly radiative. Our measured 77 matches also quite well with previous
theoretical calculations of the radiative lifetime for A excitons with small in-plane momenta in 1L MoS,
[35]. The second, longer decay time of A excitons can be instead attributed to different processes related
to incoherent exciton dynamics: carrier cooling from higher lying energy states at high in-plane momenta
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via carrier-phonon scattering [35, 39] or slow carrier recombination from dark or defect states [40, 41].

On the other hand, photo-induced trions exhibit completely different dynamics compared to A excitons
(Fig. 4a). After a fast rise comparable to the build-up of A excitons, probably related to many-body
effects, we observe a delayed build-up of the signal, which reaches the maximum intensity only at about 5
ps. This effect can be related to the formation dynamics of the trion [42]. The trions decay dynamics also
appear to be longer than that of the neutral excitons. This suggests that the larger Bohr radius, the lower
binding energy and the localization of the charged particles might play a major role in both the formation
and recombination slow dynamics. It is well known that the excitons/trions recombination time is strongly
affected by those parameters. Moreover, it has been argued that long trion formation times are also related
to the small binding energy and therefore to the strength of the screened Coulomb interactions, among
other factors, including excitation power, doping density and localization length [42].

4 Conclusions

In summary, we measured the low-temperature (8K) ultrafast dynamics of excitons and trions in high qual-
ity hBN-encapsulated monolayer MoS,, with linewidths approaching the homogeneous broadening limit.
We developed a custom confocal pump-probe microscopy setup to investigate samples with lateral size of
few microns, performing transient reflectivity measurements with high spatial and temporal resolution and
static optical characterizations on the same spot. We observed a very narrow linewidth of 7.5 meV for the
neutral A excitons, revealing their distinct dynamics characterized by an ultrafast formation, a fast and a
slow decay. We could relate the fast exciton relaxation time to direct recombination processes, probably
dominated in this sample by radiative decay. Moreover, we investigated the trions dynamics, present in
the structure due to a modest natural doping, showing the predominance of photo-induced absorption in
the transient reflectivity spectra and a much longer formation time compared to neutral excitons.

The rich behaviour of neutral and charged excitons explored in our work offers novel insights on the
many-body physics of monolayer TMDs and opens up their exploitation for fundamental studies and opto-
electronic applications. Further investigations will be focused on the analysis of such encapsulated TMD
monolayers embedded in gated structures, investigating the ultrafast dynamics of excitons in elevated
doping regimes. In the future, the combination of our transient absorption microscope and high quality
TMD samples will also enable the analysis of the ultrafast dynamics of excited Rydberg excitons.
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The ultrafast dynamics of excitons with narrow linewidth and trions in hBN-encapsulated monolayer MoSs have been studied
using a pump-probe microscopy setup with high spatial and temporal resolution, broad spectral coverage and pump energy
tunability. Excitons show an ultrafast formation, a decay with a fast component, ascribed to direct recombination processes,
and a slower one, related to carrier cooling, distinctly different compared to those measured for trions.



