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Because of the strong Coulomb interaction and quantum confinement effect, 2-dimensional transition
metal dichalcogenides possess a stable excitonic population. To realize excitonic device applications,
such as excitonic circuits, switches, and transistors, it is of paramount importance for understanding the
optical properties of transition metal dichalcogenides. Furthermore, the strong quantum confinement
in 2-dimensional space introduces exotic properties, such as enhanced phonon bottlenecking effect,
many-body interaction of excitons, and ultrafast nonequilibrium exciton—-exciton annihilation. Exciton
diffusion is the primary energy dissipation process and a working horse in excitonic devices. In this work,
we investigated time-resolved exciton propagation in monolayer semiconductors of WSe,, MoWSe,, and
MoSe,, with a home-built femtosecond pump-probe microscope. We observed ultrafast exciton expansion
behavior with an equivalent diffusivity of up to 502 cm? s~ at the initial delay time, followed by a slow
linear diffusive regime (20.9 cm? s™) in the monolayer WSe,. The fast expansion behavior is attributed
to energetic carrier-dominated superdiffusive behavior. We found that in the monolayers MoWSe, and
MoSe,, the energetic carrier-induced exciton expansion is much more effective, with diffusivity up to
668 and 2295 cm? s, respectively. However, the “cold” exciton transport is trap limited in MoWSe, and
MoSe,, leading to negative diffusion behavior at later time. Our findings are helpful to better understand
the ultrafast nonlinear diffusive behavior in strongly quantum-confined systems. It may be harnessed
to break the limit of conventional slow diffusion of excitons for advancing more efficient and ultrafast
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optoelectronic devices.

Introduction

In the past few years, 2-dimensional (2D) transition metal
dichalcogenides (TMDs) have emerged as a highly promising
class of functional materials for next-generation optoelectron-
ics [1-5], such as field-effect transistors [2], solar cells [3],
light-emitting diodes [4], and laser modulators [5]. This is
largely due to their prominent optoelectronic properties, for
example, direct bandgap [6,7], valley selective optical coupling
[8,9], extremely large binding energies of excitons [10,11], and
strong nonlinear optical response [12,13]. Excitons, which are
stable in TMDs at room temperature [14,15], dominate the
optical properties in TMD and the performance of the TMD-
based devices [16,17]. In this context, it is essential to investi-
gate the exciton movement in 2D TMDs. This has substantial
implications, including exciton manipulation for quantum pho-
tonic technologies [18-20], as well as addressing the interplay
between many-body interaction and propagation [21,22]. More-
over, to realize 2D material-based excitonic devices [9,23-26]
such as excitonic circuits, switches, transistors, and transducers,
understanding and controlling their spatial degree of freedom
is one of the crucial considerations. However, knowledge on
exciton transport in 2D materials is limited.
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Generally, excitons will transport from high concentration
region to low concentration region driven by the popula-
tion gradient. This phenomenon is known as exciton diffusion.
The classical exciton diffusion is a linear process [27-29] as
described by the diffusion equation. Recent experimental inves-
tigations have shown several nonclassical exciton transport behav-
iors in 2D materials. For instance, Kulig et al. [30] reported the
halo effect in monolayer WS,, where the initial Gaussian dis-
tribution of the exciton population evolves into long-lived halo
shapes at high injected exciton densities. Considering the spa-
tial temperature gradient due to the emission and reabsorption
of hot optical phonon, this phenomenon can be explained by
introducing thermal drift into the diffusion equation [31]. In
addition, there is another nonlinear, anomalous diffusion behav-
ior called subdiffusion [14], presenting an initial normal diffu-
sion followed by a slower subdiftusive regime. The time-varying
diffusion coefficient was attributed to the disorder in the
strained monolayer WSe, system. Deviating from the above
anomalous diffusion behaviors, superdiffusion [32] occurs on
ultrafast time scales, and its effective diffusivity coeflicient can
reach up to hundreds of square centimeters per second. There-
fore, superdiffusion can decrease carrier loss by improving spa-
tial migration as it is a scatter-free process, thus breaking the
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efficiency limitation of optoelectronic devices such as solar cells.
In addition, the characteristics of ultrashort time scales [33]
make superdiffusion promising to be applied to petahertz opto-
electronic devices such as ultrahigh-speed photodetectors. Such
superior diffusive behavior has been examined in silicon [34],
organic semiconductors [35], perovskite [36,37], and metallic
gold [38,39]. More recently, the hot carrier expansion in mul-
tilayer WS, has been reported by Liu et al. [32]. These researches
indicate that ultrafast nonequilibrium effects and many-particle
scattering processes play an essential role in the spatial propa-
gation of exciton in 2D materials, motivating the necessity to
investigate ultrafast exciton diffusion and its interplay with
many-particle scattering processes. Isoelectronic 2D TMD alloys
exhibit tunable electrical and optical properties due to the mod-
ulation of their band structure and carrier mobility [40,41],
which may affect the exciton transport process simultaneously.
In addition, the defect or dielectronic disorder may also play
an important role in transport dynamics. Thus, a comprehen-
sive understanding of the function of metal atomic substitution
on the ultrafast exciton diffusion in 2D materials is highly desir-
able, providing a guideline for engineering the exciton transport
performance. Notably, steady-state characterization methods can-
not capture the ultrafast nonlinear diffusion process. Therefore,
ultrafast optical studies on TMDs are urged to clarify the ultra-
fast exciton diffusion behavior.

In this work, we address the ultrafast nonlinear exciton
propagation in the monolayer of TMDs with a home-built fem-
tosecond pump-probe microscope. Highly nonlinear ultrafast
exciton propagation in monolayer WSe, is observed at room
temperature. We find that at early delay times, exciton spread ex-
tremely fast, with an equivalent diffusivity of up to 502 cm”s™",
followed by a slow linear diffusive behavior of 20.9 cm®s™".
The fast diffusion process is attributed to the superdiffusive
behavior of the hot carriers, which are energetic. This phenom-
enon was further observed within MoWSe, and MoSe,, with
more substantial diffusivities up to 668 and 2295 cm’® s,
respectively. Unexpected spatial shrink of exciton distribution
(negative diffusion) was observed after energetic carrier super-
diffusion in the MoWSe, and MoSe,. Our work reveals an
abnormal nonequilibrium exciton transient diffusion in mono-
layers WSe,, MoWSe,, and MoSe,.

Materials and Methods

Sample preparation and characterization

The monolayers WSe,, MoWSe,, and MoSe, were mechanically
exfoliated from the crystal (2D semiconductors) using a dry-
stamping method. To suppress unwanted environmental effects
from substrates, we deposited a hexagonal BN flake on the SiO,
substrate and then transferred the monolayers onto hexagonal
BN. The absorption spectra of the monolayer TMDs were
carried out by a broadband halogen lamp source (Ideaoptics,
HIL2000-12) and an Andor spectrometer (Kymera 193i equipped
with iDus CCD). For the photoluminescence (PL) measure-
ment, a 488-nm continuous-wave laser was used to excite the
sample. PL spectra were measured by an Andor spectrometer.
Raman spectra were recorded on a commercial Raman spec-
trometer (HORIBA, LabRAM HR Evolution) with a 532-nm
excitation laser. For the temperature- and excitation-dependent
PL measurement, the samples are placed in the cryostat (Montana
Instruments Cryostation s50).
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Transient absorption microscopy

Transient absorption (TA) dynamics and spatiotemporal meas-
urements were taken with a home-built TA microscopy (TAM)
system. The schematic of the home-built TAM is shown in
Fig. 1A. A Ti:sapphire femtosecond laser (Spectra-Physics, Mai
Tai HP; central wavelength of 800 nm, repetition frequency
of 80 MHz, pulse width of <100 fs) was used as the light source.
The output beam from the Ti:sapphire laser was divided by a
70/30 beam splitter. One (70% of the output) beam was mod-
ulated by an acoustic-optic modulator (Gooch & Housego,
3080-125) at 1 MHz, which refers to a lock-in amplifier. Then,
the laser wavelength of this beam was converted to 400 nm by
a p-barium borate crystal for the pump. The other beam (30%
of the output) was coupled to a photonic crystal fiber (SCG-800)
to generate a white light supercontinuum. Then, the wavelength
from the supercontinuum was selected through a narrow band-
pass filter [Thorlabs; 10-nm full width at half maximum
(FWHM)] for the probe. The pump and probe beams were
adjusted to collinear and focused onto the sample with an objec-
tive (Olympus, MPLAPON 100X Apo, 0.95 numerical aperture).
They were spatially overlapped on the sample. The transmitted
beams were collected by another objective (Nikon, BD Plan
40%, 0.65 numerical aperture), and the probe was detected with
an avalanche photodiode (Hamamatsu, C12702-04). The out-
put of the avalanche photodiode was monitored with a lock-in
amplifier (Zurich Instruments, HF2LI), and pump-induced
changes in the probe transmission (AT) were obtained by de-
modulating at a frequency of 1 MHz. TA dynamics were acquired
by stepping the delay line (Newport, DL325) at the pump path.
As shown in Fig. 1B, excitons are distributed as a Gaussian func-
tion after being excited by the pump. Subsequently, the excitons
continue to spread over time, and its population is still distrib-
uted as a Gaussian function. For TAM imaging, a 2-axis mirror
galvanometer system (Thorlabs, GVS012) was used to scan the
probe beam relative to the pump beam in space to obtain exciton
diffusion profiles. Notably, all the experiments are implemented
at room temperature.

Exciton diffusion model and data analysis

For quantification of exciton propagation, the TAM data are
modeled with a 2D diffusion model. According to the TA meas-
urement, the exciton diffusion in monolayer TMDs is isotropic.
Therefore, the 2D diffusion can be simplified to a 1D model.
The exciton population in both space and time was described by
a differential equation that includes both the diftusion out of the
initial volume and population decay [15], which is given by

nst) _nxt nxi)

1
ot ot? T M

where D is the diffusion constant (diffusivity) and  is the total
exciton lifetime. Notably, the initial population n(x, 0) follows
the Gaussian distribution as created by a Gaussian pump beam
at position (x,) and is given by

ul o

2
20'0

n(x, 0) = Nexp l—
where o is the squared standard deviation of the Gaussian
distribution. Consequently, the solution to Eq. 1 is also a
Gaussian function as described by
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Fig.1. Schematic diagram of TAM and photocarrier transport. (A) Schematic of a home-built TAM setup (transmission mode). (B) Schematic illustration of the exciton
diffusion in monolayer TMD studied by spatially and time-resolved TAM. AOM, acoustic-optic modulator; BBO, $-barium borate; LED, light-emitting diode; DM, dichroic

mirrors; BS, beam splitters.

(x—xo) ] (3)
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n(x,t) = Nexp l -
The 1D TAM profiles at the various delay time in Fig. 5A to C
are well fitted with the Eq. 3, and the O'f is extracted. Then, the
squared standard deviation at various time 62 is plotted in Fig.
5D to F as a function of delay time.

The diffusion constant (diffusivity) D is given by

2 2
o, —0O
D= tZAtO (4)

The average travel distance L can be obtained by

L] = /o2 - o2 5)

Results and Discussion

Optical characterization

Figure 2A presents the room-temperature optical absorption
spectra of the monolayers WSe,, MoWSe,, and MoSe,, showing
two distinct excitonic absorptions of A exciton and B exciton.
It is worth mentioning that A and B excitons are generated by
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the spin-orbital splitting of the valence band [42]. The B exciton
absorption peak of the alloy MoWSe, (1.87 eV) is located be-
tween that of WSe, (2.08 eV) and MoSe, (1.78 eV). However,
the A exciton absorption peaks of MoWSe, (1.57 V) and MoSe,
(1.58 V) are almost the same, which is apparently redshifted
from the WSe, (1.64 eV). Figure 2B shows the PL spectra collected
for the 3 samples. The emission peak wavelength (~784.0 nm)
of MoWSe, is still pretty close to that of MoSe, (~782.8 nm).
The Raman spectra of these samples were recorded on a com-
mercial Raman spectrometer using a 532-nm excitation laser.
As shown in Fig. 2C, the expected A;, mode is observed to be
260.4 cm™' in WSe,, 245.1 cm ™" in MoWSe,, and 242.4 cm ™'
in MoSe,, respectively. The absorption, PL, and Raman spectra
results show that the optical properties of the alloy MoWSe,
are akin to MoSe, rather than WSe,.

Excitation density-dependent exciton dynamics

We proceed to explore the exciton dynamics of the pristine
WSe,, MoSe,, and the alloy MoWSe, at room temperature. The
pump wavelength is 400 nm with an initial exciton density of
1.7 X 10" cm~2. The TA kinetic profiles of the 3 samples with
the same excitation density show no substantial difference on
a time scale of 100 ps, as shown in Fig. S1. In this experiment,
the probe wavelength is tuned to 760 nm for WSe,, while 780 nm
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Fig. 2. Fundamental characterization of the monolayers WSe,, MoWSe,, and MoSe,. (A) Absorption spectra of the monolayers WSe,, MoWSe,, and MoSe,. (B) PL spectra of
the monolayers WSe,, MoWSe,, and MoSe, excited by a 488-nm continuous-wave laser. (C) Raman spectra of the monolayers WSe,, MoWSe,, and MoSe,. a.u., arbitrary units.
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Fig. 3. Excitation density-dependent exciton dynamics. The normalized TA dynamics at different exciton densities for the monolayers (A) WSe,, (B) MoWSe,, and (C) MoSe,.
The dots are experimental results. The solid curves are triexponential fitting. The insets are the zoom of the first few picoseconds of the decays.

for MoSe, and the alloy MoWSe,, referring to the A exciton
resonance. The TA signal is proportional to the A exciton
population. Notably, the decay of these TA signals can be well
fitted by triexponential behavior, which means additional non-
radiative channels are involved in addition to the intrinsic
radiative recombination channel. The initial fast decay could
be attributed to the nonradiative relaxation process such as
defect-associated and exciton-exciton annihilation (EEA) non-
radiative recombination [15,28,43].

By performing excitation density-dependent TA kinetic
measurement, an anomalous TA Kkinetic in the 3 samples was
observed. Figure 3A shows the excitation density-dependent
TA dynamics of the pristine WSe, sample. Generally, the life-
times tend to decrease with increasing excitation density due
to the involvement of high-order recombination processes such
as EEA. However, the TA dynamics in monolayer WSe, slow
down at the initial 10 s w1th the exciton density increase from
3.3 % 10" t0 4.4 x 10" cm ™. In addition, the following reduced
lifetime after 10 ps might be explained by the relatively domi-
nant EEA process.

To further investigate this phenomenon, we implemented
the same excitation density-dependent experiment on the
exfoliated monolayers MoWSe, (Fig. 3B) and MoSe, (Fig.
3C), which show the more substantial excitation- dependent
dynamlc behavior at the excitation density range of 10"

10" cm™. The probe position-dependent experiment was also
executed in MoWSe, by shifting the probe beam with respect
to the pump beam. Notably, the exciton population distribu-
tion follows the Gaussian function, which means that the
exciton density increases as the probe moves from the edge
toward the center. As shown in Fig. S2, the lifetime increases

Zhou et al. 2022 | https://doi.org/10.34133/ultrafastscience.0002

as the probe position moves from the outside toward the
center, presenting the same dynamics as in Fig. 3B. All the
dynamic curves in F1g 3 can be well fitted by a triexponential

functionn(t) = Aje 1 +Aye 2 +Ase 3, as shown in Fig.

3. Parameters 73, 7,, and 7, represent the lifetime of different
decay channels. The parameters A}, A,, and A; represent the
proportion of exciton population recombined by the corre-
sponding channels. To obtain a better comparison of the life-
time component A, (i = 1, 2, 3) of different decay channels,
7), T,, and 7, are fixed as constant as shown in the Table S1.
The chosen fast decay lifetime is close to the time scale of
trapping exciton by defects in other TMDs [43-45]. Figure
S3 shows the lifetime weight of the different decay channels
as a function of excitation density. For the WSe, monolayer, 7,,
7,, and 7 are attributed to defect capture, EEA, and radiative
recombination, respectively. With increasing excitation density,
both A, and A, decrease, while A, increases. For the MoWSe,
and MoSe, monolayers, 7, and 7, are attributed to the defect-
related recombination channel, while 7, is the intrinsic radiative
recombination. At low-pump fluence, the short lifetime com-
ponent dominates. A, and A, decrease with the increase in the
excitation density, while A, shows the opposite tendency.

The filling of traps may account for the early anomalous TA
kinetic feature. In this scenario, a portion of the excitons in
the TMDs are captured by defects and relaxed by the nonradi-
ative recombination channels, while the other excitons remain
radiative recombination. In this context, the radiative recom-
bination channel and the defect-related nonradiative channels
will compete. As the density of defects in the TMDs is finite
and invariant, the number of excitons captured by the defect
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Fig. 4. Visualization of 2D spatiotemporal exciton dynamics. (A to C) 2D TAM images of the monolayers (A) WSe,, (B) MoWSe,, and (C) MoSe, with selected pump-probe
delay times varying from 0.2 to 40 ps. The pump fluences are 1.7 x 10> cm™2 The color bar is the intensity of the differential transmission (AT) of the probe beam. All the
figures are normalized to the maximum signal at 1.5 ps to highlight the diffusion dynamics. For clarity, every image is scaled by different factors as labeled in the figures.

Scale bars, 1 um.
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Fig.5.Comparison of exciton diffusion in the monolayers WSe,, MoWSe,, and MoSe,. (A to C) Normalized 1D TAM profile at various delay times for the monolayers (A) WSe,,

(B) MoWSe,, and (C) MoSe,, respectively. The TAM profiles are fitted with Gaussian functions to obtain

&A(t). (D to F) The evolution of squared standard deviation ¢°(t) in the

monolayers (D) WSe,, (E) MoWSe,, and (F) MoSe, as a function of delay time, respectively. The 6%(t) is fitted from the Gaussian distribution of excitons. Dots are experimental
data, with error bars referring to the Gaussian fitting standard deviation. The dashed lines are linear fitting, giving the equivalent diffusion coefficient. The solid curves are
simulated results by the model mentioned in Note S2. The inset is the zoom of the initial 0.6 ps, representing the hot carrier expansion process.

is limited. Consequently, more exciton will decay through the
intrinsic radiative recombination channel [43], as the exciton
density increase, exhibiting a longer lifetime. This is consistent
with our observation. Therefore, we speculate that the slowed
carrier recombination in our experiment is due to the filling
of traps. To quantify the impact of defects/disorders in terms
of inhomogeneous broadening, a temperature-dependent PL
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experiment has been implemented as shown in Figs. S4 and
S5. A detailed discussion can be found in Note S1.

Exciton-transport imaging

To investigate the transient exciton propagation behavior, we
implemented ultrafast spatiotemporal measurements under a
laser excitation of energy of 3.1 eV at room temperature. In the
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expansion, while the other is the bound exciton diffusion. The right panels present the
diffusion patterns consistent with our experimental results. (C) Schematic illustration
of the role of defect trapping in exciton transport and dynamics. The numbers @ to
® represent the regions of different excitation densities. The corresponding exciton
dynamics are shown in the right panel.

experiment, the pump beam was focused at a fixed position,
while the probe beam was scanned in space. Figure 4A pre-
sents TAM images at different delay times of 0.2, 1.5, 5, 15, and
40 ps. The intensity of AT in 2D images is normalized to the
maximum signal at 1.5 ps for comparison of the spatial distri-
bution of exciton. In addition, every image is scaled by different
factors as labeled in the figures, for clarity. At zero time delay,
the initial population is generated by a Gaussian pump beam
at position (x, y,). The exciton profiles reflect the initial distri-
bution of the exciton by the convolution of the pump and probe
beams if no transport occurs. Exciton distribution at varied
times is fitted by a Gaussian function.

At At=0.2 ps, the FWHM of the exciton population distri-
bution is close to that of the initial distribution. The spatial
expansion of the A exciton distribution in the monolayer WSe,
could be observed from At = 0.2 ps to At = 1.5 ps and subse-
quently seems to shrink up to At = 15 ps. Then the patterns
present slow linear diffusion from 15 to 40 ps. Figure 4B and
C shows TAM images for monolayers MoWSe, and MoSe,,
respectively. In both monolayers MoWSe, and MoSe,, the FWHM
of the exciton profiles at At = 0.2 ps are substantially larger than
that in monolayer WSe,, as shown in Fig. 4A. The reason might
be the effective hot carrier expansion that cannot be resolved
by our instrument because of its intrinsic limitation of temporal
resolution. Subsequently, the exciton distribution exhibit neg-
ative diffusion behavior.

To reduce the data redundancy and quantitatively describe
such an expansion process, we implement the 1D exciton pro-
files scanning at different delay times ranging from 0.2 to 50 ps.
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Figure 5A to C displays the normalized 1D TAM profile at
various delay time for the monolayers WSe,, MoWSe,, and
MoSe,, respectively. All profiles can be well descnbed by the
Gaussian function, and we extract the parameter ¢ *(t) for anal-
ysis (see details in Materials and Methods). Figure 5D to F presents
the high-resolution temporal evolution of the extracted squared
standard deviation 6°(¢) from the Gaussian distribution within
50-ps pump-probe delay time in the exfoliated monolayers
WSe,, MoWSe,, and MoSe,, respectively. Notably, the exciton
diffusion behavior in Fig. 5D to F is consistent with that in Fig.
4. Ultrafast hot-carrier expansion is observed in the initial time
for all 3 samples, presentmg an equivalent diffusivity of 502,

668, and 2295 cm? s, respectively. Compare to WSe,, MoSe,
and MoWSe, present stronger hot-carrier expansion process
[the maximum ¢ (t) for WSe,, MoSe,, and MoWSe, are 0.17,

0.51,and 0.38 um?, respectively]. After that, a small contraction
(L =-200 nm) followed by a slow linear diffusive behavior
(D=20.9 cm®s™") is observed in WSe, as shown in Fig. 5D.

This anomalous diffusion process was previously reported in
layered WS, [32], which is attributed to the involvement of
both hot carrier-dominated expansion and exciton-limited
diffusion.

In contrast, the monolayers MoSe, and MoWSe, exhibit
negative diffusion behavior after 0.5 ps (Fig. 5E and F). The
ultrafast exciton-transport imaging results reveal the transient
superdiftusion in 3 different TMD materials. The equlvalent
diftusivity of this superdiftusive behavior is 10%°to 10° cm? s,
breaking the limit of the slow linear diffusion. At times longer
than 50 ps, there is adequate evidence to believe that the exci-
tons in monolayer WSe, would continue slow linear diffusion
as reported by many other works [15,28,30,46] since the results
present a clear trend of linear diffusion behavior ranging from
15 to 50 ps. Considering the weak diffusion capability in the
monolayers MoWSe, and MoSe,, exciton population distribu-
tion would further shrink after 50 ps until it approaches the
initial distribution at zero delay time (i.e., the convolution of
the pump and probe beam).

Recent research reported enhanced neutral exciton diffusion
in monola er WS, by EEA. As the generation rate increase from
10" to 10”° cm~2, the effective diffusion coefficient increase
from 1 to 100 cm?s~* [47]. However, this mechanism is unable
to explain our results. First and foremost, the rapid expansion
occurs within about 1 ps, when the hot carriers still dominate
and high concentrations of bound excitons have not yet been
established through thermalization and cooling. Second, if the
EEA is dominant, then the exciton lifetimes are expected to
decrease with increasing excitation density, which is inconsist-
ent with our TA dynamics in Fig. 3. Third, the EEA is an exciton
interaction that occurs after a high exciton concentration builds
up. Therefore, the time for the EEA should be persistent for at
least tens of picoseconds according to the nonsingle exponen-
tial regime [48,49], while it is not in our case.

The underlying physical process for the observed abnormal
transient diffusion could be complex. Figure 6 provides a car-
toon diagram illustrating the ultrafast spatiotemporal carrier
transport in WSe,, MoSe, and MoWSe,. The entire diffusion
process can be divided into two parts. One part is the transient
superdiffusion within 1 ps due to the hot carrier-dominated
expansion, and the other is the slow linear or negative diffusion
due to the exciton-limited diftfusion. For the transient superdif-
fusive behavior, nonthermal equilibrium photogenerated car-
riers are generated in the monolayer TMDs under the excitation
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of the high-energy photon. These photogenerated carriers then
experience an ultrafast thermalization process within tens of
femtoseconds due to the carrier—carrier scattering [50]. At this
moment, the hot carriers are energetic with excess kinetic
energy [51]. Meanwhile, the hot carrier will experience rapid
expansion and long-length transport driven by the carrier
temperature-induced pressure gradient [34], which is distinct
from the classical population gradient-induced transport. Sub-
sequently, the excess energy of the hot carriers is transferred to the
lattice via carrier-phonon scattering on a time scale of &1 ps,
accompanied by the formation of bound excitons. Therefore,
we can observe an initial rapid expansion by probing the exci-
ton population as the previously propagated hot carriers are
converted into bound excitons.

It is noteworthy that the excess kinetic energy in Mo-riched
samples is more than that in W-riched samples due to their
bandgap differences. Excess kinetic energy is the driving force
for expansion. Hence, the one possessing more excess kinetics
energy may propagate faster [36]. It explains that the equivalent
diffusivity of MoWSe, (668 cm’ _1) and MoSe, (2295 cm®s™")
is larger than that of WSe, (502 cm’ s7'). Rosati et al. [52] ob-
served a transient diffusion coefficient of up to 50 cm” s~ in
the first picoseconds after resonant excitation, where the WSe,
monolayer is cooled down to cryogenic temperatures. Notably,
there is no carrier contributions expected because of resonant
excitation. The transient diffusion coeflicient in our experiments
is an order of magnitude larger than reported in the literature
[52]. This substantial difference fully illustrates the key role
played by hot carriers in superdiffusion and its prospect of
breaking the limit of conventional slow diffusion of excitons.

Next, we discuss the physical process of slow linear diffusion
(WSe,) and negative diffusion (MoWSe, and MoSe,). For the
monolayer WSe,, classical bound exciton diffusion is responsible
for the slow linear diffusive behavior. While the reported diffu-
sion coefficient varies greatly, with Values from a few square
centimeters per second to 15 + 5 cm® s™' in the monolayer
WSe,. The discrepancy could be due to the material’s quality or
different experimental conditions. For the monolayers MoWSe,
and MoSe,, we consider that negative diffusion does not occur
in real space but is related to exciton decay at different positions
in space. The dynamic results in Fig. 3B and C demonstrate
that the higher exciton density leads to a longer lifetime due to
the filling of the defect (also see Fig. 6C). Therefore, the slower
decay rate leaves more excitons in the center. Then, the exciton
profiles seem to shrink as a function of delay time. Compared
to the monolayer WSe,, the exciton diffusion length of MoSe,
is much shorter, as shown in Fig. S6. As shown in Fig. 5E and
F, the 6°(t) gradually decreases and approaches the convolution
of the pump and probe beam (0.12 pm?) with increasing delay
time, indicating that there is almost no real-space diffusion in
both MoWSe, and MoSe,. Our ultrafast spatiotemporal imag-
ing shows consistent results with steady-state diffusion.

To verify the mechanism, we performed a simulation of the
exciton distribution at various times (Fig. S7 and see the detall
of the modeling and simulation in Note S2). The simulated ¢
as a function of delay time for monolayers MoWSe, and MoSe,
shows the same trend as the experimental results (Fig. 5E and
F). The temperature is reported as an important factor that
affects diffusion [52,53]. We emphasize that the transient dif-
fusion in the first picosecond should be dominated by the
nonthermal equilibrium hot carrier. Hence, the carrier temper-
ature rather than the lattice temperature should be considered.
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With higher carrier temperature, the hot carrier expansion is
expected to be enhanced [32] because of the higher kinetic
energy. Thus, the “hot carrier” shows high discrepancy from
the “cold carriers” in diffusion and optical properties (see more
discussion in Note S3).

Exciton density is also important in diffusion behavior. For
the transient superdiffusion, carrier temperature would increase
to up to thousands of kelvin with the increasing excitation
power [38]. Higher carrier temperature brings a giant tem-
perature gradient, leading to faster hot carrier expansion as
reported in multilayer WS, by Liu et al. [32]. For the slow linear
diffusion, the rest excitons are protected from the defects due
to the filling of defects with increased excitation power, leading
to increased exciton diffusion. In addition, other effects, such
as Auger recombination and the Seebeck effect, may occur at
higher excitation densities, which may further enhance the
actual/effective diffusion. Kulig et al. [30] reported a substan-
tial increase in the effective diffusion coefficient of monolayer
WS, over two orders of magnitude due to the interplay of exci-
ton interactions and diffusion accounting for Auger recombina-
tion. By introducing a thermal drift into the diffusion equation,
the substantial increase in the diffusion coeflicient can be well
explained, considering more efficient thermal currents with in-
creasing excitation density [31]. Cordovilla Leon et al. [54] ob-
served saturation of the hot exciton gas’ expansion rate at high
excitation densities due to the balance between Auger-assisted
hot exciton generation and the phonon-assisted hot exciton
relaxation processes. At higher excitation power, excitons would
experience a stronger excitonic drift force driven by the repul-
sive dipolar interaction, enhancing the diffusion coefficient
by one order of ma%mtude [55]. In our case, the pump fluence
is on the order of 10"° cm™". Therefore, we expect an increase in
the effective diffusion coefficient in monolayer WSe, at higher
exciton densities. As for the monolayers MoWSe, and MoSe,
(see detailed discussion in Note S4), we expect that the negative
diffusion will slow down with increasing excitation density.

Conclusion

In summary, we have investigated the nonequilibrium exciton
transient superdiffusive behavior in monolayers WSe,, MoWSe,,
and MoSe, with a home-built pump-probe microscope. The
exciton density-dependent dynamics and ultrafast spatio-
temporal imaging experiment are implemented. Hot carrier-
dominated fast expansion was observed at the early delay time
for all 3 samples. The equivalent diftusivity for monolayers WSe,,
MoWSe,, and MoSe, is 502, 668, and 2295 cm” s, respectively.
For monolayer WSe,, we observe a small contractlon followed
by a slow linear diffusive behavior (D = 20.9 cm®s™") at a later
time, which can be explained by the involvement of both hot
carrier-dominated expansion and exciton-limited diffusion. In
contrast, an unexpected negative exciton diffusion behavior
was observed in monolayers MoWSe, and MoSe,. In combi-
nation with the results of excitation density-dependent exper-
iments, this phenomenon is attributed to be related to exciton
decay at different positions in space rather than occurring in
real space. The ultrafast exciton-transport imaging results dem-
onstrate the transient superdiffusion in 3 different TMD materi-
als. The experimentally observed unusual behavior in the exciton
diffusion highlights 2D materials as a particularly promising plat-
form for excitonic physics. The results should be relevant to exci-
tonic and photonic applications, stimulating further research.
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Fig. S7. Simulated exciton distribution at various times for
monolayers MoWSe, and MoSe,.
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Fig. S9. Linewidth of the neutral A exciton fitted from the PL
in Fig. S8 versus exciton density for 3 different monolayers.
Table S1. Fixed fitting parameters of all 3 TMD monolayers for
Fig. S3.

Note S1. Quantitative analysis of the impact of defects in terms
of inhomogeneous broadening.

Note S2. Model and simulation of the defect-related anomalous
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Note S3. The role of temperature in slow diffusion, linewidth,
and decay.

Note S4. The role of excitation density in negative diffusion and
linewidth.
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