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Devices operating with excitons have promising
prospects for overcoming the dilemma of response time and
integration in current generation of electron- or/and photon-
based elements and devices. Although the intrinsic properties
including edges, grain boundaries, and defects of atomically
thin semiconductors have been demonstrated as a powerful tool
to adjust the bandgap and exciton energy, investigating the
intrinsic modulation of spatiotemporal dynamics still remains
challenging on account of the short exciton diffusion length.
Here, we achieve the attractive remote lightening phenomenon,
in which the emission region could be far away (up to 14.6 gzm)
from the excitation center, by utilizing a femtosecond laser with
ultrahigh peak power as excitation source and the edge region with high photoluminescence efficiency as a bright emitter.
Furthermore, the ultrafast transition between exciton and trion is demonstrated, which provides insight into the intrinsic
modulation on populations of exciton and trion states. The complete cascaded physical scenario of exciton spatiotemporal
dynamics is eventually established. This work can refresh our perspective on the spatial nonuniformities of CVD-grown
atomically thin semiconductors and provide important implications for developing durable and stable excitonic devices in the
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lectrons and photons, carriers of energy and informa-

tion, are of central importance in current generation of

optoelectronic elements and devices. However, elec-
trons as charged particles are sensitive to the surroundings
because of strong Coulomb interactions, leading to the
bottleneck of nanosecond response time for integrated electric
devices." Although the operation speed of semiconductor-
based optoelectronic components can exceed several gigahertz
via manipulating photons, the high integration of photonic
devices is challenging due to the optical diffraction limit.”
Excitons, or bound electron—hole pairs, which are hydrogen-
like bosonic quasiparticles with a Bohr radius of nanometer
dimensions, potentially combining advantages of electrons and
photons, can efficiently interconnect photonic and electronic
systems.” Therefore, various functional devices operating with
excitons including modulators, storage devices, field-gradient
devices, and transistors have been envisaged and demonstrated
in bulk semiconductor-based coupled quantum wells in past
decades.*™ However, the low temperature required for
operation limits their practical application.

© XXXX American Chemical Society

7 ACS Publications A

The emergence of atomically thin transition metal
dichalcogenides (TMDs) has attracted significant interest to
pursue excitonic devices for two major reasons. On one hand,
owing to the reduced dielectric screening, enhanced Coulomb
interactions, and relatively large effective masses of charge
carriers, the electron—hole pairs formed in monolayer TMDs
have ~1 nm Bohr radius and ~500 meV binding energy, over
an order of magnitude larger than conventional semi-
conductors, enabling the manipulation of exciton at room
temperature.'”™"* On the other hand, the time-reversal
symmetry, broken inversion symmetry, and strong spin—orbit
splitting in monolayer TMDs provide an alternative steerable
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Figure 1. Intrinsic modulation of GBs and edges on electronic and photonic properties. (a) Schematic of the intrinsic modulation of exciton
spatiotemporal dynamics in monolayer MoS,. (b) PL intensity maps of CVD-grown monolayer MoS,. The excitation sites chosen in this
work are divided into three regions: center (I), near edge (II), and on GBs (III). (c) Representative PL spectra obtained from the edge
region and center region. (d and f) Micro-Raman spectroscopic maps plotting (d) E}, peak frequency and (f) A,, peak frequency of CVD-
grown monolayer MoS,. Inset: Schematic atomic displacement of the in-plane E,l_g and out-of-plane A, modes. (&) Micro-Raman spectra
(average of the sites within 1.25 gm) along the blue dotted lines in (d) and (f). Scale bars are 5 pm.

degree of freedom, valley pseudospin, which can be utilized for
information storage and processing and thereby renovate
modern charge- and spin-based technologies.'*™*'

The necessary step toward exciton devices is the control of
exciton spatiotemporal dynamics including relaxation and
transport. The strain,*>*? electric field,**** electron—doping,20
and local dielectric environment” have been demonstrated as
effective methods to modulate exciton flux theoretically and
experimentally in recent years. However, the intrinsic
modulation of edges, grain boundaries (GBs), and defects on
exciton dynamics has not caught extensive attention for
chemical vapor deposition (CVD)-grown monolayer TMDs.
The spatial nonuniformities arising from edges, GBs, and
defects have been treated as fatal shortcomings, and thereby
their adverse impacts on exciton emission efficiency were
mainly of concern.”””® Compared with monolayer TMDs
exfoliated from bulk crystals, CVD-grown monolayer TMDs
have greater prospects for device applications, where the low
cost, high yield, large area, and repeatable and controllable
production are required. The GBs or defects engineering can
complement or surpass strain and electric technologies for
modulating exciton flux in future excitonic devices, especially
in the scenario in which durability and stability are vital.”

Here, the intrinsic modulation of GBs on exciton
spatiotemporal dynamics of CVD-grown monolayer MoS,
was studied. The attractive remote lightening phenomenon—
emission locations could be tens of micrometers away from the
optical excitation center—was observed. Supported by
numerical calculations based on the spatial-temporal dynamic
model, the underlying mechanism related to exciton diffusion
and the giant modulation of GBs on PL efficiency was

discussed. Furthermore, the high electron-doped concentration
near the GB region has a great influence on the temporal
evolution of the exciton, where the ultrafast transition between
exciton (X) and trion (X~) occurs. This work provides
important implications for designing stable and durable
excitonic devices such as exciton guides, couplers, and isolators
based on GB engineering in CVD-grown TMDs.

RESULTS AND DISCUSSION

Intrinsic Modulation of GBs and Edges on Electronic
and Photonic Properties. The monolayer MoS, used in
experiments was directly grown on a silicon/silica substrate by
CVD methods. The monolayer MoS, could be confirmed by
microscopy and PL spectroscopy. All the measurements
reported here were performed at room temperature. An
illustration of the intrinsic modulation of exciton dynamics is
shown in Figure la. Under the excitation of a pulsed laser,
excitons experience spatiotemporal relaxations. Combining
confocal optical microscopy with spectrography, the excitation
laser (continuous wave, 532 nm) was scanned over the sample
and the PL emission spectra at different sites were recorded.
Figure 1b shows the spatial distribution of PL spectrum
integrals over the emission wavelength. In CVD-grown triangle
MoS, flakes, the GBs tend to exhibit as interconnected straight
lines with turning angles of 120°.** Here the GBs among three
triangular grains can be clearly observed owing to the excited-
state quenching.”’ Extracting spectra from Figure 1b, it can be
found that the population ratio of exciton to trion state
decreases, while the peaks red shift (9 meV for exciton and
trion) from edge to GB (see Supporting Note S1 for more
details).
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Figure 2. Remote lightening of edges via exciton flux. (a—c) Three typical cases of spatial emission profiles recorded by EMCCD,
corresponding to the three regions in Figure 1b. (d) Dependence of PL intensity in the center and edge region on excitation power. The
dependence of PL intensity in the edge region can be estimated as the blue dotted line for background excitation. (e) Average emission
intensity in the edge region of 2 gm X 4 pm as a function of the distance r from the excitation center to the selected region. The insets depict
the physical scenario of the excitation center in a non-GB (left) and a GB (right). (f) Spatial intensity profiles of an excitation laser beam in

the inset figure. Scale bars are 5 pm.

Moreover, we note that the population ratios of exciton to
trion state for the edge and center exhibit a more evident
difference in the PL spectra excited by a femtosecond laser,
which possess extremely high peak intensity. As depicted in
Figure lc, the femtosecond laser (408 nm) excited PL spectra
of the edge and center can be well fitted by three peaks
deriving from the radiative recombination of exciton B (is not
considered in this work), exciton A (is called an exciton in the
text), and trion states. It is clear that the shape of PL spectra
changes greatly from edge to center due to the decreasing ratio
of exciton to trion intensities. It can be concluded that the
increased relative emission of the trion is correlated with a
reduction in the overall PL intensity for the interior GB region,
which is consistent with ref 27. Here the decreased population
ratio of exciton to trion state for the GB region can be
attributed to the transition between exciton and trion, which is
determined by electron-doped concentration.

To obtain spatially resolved electron-doped concentration
distributions for monolayer MoS, flakes, micro-Raman
mapping was performed. Monolayer MoS, has a typical
Raman spectrum with two dominant peaks at 376.7 and 404.4
cm_l, corresponding to atomic displacement of the in-plane
E2 and out of-plane A;, modes, respectively (see Supporting
Note $2).* Figure 1d and f show the Raman mappings of the
Ezg and Ay, shift. The Raman spectra of GB regions exhibit an
obvious red shift for the A, peaks as well as a slight blue shift
for the Ezg peak compared with edge regions, and therefore the
three GBs were distinguished in Figure 1d and f. For clarity,
the Raman spectra of the sites along the blue dotted line in
Figure 1d and f were extracted and plotted in Figure le. It can
be seen that the shift range is about 5.5 cm™ for the Ay, peak,
while it is about 2 cm™ for the Ezg peak (see Supporting Note
S2 for more details). The obvious red shift of the Ay, peak for

GB regions compared with edge regions indicates that GB
regions have a higher electron-doped concentration than edge
regions,31 which may induce a significant transition from
exciton to trion and an increased population ratio of trion to
exciton states in GB regions. The transition occurs on the scale
of picoseconds according to our time-resolved differential
reflection measurements, which will be discussed later.
Remote Lightening of Edges via Exciton Flux. To
explore the modulation of GBs on exciton flux in the CVD-
grown monolayer MoS,, the direct PL imaging technique was
adopted, which is a more direct way compared with the PL
mapping because the latter only records the PL intensity at the
excitation center.”””****> The femtosecond laser was focused
on the different sites of monolayer MoS, to pump excitons,
which undergo ultrafast Auger recombination and then diffuse
along the pathway modulated by intrinsic spatial nonuniform-
ities. Generally speaking, the ultralow exciton density after the
transport distance exceeding the short diffusion length makes
verifying the intrinsic modulation on exciton flux in monolayer
MoS, challenging. Fortunately, various studies have demon-
strated that the exciton diffusion length can be enhanced
significantly by increasing the laser power.”>** It has been
reported that the effective diffusion coeflicient remains nearly
constant (~0.2 cm’/s) in the low-density regime and strongly
increases above 40 cm?/s at higher densities in monolayer
WSe, under the excitation of 100 fs laser pulses,”* which may
lead to the observable exciton diffusion in monolayer TMDs.
Therefore, in our micro-PL imaging experiments, the femto-
second laser with high peak power (ensuring an energy density
of ~10 pJ/cm?®) was chosen as the excitation source. At such
high power levels, the thermal and renormalization effects can
be reasonably neglected (see Supporting Note S3 for more
details). Moreover, the edge region that has a higher PL

https://dx.doi.org/10.1021/acsnano.0c01165
ACS Nano XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsnano.0c01165?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01165?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01165?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01165?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01165?ref=pdf

ACS Nano

www.acsnano.org

efficiency was chosen as a bright emitter to detect the exciton
flux after propagating a long distance, inspired by ref 23, which
utilized the exposed WSe, that extends out of the
heterostructure as a bright emitter to monitor the interlayer
exciton flux modulated by the electric field.

The exciton transport and recombination with bright
radiation of the MoS, flake can be recorded simultaneously
using an electron-multiplying charge-coupled device
(EMCCD) camera. The acquired spatial emission profiles
enable us to track the exciton flux modulated by GBs. The
spatial emission profiles of different excitation sites along the
midperpendicular of the triangle-shaped MoS, (such as the
blue dotted lines in Figure 1d and f) were studied. Surprisingly,
the sample edges that are far away from the excitation center
could be lightened through exciton flux. These profiles can be
divided into three typical cases, as shown in Figure 2a—c. First,
when the excitation laser was focused on the intersection
region I of three GBs (Figure 1b and Supporting Figure SS),
the radiation intensities of three edge regions are approx-
imately the same, as depicted in Figure 2a. Second, when the
excitation site was located at region II near the edge (Figure 1b
and Figure SS), the spatial emission profiles of the three edge
regions contain a relativelt brighter edge and two darker edges,
as depicted in Figure 2b. Third, when the excitation pulses
were focused on GB region III (Figure 1b and Figure SS), the
spatial emission profile exhibits a relatively darker edge and
two brighter edges, as depicted in Figure 2c. It should be noted
that the remote lightening of edges is ubiquitous for our
sample (see Supporting Note SS for more details).

The remote lightening of edges (~5 ym away from the
excitation center) is an unusual phenomenon in monolayer
TMDs, and therefore, a further confirmation was performed.
The excitation light has been removed by the filter, and the
influence of the optical system can be excluded by taking the
WSe, as a reference (see Supporting Note S6.). To exclude the
possibility that the signal was from the background excitation
of the laser, the dependences of PL intensities for the center
region and edge region on excitation power were measured
(see Supporting Movie S1). The normalized experimental
results and fitted curves are depicted in Figure 2d. Providing
the background intensity is only 1% (greater than the data in
Figure 2f) of the center intensity for the excitation laser, the
dependence of the PL intensity for the edge region can be
estimated as the blue dotted line supposing that the lightening
edges come from background excitation. It is completely
different from experimental results, and thereby the back-
ground excitation can also be ruled out.

To quantitatively evaluate the farthest distance of remote
lightening, the monolayer MoS, flake with a larger size was
excited by the femtosecond laser with the energy density of 4
uJ/cm?. Similarly, the spatial PL emission profiles for different
excitation sites along the midperpendicular were recorded (see
Supporting Movie S2). From EMCCD images, we obtained
the average emission intensity in an edge region of 2 ym X 4
um (white dotted closed region in Supporting Movie S2) as a
function of the distance r from the excitation center to the
selected region center, as illustrated in Figure 2e. The scatter
points in Figure 2e could be fitted by two-stage exponential
decay curves, and the discontinuous site appears at r = 8 ym. It
can be estimated that the detection limit of 3¢ (o is the
standard deviation of the background level) is reached at about
r = 14.6 pum for remote lightening. There is no analogous
discontinuity on the spatial intensity profiles (normalized by

the center intensity I,) of the excitation laser point (Figure 2f),
which further excludes the remote lightening arising from
background excitation. As previously reported, the GBs appear
as interconnected straight lines with turning angles of 120°,
and the intersection region of three GBs approximately
overlags with the center of equilateral triangle MoS, monolayer
flakes.””*®** It can be easily proved from geometric calculation
that the discontinuous site is exactly located in the intersection
region of three GBs, that is, the dividing point of GBs and non-
GBs.

Physical Scenario of Remote Lightening. Considering
the large effective diffusion coefficient under femtosecond laser
excitation and the significant difference of PL efliciency
between edges and GBs, the remote lightening behaviors are
speculated as following a physical scenario: excitons are
produced by femtosecond laser flow toward the edges of the
sample owing to temperature and concentration gradients and
then recombine with bright radiation. A quantitative discussion
on the underlying mechanism of remote lightening is presented
below. Figure 3a shows the dependence of PL intensity on
excitation energy density at different sites (marked with the
same color in the inset schematic of Figure 3b). It is clearly
evident that there is a significant difference between GB
regions and edge regions, which are almost the same for the
sites on the GB. Meanwhile, the experimental data of each
excitation site could be fitted by exponential decay curves
(plotted with the same color in Figure 3a), and the PL
saturation intensity of different sites was extracted and plotted
in Figure 3b (normalized by the saturation intensity of the
center). It can be observed that the PL saturation intensity
near the edge is nearly 7-fold (maybe larger for the edge
region) higher than that of the GB region, while in the
excitation center, the excitons with an ultrahigh density
undergo an ultrafast Auger recombination and a large amount
of excitons (nearly 90% according to Figure 4a—c) annihilate
without radiation. Therefore, the emission efficiency per
exciton of the edge region can be 2 orders larger than that
of the GB region, which enables us to detect the low-density
exciton flux.

The spatial-temporal distribution of exciton density during
the diffusion process can be described by a spatial-temporal
dynamic model (see Supporting Note S6):

NG, £) = ——2

x2 t
Jaw (1) exp[ w’(t) T) 1)

where « is the distance to the excitation center, Nj, is the initial
exciton density induced by excitation pulses,

w(t) = \Jw,” + 4Dt is the width of the spatial distribution

of exciton density, wj is the width of the excitation beam, D is
the effective diffusion coefficient, and 7 is the lifetime of the
exciton. The theoretical spatial distribution of the exciton
density can be obtained by the integral of N(x, t) over time.
The blue points in Figure 3¢ show the spatial emission profile
along the gray dotted line in Figure 2a. Combining with the
emission efficiency per exciton and the instrument response
function (green curve in Figure 3c), the spatial emission profile
was quantitatively reproduced by the spatial-temporal dynamic
model, as depicted in Figure 3c (see Supporting Note S8 for
more details). The laser width w, = 0.7 um, the effective
diffusion coefficient D = 40 cm?/s, and the exciton lifetime 7 =
250 ps were adopted in the quantitative simulation. It should
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Figure 3. Physical scenario of remote lightening. (a) Dependence of PL intensity on excitation energy density at different sites (marked with
the same color in the inset of (b)). (b) PL saturation intensity of different sites extracted from (a). (c) Quantitative simulation of the spatial
emission profile based on the simple spatial-temporal dynamic model. (d—f) Physical scenario of three typical spatial emission profiles

corresponding to Figure 2a—c.

be noted that the femtosecond laser power should be high
enough to ensure that the exciton radiation can be detected by
EMCCD even for the farthest region from the excitation
center. Therefore, the choice of femtosecond laser peak power
depends on the sensitivity of the camera and the efficiency of
the optical system. Under our experimental conditions, it can
be established that the energy density should be on the scale of
10 pJ/cm? to obtain the effective diffusion coefficient of ~10
cm’/s according to ref 34.

Considering the reduced bandgap on GBs,” we can
understand the complicated questions of how the three typical
spatial emission profiles (Figure 2a—c) can be induced by the
modulated exciton flux and why the discontinuous site appears
at the dividing point of GB and non-GB. As shown in Figure
3d, when the excitation laser was focused on the intersection
region of three GBs, the triple rotation symmetry of the system
determines the excitons equally flow to the three edges, which
leads to approximately the same radiation intensity in the three
edges (Figure 2a). Provided that the excitation site was located
at the region near one edge, excitons that arrived at two distant
edges experienced a longer distance and an additional potential
well, which seriously impeded its diffusion because of the
funnel effect (Figure 3e).”” Thus, the two edges are darker
than another edge in Figure 2b. Lastly, when the excitation
laser was focused on the GB, the excitons need to go through a
potential barrier to reach the distant edge (Figure 3f). Hence
excitons tend to flow to the nearest edge, and the spatial
emission profile of Figure 2c can occur naturally. Additionally,
as shown in the insets of Figure 2e, excitons diffused to edge
region should leap over an additional potential barrier for the
excitation center in the GB region (right inset) compared with
that for the excitation center in the non-GB region (left inset).
Therefore, there is an extreme descent for the emission
intensity in the selected edge region by changing the excitation

center from non-GB region to GB region (Figure 2e).
Consequently, the remote lightening can be reasonably
attributed to the exciton flux modulated by GBs and edges.
Note that the simplified analytical exciton diffusion model
presented in this work can quantitatively explain the remote
lightening of the edge, but fails to reproduce three typical cases
of spatial emission profiles (Figure 2a—c) modulated by GBs,
because the influence of spatial inhomogeneity on the diffusion
was not considered in the model. As supplementary, the
qualitative physical scenario was presented to explain how the
three typical cases of spatial emission profiles can be induced
by GBs. It is assumed that some of the excitons can survive
traveling through areas of grain boundaries, which could be a
large obstacle for the exciton’s transit due to funneling effects
generated from reduced electronic gaps and a high electron-
doped concentration. The hypothesis can be supported by
three reasons. First, from the aspect of barrier energy, based on
the schematic diagram explaining the funnel effect depicted in
ref 36, the reduced exciton energy induced by GBs can be
estimated as 9 meV from the red shift of the exciton peak (see
Supporting Note S2 for more details), which is far less than the
thermal fluctuation of kzT &~ 26 meV at room temperature.
This means that excitons are very likely running away from the
funnel effect of GBs owing to thermal fluctuation. Second,
from the aspect of barrier spatial width, the spatial scale that
the electronic gap deeply modulated by GBs is less than S nm
by the measurement of scanning tunneling microscopy,”’
which will further increase the exciton survival probability to
travel through GBs owing to quantum tunneling. Lastly, from
the aspect of exciton transition, although the grain boundaries
full of free carriers will facilitate the transition from excitons to
trions, some of the trions will reconvert to excitons and
electrons when they reach the non-GB region with ultralow
electron-doped concentration. The above complicated physics
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Figure 4. Ultrafast transition between exciton and trion. (a—c) Time-resolved differential reflection signals AR/R, (normalized by the peak
values) for the pump and probe pulses focused on the edge region, center region, and GB region. The actual time was increased by 1 ps on
the timelines, and the inset schematics show the specific excitation sites. (d—f) Enlarged figures of the first 10 picoseconds corresponding to
(a)—(c). (g) Schematic diagram of the complete physical scenario of exciton spatiotemporal dynamics.

of exciton traveling through GBs deserves further investigation
by ultrafast and super-resolution technologies, which might be
temporally out of the main scope of the current work.

Ultrafast Transition between Exciton and Trion.
Besides supporting the explanation of remote lightening
behavior, the femtosecond pump—probe technique also is a
powerful tool to clarify the intrinsic modulation on the
populations of exciton and trion states within a femtosecond—
picosecond time scale. In our ultrafast measurements, in order
to pump and probe the excitons in monolayer MoS, flakes, the
wavelength of the pump pulse was fixed at 408 nm, while the
probe was chosen as 660 nm. The pump and probe energy
densities were 6.0 and 0.2 uJ/cm?, respectively.

Figure 4a shows the normalized differential reflection signal
AR/R, when the pump and probe pulses were focused on the
edge region (red point in the inset of Figure 4a). Note that the
timeline is in log coordinates to clearly present the details of
the transient signal on a large time span (—800 fs to 500 ps)
and the actual time was increased by 1 ps to avoid
mathematical invalidity. It can be found that the high-density
excitons pumped by femtosecond pulses (the rising edge of
AR/R,) undergo three decay processes: multiexciton annihi-
lation (~N¥ where x > 2 and x = 4 was demonstrated in
previous studies),”” exciton—exciton annihilation (~N?), and
single exciton recombination (~N). The exciton relaxation
dynamics on the first 10 picoseconds is enlarged and depicted
in Figure 4d. It is clearly evident that the fast multiexciton
annihilation (0—1 ps) and relative slower exciton—exciton
annihilation (>1 ps) are dominant during this stage.

When coaxial pump and probe pulses were focused on the
intersection site of three GBs (green point in the inset of
Figure 4b) and on the site of the GB (blue point in the inset of
Figure 4c), the ultrafast signals were plotted in Figure 4b and c,
and the corresponding enlarged figures of the first 10
picoseconds are depicted in Figure 4e and f, respectively.
Surprisingly, the transient differential reflection signals of
Figure 4e and 4f go through a dramatic reduction within the
first picosecond and then slightly increase with the delay time.
Since the amplitude of AR/R, is proportional to the pumped
exciton density,” the rapidly dropping amplitude means the
appearance of a new exciton relaxation channel, while the

subsequent increasing implies the emergence of an additional
channel that can produce excitons in the monolayer MoS,. The
tremendous changes of relaxation dynamics in the edge and
GBs remind us of the intrinsic modulation on the electron-
doped concentration mentioned above, which is closely related
to the generation and decomposition of the trion.

The ultrafast transition between exciton and trion provides a
reasonable interpretation for the anomalous changes of
relaxation dynamics. Integrating the generation and decom-
position of the trion into the common rate equation, the
modified rate equations that describe the exciton and trion
dynamics on the first 10 picoseconds can be written as the
following:

el AN* — BN* — C(N, — N;)N + DN, (20
0Ny
—~ = C(N, — N;)N — DN; (2b)

where N and Ny are the exciton and trion density, respectively;
N, is the electron-doped concentration in different sites of
monolayer MoS,, A and B are the four exciton annihilation
rate and exciton—exciton annihilation rate, C is the transition
rate from exciton and electron to trion, and P is the
decomposition rate from trion to exciton and electron. It
should be noted that the exciton diffusion and the radiative
recombination of exciton and trion can be neglected during the
first 10 picoseconds.

The differential eqs 2a and 2b can be numerically solved
using the Runge—Kutta method, and the ultrafast signals
depicted in Figure 4d—f can be well fitted by the modified rate
equations. Besides, the corresponding trion density evolution
on the first 10 picoseconds was also plotted as gray dotted lines
in each figure (see Supporting Note S9 for more details). The
electron-doped concentrations N, adopted in the fitting
process are 10" and 0.85 X 10" cm™ for Figure 4e and f
respectively, and the ultrafast transition between exciton and
trion cannot be ignored, which is consistent with the results of
Raman mappings (Figure 1d—f). Therefore, it can be
concluded that the ultrafast transition between exciton and
trion in the CVD-grown monolayer MoS, flake is demon-
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strated by the femtosecond pump—probe technique, which
provides a clearer physical scenario for the intrinsic modulation
on the populations of exciton and trion states (see Supporting
Note S10 for the analysis of other excitation sites). The
excitons transiting to trions in the high electron doped GB
region results in a lower PL efficiency compared with the edge
region.

Lastly, the complete cascaded physical scenario of exciton
spatiotemporal dynamics could be summarized as in Figure 4g.
The four-exciton (X*) annihilation and the transition from
exciton (X) to trion (X~) is dominant in the first picosecond
(top diagram). In the following tens of picoseconds, the
decomposition from trion to exciton competes with exciton—
exciton (X*) annihilation (middle diagram). And then the
exciton diffusion and single-exciton (X') recombination
(bottom diagram) mainly occur in hundreds of picoseconds
to nanoseconds.

CONCLUSIONS

In conclusion, the intrinsic modulation of GBs and edges on
exciton spatiotemporal dynamics in CVD-grown monolayer
MoS, was investigated with micro-PL imaging and femto-
second pump probe techniques. The complete cascaded
physical scenario of exciton spatiotemporal dynamics was
elaborately established. The significant remote lightening
phenomenon in which the emission region could be far away
(up to 14.6 um) from the optical excitation center was
observed. The underlying mechanism was demonstrated as the
cooperation of exciton diffusion and the giant modulation of
GBs and edges on PL efficiency based on the simple spatial-
temporal dynamic model. Considering the ultrafast transition
between exciton and trion, the modified relaxation rate
equations quantitatively explained the anomalous behavior of
ultrafast signals in the GB regions, which provides insight into
the intrinsic modulation on the populations of exciton and
trion states. This work can refresh our perspective on the
spatial nonuniformities arising from edges, GBs, and defects for
CVD-grown monolayer TMDs and provides us an important
inspiration that GB or defect engineering could be a powerful
tool to modulate exciton flux in future durable and stable
excitonic devices such as exciton guides, couplers, and
isolators. Moreover, the GB or defect engineering might be
an effective and simple method to manipulate excitons and
realize ?romising exciton behaviors such as exciton Hall
effects, exciton liquids,39 and Bose—Einstein condensation of
excitons. ™

MATERIALS AND METHODS

Sample Preparations. The MoS, monolayers were synthesized
by the CVD method: MoO; nanoribbons were fabricated through
dissolving sodium molybdate (Na,MoO,) in nitric acid and then
transferring the solution to a Teflon container at 170 °C. The MoOj;
ribbons were cut into pieces and placed on a silicon base. In the
quartz tube, bare Si/SiO, substrates with a SiO, thickness of 540 nm
were placed on each side of the silicon substrate with MoOj3, and 0.8 g
of sulfur was placed on the side of the N, inlet port. The tube was
inserted into a furnace and gradually heated to a temperature of 550
°C to evaporate sulfur, with N, flowing through the tube at 200 sccm.
After heating to 850 °C and holding for 10—15 min, MoS, flakes were
formed, and the chamber was cooled back to room temperature.*'

Confocal Raman and PL Spectrum Measurements. Raman
and PL mappings were performed by a confocal micro-Raman
spectrometer (Horiba XploRA PLUS), employing an excitation laser
with a wavelength of 532 nm. The Raman spectra were detected with

a 100X objective lens (Olympus MPlan N, NA = 0.9) and 1800 mm ™
grating for high spatial and spectral resolution, while for the PL
spectrum, a 600 mm™" grating was used for high intensity.

Mirco-PL Imaging. The schematic of the mirco-PL imaging
apparatus is presented in Figure S10. The femtosecond pulses (817
nm, 73 fs, 80 MHz) emitted from a mode-locked oscillator (Tsunami
3941C-25XP) were focused into a photonic crystal fiber (Newport
SCG-800) to generate supercontinuum white light. The pump pulses
were selected by a 600 + 10 nm bandpass filter (Thorlabs FB600-10)
and then focused by an infinity-corrected long working distance
micro-objective (Mitutoyo, 100X) to excite the monolayer MoS,. For
spatial imaging, a 650 nm long-pass edge filter (Thorlabs FEL0650)
was used to block excitation light. The filtered light was imaged by an
EMCCD camera (Andor Ixon 897) with the micro-objective and
matched wide-field tube lens (Thorlabs TTL200-A). For spectral
measurements (Figure 1c), the filtered light was coupled to a
spectrometer (Acton SP2500) equipped with a liquid nitrogen cooled
CCD. The homemade apparatus is convenient for switching between
spectral measurement and spatial imaging by the removable right-
angle silver mirror in the cage cube.

Ultrafast Measurements. Ultrafast pump—probe measurements
in the reflection configuration were carried out. Detailed descriptions
of our home-built apparatus can be found in a previous work.”™ The
femtosecond pulses (817 nm, 73 fs, 80 MHz) were split into two
parts. One of them passed through a BBO crystal to produce the 408
nm pump pulses, while the other one was focused into a photonic
crystal fiber (Newport SCG-800) to generate the supercontinuum
white light. The probe was then selected with a 660 + 10 nm
bandpass filter (Thorlabs FB660-10). The spot size of the focused
probe was about 1—2 ym. The delay time between pump and probe
pulses was controlled by a steeper linear stage (Newport M-
ILS1S0PP). To improve the signal-to-noise ratio, the reflected
probe pulses passed through a 450 nm long-pass edge filter (Thorlabs
FEL0450) and then were detected by a high-sensitivity photo-
multiplier (Thorlabs PMMO02) connected with the phase lock-in
amplifier (Stanford SR830).

Numerical Simulations. The full spatial-temporal dynamic
model including multiexciton annihilation, ultrafast transition
between exciton and trion, exciton—exciton annihilation, single-
exciton recombination, and exciton diffusion was elaborately
established (see Supporting Note S7 for more details). For the
spatial distribution of exciton density, the model has an analytical
solution of eq 1 owing to only the single-exciton recombination
should be considered with exciton diffusion on the scale of several
hundred picoseconds. To reproduce the experimental spatial emission
profile (Figure 3c), the spatial distribution of exciton density was
multiplied by an appropriate spatial distribution of PL efficiency per
exciton and then convoluted with the instrument response function
(see Supporting Note S8 for more details). For explaining the ultrafast
signals in Figure 2e and f, the transition between exciton and trion was
introduced. The modified rate equations 2a and 2b were numerically
solved using the Runge—Kutta method to acquire the density
evolution of the exciton and trion. Selecting an appropriate
electron-doped concentration, Figure 2e and f were well fitted (see
Supporting Note S9 for more details).
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