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Spatiotemporally Controlled Access to Photoluminescence Dark
State of 2D Monolayer Semiconductor by FRAP Microscopy

Hua Su, Yufeng Nie, Qianlu Sun, Linliang Yin, Jian Li, Xing-Hua Xia, Weigao Xu,*

and Wei Wang*

Tailoring the photoluminescence (PL) of semiconductors through
spatiotemporal manipulation of dynamics of photoexcited catriers is of
paramount importance for understanding the emitting mechanism and
developing high-performance devices. Herein, fluorescence recovery after
photobleaching (FRAP) microscopy, a powerful tool in biology, is first utilized
to simultaneously manipulate and monitor the dynamics of photoexcited
carrier in attractive 2D transition metal dichalcogenide monolayers (1L-TMDs).
This allows on-demand access to the PL dark state of 1L-TMDs, based on the
triggered exciton—exciton annihilation by pump beam-initiated photodoping.
Using a 0.7-um-diametered pump laser, the PL dark region can be facilely
tailored from =0.5 to =5 um over a 10-um-1L-WS, flake. An interesting
photoinduced dedoping effect in 1L-TMDs after photodoping is discovered by
FRAP, which has not been observed before and might account for the non-
blinking emission of 1L-TMDs. The revealed mono-exponential photo-dedoping
can also be kinetically tailored by =170-fold (k: 0.11-19.00 s~') by humidity,
power of incident laser and type of 1L-TMDs. This study demonstrates
the power of FRAP microscopy in exploring the effect of photoexcited
carrier dynamics on the PL property of semiconductors, holding promises
for understanding light-emitting mechanism and optimizing operational

can generate light emission.l"? Reducing
the dimension of bulk semiconductor
to nanoscale brings about significant
quantum confinement effect, and unprec-
edently boosts the quantum yield (QY) of
photoluminescence (PL), such as the sce-
nario of colloidal quantum dots (QDs).["2
Extremely promoted by the QDs, semi-
conductor-based luminescent materials
have achieved tremendous progresses
from controlled synthesis to manipula-
tion of their optical properties over the
last 30 years, and shown promising appli-
cations in photodetectors, light-emitting
devices, biological imaging, and so on.[*
While the outstanding optical property
of these emitters due to the nanoscale
confinement effect, interactions among
photoexcited carriers and effect of struc-
tural defects on photophysical process
are concomitantly prominent in these
low-dimensional nanostructures.®”l This
sometimes gives rise to unwanted PL

parameters for optoelectronic devices.

1. Introduction

Upon light illumination, photoexcited charge carriers (elec-
tron-hole pair, so-called exciton) generate in semiconductors,
and the subsequent radiative recombination of these carriers
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property, such as the PL dark state in QDs
(i-e., a decreased PLQY attributed to non-
radiative Auger recombination of charge
carriers caused by surface structural defects).®12 Therefore,
elucidating the impact of photoexcited charge carrier dynamics
on the PL properties of semiconductor is of paramount impor-
tance for understanding the underlying emitting mechanism
and developing high-performance optoelectronic devices; in
this sense, it is highly desirable to spatiotemporally manipulate
and visually monitor the dynamics of photoexcited carriers.
Since 2010, three-atom-thick transition metal dichalcogenide
monolayers (1L-TMDs), with the general chemical formula of
MX,; (M = Mo, W and X = S, Se), a large lateral size up to tens
of microns and a near-unity PLQY, has newly emerged as an
attractive 2D semiconductor for optoelectronic device applica-
tion and fundamental solid-state physics research.'*-231 Com-
pared to the traditional semiconductors, 1L-TMDs possess sev-
eral impressive features. First, external stimuli-sensitive X-M-X
sandwich structure of 1L-TMDs, manifests itself versatile in
engineering the PL property through modulating the intrinsic/
photoexcited charge carriers and their interactions over the
whole flake, by virtue of molecule adsorption (H,0, O,, organic
molecule, etc.),?*%! electric control™?® and light stimula-
tion.235 Second, 1L-TMDs possess higher exciton binding
energy (tens of meV to hundreds of meV), owing to the atomic
layer-thin spatial confinement and reduced Coulomb screening
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effect.1>3% The enhanced electrostatic interaction between elec-
tron and hole also leads to a much stronger exciton—exciton
interaction in 1L-TMDs compared to other semiconduc-
tors.3¥3738] For instance, 1L.-TMDs possess a highly effective
exciton—exciton annihilation (EEA) at an exciton density of
=10 cm™ (corresponding to an inter-exciton distance of
~100 nm), in which one exciton recombines non-radiatively and
transfers its energy to another exciton (an excitonic analog of the
Auger process in QDs).13>37#1 This usually leads to a decreased
PLQY with increasing power of incident light.®! The long dif-
fusion distance of neutral exciton in 2D 1L-TMDs (even up to
1.5 um),* also contributes the strengthened EEA process,38l
and enabled an effective Auger recombination.l’’*] Moreover,
the strong Coulomb interaction for excitons in 1L-TMDs also
energetically favors the formation of charged trion species (two
electrons and a hole, or two holes and an electron) even at room
temperature when a neutral exciton encounters another elec-
tron or hole.***#] Third, atomic defects are relatively rich in
1L-TMDs, especially chalcogen vacancies,!8:25%7:30,37.38 4446-48]
might increase the possibilities of trapping ionized charge car-
riers from exciton dissociation and promote the Auger-related
process,*) similar to that in single-walled carbon nanotubes
(SWCNTs) which possess similar quantum confinement effect
and exciton binding energy of hundreds of meV.’*!l Taking
these unique features of 2D 1L-TMDs into consideration, we
expected that 2D 1L-TMDs were an ideal platform to explore
the effect of the dynamics of photoexcited carrier on the PL
property of semiconductor if combining local manipulation of
charge carrier concentration and visual widefield PL imaging.
Relatively non-blinking emission (i.e., the random PL intensity
switching of a single emitter between “ON” and “OFF” state) in
most 2D 1L-TMDs,["52] also endows it a stable PL background
for monitoring the dynamics of photoexcited carriers upon an
external carrier injection, such as photodoping.34

Herein, we developed a two-laser beam technology to
on-demand access to the PL dark state of 2D 1L-TMDs in a
temporally- and spatially-controlled manner. This was based
on the increased EEA effect upon instantaneous injection of
abundant excitons via spatiotemporally-controlled high-power
pump beam stimulation (photodoping). The widefield PL
imaging via a continuous illumination of a low-power probe
beam allowed us to decipher a photoactivated dedoping pro-
cess in 1L-TMDs after the instantaneous photodoping, which
has not been observed in 2D 1L-TMDs yet, to the best of our
knowledge. Our results further showed the photoassissted
dedoping process in 2D 1L-TMDs exhibited a typical mono-
exponential behavior. Further, the kinetics of this dedoping
process can also be facilely tuned by humidity, power density of
incident light and type of 1L-TMDs, enabling the 1L-TMDs as
excellent models to understand and manipulate the dynamics
of photoexcited charge carriers and to further tune the emis-
sive property of 2D 1L-TMDs. Noted that, such two-laser beam
configuration is popular in cell biology, also known as fluores-
cence recovery after photobleaching (FRAP), which has been
proven to be a powerful tool to spatiotemporally investigate
the mobility of fluorophore-labeled biomolecules of interest
within the cells.’> Through photobleaching the region
of interest (ROI) and monitoring the subsequent molecular
diffusion-induced PL recovery profile, the binding properties
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and transport dynamics of particular biomolecules can be
unveiled.>>~>] Despite the similarity in optical configuration,
this study represents the first attempt to adopt the FRAP con-
cept to spatiotemporally manipulate and monitor the dynamics
of photoexcited carrier in 2D semiconductor.

2. Results and Discussion

Considering the exciton density of 2D 1L-TMDs can be easily
tailored by the power density of excitation light,?3%>8 we uti-
lized the commercially available FRAP microscope (based on
an Olympus IX-83 microscope) to spatiotemporally manipulate
and visually monitor the dynamics of photoexcited carrier in
1L-TMDs, with the principle shown in Figure 1A. Briefly, a low-
power continuous-wave (CW) probe laser beam (488 nm, with a
spot size of =100 um in diameter, =5 W cm™) was continuously
illuminated onto a flake of 1L-TMD through an oil-immersed
objective lens for wide-field recording the PL signals of the
1L-TMD. At a certain timepoint, a tightly-focused Gaussian-like
CW high-power laser (405 nm, with a spot size of =0.7 pm in
diameter) was utilized as a pump beam (with a pulse width
of 3-30 ms) to locally trigger the enhanced EEA effect in the
1L-TMD via instantaneous injection of abundant excitons. After
the dramatical disturbance, the PL behavior of the 1L-TMD
was continuously monitored with a fast imaging camera
(29.4-62.5 frames per second), until reaching the equilibrium
state. 2D 1L-WS, was first chosen as the model in this study, due
to its high PL quantum yield at room temperature as compared
to those of other 1L-TMDs.>% The 11L-WS, was mechanically
exfoliated from a bulk WS, crystal according to our previous
work,7l and characterized by bright-field/PL/Raman measure-
ment (Figure S1, Supporting Information) and atomic force
microscopy (AFM) (Figure S2, Supporting Information).

Before FRAP experiment, we first checked the effect of
power density of incident light on the PL emission of the as-
prepared 1L-WS, (Figure S3, Supporting Information), and
found that the PL intensity of 1L-WS, scaled nonlinearly with
the exciation power of the 488-nm laser above =30 W cm™2. This
threshhod predicted an enhanced EEA effect in our sample if
further increasing the excitation power.'®! Therefore, for the
488-nm probe laser, a slightly lower power denstiy of =5 W cm™
was usually used, thus generating an estimated exciton density
of =4.88x10®8 cm™. While for the 405-nm pump laser, a much
higher excitation power in the range of =1.6-142.8 kW cm™ was
utilized to locally inject abundant excitons in 1L-TMDs, thus cor-
responding to an inter-exciton distance of 176 —1.9 nm (with an
estimated excition density of 3.27 X 10"-2.9 x 10" cm™) This
distance is significantly shorter than that of diffusion length of
excitons in 1L-TMDs and potentially beneficial for the exciton-
exciton annihilation process,’® while still larger than the
reported exciton Bohr radius =1 nm.® The estimation of exciton
density was based on the assumption that one absorbed photon
generated one exciton,3#¥39%1 and the detailed calculation was
presented in the section 2 of the supporting information.

The top panels in Figure 1B presents the selected time-lapsed
PL images of a 1L-WS, flake with a lateral size of =10 um. Before
a 405-nm pump stimulation (¢ < 0), the PL intensity of 1L-WS,
just shows a slight fluctuation (initial state, marked by a gray
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Figure 1. Access to the PL dark state of 2D 1L-WS, via a two-laser beam technology. A) Schematic illustration of the FRAP microscope for manipu-
lating and monitoring the PL dark state of a flake of IL-TMD placed in a temperature- and moisture-controlled chamber. A high-power continous-wave
(CW) pump laser beam (405 nm, =0.7 um diameter) was tightly focused onto the flake to trigger the PL dark state through photodoping, and another
continuously-illuminated low-power CW probe beam (488 nm, =100 um diameter) was introduced for wide-field imaging of the dedoping process. M1,
M2, and M3 are optical filters. An electron-multiplying charge-coupled device (EMCCD) was equipped to sensitively record the wide-field PL images at
an imaging acquisition rate up to 29.4 frames per second. B) Selected time-lapsed PL images of a 1L-WS, during a typical PL recovery process. Upon
a 30-ms pulse stimulation, a PL dark region appeared (t = 0 s), followed by a slow recovery to the bright state. For each image in the PL recovery,
the initial state image was subtracted to show the PL dark region clearly. Scale bar: 3 pm. C) The time-dependent PL intensity averaged over a given
circular ROI (marked by the white dashed line in (B) shows a mono-exponential recovery kinetics after the pump stimulation, with a recovery rate (k) of
1.32 s7\. D) Time-evolved PL intensity profile along the blue dashed line illustrated in (B) after the stimulation, and corresponding fitting results using
a Gaussian function. E) Evolution of full width at half maximum (FWHM) as a function of time during the PL recovery. Parameters of two incident

lasers: 405-nm laser, 0.2 mW (=40.8 kW cm™2), 30-ms pump time; 488-nm laser, 3 mW, =5 W cm™.

color in Figure 1C). Upon a 30-ms pump stimulation, a PL dark
region immediately appeared near the point of stimulation, fol-
lowed by a gradual recovery to the bright state upon the con-
tinuous illumination of a 488-nm probe beam in a timescale of
several seconds. To clearly show the PL dark region, each PL
image recorded during PL recovery was subtracted by the initial
state image (pre-bleached), as presented in the bottom panels
of Figure 1B. The averaged PL intensity trajectory for a given
circular ROI (marked by a white dashed line on the top panel
of Figure 1B) as a function of time is shown in Figure 1C and
Movie S1 (Supporting Information). The PL recovery process fol-
lowed a typical mono-exponential behavior, with a recovery rate
(k) of 1.32 s7L. It should be noted that the PL dark state with a
timescale of several seconds was not the lifetime of the exciton-
related species in the 1L-TMD, which was generally accepted
in the timescale of =ps to =ns.[10:34404] It should be noted that
similar FRAP phenomenon were recently reported in perovskite
single crystals, but exhibited a much longer recovery time in the
timescale of > 1 h due to totally different mechanism, i.e., pho-
toinduced defect formation from chemical decomposition and
closed chemical cycle-induced self-healing effect.0]

Spatial information of PL dark region during the PL recovery
was further extracted from the differential images with the pre-
bleached images subtracted (bottom panels of Figure 1B). As
presented in Figure 1D, the time-lapsed PL profiles along the
blue dashed line (illustrated in the bottom panel of Figure 1B)
can be fitted by the Gaussian function PL (t) o< exp (-(x-¢)%/21w?).
The obtained temporal evolution of full width at half maximum
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(FWHM, =2.355 w) is shown in Figure 1E. Intriguingly, the
FWHM value declined with time as the PL of 1L-WS, recov-
ered. This was quite different from that of biofilm system-based
FRAP experiment, which usually displays a time-dependent
broadened FWHM due to the diffusion of bleached molecules
out of the bleached region and/or surrounding non-bleached
molecules into the bleached region.>>®l This suggested that
the observed PL bleaching-recovery phenomenon herein had
a different mechanism. In addition, quantitative analysis fur-
ther revealed that the typical FWHM of PL dark region after
the 405-nm laser stimulation was much bigger than that of the
405-nm laser (3.5 um vs 0.7 um, Figure S4, Supporting Infor-
mation) and showed a 1.4-um broadening in comparison with
that of 405-nm laser. Although this value was quite close to the
reported 1.5-um diffusion length of neutral exciton in 1L-TMDs,
it can’t be simply attributed to the exciton diffusion-promoted
EEA-induced PL quenching.®®* This was because the laser
intensity in the tail beyond the FWHM of the 405-nm pump
beam was also strong enough to cause the PL quenching of
1L-WS,, which was evidenced by the observed PL quenching
when placing the laser spot 1-um away from the flake
(Figure S5, Supporting Information).

Actually, the PL bleaching-recovery process was highly
reversible and repeatable, as shown in Figure 2A, indicating
that the intactness of 1L-WS, retained after the 405-nm laser
treatment.®® It was reported that the reversible adsorption
and desorption of gas molecule such as O, and H,0, can
also increase or diminish the PL intensity of 1L-WS,, through
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Figure 2. Controllable access to the PL dark state of 2D 1L-WS,. A) Highly
repeatable PL recovery behavior of 2D 1L-WS, upon a sequence of
30-ms pulse irradiation using a CW 405-nm pump beam (0.2 mW,
~40.8 kW cm™2) probed by a CW 488-nm laser (3 mW, =5 W cm™) at
room temperature and ambient condition. B) Effect of a flat hexagonal-
BN (h-BN) film-coating on the PL bleaching—recovery behavior of a flake
of 1L-WS,. The similar phenomena took place on both h-BN-coated and
-uncoated 1L-WS,, while a =70% decrease in PL intensity occurs on the
former condition. Parameters of pump and probe beams were same as
that in (A) except for a 10-ms pump time. Scale bar: 2 um. C) Effect of
relative humidity (RH) on the recovery profile of IL-WS, on the condition
of fixed concentration of oxygen gas. A remarkably prolonged recovery
time was observed in the low RH level (39%), relative to that in high RH
level (k:1.00-1.03 s7'vs 0.11-0.16 s7'). The RH level was switched over two
cycles for the same 1L-WS, flake. Parameters of pump and probe beams
were same as that in (B).

decreasing or boosting the charge carrier density of 1L-WS,,
respectively.??”] Thus, we partially coated a flake of 1L-WS,
with a flat hexagonal-BN (h-BN) film and performed the same
experiment (Figure 2B). As expected, a decrease in PL intensity
by =70% on h-BN-coated 1L-WS, compared with that of pris-
tine flake, which was attributed to the increased free electron
density owing to the isolation of the monolayer from the air,
and thus validated the effective coating. Consequently, similar
PL bleaching-recovery kinetics occurred on h-BN-coated and
-uncoated 1L-WS,, possibly excluding the photoinduced desorp-
tion effect proposed previously.3Y In fact, gas adsorption/des-
orption usually leads to a slower PL change of 1L-TMDs.[2420]
Further, the effect of relative humidity (RH) on the recovery
process of 1L-WS, was explored at high RH (75%) and low
RH (39%) for two cycles (Figure 2C). Interestingly, the 1L-WS,
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showed a significantly slower recovery rate in the low RH
atmosphere, compared with that in high RH level (k: 1.03 s vs
0.11 s7Y). Actually, a slightly higher initial PL intensity appeared
in the high RH relative to that of low RH, indicating the pas-
sivation of H,O on the sulfur vacancies of 1L-WS,. This result
is reminiscent of the fact that surface passivation significantly
inhibits the PL dark state of QDs, which decreased the trapping
possibilities of ionized/ejected carriers by the surface defects in
QDs through organic ligand- or inorganic shell-coating.*!

To gain an insight into the bleaching-recovery mechanism,
we first explored the possible structural change during the PL
bleaching-recovery process via in situ Raman measurement
at a time resolution of 0.1s (Figure S6, Supporting Informa-
tion), and found that no remarkable changes in Raman spectra
(including peak position and integrated intensity) occurred
to 1L-WS,. This excluded possible structural changes such as
defect formation or phase change,®>%% and suggested a pho-
tophysical mechanism for the observed FRAP behavior. Fur-
thermore, we performed an in situ measurement on the PL
spectra of a 1L-WS, during the bleaching-recovery process. A
slightly slower recovery kinetics (k: 0.31 s7) was intentionally
tailored through RH level control to explore the spectral evolu-
tion, thus balancing the spectral sensitivity and resolution (top
panel of Figure 3C). Upon a 473-nm pump laser stimulation, a
shoulder PL peak instantaneously appeared on the low-energy
side of the main peak, followed by an asymptotical decay to the
initial state, as indicated in Figure 3A. The obtained spectra
can be fitted by a Voigt function (a convolution of Gaussian
and Lorentzian function) to two typical peaks (Figure 3B),[8:64
in which the peaks at =2.02 eV and =1.97 eV can be assigned
to neutral exciton (X°) and trion (X), respectively.’”-2%3365 A
small X~ peak in the initial state of WS, possibly resulted from
the unintentional n-doping due to chalcogen vacancies, which
were general structural defects in TMD monolayers exfoliated
from commercial crystals.[18:25:27:30,37.38.4446-48] [ 5w temperature
PL mapping also confirmed the existence of plenty of struc-
tural defects in the as-exfoliated 1L-WS, (Figure S7, Supporting
Information). It should be noted that the peak position of X°
and X~ showed negligible shifts during the whole process, fur-
ther indicating that the atomic and energy band structure of
1L-WS, kept stable in the process,?l and possibly excluding
the pump laser beam-induced thermal effect in our case.[3234
The integrated PL intensity ratio of X~ to X? increased sharply
at t = 0 s and decayed rapidly during the following PL recovery
process (approximately from 0.7 to 0.25, bottom panel of
Figure 3C). This confirmed the immediate formation of trions
upon the pump laser illumination and subsequent conversion
of trions to the neutral excitons. Considering that trion forma-
tion requires the existence of excess charge carrier, abundant
trions that instantaneously formed suggested a photodoping-
triggered free carrier formation by the high-power pump beam
excitation (>1 kW c¢m™). These can be understood that under
the high exciton density (for instance, 3.27 x 10'-2.9 x 10" cm™
upon the 405-nm laser pump illumination mentioned above),
enhanced exciton—exciton collision and screened Coulomb
interactions among excitons promoted the fomation of ion-
ized carriers through exciton dissociation (i.e., Auger ioniza-
tion).%>! Similar trion formation owing to exciton dissociation
at high excitation condition has also been observed in SWCNTs

© 2021 Wiley-VCH GmbH
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Figure 3. Revealing the underlying mechanism of PL dark state via in situ PL spectroscopic measurement of the 1L-WS, flake during the bleaching—
recovery process. A) Time-resolved PL spectra of the 1L-WS, for a fixed ROI region. A 473-nm CW laser (208.0 uW, =20.8 kW cm™, a =500-ms pump
time) and a 532-nm CW laser (10.2 uW, =1 kW cm~2) were used as the pump beam and probe beam, respectively. Higher PL signals and a shoulder
peak on the low-energy side of the main peak appeared upon the pump beam stimulation, while other spectra were magnified by fourfold for clarity.
B) Quantitative fitting of the typical spectra with a Voigt function. Two typical peaks can be clearly assigned, which correspond to the neutral exciton
(X%, =2.02 eV) and trion (X, =1.97 eV). C) Time-dependent PL intensity trajectory of the 1L-WS, and corresponding integrated PL intensity ratio of X~ to
X0 (1(X7)/ 1(X°)), clearly showing a correlation between decay of X~ and PL recovery. D) A proposed model to account for the observed PL bleaching—
recovery process, involving initial bright state (low-power irradiation of probe beam), Auger ionization and trapping of charge carrier by surface defects
(enhanced exciton—exciton collision caused by instantaneous injection of abundant exciton via a pulse stimulation), charged state, deionization, as
well as the re-equilibrium state (neutral state of 1L-WS;). Red and green arrow show the radiative and non-radiative recombination, respectively. Pale

red arrow represents the weakly-emissive process, such as the trion emission.

via transient absorption measurement, which possess similar
quantum confinement effect and exciton binding energy of
hundreds of meV compared with 1L-TMDs,’%!l and also pro-
posed for WS, monolayer.’]

Furthermore, we measured the time-evolved PL lifetime
based on a time-correlated single photon counting (TCSPC)
for the PL bleaching-recovery process (Figure S8, Supporting
Information). It was found that the averaged lifetime of 1L-WS,
was shortened to =350 ps for the PL dark state followed by an
asymptotic recovery to the initial =440 ps, indicating the gen-
eration of a new non-radiative recombination pathway triggered
by the pump beam stimulation. The nearly synchronized evolu-
tion of the PL lifetime with the recorded PL intensity trajectory
was much similar to that of trion emission during the in situ
PL spectral measurement (Figure 3C), further suggesting the
formation of metastable emitting species (trions) during the PL
dark state.

Another important aspect is how to understand the several
second-timescale recovery kinetics for the triggered PL dark
state within 1L-WS,. This timescale was much longer than
that reported recovery time of =5 us in SWCNTs.PUl Generally
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speaking, the characteristic timescale for the trapped carriers to
return into the core of semiconductor is related to the distribu-
tion of trap depth of surface defects.!l In QDs, ms—s timescale
charged state is usually observed, which is widely attributed to
the heterogeneously-distributed trap depth.”! 1L-WS, is a 2D
system (like an ensemble of QDs), which allows for multiple-
exciton generation upon photoexcitation and multiple charge
carriers trapped by the surface defect sites. The heterogeneity
in trap depth for these defects (similar to that of QDs), might
cause a random release of these trapped holes, thus leading to a
several second-timescale kinetics of PL recovery.

Based on the above experimental results, a photophysical
model is proposed in Figure 3D to describe the observed PL
bleaching-recovery process. Before the pump beam stimula-
tion (initial state), only a low density of excitons (mainly X°)
generate within the 1L-WS, upon the illumination of the low-
power probe beam. At a certain timepoint, an illumination of
high-power pump laser instantaneously injects abundant exci-
tons in 1L-WS,. Owing to the high exciton binding energy and
long diffusion distance of neutral excitons in 2D 1L-TMDs, a
significantly increased EEA process occurs and leads to Auger

© 2021 Wiley-VCH GmbH
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ionization (exciton dissociation). The ionized holes are subse-
quently captured by the rich surface trap sites (sulfur vacan-
cies), thus resulting in an increased density of electrons within
the 1L-WS, (photodoping effect) and promoting the forma-
tion of trions. Thereafter, a remarkable non-radiative Auger
recombination occurs by transferring the electron-hole recom-
bination energy into secondary electron of the trion and very
weak radiative emission of trion appears,*>%% hence incurring
an apparent PL intensity decrease in the pump beam-stimu-
lated region, i.e., charged state or charge-separated state. On
the other hand, upon the continuous illumination of 488-nm
laser, the trapped holes are gradually released to neutralize the
remaining electrons within 1L-WS, through a photoactivation
process (described in the following section), accompanied by
the reduced density of X~. When the trapped holes fully recom-
bine with the remaining electrons, the PL of 1L-WS, recovers
to the initial level. In this mechanism, the PL dark state is the
charged state induced by photodoping, and the trion is a by-
product during the charging process when a neutral exciton
encounters a remaining electron within 1L-WS,, which can be
used as an indicator of the charging process. It should be noted
that although this Auger ionization mechanism has been previ-
ously proposed in SWCNTsPU and QDs,”81% we herein first
captured the photoactivated deionization process in 1L-TMDs,
to the best of our knowledge.

Compared to traditional low-dimensional quantum system,
such as QDs and quantum nanowires/nanorods, 2D 1L-TMDs
with a large lateral size provide a convenience to explore the
photodoping and dedoping process in an accessible temporal
and spatial-resolved manner.3+3>38 We first manipulated the
photodoping process by varying the pump power of 405-nm
laser across a broad range from 8 to 700 uW, while fixing
the duration time of pump irradiation and the parameters of
488-nm probe beam. An irreversible damage of 1L-WS, occurred
upon the laser stimulation with a power of > 800 uW (data not
shown). When the power of 405-nm laser was lower than 8 uW,
the charged state of the 1L-WS, was below the present detec-
tion level. A further increase of the power up to 8 UW would
lead to a detectable and reversible PL bleaching—recovery cycle.
As indicated in Figure 4A, a more obvious PL perturbation
was introduced as the pump power increased, that is, a more
remarkable decrease in PL intensity. At the power of =600 LW,
the decrease of PL intensity tended to a saturation, suggesting
that all the surface trap sites on the 1L-WS, were occupied by the
holes ejected during Auger ionization. This point was further
supported by the observation that the recovery rate reached
a plateau at the power of =600 uW (Figure 4B). A slower PL
recovery rate was observed at the higher-power stimulation,
due to the higher density of trapped holes. Quantitative image
analysis further revealed the spatial information with respect to
the charged state, i.e., a broaden FWHM value (¢t = 0 s) upon a
higher-power laser stimulation (Figure 4B). A saturated FWHM
of =4 um also appeared at =600 W, which was nearly the half
size of the measured flake of 1L-WS, (=10 um).

In order to figure out the role of probe beam irradiation
in the dedoping process, the power of 488-nm laser was also
altered while fixing the parameters of 405-nm pump laser.
As displayed in Figure 4C, the PL recovery profile of 1L-WS,
under the increased power of 488-nm laser is reasonably
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Figure 4. Manipulating the PL dark state of 1L-WS, via altering power
density of pump beam (405-nm CW laser, 3-ms pump) and probe beam
(488-nm CW laser). A, B) Tuning the PL bleaching—recovery process of
1L-WS,; via altering the power density of pump beam across a broad
range from 8 to 700 uW (=1.6-142.8 kW cm). With increasing power
of the pump beam, a more obvious PL perturbation, increased FWHM
(t=0s) and a more sluggish recovery were observed. C, D) Probe beam
power-dependent photoinduced dedoping process of 1L-WS, in the range
of 0.1 to 100 mW (=0.17-166.7 W cm™2). With increasing power of the
probe beam, 1L-WS, showed a decreased FWHM (t =0 s) and a boosted
recovery rate.

inverse to that observed for 405-nm laser. As the power of
488-nm laser increased, 1L-WS, showed a smaller decline
in PL intensity but a boosted recovery rate after bleaching
(Figure 4D), clearly showing a photoinduced dedoping effect.
This possibly suggested that the release of the trapped holes
was facilitated by the photoactivation of 488-nm laser. The
photoinduced dedoping effect was further confirmed by
the power dependence of the FWHM value, which was also
obtained by analyzing a sequence of PL images at t = 0 s. As
shown in Figure 4D, the FWHM decreased dramatically as
the power of 488-nm laser increased in the case of <10 mW,
and tended to level up subsequently. This can be understood
that in our experiment, the 405-laser was an approximately
Gaussian-shaped beam (Figure S4, Supporting Information),
thus leading to a relatively higher density of holes trapped in
the central region illuminated and a relatively stable FWHM of
=0.5 um. Therefore, a reversibly PL dark region with a FWHM
in the range of =0.5 to =5 um (half of the lateral size of 1L-WS,)
can be accessed for a 10-um-sized flake. It should be noted that
although photodoping effect has been widely reported in lit-
eratures, 23132 such a photoinduced dedoping effect has not
been observed in 2D 1L-TMDs, to the best of our knowledge.
This means that although rich chalcogen vacancies might
trap the photogenerated charge carriers to leading to a PL
quenching during the emitting 2D 1L-TMDs, the trapped car-
riers can indeed be released by the exciting light, therefore cre-
ating a relatively equilibrium charge state. This might account
for the relatively non-blinking emission of 2D 1L-TMDs in the
commonly-used exciting power of =W cm=2.[7->2
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Besides n-type WS, similar PL bleaching—recovery behavior
with a typical recovery rate of 19.00 s (Figure S9, Supporting
Information) and high reversibility (Figure S10, Supporting
Information) was also observed for a 2D 1L-WSe, flake under
the comparable experiment parameters, indicative of the gen-
erality of our FRAP microscopy-based method in spatiotempo-
rally-controlled manipulation and monitoring of the dynamics
of photoexcited carriers upon an external carrier injection, such
as photodoping in 2D 1L-TMDs.

3. Conclusions

In summary, we demonstrated the power of FRAP micros-
copy to spatiotemporally manipulate and visually monitor
the dynamics of photoexcited carrier in 2D monolayer semi-
conductor for the first time. This enabled us to on-demand
access to the PL dark state of 2D 1L-TMDs in a highly revers-
ible and repeated manner, based on the increased EEA effect
upon high power of pump beam stimulation (photodoping).
Spatially, the PL dark region can be tailored in the range from
=0.5 to =5 pm for a 10-um flake of 1L-WS, upon a pump laser
illumination with a 0.7-um diameter. This was benefit from
the large lateral size and high exciton binding energy of atomi-
cally thin 1L-TMDs, which strengthened the EEA process upon
high-power excitation. The widefield PL imaging upon the
continuously-illuminated of probe beam also allowed us to
clearly monitor the photoinduced dedoping effect in 1L-TMDs
after a spatiotemporally-controlled instantaneous photo-
doping, which has not been observed in 2D 1L-TMDs yet,
to the best of our knowledge. This meant that although rich
chalcogen vacancies might trap the photogenerated charge car-
riers to leading to a PL quenching within 2D 1L-TMDs, the
trapped carriers can also be released by the exciting light. This
might account for the relatively non-blinking emission of 2D
1L-TMDs in the commonly-used exciting power of =W cm™2.
Our results further showed that this photoinduced dedoping
process exhibited a typically mono-exponential behavior in
2D 1L-TMDs, and the kinetics can be facilely tailored by
=170 fold (k: 0.11-19.00 s7) by virtue of humidity, power density
of incident laser and type of 1L-TMDs. A photophysical model,
i.e., Auger ionization under the enhanced EEA effect and sub-
sequent photoinduced deionization, is plausibly proposed,
based on the in situ PL, Raman and lifetime measurements
on the bleaching—recovery process. This study demonstrated
the atomically thin 2D 1L-TMDs as an excellent model system
to explore the effect of the dynamics of photoexcited carrier on
the PL property of semiconductors using the powerful FRAP
microscopy. We expect that the exact mechanism of exciton
dissocation-involved Auger ionization and photoinduced
deionization in 2D 1L-TMDs can be further unveiled in future,
utilizing an electrostatic force microscopy in conjugation with
the easily-tailored structural defects. We believe that manipula-
tion and monitoring of the dynamics of photoexcited carriers
will facilitate the understanding of the light emission mecha-
nism and mandatory operational parameter, such as native
carrier/environmental factor and excitation conditions, which
is pivotal for developing high-performance semiconductor
optoelectronic devices.
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