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Abstract: Monolayer transition metal dichalcogenides (TMDs) are direct gap semiconductors with
promising applications in diverse optoelectronic devices. To improve devices’ performance, recent
investigations have been systematically focused on the tuning of their optical properties. However,
an all-optical approach with the reversible feature is still a challenge. Here we demonstrate the
tunability of the photoluminescence (PL) properties of monolayer WS, via laser irradiation. The
broad-range and continuous modulation of PL intensity, as well as the conversion between neutral
and charged excitons have been readily and reversibly achieved by only switching the two laser power
densities. We attribute the reversible manipulation to the laser-assisted adsorption and desorption of
gas molecules, which will deplete or release free electrons from the surface of WS, and thus modify
its PL properties. This all-optical manipulation, with advantages of reversibility, quantitative control,
and high spatial resolution, suggests promising applications of TMDs monolayers in optoelectronic
and nanophotonic applications, such as erasable optical data storage, micropatterning, and display.
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1. Introduction

Atomically thin two-dimensional (2D) transition metal dichalcogenides (TMDs) with the chemical
formula MX; (M = Mo, W, and X = S, Se) have attracted great interest recently, due to their
unique electric and optical properties as well as their potential applications in diverse optoelectronic
devices [1,2]. Compared to their bulk crystals and the multilayer form, monolayer MX; are direct
gap semiconductors and manifest bright photoluminescence (PL) in the visible region even at room
temperature [3]. Due to the spatial confinement of electron motion and reduced Coulomb screening
in the 2D structures, monolayer MX; are also emerging as a new platform for exploring many-body
interactions, such as Auger recombination and exciton-exciton annihilation [4-7]. However, on the
other hand, the large surface-to-volume ratio of monolayer MX; makes them extremely sensitive to the
changes of their surrounding environments, such as gating [8], doping [9], defects [10], temperature [11],
excitation power [12] and collection locations [13]. Thus, exploring and manipulating the optical
properties of these monolayer MX, under different conditions are vital for the fundamental physics
and optoelectronic applications.

Recently, unprecedented tunability of the optical properties of layered MX; have been achieved
both theoretically and experimentally. For example, by spinning coating p/n-type organic dopants
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(for instance, TCNQ and NADH molecules) or even biomolecules (such as DNA nucleobases) on
monolayer MX; [9,14-16], the conversion among neutral exciton and positive or negative trion can be
undoubtedly determined, although these manipulations are irreversible. The reversible electrostatic
tunability of the exciton charging effects in monolayer MX; has been realized by using a field-effect
transistor (FET) structure or molecular physisorption gating [8,17,18]. However, the contaminants and
impurities are always inevitably introduced during the fabrication of the FET structure, which may
significantly reduce the performance of optoelectronic devices. It can be partly avoided by using
molecular physisorption gating, while the vacuum conditions and pumping apparatus impede their
extensive applications [18]. Hence, an all-optical scheme that can readily operate in the atmosphere and
reversibly manipulate the optical properties of monolayer MX; without introducing extra impurities is
highly desired.

Here, we show that the broad-range switch between exciton and trion of monolayer WS,, and thus
the continuous modulation of its PL can be reversibly fulfilled by using two different laser power
densities. Under the high power density, excitons will convert into trions, resulting in the quenching
of PL intensity and redshift of its spectra. After quenching, the exciton can be recovered from trions
by laser irradiation with the low power density. Consequently, the manipulation of excitons and
trions, PL intensity, as well as PL spectra, can be reversibly manipulated by only switching the high
and the low power densities of irradiation laser, which provides promising applications in erasable
data storage.

2. Experimental Section

The optical experiments, including laser irradiation and PL collection, are performed by using
a home-built scanning confocal microscope. The experimental schematic has been described in
detail elsewhere [19,20], which can also be found in the Electronic Supplementary Information (ESI,
Figure S1). Particularly, a 532 nm continuum-wave (CW) laser was used as both the irradiation source
to modify the WS, as well as the excitation laser to characterize its optical properties (PL imaging).
The laser was focused by a dry objective (100x, NA = 0.9, NIKON Corporation, Tokyo, Japan) with
the lateral dimension of the focal spot of about 1 um. The WS, sample was placed on a motorized
three-dimensional piezoelectric translation nano-stage (PZT, Tritor, 200/20SG, Piezosystem jena, GmbH.,
Jena, Germany) with typical repeatability of less than 35 nm. The high spatial resolution guarantees
that the laser-focused position on the WS, sample during cycle irradiation is the same. PL imaging
of monolayer WS, was created by moving the sample with respect to the focused laser beam in
a programmable and controlled way. PL intensity was collected by using the same objective. After
passing through a dichroic mirror (Semrock, Di01-R532-25 X 36, IDEX Health & Science, LLC, Rochester,
New York, USA) and a long-pass filter (Semrock, NF01-532U-25, IDEX Health & Science, LLC, Rochester,
New York, USA) to block the back scatted laser as well as the background noise, PL was further
filtered spatially using a 100 um pinhole and then divided into two beams through a beam splitter.
The PL intensity and its spectrum were synchronously recorded, by using a single-photon detector
(SPCM-AQR-15, PerkinElmer Inc., Waltham, Massachusetts, USA) and a monochromator equipped
with a cooled charge-coupled device (CCD, PIXIS, Princeton Instrument Inc., Trenton, NJ, USA),
respectively. The incident laser power used in this experiment was ranging from 0.1 mW to 10 mW,
calibrated using a power meter (Nova II, P/N7Z01550, Ophir Corporation, New Castle, Pennsylvania,
USA) before each measurement.

3. Results and Discussion

3.1. Sample Characterizations

In the experiment, WS,, purchased from SixCarbon Technology (Shenzhen, China) was first
grown on a sapphire substrate by using the conventional chemical vapor deposition (CVD) method.
Considering that the switch between excitons and trions of monolayer MX; on SiO,/Si substrate
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was more pronounced [21], we then transferred the WS, to a S5iO,/Si substrate with a poly (methyl
methacrylate) (PMMA) assisted method [22]. Figure 1a presents an optical image of a typical sample.
Isolated flakes with a triangular shape and edge lengths ranging from 10 to 20 um can be clearly
observed. The thickness of these WS, flakes has been explored by atomic force microscopy (AFM)
characterization, as shown in Figure 1b. The thickness of —0.8 nm (the cross section height is presented
in the inset) confirms that the flake is a monolayer [23]. The relatively homogeneous color contrast
in the AFM image also indicates that the basal plane of the monolayer WS, is flat and uniform.
We additionally note that the measured thickness is in agreement with the result of the Raman
spectroscopy, as displayed in Figure 1c.
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Figure 1. Characterizations of the prepared sample. Optical image (a) and atomic force microscopy
(AFM) image (b) of WS, prepared by chemical vapor deposition (CVD). The inset is the height profile
of the selected line. (c¢) Raman spectroscopy of the prepared WS, excited by 532 nm. The vibrational
modes for prominent peaks have been assigned. (d) Photoluminescence (PL) spectra of monolayer WS,,
which is fit to Lorentzians (orange is the exciton component, AD; green is the trion component, A7).

Raman spectroscopy was performed by a LabRAM HR Raman microscope (Horiba Inc., Kyoto,
Japan) using the 532 nm laser excitation. The 521 cm~! phonon mode from the Si substrate was

1 can be

used for calibration. As presented in Figure 1c, the peaks located at 417 cm~! and 356 cm™
attributed to the first order of the out-of-plane A14(I') and in-plane E! 2¢(I') modes of WS,. A frequency
difference of 61 cm™! between the Aqg(l) and E! 2¢(I') modes is definitely determined. These signatures
agree well with previous Raman studies of monolayer WS, [24,25]. Furthermore, the multi-peak
Lorentzian fits shown in Figure 1c clearly reveals that some high order vibrational modes contribute
to the Raman signal as well. As it is widely accepted, the broadening and strong intensity of E! 2¢(I)
peak can be attributed to a second-order longitudinal acoustic phonon [26], 2LA(M) mode, emerging
at 351 cm~!. An even weaker and lower peak (328 cm™!) has been attributed to the 2L.A(M)-2E! 26(M)
process. The high frequency mode beyond Si located at 583 cm™ is generally attributed to A1g(M) +
LA(M) [23,27]. Here, E! 2¢(M) and A1g(M) are the in-plane and out-of-plane vibrational modes related
to the phonon dispersion near the M point of the Brillouin zone.

As expected, strong and uniform PL is observed at room temperature over the monolayer
triangular shape, with the peak near 1.96 eV, as shown in Figure 1d. The peak can be well fitted by
two Lorentzian functions. We attribute the higher peak at 1.98 eV to the neutral exciton emission
(AY), and the lower peak at 1.94 eV to the negative charged exciton emission, known as trion (A7).
The energy difference between the fitted two peaks is about 40 meV, reasonably coinciding with
the trion dissociation energy reported [4,28], which is the sum of the trion binding energy and the
Fermi level in the conduction band [4,7]. The slight discrepancies between reported works probably
originate from the difference of two dimensional electron gas (2DEG) concentration in each WS, sample,
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as discussed by Jadczak et al. [29]. Another possible reason is that the unequal excitation powers may
lead to the renormalization of band structures [12]. Here, the trion is formed by an electron binding
with an exciton, due to the charged feature of monolayer WS, and the extra free electrons on its surface.
The formation of trions will suppress the radiative recombination of neutral excitons and thus reduce
PL intensity as well as change the emission energy. Therefore, the PL can be broadly manipulated by
switching the ratio of excitons and trions. Hereinafter, we show that this manipulation can be readily
and reversibly achieved by using laser irradiation with only two power densities (one high and one
low), rather than a series of power densities, as reported in previous works [12,21,28].

3.2. All-Optical Reversible Manipulation of the Exciton and Trion Emissions

Figure 2a depicts PL intensity of monolayer WS, varied as laser irradiation with the two power
densities. At the initial stage with the low power excitation (P; = 20 kW/cm?), the absence of
changes in both PL intensity (¢y to ¢; in the figure) and spectra (see Figure S2 in ESI) hints that
the crystal structure and optical properties of monolayer WS, are maintained during this stage.
However, an unanticipated PL quenching emerged when the power density was switched to high
(P2 = 900 kW/cm?). This quenching is a time-consuming process (typically more than 500 s to stabilize,
see Figure S3 in ESI), rather than instantaneous. To understand this phenomenon, we switched off the
laser for a duration (about 50 s from ¢#; to ¢3) during the quenching process and then switched on the
laser again, as shown in Figure 2a. Comparing the PL intensity before laser off (f;) and after laser on
(t3), we note that no significant changes occur. Thus, we suggest that the thermal effect, because of
the strong excitation laser, can be excluded in this process. Due to the quenching under high power
excitation, PL will become weaker compared with the initial stage, as shown in Figure 2b,c (see ESI
for experimental details). We have confirmed that this PL medication can held after removing the
irradiation laser under the ambient condition without any special protection (Figure S4). Amazingly, PL
can be restored to the initial intensity by laser irradiation with an appropriate power density (as P; used
here and the details will be discussed below), as presented in Figure 2d,e, respectively. This restoration
is robust and stable, as the ¢4 and f; shown in Figure 2. We also confirmed that this recovery process
could not be achieved under ambient atmosphere (Figure S5), unless irradiation with the optimized
laser power density (as 20 kW/cm? used here). Undoubtedly, an all-optical reversible manipulation on
the PL intensity of monolayer WS, has been fulfilled. Compared with previous works that modified PL
of layered MX; by thermal annealing [11,30], molecular doping [9,16], and physisorption gating [18],
our all-optical manipulation not only holds the merits of reversibility but also maintains the high
spatial resolution (limited by diffraction). In particular, this high spatial resolution provides promising
applications in optical data storage, display technology, and relevant optoelectronic devices [31,32].
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Figure 2. (a) PL trajectory of monolayer WS, varied as laser irradiation with two power densities.
In this set of experiments, P; and P, are 20 kW/cm? and 900 kW/cm?, respectively. (b—e) PL images of
monolayer WS; under the laser excitation of Py at time t, 4, t5, and tg, respectively. Scale bar: 5 um.
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To elucidate the underlying physical mechanisms relevant to the reversible manipulation, we
conducted PL spectra during the quenching process under the high power excitation and the recovery
process under the low power excitation, respectively. Figure 3a clearly demonstrates that the intensity
of PL spectra decreases gradually as a function of laser irradiation duration. Meanwhile, the full width
at half maximum (FWHM), and the peak position of the PL spectra also exhibit slight changes during the
quenching process. To interpret these spectral changes, all the spectral profiles are decomposed into two
Lorentz peaks. As presented in Figure 3b, with the increasing duration of laser irradiation, the relative
proportion of A” decreases gradually, while that of A~ increases. By dividing the integral intensity
of each component to the full spectra, the spectral weights of both A and A~ can be determined,
as shown in Figure 3c. Note that, the weight of A? converts into A~ rapidly at the beginning of the
quenching process, then slows down and tends to stabilize. The conversion rate can be determined
empirically by fitting the two traces with a single exponential function.
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Figure 3. Evolution of PL spectra of monolayer WS, obtained during the quenching process with
the excitation of 532 nm and the power density of 900 kW/cm?. (a) PL spectra as a function of laser
irradiation duration from t; + 5s to t; + 90 s, as labeled in Figure 2a. (b) Representative PL spectra
(normalized to the maximum PL intensity) under four different laser irradiation durations. All the
spectral profiles are deconvoluted into two peaks (neutral exciton, AY, and trion, A™) using Lorentzian
curves. (c) Spectral weights and (d) peak energies of A and A~ as a function of laser irradiation
durations, respectively. The bottom panel presents the trion dissociation energy, A(E 40 — E47), varied
as laser irradiation during the quenching processing.

Here, W0, ,-(t) is the spectral weight of Al or A~ at time t, kp9(kp ") is the rate of A (A7)
converting into A~ (A®). Based on the fitted curves (as the solid lines shown in Figure 3c), kp°
and kp~ are determined to be 5.8 x 1072 s~!. Furthermore, we note that the peak position of A°
redshifts from 1.963 eV to 1.960 eV in this process, and that of A~ redshifts from 1.927 eV to 1.924 eV,
respectively, as shown in Figure 3d. Nevertheless, their energy differences, A(Ex” — Ex~), namely the
trion dissociation energy, remain almost unchanged during this process and agree well with reported
values of about 34 meV [33,34]. Thus, we can conclude that the quenching of PL is originating from the
conversion from A" to A~.

We also studied the time evolution of PL spectra in the recovery process after quenching,
which confirms that the restoration of PL results from the conversion from A~ to A?, as presented in
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Figure 4. In this stage, PL spectra increase gradually, accompanied by characteristic changes of the
emission profiles. Based on the Lorentzian fits shown in Figure 4b, the increase of A’ component can be
clearly determined. One may find that a significant difference is present between the spectral profile
for the end of the quenching process (i.e., the last spectrum shown in Figure 3b) and the beginning of
the recovery process (i.e., the first spectrum shown in Figure 4b). This can be understood as the A~
component dominates the spectra at the excitation with the low power density. The spectral weights of
A and A~ as a function of laser irradiation duration in this stage have been presented in Figure 4c, from
which the conversion rates of k'A? and k'~ are determined to be 7.7 x 1073 s7! by Equation (1). That’s
to say, the conversion rate from A~ to A” in the recovery process is almost one order of magnitude
slower than the conversion rate from A° to A~ in the quenching process (5.8 x 1072 s71). As expected,
the peak positions of both A’ and A~ are blue-shift in this stage. Intriguingly, the energy difference
between exctions and trions reduces from 48 meV to 44 meV during the recovery process, as presented
in Figure 4d. This result probably originates from the reduce of the 2DEG, which scales down the Fermi
energy, as suggested by Jadczak [29]. Additionally, both the peak position and trion dissociation energy
are higher than that in the quenching process with the high power excitation. It has been speculated
that this is a result of band structure renormalization under the high excitation power [12].
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Figure 4. Time evolution of PL spectra obtained during the recovery process with the excitation of
532 nm and the power density of 20 kW/cm?. (a) PL spectra as a function of laser irradiation duration
from t4 to t4 + 340 s. (b) Representative PL spectra (normalized to the maximum PL intensity) under
four different laser irradiation durations. All the spectral profiles are deconvoluted into two peaks.
(c) Spectral weights and (d) peak energies of AY and A~ as a function of laser irradiation durations,
respectively. The bottom panel presents the trion dissociation energy varied as laser irradiation during
the recovery processing.

To gain further insight into the nature of this effect, we performed this reversible manipulation
under various laser power densities. As shown in Figure 5a, the quenching process becomes weaker
as the irradiation power density decreases from 900 kW/cm? to 750 kW/cm?. This process will be
even absent when the power is lower than —400 kW/cm?. Conversely, the behaviors in the recovery
process are more plentiful. In the relatively low irradiation power density (such as 10 kW/cm? shown
in Figure 5b), PL will be enhanced slightly but pretty slowly, rather than restored to the initial intensity.
As the power density of irradiation laser increases, this situation will improve gradually and even
reach the initial intensity under appropriate power density, such as 20 kW/cm? shown in Figure 5b.
However, PL may be maintained or even quenched mildly when the irradiation power density further
increases, as 25 kW/cm? and 30 kW/cm? used in the experiments.
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3.3. Proposed Mechanism to Explain the Manipulation

Here we propose a potential mechanism to explain the observed results. Laser irradiation
with strong power density may result in the structural degradation of layered 2D materials and
synchronously modify their optical properties, such as PL enhancement and energy shifts [12,35,36].
However, this kind of manipulation is destructive and non-reversible, and thus it can be excluded
here. Previous works have also reported that PL quantum yield of monolayer MoS; can be availably
modulated by physical adsorption/desorption of O, and/or H,O molecules through pumping up
or down the gas pressure [18]. This reversible manipulation can provide orders of magnitude
broader control of PL emission. Inspired by this result, we attribute our reversible manipulation to
the laser-assisted adsorption/desorption of gas molecules (such as O, and H,O) on the surface of
monolayer WS, as illustrated schematically in Figure 5c. Here we assume that (i) activation energy
is required for both adsorption (AE,;) and desorption processes (AE.). Furthermore, the activation
energy of the desorption process is higher than that of the adsorption process (AE;, > AE,;). (ii) We
also propose that laser irradiation will heat the layered samples and thus provide the activation energy
to adsorb or desorb the gas molecules. Although activation energy is required, gas molecules will still
accumulate on the surface of monolayer WS, and reach saturation after exposing in the air for a long
period (the sample has been exposed in air for months before performing this experiment), due to that
the activation energy of desorption is higher than that of the adsorption process. Considering that WS,
monolayer maintains abundant free electrons on its surface [18], we can conclude that the adsorption of
gas molecules will deplete the free electrons, while desorption will increase. Consequently, the amounts
of excitons and trions can be switched by these two processes.

(I). Attheinitial stage, monolayer WS, is irradiated by the low power density. Hence the laser-induced
heat effect is not pronounced. Therefore, the activation energy is not high enough for desorbing
gas molecules from the surface. Although adsorption may occur during this stage, the molecule
concentration has already reached saturation before laser irradiation. Consequently, no more
gas molecules can be adsorbed, and PL of monolayer WS, will maintain, as ty to f; shown in
Figure 2a.

(I). When the activation energy for desorbing gas molecules has been reached by laser irradiation
with the high power density, the adsorbed gas molecules will fly away from the surface of
monolayer WS,. Even though adsorption also occurs during this stage, we can still image
that the number of desorbing molecules is much larger than that of adsorbing. This is readily
understood by considering that the dense pre-adsorbed molecules can fly away directly and rapidly,
while the new-adsorbed molecules have to fly from the ambient atmosphere. Consequently,
the concentration of adsorbed molecules will decrease while the free electrons will increase,
resulting in the conversion from A% to A~ and the quenching of PL, as t; to t, shown in Figure 2a.
The increased power density will improve the heat effect and thus increase the activation
energy. According to the Arrhenius law, the desorption rate will increase synchronously. Thus,
PL quenching will become more significantly under higher power density, as PL trajectories
presented in Figure 5a.

(III). When the irradiation laser is tuned from the high power density to the low power density (such
as P; to P shown in Figure 2a), the desorption will be switched off while the adsorption may
still survive. In the case, the molecule concentration adsorbed on the WS, surface will increase,
and thus the free electrons will be depleted. Consequently, the conversion from A~ to A? happens
and PL will be restored, as ¢4 to t5s shown in Figure 2a. Similarly, the recovery process becomes
obvious as the power density increases. However, PL may stand at a plateau level or even quench
again when the power density is high enough so that the desorption process is activated again,
as 25 kW/cm? and 30 kW/cm? shown in Figure 5b.
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Figure 5. PL evolution and the proposed mechanism. Normalized PL trajectories of monolayer WS,
under different power densities in the quenching (a) and recovery (b) processes. Solid lines are the
fitting results according to Equations (2) and (3), respectively. (c) Schematic of the proposed mechanism.
Laser-induced heat effect will assist the adsorption and desorption of gas molecules from the surface of
monolayer WS,, resulting in the depletion and release of free electrons. The energy barriers during
the adsorption and desorption processes have been schematically illustrated. (d) and (e) are the fitted
desorption and adsorption rates derived from the solid lines in (a) and (b), respectively.

By using the pseudo-first-order model to describe the adsorption/desorption process where
adsorption/desorption rate is directly proportional to the difference between equilibrium and current
molecule concentration over time, N(t) [37]. As a consequence, N(t) can be expressed as (see ESI for
detailed derivation):

N(t) = N(0) x e~Fde(Praser)t, )

N(t) = N(0) = (N(0) = N7(0)) x ¢ Fai Prasr), ®)

Equation (2) describes the desorption process, and Equation (3) gives the adsorption process
(the formula for the combination of the two processes has also been provided in the ESI), where N(0) is
the saturation concentration, N’(0) is the initial concentration of the recovery process (i.e., the molecule
concentration at t4 in Figure 2a). kjo(Prgser) and k,g(Prgser) are the rate constants of desorption and
adsorption at a certain power density, respectively. According to the Arrhenius law, the higher the
power density (thus the more pronounced the laser-induced heat effect), the larger the rate constants.
As the solid lines shown in Figure 5a,b, PL quenching and recovery processes can be well described by
Equations (2) and (3), respectively. The determined rate constants have been presented in Figure 5d,e,
respectively. As we expected, both desorption and adsorption rates increase as the power density
increases. Furthermore, the desorption rate at the power density of 900 kW/cm? is 5.4 x 1072 571,
which is in good agreement with 5.8 x 1072 s7!, the conversion rate from A? to A~ (as presented
in Figure 3c). The adsorption rate at the power density of P; also agrees reasonably well with the
conversion rate from A~ to A” (9.8 x 1073 s7! vs. 7.7 x 1073 s71). These results strongly support
our assumption.

3.4. Discussion

Our adsorption and desorption model can be further verified by putting the sample under
a blowing N, atmosphere and a vacuum chamber. As expected, the reversible manipulation is fully lost
in these two conditions (Figure S6). At first glance, our model has explained all the results successfully;
however further experiments are still necessary to understand this reversible manipulation. Firstly,
we attribute the PL quenching and recovery process to the physical desorption or adsorption of gas
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molecules (such as O, and H,O) and use the activation energy to explain the results at different power
densities. While physical adsorption is generally treated as a non-activated process with a rapid rate
(even instantaneous), thus the origin of the activation energy assumed here is still elusive. Secondly,
the exact values of activation energy for both adsorption and desorption are still unknown, although
the activation energy of desorption higher than that of adsorption has been assumed in the context.
These two values might be uncovered by further theoretical calculations and experimental designs, for
example, performing this reversible manipulation under different temperature conditions. One may
also note that a large redshifts (—50 meV) of exciton and trion emerge between the high (Figure 3d) and
low (Figure 4d) power excitations. This large energy difference is probably originating from the local
heating effect. The previous temperature-dependent PL measurements inspires us this redshift can be
described by some semiempirical functions (such as Varshni’s equation) [8,11,38,39]. By determining
the corresponding parameters via temperature-dependent PL spectra under extremely low power
excitation, we can derive the temperature under different power densities directly. Combing with
the corresponding adsorption and desorption rates, the activation energy can be demonstrated via
Arrhenius law. However, the exact values require a further temperature-dependent study, which is
currently underway. Thirdly, although Equations (2) and (3) can fit the results perfectly in most
occasions, some of them still deviate from this model slightly, such as the quenching curve at the power
density of 900 kW/cm? and the recovery curve at the power density of 20 kW/cm? shown in Figure 5a,b,
respectively. The bi-exponential functions are more reasonable than Equations (2) and (3) (see Figure
S7 in ESI for the detailed comparison). This deviation hints that more complicated reactions have
occurred in this reversible manipulation. Finally, although promising applications have been proposed
and reversible micropatterning on monolayer WS, has been presented in principle (Figure 2d,e), some
more practical and conceptual devices, especially erasable optical data storage, are still in design.

4. Conclusions

In conclusion, we have shown an all-optical manipulation on PL of monolayer WS, that the
conversion between excitons and trions can be readily and reversibly fulfilled by switching the power
density of irradiation laser. The conversion rates between excitons and trions have been determined by
analyzing PL intensity and spectral changes during the manipulation. A potential model, attributing
the reversible manipulation to the laser-assisted adsorption and desorption of gas molecules that
will deplete or release free electrons from the surface of WS;, has been proposed and explained the
experimental results perfectly. The conversion rates between excitons and trions are in good agreement
with the adsorption/desorption rates, further confirming our model. Our findings not only enable
nondestructive, reversible, quantitative control of PL emission of monolayer WS, without electrostatic
gating but also provide an all-optical manipulation at desired locations on layered 2D materials with
high spatial resolution. These features enable promising applications in micropatterning, erasable
optical data storage, and display technology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/23/s1,
Figure S1: Schematic diagram of the experimental setup, Figure S2: PL evolution in the initial stage (from ¢,
to t;) with low power density (20 kW/cm?). Figure S3: PL trajectory of monolayer WS, during the quenching
process. The excitation power density is 900 kW/cm?. Figure S4,S5: Stability of PL modification under ambient
atmosphere. Figure S6: PL behaviors under N2 and vacuum conditions. Figure S7: Simulating the quenching
process at the power density of 900 kW/cm? by different models. The derivation of the adsorption/desorption rate
has also supplied.

Author Contributions: Conceptualization, C.Q.; Data curation, C.Y. and R.C.; Formal analysis, S.H.; Funding
acquisition, L.X.; Methodology, X.L.; Project administration, C.Q.; Resources, J.H.; Software, G.Z.; Supervision,
C.Q. and L.X.; Writing—Original draft, C.Y. and C.Q.; Writing—Review & editing, Y.G., L.X. and S.J. All authors
have approved the final version of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Key Research and Development Program of China (Grant No.
2017YFA0304203), Natural Science Foundation of China (Nos. 61875109, 61527824, 61675119, and 91950109),
PCSIRT (No. IRT_17R70), 1331KSC and 111 project (Grant No. D18001).


http://www.mdpi.com/2079-4991/10/1/23/s1

Nanomaterials 2020, 10, 23 10 of 12

Acknowledgments: The authors gratefully acknowledge support from the National Key Research and
Development Program of China (Grant No. 2017YFA0304203), Natural Science Foundation of China (Nos.
61875109, 61527824, 61675119, and 91950109), PCSIRT (No. IRT_17R70), 1331KSC and 111 project (Grant No.
D18001).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Duan, X.; Wang, C.; Pan, A.; Yu, R.; Duan, X. Two-dimensional transition metal dichalcogenides as atomically
thin semiconductors: Opportunities and challenges. Chem. Soc. Rev. 2015, 44, 8859-8876. [CrossRef]
[PubMed]

Wang, Q.H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, ].N.; Strano, M.S. Electronics and optoelectronics of
two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712. [CrossRef] [PubMed]
Mak, K.F; Lee, C.; Hone, J.; Shan, J.; Heinz, T.F. Atomically Thin MoS,: A New Direct-Gap Semiconductor.
Phys. Rev. Lett. 2010, 105, 136805. [CrossRef] [PubMed]

Lee, Y.; Ghimire, G.; Roy, S.; Kim, Y.; Seo, C.; Sood, A.K,; Jang, J.I.; Kim, J. Impeding Exciton-Exciton
Annihilation in Monolayer WS, by Laser Irradiation. ACS Photonics 2018, 5, 2904-2911. [CrossRef]

Sun, D.; Rao, Y.; Reider, G.A.; Chen, G.; You, Y.; Brézin, L.; Harutyunyan, A.R.; Heinz, T.F. Observation of
rapid exciton-exciton annihilation in monolayer molybdenum disulfide. Nano Lett. 2014, 14, 5625-5629.
[CrossRef]

Yuan, L.; Huang, L. Exciton dynamics and annihilation in WS, 2D semiconductors. Nanoscale 2015, 7,
7402-7408. [CrossRef]

Mak, K.E; He, K.; Lee, C.; Lee, G.H.; Hone, ].; Heinz, T.F,; Shan, J. Tightly bound trions in monolayer MoS,.
Nat. Mater. 2013, 12, 207-211. [CrossRef]

Ross, J.S.; Wu, S.; Yu, H.; Ghimire, N.]J.; Jones, A.M.; Aivazian, G.; Yan, J.; Mandrus, D.G.; Xiao, D.; Yao, W.;
et al. Electrical control of neutral and charged excitons in a monolayer semiconductor. Nat. Commun. 2013, 4,
1474. [CrossRef]

Mouri, S.; Miyauchi, Y.; Matsuda, K. Tunable photoluminescence of monolayer MoS, via chemical doping.
Nano Lett. 2013, 13, 5944-5948. [CrossRef]

Chow, PK.; Jacobs-Gedrim, R.B.; Gao, J.; Lu, T.-M.; Yu, B.; Terrones, H.; Koratkar, N. Defect-induced
photoluminescence in monolayer semiconducting transition metal dichalcogenides. ACS Nano 2015, 9,
1520-1527. [CrossRef]

Korn, T.; Heydrich, S.; Hirmer, M.; Schmutzler, J.; Schutiller, C. Low-temperature photocarrier dynamics in
monolayer MoSy. Appl. Phys. Lett. 2011, 99, 102109. [CrossRef]

Fan, X.; Zheng, W,; Liu, H.; Zhuang, X,; Fan, P; Gong, Y.; Li, H.; Wu, X,; Jiang, Y.; Zhu, X; et al. Nonlinear
photoluminescence in monolayer WS;: Parabolic emission and excitation fluence-dependent recombination
dynamics. Nanoscale 2017, 9, 7235-7241. [CrossRef]

Kim, M.S; Yun, S.J.; Lee, Y.; Seo, C.; Han, G.H.; Kim, KK.; Lee, Y.H.; Kim, J. Biexciton Emission from Edges
and Grain Boundaries of Triangular WS, Monolayers. ACS Nano 2016, 10, 2399-2405. [CrossRef]

Peimyoo, N.P; Yang, W.H.; Shang, ].Z.; Shen, X.N.; Wang, Y.L.; Yu, T. Chemically driven tunable light
emission of charged and neutral excitons in monolayer WS,. ACS Nano 2014, 8, 11320-11329. [CrossRef]
Igbal, M\W.; Khan, M.F; Alharbi, T.; Kamran, M.A.; Majid, A.; Eom, J. Tailoring the electrical and
photo-electrical properties of a WS, field effect transistor by selective n-type chemical doping. RSC
Adv. 2016, 6, 24675-24682. [CrossRef]

Feng, S.; Cong, C.; Peimyoo, N.; Chen, Y.; Shang, J.; Zou, C.; Cao, B.; Wu, L.; Zhang, J.; Eginligil, M.; et al.
Tunable excitonic emission of monolayer WS, for the optical detection of DNA nucleobases. Narno Res. 2018,
11, 1744-1754. [CrossRef]

Newaz, A.; Prasai, D.; Ziegler, ].; Caudel, D.; Robinson, S.R.H., Jr.; Bolotin, K. Electrical control of optical
properties of monolayer MoS,. Solid State Commun. 2013, 155, 49-52. [CrossRef]

Tongay, S.; Zhou, J.; Ataca, C.; Liu, J.; Kang, J.S.; Matthews, T.S.; You, L.; Li, J.; Grossman, J.C.; Wu, J.
Broad-range modulation of light emission in two-dimensional semiconductors by molecular physisorption
gating. Nano Lett. 2013, 13, 2831-2836. [CrossRef]


http://dx.doi.org/10.1039/C5CS00507H
http://www.ncbi.nlm.nih.gov/pubmed/26479493
http://dx.doi.org/10.1038/nnano.2012.193
http://www.ncbi.nlm.nih.gov/pubmed/23132225
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://www.ncbi.nlm.nih.gov/pubmed/21230799
http://dx.doi.org/10.1021/acsphotonics.8b00249
http://dx.doi.org/10.1021/nl5021975
http://dx.doi.org/10.1039/C5NR00383K
http://dx.doi.org/10.1038/nmat3505
http://dx.doi.org/10.1038/ncomms2498
http://dx.doi.org/10.1021/nl403036h
http://dx.doi.org/10.1021/nn5073495
http://dx.doi.org/10.1063/1.3636402
http://dx.doi.org/10.1039/C7NR01345K
http://dx.doi.org/10.1021/acsnano.5b07214
http://dx.doi.org/10.1021/nn504196n
http://dx.doi.org/10.1039/C6RA02390H
http://dx.doi.org/10.1007/s12274-017-1792-z
http://dx.doi.org/10.1016/j.ssc.2012.11.010
http://dx.doi.org/10.1021/nl4011172

Nanomaterials 2020, 10, 23 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

He, W,; Qin, C.; Qiao, Z.; Zhang, G.; Xiao, L.; Jia, S. Two fluorescence lifetime components reveal the
photoreduction dynamics of monolayer graphene oxide. Carbon 2016, 109, 264-268. [CrossRef]

Qin, C; Qiao, Z.; He, W.; Gong, Y.; Zhang, G.; Chen, R.; Gao, Y,; Xiao, L.; Jia, S. Laser-driven propulsion of
multilayer graphene oxide flakes. J. Mater. Chem. C. 2018, 6, 2329-2335. [CrossRef]

Cadiz, F; Kong, W.; Fan, X,; Blei, M.; Lagarde, D.; Gay, M.; Manca, M.; Taniguchi, T.; Amand, T.; Marie, X;
et al. Ultra-low power threshold for laser induced changes in optical properties of 2D molybdenum
dichalcogenides. 2D Mater. 2016, 3, 045008. [CrossRef]

Van Ngoc, H.; Qian, Y.; Han, S.K; Kang, D.J. PMMA-Etching-Free Transfer of Wafer-scale Chemical Vapor
Deposition Two-dimensional Atomic Crystal by a Water Soluble Polyvinyl Alcohol Polymer Method. Sci.
Rep. 2016, 6, 33096. [CrossRef]

Gong, Y.; Lin, Z.; Ye, G.; Shi, G.; Feng, S.; Lei, Y.; Elias, A.L.; Perea-Lopez, N.; Vajtai, R.; Terrones, H.;
et al. Tellurium-Assisted Low-Temperature Synthesis of MoS, and WS, Monolayers. ACS Nano 2015, 9,
11658-11666. [CrossRef]

Zhao, W.; Ghorannevis, Z.; Amara, K.K,; Pang, ].R.; Toh, M.; Zhang, X.; Kloc, C.; Tan, PH.; Eda, G. Lattice
dynamics in mono-and few-layer sheets of WS, and WSe;. Nanoscale 2013, 5, 9677-9683. [CrossRef]

Del Corro, E.; Botello-Méndez, A.; Gillet, Y.; Elias, A.L.; Terrones, H.; Feng, S.; Fantini, C.; Rhodes, D.;
Pradhan, N.R.; Balicas, L.; et al. Atypical Exciton-Phonon Interactions in WS, and WSe, Monolayers
Revealed by Resonance Raman Spectroscopy. Nano Lett. 2016, 16, 2363-2368. [CrossRef]

Molas, M.R.; Nogajewski, K.; Potemski, M.; Babinski, A. Raman scattering excitation spectroscopy of
monolayer WS,. Sci. Rep. 2017, 7, 5036. [CrossRef]

Berkdemir, A.; Gutiérrez, H.R.; Botello-Méndez, A.R.; Perea-Lopez, N.; Elias, A.L.; Chia, C.-I.; Wang, B.;
Crespi, V.H.; Lopez-Urias, F,; Charlier, J.-C.; et al. Identification of individual and few layers of WS, using
Raman Spectroscopy. Sci. Rep. 2013, 3, 1755. [CrossRef]

Currie, M.; Hanbicki, A.T.; Kioseoglou, G.; Jonker, B.T. Optical control of charged exciton states in tungsten
disulfide. Appl. Phys. Lett. 2015, 106, 201907. [CrossRef]

Jadczak, J.; Kutrowska-Girzycka, J.; Kapuscinsji, P; Huang, Y.S.; Wéjs, A.; Bryja, L. Probing of free and
localized excitons and trions in atomically thin WSe,, WS;, MoSe; and MoS; in photoluminescence and
reflectivity experiments. Nanotechnology 2017, 28, 395702. [CrossRef]

Nan, H.; Wang, Z.; Wang, W,; Liang, Z.; Lu, Y.; Chen, Q.; He, D.; Tan, P.-H.; Miao, F; Wang, X,; et al. Strong
Photoluminescence Enhancement of MoS; through Defect Engineering and Oxygen Bonding. ACS Nano
2014, 8, 5738-5745. [CrossRef]

Venkatakrishnan, A.; Chua, H.; Tan, P; Hu, Z.; Liu, H.; Liu, Y.; Carvalho, A.; Lu, J.; Sow, C.H.
Microsteganography on WS, Monolayers Tailored by Direct Laser Painting. ACS Nano 2017, 11, 713-720.
[CrossRef]

Qiao, Z.; Qin, C.,; He, W,; Gong, Y.; Zhang, G.; Chen, R.; Gao, Y,; Xiao, L.; Jia, S. Versatile and scalable
micropatterns on graphene oxide films based on laser induced fluorescence quenching effect. Opt. Express
2017, 25, 31025-31035. [CrossRef]

Zhu, B.; Chen, X.; Cui, X. Exciton binding energy of monolayer WS,. Sci. Rep. 2015, 5, 9218. [CrossRef]
Mitioglu, A.A.; Plochocka, P.; Jadczak, ].N.; Escoffier, W.; Rikken, G.L.J.A.; Kulyuk, L.; Maude, D.K. Optical
manipulation of the exciton charge state in single-layer tungsten disulfide. Phys. Rev. B 2013, 88, 245403.
[CrossRef]

Oh, HM,; Han, G.H.; Kim, H.; Bae, ].J.; Jeong, M.S.; Lee, Y.H. Photochemical Reaction in Monolayer MoS;
via Correlated Photoluminescence, Raman Spectroscopy, and Atomic Force Microscopy. ACS Nano 2016, 10,
5230-5236. [CrossRef]

Gordo, V.O.; Balanta, M.A.G.; Gobato, Y.G.; Covre, ES.; Galeti, H.V.A; Iikawa, F.; Couto, O.D.D.; Qu, E;
Henini, M.; Hewak, D.W,; et al. Revealing the nature of low-temperature photoluminescence peaks by laser
treatment in van der Waals epitaxially grown WS, monolayers. Nanoscale 2018, 10, 4807-4815. [CrossRef]
Gong, Y,; Qin, C.; He, W,; Qiao, Z.; Zhang, G.; Chen, R.; Gao, Y.; Xiao, L.; Jia, S. Solar light assisted green
synthesis of photoreduced graphene oxide for the high-efficiency adsorption of anionic dyes. RSC Adv. 2017,
7,53362-53372. [CrossRef]


http://dx.doi.org/10.1016/j.carbon.2016.08.016
http://dx.doi.org/10.1039/C7TC05661C
http://dx.doi.org/10.1088/2053-1583/3/4/045008
http://dx.doi.org/10.1038/srep33096
http://dx.doi.org/10.1021/acsnano.5b05594
http://dx.doi.org/10.1039/c3nr03052k
http://dx.doi.org/10.1021/acs.nanolett.5b05096
http://dx.doi.org/10.1038/s41598-017-05367-0
http://dx.doi.org/10.1038/srep01755
http://dx.doi.org/10.1063/1.4921472
http://dx.doi.org/10.1088/1361-6528/aa87d0
http://dx.doi.org/10.1021/nn500532f
http://dx.doi.org/10.1021/acsnano.6b07118
http://dx.doi.org/10.1364/OE.25.031025
http://dx.doi.org/10.1038/srep09218
http://dx.doi.org/10.1103/PhysRevB.88.245403
http://dx.doi.org/10.1021/acsnano.6b00895
http://dx.doi.org/10.1039/C8NR00719E
http://dx.doi.org/10.1039/C7RA10009D

Nanomaterials 2020, 10, 23 12 of 12

38. Salehzadeh, O.; Tran, N.H.; Liu, X.; Shih, L; Mi, Z. Exciton kinetics, quantum efficiency, and efficiency droop
of monolayer MoS, light-emitting devices. Nano Lett. 2014, 14, 4125-4130. [CrossRef]

39. Tongay, S.; Zhou, ].; Ataca, C.; Lo, K.; Matthews, T.S.; Li, J.; Grossman, ].C.; Wu, J. Thermally driven crossover
from indirect toward direct bandgap in 2D semiconductors: MoSe; versus MoS,. Nano Lett. 2012, 12,
5576-5580. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/nl5017283
http://dx.doi.org/10.1021/nl302584w
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Results and Discussion 
	Sample Characterizations 
	All-Optical Reversible Manipulation of the Exciton and Trion Emissions 
	Proposed Mechanism to Explain the Manipulation 
	Discussion 

	Conclusions 
	References

