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Spectral fitting of the PL from 1L-WS2 monitored during laser irradiation. 

 

Figure S1. Fitting results of the PL spectra shown in Figure 1a in the main text. 
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Another observation of the PL enhancement by laser irradiation.   

 

Figure S2. (a) PL spectra obtained under various laser irradiation times, showing the change 

of the PL shape. (b) Plot of the PL intensity as a function of laser irradiation time. (c) PL 

intensities and (d) peak positions of each excitonic matter as a function of irradiation time. 
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PL peak shift in ME 1L-WS2 in air and vacuum environments  

 

Figure S3. PL peak shift in ME 1L-WS2 in air (black) and vacuum (blue). The PL spectra 

were obtained at the same position within a single sample. 
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Variation of the PL characteristics under laser irradiation in Ar environment. 

 

Figure S4. (a) Integrated PL intensity and (b) PL spectra of 1L-WS2 as a function of laser 

irradiation time at ~600 µW/µm
2
. (c) PL spectrum in Ar environment (glove box) after laser 

irradiation (blue). The black spectrum was measured from the same sample when exposed in 

air (outside the glove box). (d) Integrated PL intensity as a function of laser irradiation time at 

~0.35 µW/µm
2
 in air. The sample was pre-irradiated in Ar environment. Note that this power 

is 3 orders of magnitude lower than that used for laser irradiation in Ar environment. (e) PL 

spectra taken in air with laser irradiation times of 0 s (black) and 340 s (red). Inset shows the 

PL intensity increase by 60 times during laser irradiation.  
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Estimation of quantum yield of the sample. 

We followed the previous protocols of estimating quantum yields (QY) of 1L-TMDs using 

rhodamine-6G dye molecules as reference sample with 100 % QY. 
1,2

 We prepared various 

concentrations of rhodamine-6G molecules in methanol and then measured PL and 

absorbance of them and found that 3 µM is the optimal concentration of rhodamine-6G. By 

comparing the PL and absorption intensities of 1L-WS2 samples and the rhodamine-6G 

solution, we determined the QYs of our 1L-WS2 samples. The measured QY of ME pristine 

1L-WS2 was ~8 %, which is in the range of previously reported QY values of 1L-WS2.
2-3
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Calculation of the densities of photo-excited excitons. 

To calculate the densities of photo-excited excitons, we employed the same calculation 

method used in our previous report. 
4
 By assuming that every absorbed photon creates one 

exciton, the exciton densities undergoing non-radiative (��) and radiative (��) recombination 

are given by 

( )1n n

I
N a Q t

E

 
= −  

                          (1) 

r r

I
N aQ t

E

 
=  

                             (2) 

 Here, � is the absorption efficiency of 1L-WS2 at 532 nm, 3%, 
4
 � is the PL quantum 

yield of 1L-WS2, 6%, 
2
 � is the excitation intensity, � is the energy of laser light, 3.72×10

-

19
 J, �� and �� are non-radiative (= 900 ps) and radiative recombination (13 ns) times, 

respectively. 
2
 The total density of photo-excited excitons is the sum of �� and ��. If we 

apply 1 µW/µm
2
 of the excitation intensity, the calculated total density of photo-excited 

excitons is 1.31×10
10 cm

-2
. 
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Discussion for other excitonic matter. 

We conducted wavelength-dependent TRPL to separately measure lifetimes of excitons, 

trions or defect trapped excitons. We found that there were no significant differences in 

lifetime at each center wavelength. However, the formation of trions or biexcitons with 

increasing the excitation level should be considered. The formation of biexcitons in 

monolayer TMDs have been reported at high excitation levels. 
5-6

 Within our experimental 

range, however, the shape of the PL spectra is unchanged, suggesting that the formation of 

other excitonic matter could be neglected. 

 

Figure S5. (a) PL spectrum of 1L-WS2 at 1 µJ/cm
2
 (b) Normalized time-resolved PL (TRPL) 

curves at two center wavelengths, 610 nm (violet) and 630 nm (orange), where the spectral 

monitoring ranges are marked in (a) with the same colors. (c) TRPL curves at various center 

wavelengths. 

 

 A TRPL detector was connected to a monochromator and a grating in the monochromator 

was electrically controlled to adjust the center wavelength. The diffracted light by the grating 

reached to an adjustable slit placed in front of a photo-detector. The width of the detection 

wavelength was 20 nm adjusted by the size of the monochromator input slit. 
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Figure S6. PL spectra of the sample used for the TRPL measurement in Figure 4 of the main 

text. 
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Evolution of the PL spectra upon laser irradiation in a vacuum chamber 

 

Figure S7. (a) PL spectra and (b) the corresponding PL intensities as a function of laser 

irradiation time. It is evident that the trion portion increases with the laser-exposure time. 
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Variation of PL and Raman intensities by 488 nm laser irradiation. 

 

Figure S8. (a) Plot of the PL (line with numeric) and Raman (dots with dotted line for guide 

the eye) intensities as a function of laser irradiation time. Inset shows the PL spectra before 

(100 s, red trace) and after (1400 s, dark yellow trace) PL enhancement. (b) Time evolution of 

Raman spectra of 1L-WS2. The numbers in the right-side axis indicates the time when they 

were measured as marked in (a) with same numbering and colors. Two main peaks, E2g and 

A1g peaks, are shown at ~ 357 cm
-1
 and ~ 417 cm

-1
, respectively. 
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