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Figure S1. Density of states (DOS) of pristine and defective WS2 monolayers. Both VS and O2S 

defects introduce two defect states in band gap, about 0.4 eV below the CBM.

Figure S2. a)-c) Optical microscope image of different WS2 samples on Si/SiO2 substrate. d) 

Raman spectra  at different location (P2) for WS2 monolayer. e) and f) Raman spectra of sample 

2 and sample 3 treated by O2+ plasma at different treatment times (calibrated by silicon Raman 

peak ~520cm-1).
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Figure S3. a) PL spectra  at different location (P2) for WS2 monolayer. b) and c) PL spectra of 

sample 2 and sample 3 treated by O2+ plasma at different treatment times (calibrated by silicon 

Raman peak ~520cm-1). d)-f) PL intensity and energy as the function of the treatment time for 

different samples.
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Figure S4. a)-b) The temperature-dependent PL spectrum of the two positions   and  α ― P3 β ― P4

in monolayer WS2, respectively. c) The PL intensity of the A, Atrap, and Atot at α-P3 (up) and β-P4 

(down) as a function of temperature1. d) PL spectra of monolayer MoS2 after oxygen plasma 

irradiation with different durations2. e) PL spectrum measured over the temperature range from 77 

K to 300 K of a monolayer MoS2, defect-induced PL peak (XB) 3. 
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Table S1. Photoluminescence quantum yield ( ) and radiative lifetime ( ) of WS2 monolayer 𝛷 𝜏𝑟

treated by O2+ plasma at different treatment times

Treatment Time (s)  (%)𝛷  (ns)𝜏𝑟

0 0.0600 21.67

3 0.0187 26.69

6 0.0232 16.39

9 0.0261 13.41

12 0.0338 5.92

15 0.0604 5.30

18 0.0534 5.43

21 0.0488 5.94

24 0.0427 7.49

27 0.0132 18.24

30 0.0073 28.80
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Figure S5. Nonadiabatic molecular dynamics results of defective WS2 monolayer. a) and b) 

electron energy change from band edge in defective WS2 with OS defect and O2S, respectively. c) 

and d) electron energy change from the first defect state (defect 1) and the second defect state 

(defect 2) in defective WS2 with VS, respectively. e) and f) electron energy change from the first 

defect state (defect 1) and the second defect state (defect 2) in defective WS2 with O2S, 

respectively.
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Figure S6. FT spectrum of between the first defect state (defect 1) as well as the second defect 

state (defect 2) and VBM in defective WS2 monolayer with OS defect and O2S.
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