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METHODS 

1. Density Functional Theory (DFT) calculations  

Electronic Properties of Defects 

Except for the calculations for optical properties, the density functional theory (DFT) 

calculations in this manuscript were performed with the VASP code1 using the PAW approach 

and a kinetic energy cutoff of 400 eV. We use the PBE exchange-correlation functional2 

with Grimme’s D23 correction for van der Waals (vdW) interactions for all calculations 

except the density of states (DOS) plots which were performed with the hybrid HSE064 

exchange-correlation functional. Spin polarization is included for the defect structures 

and for oxygen. Geometry optimization is performed with a force convergence criteria of 0.01 

eV/Å for single layer (SL)-WSe2, and 0.05 eV/Å for SL-WSe2 supported on graphite. The 

lattice constant is fixed to that optimized for the pristine WSe2 layer, which compares well to 

experimental values. The total energy of bulk WSe2 is converged for the chosen energy cutoff, 

as well as with a Monkhorst Pack k-grid sampling of 10 × 10 × 4 in the bulk WSe2 unit cell. 

SL-WSe2 on graphite was modeled using 3 layers of graphite, with a 3 × 3 WSe2 supercell on 

top of a 4 x 4 supercell of graphite and 13 Å of vacuum. In this supercell, the strain on WSe2 

was 0.61 % and the strain on graphite was -0.65 %. Defects in SL-WSe2 on graphite were 

studied using a 2×√3R30° supercell of the WSe2/graphite supercell described above. In these 

defect supercells, we used a k-mesh of 2 × 2 × 1 for geometry optimization and 4 × 4 × 1 for 

DOS calculations. For defects in isolated WSe2, we used a 5 × 5 supercell, with a 2 × 2 k-mesh 

for geometry optimization and a 6 × 6 k-mesh for DOS calculations. 

The formation energy of the (charge neutral) defects is defined as 

( ) ( )f pristine i i
i

E x E x E n                (1) 

where  ( , )E x q  and pristineE  are the total energies of the WSe2/graphite supercell with and 

without the defect, respectively. in  denotes the number of atoms of element i that have been 

added ( 0in   ) or removed ( 0in  ), and i  is the chemical potential of element i. The 

chemical potentials of W and Se are linked by the stability of WSe2, i.e.  
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2
2WSe W Se               (2) 

2WSe  is the total energy per formula unit of bulk WSe2 (the conclusions are unchanged if we 

use instead the total energy per formula unit of monolayer WSe2). max
W  and max

Se  are total 

energies per atom of bcc W metal and the molecular crystal ( 3R phase) of Se6 molecules, 

respectively. The minimum of the Se chemical potentials can be derived from formula (2), i.e., 

2

min max( ) / 2Se WSe W    . 

For formation energies of oxygen defects in the presence of oxide precursors, we have referred 

the chemical potential of O to its reservoir WO3 (P6mmm). 

       
3

3WO W O            (3) 

 

Similar formulas are used for the formation energies of the Svac, OS and Oins defects in MoS2. 

The chemical potential of Mo-rich and S-rich referred to Molybdenum (bcc) and Sulphur (alpha 

phase) crystals. The O chemical potential is taken to be that from MoO3 (Pbnm). 

For the computation of dissociation barriers and rate constants, 5×5 supercells with >15 Å 

vacuum were used, with a Monkhorst-Pack k-mesh of 2×2×1 and a force convergence criterion 

of 0.01 eV/Å. The dissociation barrier was computed using the climbing image nudged elastic 

band (cl-NEB) method 5. The prefactor of the reaction was estimated within harmonic 

transition state theory (HTST) 6-7, and is given by 𝐴 =
∏

∏
, where N is the number of 

free atoms, 𝑣  and 𝑣  are stable (real valued) normal mode frequencies at the initial states 

(IS) and transition states (TS) or saddle point. At the transition state, exactly one of the 

vibrational modes has an imaginary frequency. From the prefactor A, the rate constant k is 

obtained by 𝑘 = 𝐴 exp − . 𝐸  and 𝐸  are the energies at the initial and transition 

states. 𝑘  and 𝑇 are the Boltzmann’s constant and temperature, respectively.  

Besides using the PBE-D2 functional as described in the main text, we have also 

computed the O2 dissociation barriers using the RPBE functional8 with and without 

Grimme’s D3 dispersion correction,9 and the BEEF-vdW functional.10 The RPBE 

functional, when applied to dissociative adsorption of O2 on Cu surfaces, gave 
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reasonable agreement with experiment,11 while the BEEF-vdW functional performed 

well compared to an experimental benchmark database of molecular dissociation 

barriers on surfaces.12 The results are shown in Table S1. 

DFT band structures with spin orbit coupling (SOC) were also computed using VASP. 

 

Random Phase Approximation (RPA) calculations 

RPA calculations were performed with Yambo13 using a damping parameter of 0.01 

eV. RPA with SOC calculations were performed with spinor wavefunctions using fully 

relativistic ONCV pseudopotentials. For 4x4 supercells, the response function has a 

dimension in reciprocal space of 1000 mHa. However, for 7 × 7 supercells, the 

corresponding dimension is ~0.5 mHa due to the large computational expense.  

 

2. Chemical Vapor Deposition (CVD) 

Monolayer WSe2 was grown directly on graphite and on sapphire substrates by chemical 

vapor deposition (CVD) as reported in Ref. 14. In brief, high purity WO3 and Se powders are 

used as precursors. WO3 powders were placed in a ceramic boat at the center of a furnace and 

Se powders were placed at the upstream side, while the graphite or sapphire substrate was 

positioned in the downstream side next to the WO3 powders. Ar was used as carrier gas to carry 

the evaporated Se and WO3 to the target substrates for reaction. H2 was added as a reducing 

agent. STM and STEM confirmed that the samples used were monolayer in thickness. 

3. Scanning tunneling microscopy/spectroscopy (STM/S) 

STM/S measurements were performed in a custom-built multi-chamber system housing an 

Omicron LT-STM operating at ~77 K under ultrahigh vacuum conditions (10-10 mbar). All 

STM images were recorded in constant current mode with tunneling current in the range 50-

100 pA. Differential conductance dI/dV or STS were acquired by a lock-in amplifier with a 

sinusoidal modulation of 40 mV at 625 Hz. Note that the bias voltage (VTip) is applied on the 

STM tip with respect to the sample, hence negative values correspond to empty states and 

positive values correspond to filled states. Each STS curve was obtained by averaging hundreds 
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of individual spectra acquired. An electrochemically etched tungsten tip was used in all 

measurements. Before STM investigations, the ex-situ grown sample was degassed at ~300 ˚C 

overnight to remove adsorbates (e.g., O2, H2O, etc.) physisorbed during exposure in ambient 

conditions. 

4. Scanning Transmission Electron Microscopy (STEM) 

Transfer to TEM grid: 

At first, the WSe2/sapphire sample surface was spin-coated with poly(methyl methacrylate) 

(PMMA, A4, 950 K in anisole, MicroChem) at 4000 rpm for 60 second. After curing the spin-

coated sample at 100° C for 10 min, the edges of the sample were scratched, so that the etching 

agent can easily reach the WSe2-sapphire interface. The sample was then floated on NaOH 

(3M) etching solution to separate the PMMA coated WSe2 film from the sapphire substrate. 

After separation, the floating film was transferred to DI water beakers a few times 

consecutively and later fetched using a quantifoil copper TEM grid. The TEM grid with 

PMMA-coated WSe2 film was thereafter heated at 100° C for 5 min to get better adhesion and 

to remove water. The PMMA coating was washed off finally, using acetone and IPA. This 

transfer process was carried out inside a class 1000 cleanroom in Singapore Synchrotron Light 

Source (SSLS) situated at the National University of Singapore (NUS) campus. 

 

Scanning Transmission Electron Microscopy: 

Aberration-corrected scanning transmission electron microscopy (STEM) images were taken 

at 60 kV accelerating voltage using the JEOL ARM200 F installed inside SSLS, NUS. The 

microscope, with 80 pm resolution at 200 kV and demonstrated information transfer of 95 pm 

at 40 kV, is capable of high-resolution imaging to reveal the atomic structure and defects. The 

lower accelerating voltage of 60 kV used here for WSe2 is much below the knock-on damage 

threshold of Se and W atoms in WSe2, and hence it ensures negligible beam-damage. High-

angle annular dark-field (HAADF) image intensities depend on the atomic number of the 

corresponding atoms in the sample. All the images reported here were taken with the HAADF 

detector with the collection angle range of 68-280 mrad. The convergence angle of the probe 

beam was about 30 mrad.  
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FIG S1. Formation energies of intrinsic defects (a) with and (b) without graphite substrate. 

Solid lines denote vacancies, dashed lines substitutional (antisite) defects, dotted lines adatoms, 

and dotted-dashed lines intercalated atoms. 

Defect W-rich conditions Se-rich conditions 

Isolated Supported Isolated Supported 

Sevac 
2.31 2.20 2.92 2.82 

Wvac 
5.01 5.09 3.78 3.87 

SeW 
5.34 5.51 3.49 3.66 

2Sevac 
3.86 3.78 5.09 5.01 

OSe 
0.52 0.33 0.73 0.53 

Oins 
2.38 2.36 1.97 1.95 

Oad 
2.91 2.81 2.50 2.40 

Table S1. Formation energies in eV of selected intrinsic defects, and O-related defects in 

isolated WSe2 ML and in WSe2 ML supported on graphite.  
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Defect Mo-rich conditions S-rich conditions 

Svac 1.55 2.81 

OS -0.09 0.33 

Oins 3.72 2.88 

Table S2. Formation energies in eV of selected defects in isolated MoS2 ML.  

 

FIG. S2. Side view of the intrinsic point defects in WSe2 ML on graphite. Blue: W, Green: Se, 

Gray: C. We note that WSe2 has a slightly smaller formation energy than WSe1. Analysis of the 

detailed atomic structure indicates that the W-W bonds are ~0.1Å longer in WSe2 than in WSe1, 

suggesting that interaction with graphite stabilizes the substitutional W atom.  
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FIG. S3. PDOS (DFT PBE) on the intrinsic defect sites in WSe2 ML on graphite. Gray shading: 

PDOS of perfect WSe2 on graphite. The PDOS with and without defects are aligned by the 1s 

core level of W furthest from the defect site. The Fermi level refers to the Fermi level of WSe2 

ML with defects on graphite. 
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Table S3. Energy barrier for dissociation of O2 on Sevac in WSe2, computed for different 

exchange-correlation functionals.  

 PBE-D2 

PBE-D2 

(with zero 

point 

correction) 

RPBE RPBE-D3 BEEF-vdW1 

Barrier (eV) 0.52 0.48 0.54 0.57 0.51 
1. For BEEF-vdW, the number in the table is obtained from structures where the lattice 

constant is fixed to that of PBE-D2, which is closer to experiment. Using the lattice constant 

optimized with BEEF-vdW (overestimated by ~3.5%), we obtain a much smaller energy 

barrier of 0.l3 eV. 

 

 

 
FIG. S4. Atomic structure and DOS for the final state in Figure 2a of the main text. (a) Top 

view of atomic structure (Blue: W, Green: Se, Red: O), (b) DOS of final state, (c) PDOS on the 

O atoms which are marked in (a). Gray shading represents the DOS of perfect WSe2, aligned 

using the 1s levels of W atoms furthest from the defect.   
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Table S4. Binding energies (𝐸 ) in eV of the O atoms in the final state. 𝐸 = 𝐸 − 𝐸 − 𝜇 , 

where 𝐸  is the total energy of the final state in Figure 2a, 𝐸  is the total energy after the 

specified O atom is removed, and 𝜇  is half of the total energy of O2, and for the number in 

brackets, 𝜇  is the energy of atomic O. Spin polarization is included. We see that the O1 atom 

is much more strongly bound that O2.  

 O1 O2 

Eb -4.2 (-6.8) 0.3 (-2.3) 

 

 

FIG. S5. (a) O2 dissociative adsorption at the Se vacancy site and diffusion of oxygen atom to 

Oad; (b) Energy barrier for O atom to diffuse from Oad to Oins. The energy barrier from Oad to 

Oins is 1.5 eV, smaller than the binding energy of O atoms (relative to atomic O) at the different 

binding sites.  
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FIG. S6. STM/S results for perfect SL-WSe2 on graphite. (a) Atomic structure. (Blue: W; Green: 

Se; Gray: C) (b) PDOS (PBE) of WSe2 on graphite reveals a 1.55 eV band gap. (c) STS 

spectrum reveals a 2.02 eV bandgap for SL-WSe2 (VTip=1.3 V, 68.5 pA) on graphite with slight 

p-type doping characteristic, similar to previous reports.15 (d) Simulated STM images at 

different bias voltage (values in parenthesis referenced to the band edges) with atoms overlain 

in the images (Blue spots: W, Green spots: Se). Energy ranges chosen for the simulation 

approximate those in the experiment. (e) Bias dependent experimental STM images of SL-

WSe2 on graphite (values in parenthesis referenced to band edges).  
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FIG. S7. STM images for D2, compared with simulated STM images for Oins and OSe-down (O 

substituting the bottom Se atom) 
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FIG. S8. Simulated STM images of the intrinsic defects in SL-WSe2 on graphite. The energy 

ranges are chosen to probe occupied and unoccupied states that are 0.3 eV away from the band 

edges. Atomic positions are overlain on the images. Blue: W, Green: Se. Se1vac and Se2vac refer 

to single Se vacancies with the missing Se being in the top and bottom layer, respectively.  
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FIG. S9. HAADF STEM image at 60 kV accelerating voltage together with intensity analysis. 

(a) Raw experimental HAADF STEM image presented in the main text Fig. 4 (g) and (h) (no 

overlaid atoms now) is shown. (b) Simulated HAADF STEM image and intensity profile, 

obtained using QSTEM simulation package with input parameters same as in experiments, are 

shown for the representative case of a region with one Sevac. The brighter spots are due to W 

atoms and the lesser intensity ones are due to two Se atoms at the Se site. One Sevac is in the 

simulated image as can be seen in the line profile. The Sevac can be easily distinguished both in 

the simulated image as well in the line profile due to its reduced intensity. (c) The same 

experimental HAADF STEM image as in (a) is shown now with line profiles indicated. The 

red line profile captures a Sevac, the blue line profile captures a 2Sevac, and the green line profile 

captures a SeW. (d) The corresponding intensity line profiles are plotted for the regions indicated 

in (c). These experimental line profile intensities (taking the background also into consideration) 

are used to distinguish the nature of defects by comparing them with corresponding simulated 

image intensities quantitatively. 
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FIG. S10. Charge density plots for DFT eigenfunctions at the K point, in the 4 x 4 supercell 
with Oins. The isovalue is set to 10% of the maximum of the respective charge distribution, 
except for VBM, which is set to 1% for better visualization. 
 

LX1: 

1.783 eV 

CBM CBM+1 CBM+2 LX2: 

1.860 eV 

CBM CBM+1 CBM+2 

VBM 0.00006 0.00000 0.00000 VBM 0.00002 0.00001 0.00000 

VBM-1 0.88401 0.04781 0.00448 VBM-1 0.41199 0.11755 0.00366 

VBM-2 0.02064 0.00593 0.00147 VBM-2 0.40391 0.00617 0.00269 

 

LX3: 

1.880 eV 

CBM CBM+1 CBM+2 A:    

1.978 eV 

CBM CBM+1 CBM+2 

VBM 0.00065 0.00002 0.00000 VBM 0.00036 0.00015 0.00002 

VBM-1 0.66412 0.08961 0.00271 VBM-1 0.23457 0.42535 0.01096 

VBM-2 0.17760 0.00832 0.00434 VBM-2 0.19933 0.02762 0.01315 

 

Table S5: Analysis of exciton wavefunction for first few bright exciton states in the 4x4 

supercell with Oins. The numbers shown are S

vck
k

A 


 for each combination of valence state v 

and conduction state c, where the exciton wavefunction is given as 

( , ) ( ) ( )S S
h e he vck ck vk

vck

r r A r r     


   
 . Major contributing entries are highlighted in red. It is 

important to note that the GW self-energy corrections result in a reordering of the valence states 
at the K point. In Table S5, all states are labeled according to the energy ordering in the mean-
field DFT (PBE) calculation. At the K point, the DFT states VBM, (VBM-1) and (VBM-2) 
correspond, respectively, to the GW (VBM-2), GW VBM and GW (VBM-1).  
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FIG S11. (a) GW and (b) DFT-SOC band structure with mz projection for 4x4 supercell with 
OSe defect. 

 
FIG S12. (a) GW and (b) DFT-SOC band structure with mz projection for 4x4 supercell with 
SeW defect. 
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FIG. S13. GW-BSE absorption spectra with spin orbit coupling (SOC) applied perturbatively, 
for 4x4 WSe2 supercell with (a) Oins, (b) OSe and (c) SeW defect. SOC is also applied 
perturbatively for the independent particle absorption spectra (blue) and for the pristine WSe2 
monolayer (black dashed). We note that one should focus only on peaks with energies not larger 
than the free exciton A peaks in each system.       
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FIG S14. RPA spectra without SOC for 7x7 supercell of (a) Oins, (b) OSe, and (c) SeW anti-site 
defect, in comparison with the corresponding 4x4 supercell result. The 0.072 eV red shifted 
4×4 spectrum in (a) is to account for the DFT gap size difference between 4×4 and 7×7 supercell 
systems. The fact that fewer peaks are present in the 7×7 supercells may be related to the limited 
number of valence and conduction bands in these calculations.  
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FIG. S15. STM images simulated with HSE06 functional. Left: Experimental STM (Omicron 

LT-STM operating at ~77 K and 10-10 mbar) images for (a) D1 and (b) D2. Right: Simulated 

STM images of (a) OSe and (b) Oins using the HSE06 exchange-correlation functional. The 

atoms are overlain in the images for D1 and D2 defects. (Red: O; Blue: W; Green: Se). 
 
 
 
 

 

FIG. S16. DFT-PBE band structure of Oins defective system in (a) 4x4 supercell and (b) 7x7 
supercell. 
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FIG. S17. SOC effects on the electronic and optical spectra of pristine WSe2 (a) PBE-SOC 

bandstructure of primitive cell pristine monolayer WSe2, with mz value encoded in the color 

depth scale. (b) GW-BSE optical absorption spectra of pristine WSe2 without and with 

perturbative SOC, in comparison with experimental spectrum (from BerkeleyGW). (c) GW-

BSE optical spectra of pristine WSe2 without and with full spinor SOC from Yambo code. Note 

that here the two spectra are blue shifted rigidly by the same 0.49 eV amount to match with the 

experimental A peak value at 1.75 eV, due to the underlying under-converged GW quasiparticle 

spectrum for these calculations. 
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