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The Supplemental Material includes:
1. Sample growth
2. STM measurements
3. DFT calculations
Figure S1: STM images of the submonolayer coverage sample including bare
graphite substrate.
Figure S2: STM images of WSe2 monolayer showing the Moiré pattern formed
between WSe2 monolayer and underlying graphite surface.
Figure S3: Calculated atomic structures and corresponding local density of states
(LDOS) for pristine WSe2 monolayer and single selenium vacancy (VSe) defect.
Figure S4: Formation enthalpy of VW, VSe3, VWSe3, SeW and VSe as a function of Δμse.
Figure S5: Comparison of photoluminescence spectra from WSe2 monolayer on
graphite and on SiO2/Si at 293 K, showing the strong quenching effect by graphite.
Figure S6: Calculated spin-resolved band structures for pristine WSe2 monolayer and
single tungsten vacancy defect, along with visualized wavefunctions from defect
states.
Figure S7: STM image and dI/dV spectra on coupled point defects.
Figure S8: Raman spectrum of the WSe2 monolayer sample at room temperature.
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1. Sample growth
The growth of WSe2 monolayer was performed directly on a freshly cleaved
HOPG surface or a clean sapphire substrate by vapor-phase reaction as reported in
Ref. S1. In brief, high purity metal trioxides WO3 powders were placed in a ceramic
boat at the center of a furnace while the HOPG substrate was positioned in the
downstream side next to the WO3 powders. Selenium powders were placed at the
upstream side and heated by an additional heating source such as a heating tape. The
gas mixture of Ar/H2 was used to carry the evaporated Se and WO3 to the target
HOPG substrate for reaction. The temperature of furnace was gradually raised from
room temperature to the desired temperature, and cooled down naturally after the
reaction had occurred. The sample was also characterized by Raman spectroscopy
(shown in Fig. S8), variable temperature and polarization-resolved photoluminescence
spectroscopy as discussed in the paper.
2. STM measurements
All the STM experiments were carried out at 16 K by using our home-built
cryogen-free low temperature STM system in ultrahigh vacuum (UHV), as reported in
Ref. S2. The high-quality WSe2 monolayer sample was transferred into the STM
system via a loadlock chamber. Since the sample was exposed to air after the growth
by chemical vapor deposition, we annealed the sample at 250C for 6 hours in STM
chamber. Electrochemically etched tungsten tips were treated by self-sputtering and
annealing, and were further conditioned and checked on a cleaned Au(111) surface
before using in the experiments. The STM topographic images were obtained in
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constant current mode. The dI/dV spectroscopy was conducted by using lock-in
technique with the feedback turned off, while a modulation voltage of 10 mVrms at
frequency of 440 Hz was added to the bias voltage on the sample. The monolayer area
in our submonolayer coverage sample was confirmed by the step height of 7 Å
between monolayer island and bare graphite substrate (Fig. S1). Besides, the Moiré
pattern formed between WSe2 monolayer and underlying graphite substrate (Fig. S2)
is also an indicator of monolayer sample.
3. DFT calculation
DFT calculations were carried out using the generalized gradient approximation
(GGA) for exchange-correlation potentials, the projector augmented waves (PAW)
method [S3], and a plane-wave basis set as implemented in the Vienna Ab-initio
Simulation Package (VASP) [S4]. Van der Waals forces were considered at the
self-consistent vdW-DF level which includes the non-local correlation functional
combined with optB86b for the exchange functional (optB86b-vdW) [S5]. This
functional was found suitable for layered two-dimensional materials and their homoand hetero-structure [S6]. Non-collinear spin-orbit coupling (SOC) was considered in
all electronic structure calculations. The kinetic energy cutoff for plane-wave basis
was set to 400 eV for all calculations, and double checked with 700 eV for structural
properties. The unit cell and a 7 × 7 supercell with at least 15 Å vacuum region were
considered in our calculations. The unit cell lattice constant was optimized with 3.295
Å, highly consistent with the experimental value of 3.292 Å. All isolated point defects
were modeled in the 7 × 7 supercell. K-meshes of 27 × 27 × 1 and 3 × 3 × 1 were
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adopted to sample the 2-D Brillouin zones of the conventional unit cell and the 7 × 7
supercell of WSe2 monolayer in geometric optimizations, respectively. For electronic
structure calculations, the mesh density of k points was kept the same for the unit cell
and increased to 5 × 5 × 1 for the 7 × 7 supercell, respectively. In geometry
optimizations, all atoms in WSe2 monolayer were fully relaxed until the residual force
on each atom was less than 0.002 eV/Å.
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Supplemental Figures

FIG. S1. STM images of the submonolayer coverage sample. (a) Terrace of WSe2
monolayer on graphite substrate. Vb = 2.5 V, Iset = 100 pA. The inset is a linecut
profile showing monolayer height of 7 Å. (b) Atomically resolved STM image of
HOPG on an uncovered area, showing defect-free in the substrate. Vb = 0.5 V, Iset =
100 pA. The unit cell of graphite is indicated by yellow parallelogram.
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FIG. S2. STM images of WSe2 monolayer taken on a same region at bias voltage of
-1.5 V (a), -1.0 V (b), -0.8 V (c), respectively. Iset = 100 pA. The unreconstructed unit
cell of WSe2 monolayer (𝑎𝑊𝑆𝑒2 = 3.3 Å) is indicated by red parallelogram in a. Moiré
pattern is formed between WSe2 monolayer (𝑎𝑊𝑆𝑒2 = 3.3 Å) and underlying graphite
(𝑎𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 = 2.46 Å), outlined by red arrows in c. The period of Moiré pattern is
about 9.9 Å.
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FIG. S3. Calculated atomic structures and corresponding local density of states
(LDOS) for pristine WSe2 monolayer and single selenium vacancy defect (VSe). (a-b)
Top view of fully relaxed atomic structures of pristine monolayer and VSe defect,
respectively. Filled blue, orange, pink, red balls and hollow green ball represent W, Se
atoms in the first sub-layer, Se atoms in the second sub-layer, Se anti-site atom and
original sites for the removed atoms, respectively. (c-d) Corresponding LDOS of the
structures above. Black (W) and red curves (Se) in (c) correspond to LDOS on W site
and Se site in (a), respectively. Black (W0), blue (Se1), red (Se2) and green (Se3)
curves in (d) correspond to LDOS on W atom and Se atoms as marked in (b),
respectively. In the calculations, the vacuum level of each monolayer was aligned
with that of multi-layer graphene, and the charge neutral point of aligned graphene
was thus chosen as the Fermi level in these LDOSs.
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FIG. S4 Formation enthalpy of VW, VSe3, VWSe3, SeW and VSe as a function of Δμse.
The black, red, blue, magenta and green lines stand for those of above five structures,
respectively. Formation enthalpy of defects is defined as ΔHForm = EDefect – EPure + n ×
μRemoved - m× μAdded, where μRemoved and μAdded are the chemical potentials of the
removed and added atoms to form a defect, respectively. Chemical potentials of W
and Se in WSe2 fulfill the equation μW + 2μSe = μ*W + 2μ*Se + ΔHWSe2, where μ*W is
the chemical potential of W in the bulk form, μ*Se is the chemical potential of Se in
the gray selenium and ΔHWSe2 is the formation enthalpy of WSe2. Although it is
difficult to obtain the exact values of μW and μSe, the range of them can be deduced as
μ*W + ΔHWSe2 ≦ μW ≦ μ*W, μ*Se + ½ ×ΔHWSe2 ≦ μSe ≦ μ*Se.
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FIG. S5. Photoluminescence spectra from CVD-grown WSe2 monolayer on graphite
(black) and mechanically exfoliated WSe2 monolayer on SiO2/Si (red) at 293 K. The
two spectra were taken in a same experimental setup. The excitation wavelength was
532 nm. The excitation power on WSe2/graphite and WSe2/SiO2 were 1000 𝜇W and
1.5 𝜇W , respectively. Thus, the photoluminescence intensity on graphite was
quenched by about 5 orders of magnitude in comparison to that on oxidized silicon
wafer.
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FIG. S6. Spin-resolved theoretical band structures for pristine WSe2 monolayer with
a unit cell (a), pristine WSe2 monolayer with a 7 × 7 supercell (b), and a single
tungsten vacancy defect (VW) embedded in WSe2 monolayer with a 7 × 7 supercell (c),
respectively. The red and black lines correspond to the spin-up and spin-down bands,
respectively. The energy scale was referenced to the vacuum level. For pristine WSe2
monolayer with a unit cell (a), both the conduction and valence bands at the K point
10

are spin-polarized. The minimum gap occurs between bands of opposite electron spin,
giving rise to optically forbidden (dark) free exciton lying ~30 meV below the bright
free exciton [S7]. With a 7 × 7 supercell in (b) and (c), spins in the conduction band
are nearly degenerate at the K point. This spin degeneracy at the K point is, however,
irrelevant with the tungsten vacancy defect, but due to the folded Brillouin zone in the
7 × 7 supercell. (d) zoom-in band structure on the five defect states found in c. (e-i)
visualized wavefunctions of the five defect states. The two lower defect states (DS1
and DS2) are mostly out-layer p states of Se (hybridization of pz and px, py). But the
three upper defect states (DS3, DS4 and DS5) are mainly comprised of in-layer W dand Se p-states (hybridization between dyz, dxy, dxz of W and px, py of Se). Furthermore,
by checking the symmetry of wavefunctions, the optical transition from the two lower
defect states to the conduction band was allowed, but forbidden for the three upper
defect states. Thus, only the two lower defect states are relevant in our STM/STS and
photoluminescence measurements. Because the spin components in the two lower
defect states are nearly degenerate, the single tungsten vacancy defect could emit
brightly as localized exciton at low temperature.
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FIG. S7. STM image and dI/dV spectra on coupled point defects. The STM image in
the inset was extracted from that in Fig. 1(b). The coupled point defects consisted of
two defects spatially separated by 6.6 Å, equivalent to two units of the nearest W-W
distance. Because the electronic spatial extension of a single defect is about 15 Å, the
wavefunctions of the two point defects spatially overlapped. As shown in the inset,
the overlap enhanced the density of states in the middle and broke the trigonal
symmetry around a single W vacancy. Similar to the isolated W vacancy, the coupled
defects exhibited a reduced quasiparticle bandgap. The shift again occurred near the
valence band edge, while the conduction band edge remained the same as that in
WSe2 monolayer. Inside the overlapping region, the bandgap narrowing could reach
~100 meV, which was larger than the isolated W vacancy (~90 meV). All the dI/dV
spectra are shifted vertically for clarity. The black dashed line is a guide to eye.

12

FIG. S8. Raman spectrum of the sample (WSe2 monolayer on graphite) taken at room
temperature. The excitation wavelength and power were 532 nm and 0.3 mW,
1
respectively. The Raman peak at 250 cm-1 was attributed to the almost degenerate 𝐸2𝑔

and 𝐴1𝑔 modes of WSe2 monolayer. The other two most intense peaks at 1580 cm-1
and 2700 cm-1 came from G and 2D modes of graphite, respectively. In addition, the
small peaks at 2450 cm-1 (𝐷 + 𝐷′′ ), 3250 cm-1 (overtone of 𝐷′ ) from graphite were
also observed. No D peak (1350 cm-1) was observed on the sample, indicating the
graphite substrate is in high-quality with few defects.
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