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Defect Structure of Localized Excitons in a WSe, Monolayer
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The atomic and electronic structure of intrinsic defects in a WSe, monolayer grown on graphite was
revealed by low temperature scanning tunneling microscopy and spectroscopy. Instead of chalcogen
vacancies that prevail in other transition metal dichalcogenide materials, intrinsic defects in WSe, arise
surprisingly from single tungsten vacancies, leading to the hole (p-type) doping. Furthermore, we found
these defects to dominate the excitonic emission of the WSe, monolayer at low temperature. Our work
provided the first atomic-scale understanding of defect excitons and paved the way toward deciphering the
defect structure of single quantum emitters previously discovered in the WSe, monolayer.
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Direct-gap semiconducting transition metal dichalcoge-
nide (TMD) monolayers in the form of MX, (M = Mo,
W; X =S, Se) have spurred great interests for electronics,
optoelectronics, and valleytronics [1,2]. However, typical
TMD-based field effect transistor devices show n- or p-type
behavior without intentional doping [3,4], contradicting
what one would expect from a perfect crystal structure.
Meanwhile, the carrier mobilities are also far below theo-
retical predictions [3,5]. Furthermore, the photolumines-
cence spectra not only show a strong excitonic effect, but
also ensue a broad defect-activated emission peak within the
optical band gap [1,2]. In addition, the photoluminescence
quantum Yyield is unexpectedly low for a direct-gap semi-
conductor [6]. All these facts suggest that structural defects in
TMD monolayers play significant roles in the electronic and
optical properties [7-9].

Among the family of semiconducting TMD monolayers,
defects in the WSe, monolayer exhibit some peculiar
behavior. Because transition metal atoms are sandwiched
between chalcogen atoms, the latter are believed to be easily
removed, and chalcogen vacancies are often regarded as the
most common intrinsic defect [10—13]. Accordingly, most
TMD monolayers are n-type doped [3,14]. However, the
WSe, monolayer usually shows p-type doping, either by
mechanical exfoliation or chemical vapor deposition (CVD)
[4,15]. This p-type doping provides a natural route to
fabricating a p-n junction based on lateral heterostructure
[14,16]. Moreover, in conjunction with giant spin-orbit
splitting and spin-valley locking at the valence band, p-type
doping facilitates the manipulation of valley coherence for a
more extended time to 1-10 ns [17,18], in comparison to
~10 ps with n-type doping [19]. More interestingly, when
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the WSe, monolayer is cooled below ~10 K, the defect-
related localized exciton emissions behave as single quantum
emitters (SQEs) [20-23], which are essential for quantum
information processing [9]. Nevertheless, very little is known
about the atomic and electronic structures of the defects in the
WSe, monolayer. Here we used the low temperature scan-
ning tunneling microscopy (STM) and spectroscopy (STS)
to noninvasively probe the defect structure in a CVD grown
WSe, monolayer at 16 K. We surprisingly found that
intrinsic defects in the WSe, monolayer arise from single
tungsten vacancies, instead of chalcogen vacancies that
prevail in other TMD materials. The tungsten vacancy is
the cause of hole (p-type) doping and dominated the
emission of localized excitons at low temperature. With this
finding, the above-mentioned peculiar behaviors in the WSe,
monolayer could be mostly understood.

The WSe, monolayer sample was directly grown on
highly oriented pyrolytic graphite (HOPG) by CVD [15].
The experiments of sample growth, STM and STS, photo-
luminescence or Raman, and density functional theory
(DFT) calculations are shown in the Supplemental Material
[24]. Figure 1(a) shows a STM topographic image of the
WSe, monolayer at the bias voltage of —2.5 V. Identical
pitlike atomic structures were randomly distributed in the
WSe, monolayer. Given the high defect density, the
possibility of impurity defects or defects in HOPG is
unlikely (Fig. S1), and such structures are due to intrinsic
defects. When the same area was imaged at a different bias
voltage (—1.5 V), these pitlike structures exhibited as
trefoil-like ones [Fig. 1(b)]. The sharp contrast illustrated
a drastic difference between electronic structure of defects
and that of the pristine monolayer. Such a difference could
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FIG. 1. STM topographic images and dI/dV spectrum of the
WSe, monolayer grown on HOPG by CVD. (a),(b) STM images
showing individual point defects in the WSe, monolayer for the
same area but with different bias voltages of —2.5 and —1.5 V,
respectively. I, = 100 pA. The pitlike and trefoil-like structures
in the images reflect the electronic distribution at different energy.
(c),(d) Linear and logarithm plots of a typical dI/dV spectrum
acquired on defect-free monolayer area (black curves) and
on the defect site (red curves), respectively. V, =—2.5V,
I = 100 pA. The edges (onsets) of the valence band at negative
bias voltage were marked by arrows.

be directly captured in the STS measurements on and off
the defects. Figures 1(c) and 1(d) show typical dI/dV
spectra on an isolated defect and a defect-free pristine area
in both linear and logarithmic plots. On the defect-free
pristine monolayer, the dI/dV spectra showed a wide
quasiparticle band gap of 2.57 eV. The conduction band
edge was slightly closer to the zero bias voltage, deter-
mined by band alignment with the graphite substrate.
The band gap of 2.57 eV is also consistent with previous
STS measurement on a WSe, monolayer grown on graphite
by molecular beam epitaxy (MBE) [31]. We were also
aware that the band gap value is slightly larger than that
reported in Ref. [32], in which the sample was prepared by
mechanical exfoliation and dry transfer techniques.
Different strain and coupling with the substrate likely
cause the discrepancy on band gap value. In contrast,
the dI/dV spectra on the isolated defect revealed a different
density of states distribution with a reduced band gap of
2.48 eV. This band gap narrowing of ~90 meV occurred
near the edge of the valence band, corresponding to the
onset shift at negative bias voltage in dI/dV spectra.
Meanwhile, the dI/dV profiles near the conduction band
remained identical. The up-shift of the valence band edge
strongly suggests that these types of intrinsic defects act as
p-type doping sites to the WSe, monolayer.

To further reveal the atomic structure of defects, we
focused on individual defects by performing close-up STM
measurements. Figures 2(a)-2(c) show STM topographic
images of the same area at different bias voltages. Three
individual defects were observed, which showed different
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FIG. 2. Atomically resolved STM imaging and spectroscopy of
individual point defects. (a),(b),(c) Close-up STM topographic
images showing three identical point defects at different bias
voltages of —1.8, —1.2, and +1.5 V, respectively. When the bias
voltage was set within the semiconducting band gap, the outmost
selenium atoms in the WSe, monolayer exhibited as individual
protrusions in (b). The point defects were centered on the
tungsten atom sites, preserving the trigonal symmetry in the
WSe, monolayer. (d) 2D plot of dI/dV spectra along a line
across the defect shown in (b). (e) A few dI/dV spectra selected
from (d). The corresponding positions were also marked as
crosses in (b). All the spectra are shifted vertically for clarity. For
comparison, a dI/dV spectrum away from defects is also shown
in the black curve. The peak shifts near the valence band edge (at
negative bias voltage) were marked by two vertical dashed lines
as P; (—1.48 V, red) and P, (—1.61 V, black), respectively.

electronic distribution with respect to the bias voltage.
Particularly when the bias voltage was set inside the
semiconducting band gap, an atomically resolved STM
topographic image was obtained, as illustrated in Fig. 2(b).
If the tip-sample distance was closer by setting a smaller
bias voltage, the moiré pattern formed between the WSe,
monolayer and underlying graphite surface could also be
imaged (Fig. S2). Individual protrusions in Fig. 2(b) were
sitting in a triangular lattice with a distance of 3.3 A, which
is exactly equal to the nearest interatomic spacing (Se-Se or
W-W) in the WSe, monolayer [33]. Because tungsten
atoms are sandwiched between selenium atoms in the
WSe, monolayer, these individual protrusions directly
correspond to selenium atoms. This assignment is also
consistent with previous STM topographic images on TMD
monolayers such as MoSe, [34,35], and is further con-
firmed by recent atomically resolved atomic force micros-
copy (AFM) and STM [36]. By closely examining the
atomically resolved images, the defects were centered on
the tungsten sites, instead of selenium sites. Around the
defects, neighboring selenium atoms appeared to be
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Calculated atomic structures and corresponding LDOS of four defect structures. (a)—(d) Top view of the fully relaxed atomic

structures of the energetically most favorable configurations for single Vi, Vse3, Viwses, and Sey defects, respectively. Solid blue,
orange, pink, and red balls and the hollow green ball represent the W, Se atoms in the first sublayer, Se atoms in the second sublayer, the
Se antisite atom, and original sites for the removed atoms, respectively. (e)—(h) Corresponding LDOS of the defects above. Black (W),
blue (Se,), red (Se,), and green (Ses) curves correspond to LDOS on the W atoms and Se atoms as marked in (a)—(d), respectively. In the
calculations, the vacuum level was aligned with that of multilayer graphene, and the charge neutral point of the aligned graphene was

thus chosen as the Fermi level in these LDOSs.

slightly lower than other selenium atoms in the defect-free
area. Furthermore, the spatial distribution of electronic
states around the defect exhibited trigonal symmetry
centered around a tungsten site. Therefore, we could
exclude defect structures centered on selenium sites such
as a single selenium vacancy, despite that it was often
thought to prevail in TMD monolayers [10-13].

Now we discuss the spatial dependent electronic structure
of this intrinsic defect. Figure 2(d) shows a 2D plot of dI/dV
spectra as a function of bias voltage and position along the
dashed line cutting through the center of a defect. Consistent
with that in Fig. 1(c), the defect significantly renormalized
the valence band edge, which shifted toward the Fermi level
in the vicinity of the defect, and reduced the quasiparticle
band gap by about 90 meV. Furthermore, this shift in the
valence band edge extended to about 1.5 nm around the
defect. For a detailed examination on spectroscopic features,
Fig. 2(e) shows a few selected dI/dV spectra along the
dashed black line in Fig. 2(b). Near the defect, a new state
(denoted as P;) appears at the edge of the valence band.
Meanwhile, the original peak (denoted as P,) at the valence
band in the defect-free area diminished when the intensity
of P, became more intense, suggesting the competition
between these two states. Such competition is well reflected
in the STM images in Figs. 1(a) and 2(a), in which the bias
voltages were set close to P, and P,, respectively.

Knowing that the intrinsic defects are centered on the
tungsten (W) sites instead of selenium (Se) sites, we proposed
four possible defect structures including the single W vacancy
(Vw), the vacancy complex of three Se atoms (Vg), the
vacancy complex of W and three neighboring Se (Vg.3), and
the antisite defect where a Se substitutes a W atom (Sey).
Figures 3(a)-3(d) show the fully relaxed atomic structures

of these four candidates, respectively, revealed with DFT
calculation. After structural relaxation, the Vv, Vg, and
Vwses kept their trigonal symmetry. However, trigonal sym-
metry of the antisite defect (Se ) is broken, which does not
agree with our STM result and can be ruled out. The remaining
three candidates are the single W vacancy and vacancy
complex involving neighboring Se atoms. Furthermore, we
calculated the local density of states (LDOS) for the above
defect structures in Figs. 3(e)-3(h), along with the pristine
WSe, monolayer and single selenium vacancy (V) defect
structure in Fig. S3. Although the DFT calculations under-
estimated the actual (experimental) values, it reveals that
W vacancy causes an electron deficiency locally, and leads to
p-type doping in the WSe, monolayer. Conversely, a chalc-
ogen vacancy or vacancy complex leads to n-type doping,
which modifies the local electronic structure near the con-
duction band. These results are consistent with the general
rules of doping effects in semiconductors. Thus, the p-type
doping revealed by STS suggests that the defect structure
in our CVD grown WSe, monolayer sample is the single
W vacancy (V). It is interesting to remark that the single
W vacancy is not the most favored defect structure from our
formation enthalpy calculations (Fig. S4). Rather, a single
selenium vacancy has the lowest formation enthalpy as that in
other TMD materials [10—13]. On the other hand, it is known
that crystal growth is a dynamic and nonequilibrium process,
not always determined by energetics (for example, line defects
in a CVD grown MoS, monolayer on sapphire) [37].
The surprising finding of a single tungsten vacancy in the
WSe, monolayer illustrates the importance of experimental
characterization on defect structures.

With the atomic and electronic structures of the defect
identified, we can now understand how they affect the optical
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FIG. 4. Localized exciton arising from tungsten vacancy
defects. (a),(b) Electronic and excitonic schematic diagrams of
the WSe, monolayer, respectively. For the sake of simplicity,
only the band structure at the K point is drawn. The spin
configuration at the K’ point is inverted because of time reversal
symmetry, but would not affect the energy alignment of bright
|K.4Kpp) and dark |K, | Kjy) free excitons as discussed in the
text. (c) Temperature-dependent photoluminescence spectra of
the WSe, monolayer on graphite. The data were obtained from
the same location on the sample, and spectra are offset for clarity.
The excitation wavelength and power were 532 nm and 1.60 mW,
respectively.

properties of the WSe, monolayer. As illustrated in Fig. 4(a),
both the conduction and valence bands at the K point of
TMDs are spin polarized due to the spin-orbit splitting (tens
of meV for conduction band and hundreds of meV for
valence band). For the WSe, monolayer, the minimum gap
occurs between bands of opposite electron spin, giving rise to
the optically forbidden (dark) free exciton lying ~30 meV
below the bright free exciton [Fig. 4(b)] [30]. Thus, the bright
free exciton emission could be thermally activated at room
temperature, and its intensity would drop at lower temper-
ature. Figure 4(c) shows the photoluminescence spectra at
variable temperature from the sample. Overall, the photo-
luminescence from WSe, monolayer on graphite was heavily
quenched, so that the intensity was about 5 orders of
magnitude weaker than that from WSe, monolayer on
oxidized silicon wafer (Fig. S5). At low temperature
~7 K, the photoluminescence spectra were dominated by
a broad peak centered around 1.70 eV, very close to the
energy of free excitons in WSe, monolayer. However, the
photoluminescence intensity increases at the lower temper-
ature, which is opposite to that expected for free excitons as
discussed above. The broad peak profile also excluded the
possibility of free charged exciton (trions). In contrast, the
localized defect excitons could emit brightly at low temper-
ature, because the energies of spin-split defect states are
nearly degenerate as suggested from the spin-resolved band
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FIG. 5. Valley polarization and valley coherence of the CVD-

grown WSe, monolayer on sapphire. (a) Polarization-resolved
photoluminescence spectra for 6" detection under circularly
polarized excitation of laser at 1.96 eV and 26 K. The red and
black lines correspond to 6+ and ¢~ excitation, respectively. The
circular polarization of the free exciton (1.72 eV) and the defect
exciton (1.64 eV) was 49% and 16%, respectively. (b) Polarization-
resolved photoluminescence spectra for horizontally polarized (H)
detection under the linearly polarized excitation of laser at 1.96 eV
and 26 K. The red and black lines correspond to the horizontally
(H) and vertically (V) polarized excitation, respectively. The valley
coherence was only observed on the free exciton.

structure calculation on the single tungsten vacancy defect
(Fig. S6). Meanwhile, the point defect wave function has a
spatial extension of ~1.5 nm, very close to the free exciton
radius of ~1 nm [34]. Therefore, the defect exciton would
have similar binding energy to that of free excitons, and
down-shift its energy almost proportional to the quasiparticle
band gap reduction (~90 meV). Hence, the energy of defect
excitons is only slightly lower than that of free excitons,
which is consistent with the low temperature photolumines-
cence spectra.

The energy of defect excitons also matches well with that
from SQEs observed in the WSe, monolayer, suggesting
the tungsten vacancy defect to be a candidate of such
emitters [20-23]. According to previous studies, the SQEs
are subject to the circularly polarized optical selection rule,
especially under high magnetic field. Such circular dichroism
on SQEs indicates the trigonal symmetry for their atomic
structures, much as the pristine semiconducting TMD
monolayers for valley selectivity [1,2]. To this end, we
measured the circularly polarized photoluminescence spectra
from the WSe, monolayer on sapphire, which was grown
with the same method as that on graphite. Now, without the
strong quenching from graphite, both free excitons and
defect excitons clearly appeared in the low temperature
photoluminescence spectra in Fig. 5. They both exhibited
circular dichroism when the sample was excited by 6+ or 6~
circularly polarized light. The circular polarization of the free
exciton (49% at 1.72 eV) is larger than that of the defect
exciton (16% at 1.64 eV). Furthermore, the linear polariza-
tion was only observed on the free exciton, which suggests
the absence of valley coherence on the defect exciton [38].
All these data proved that the trigonal symmetry of the single
tungsten vacancy defect was somewhat reduced, but still
preserved. The perturbation likely came from the moiré
pattern formed between the WSe, monolayer and graphite
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substrate. We expect that the degree of circular polarization
would further increase if a strong magnetic field is applied.
Occasionally, we also observed the coupling between defects
when they are very close, as exemplified in Fig. S7 [24].
The spatial overlapping of their electronic wave functions
completely destroyed the trigonal symmetry of individual
defects. Thus, the circular dichroism would not be expected
for coupled defects, even under high magnetic field. Based
on these observation and analysis, we reasonably conjecture
that the tungsten vacancy defectis a likely candidate, at leasta
precursor, for SQEs in the WSe, monolayer. Unfortunately,
we did not observe the emergence of individual sharp peaks
at temperature below ~10 K, another key signature of SQEs.
We attribute this absence to the high density of defects in our
CVD-grown sample, which caused inhomogeneous broad-
ening on the emission spectra [20].

In summary, we used low temperature STM and STS to
study the atomic and electronic structures of intrinsic
defects in WSe, monolayer. In corroboration with ab initio
calculations, we unveiled the individual point defects to be
single tungsten vacancy with trigonal symmetry, which is
responsible for the p doping of the WSe, monolayer. We
further discovered on the same sample that these vacancy
defects dominated the low temperature optical spectra as
localized excitons. For the first time, our work shed light on
the atomic-scale defect structure of localized excitons in the
WSe, monolayer and paved the way toward defect engi-
neering for SQEs in TMD monolayers and other 2D
materials in general [7-9].
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