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The electronic and optical properties of two-dimen-
sional materials can be strongly influenced by defects, some of
which can find significant implementations, such as controllable
doping, prolonged valley lifetime, and single-photon emissions. In
this work, we demonstrate that defects created by remote N,
plasma exposure in single-layer WS, can induce a distinct low- 10"
energy photoluminescence (PL) peak at 1.59 eV, which is in sharp
contrast to that caused by remote Ar plasma. This PL peak has a
critical requirement on the N, plasma exposure dose, which is strongest for WS, with about 2.0% sulfur deficiencies (including
substitutions and vacancies) and vanishes at 5.6% or higher sulfur deficiencies. Both experiments and first-principles
calculations suggest that this 1.59 eV PL peak is caused by defects related to the sulfur substitutions by nitrogen, even though
low-temperature PL measurements also reveal that not all the sulfur vacancies are remedied by the substitutional nitrogen.
The distinct low-energy PL peak suggests that the substitutional nitrogen defect in single-layer WS, can potentially serve as an
isolated artificial atom for creating single-photon emitters, and its intensity can also be used to monitor the doping
concentrations of substitutional nitrogen.
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WSe,."” Reproducible nitrogen doping of TMDCs through the

Two-dimensional (2D) materials are widely studied for covalent chalcogen substitutions has also been demonstrated

optoelectronic and quantum optical applications.'~” Because using techniques such as remote N, plasma exposure, atomic

of their low dimensionality and reduced dielectric screening, nitrogen treatment, or sulfurization of metal oxyni-
2D semiconductors such as WSe,, WS,, and MoS, in transition trides.”™'"** Besides doping, defects in TMDCs such as the
metal dichalcogenides (TMDCs) exhibit exceptionally large chalcogen vacancies can preserve the optical valley selectivity
exciton binding energies and strong light absorptions,l_3 based and prolong the valley polarization lifetime through the
on which light-emitting diodes, solar cells, and photodetectors formation of defect-bound excitons.>>*® Defects are also
have already been demonstrated.” Besides, controllable valley critical for SPEs based on 2D materials.' “>?"2° For example,
polarization can be realized in TMDCs by circularly polarized crystallographic defects in h-BN are responsible for the room-

light pumping, which allows for the manipulation of the valley
degree of freedom for valleytronic device applications.””"’
Moreover, benefiting from their flexibility for heterogeneous
assembly, compatibilities of nanofabrication with Si technol-
ogy, and enhanced photon extraction efliciency, 2D semi-

temperature SPEs, even though the exact type of the
13,28

Further
exploration and investigation of the promising defects in 2D
materials are of fundamental importance for their device

corresponding defects is still under debate.

11,2729
conductors are also promising solid-state platforms for single- applications.
photon emitters (SPEs),”"'~"* which can become crucial
components in the emerging quantum communications, November 5, 2021
computation, and metrology.”’ May 3, 2022

The electronic and optical properties of 2D materials can be May 10, 2022
tailored by defects.">~* For example, controllable doping can
be realized by substitutional defects in 2D materials.*~"* W

substitutions by Re can realize scalable n-type doping in
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Figure 1. (a) Schematics of the remote plasma exposure system. (b) XPS signal of W core levels measured on the top surface of a large-area
bulk WS, crystal after 8000 s remote N, plasma exposure. (c) XPS signals of S 2p core levels of bulk WS, surface with increasing plasma
exposure time. The intensities of S 2p core levels are normalized by the corresponding W 4f,/, peaks. (d) Extracted sulfur deficiency
percentage of the top sulfur atom layer of bulk WS, as a function of plasma exposure time. (e) Raman spectra of exfoliated single-layer WS,

with increasing remote N, plasma exposure.

In this work, we have conducted remote N, plasma exposure
experiment on single-layer WS, and studied the defects
generated, with an emphasis on their photoluminescence
(PL) properties. A prominent low-energy PL peak is observed
after short-time remote N, plasma exposure, the observation of
which has a critical requirement on the plasma exposure dose.
Through reference studies of remote Ar plasma exposure, in
conjunction with the laser power dependence of PL, low-
temperature PL, and first-principles calculations, this PL peak
is attributed to defects related to the sulfur substitutions by
nitrogen in single-layer WS,. This N,-plasma-induced low-
energy PL peak can be used to monitor the covalent nitrogen
doping concentration in single-layer WS,. Our results also
suggest that the substitutional nitrogen can potentially serve as
an isolated artificial atom for creating single-photon emitters
based on WS, with known defect type and emission
wavelength.

RESULTS AND DISCUSSION

The system of plasma generation and exposure in our study is
schematically shown in Figure la. Remote N, plasma is
generated by an RF coil in a plasma-enhanced atomic layer
deposition (PEALD) system (Kurt J. Lesker ALD 150LX
Cluster Tool). The detailed plasma generation conditions can
be found in the Methods section. After remote N, plasma
treatment, sulfur substitution by nitrogen (Ng) is the most
energetically favorable defect in TMDCs.">~"” The stoichiom-
etry changes of WS, after remote N, plasma exposure are
investigated by X-ray photoelectron spectroscopy (XPS).
Details on the XPS measurement setup can be found in the
Methods section. The XPS measurement requires a relatively
large sample area, but the mechanically exfoliated single-layer
WS, is typically only a few micrometers in size. Considering
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that the sulfur vacancies (V) and Ny defects on the surfaces of
single-layer WS, and bulk WS, have similar formation energies
(see Supporting Information (SI) Figure S1), the XPS
measurements are conducted on a large cleaved surface of
bulk WS, instead.

Figure 1b shows the XPS results of tungsten core levels after
8000 s N, plasma exposure. The collected XPS signals can
originate from the bulk sample within a depth of 2—3 nm, but
only the top surface bonds are modified by the mild remote N,
plasma.” As a result, only a slight peak broadening of tungsten
core levels is observed in Figure 1b, as caused by the formation
of W—N bonds due to the sulfur substitutions by nitrogen at
the top surface.'® For the same reason, the XPS signals of
sulfur core levels only show obvious drops after long-time
plasma exposures, as shown in Figure lc. XPS measurements
are also attempted for large-area single-layer WS, grown by
metalorganic chemical vapor deposition (MOCVD) method. A
similar broadening of W 4f core levels is observed (see SI
Figure S2). However, the sulfur to tungsten atomic ratio shows
large random variations for MOCVD WS,, which might be
caused by the nonideal stoichiometry of WS, or some sulfur
condensations after MOCVD growth. We note that the N 1s
core level in XPS does not directly indicate the substitutional
nitrogen concentrations in WS,. Before remote N, plasma
exposure, both the mechanically exfoliated and MOCVD-
grown WS, samples are exposed to the ambient environment;
thus organic contaminations are inevitable in our experiment,
which are exposed to remote N, plasma as well, leading to a
much higher XPS signal of N 1s core level than expected due
to t}?}g nitridation of the organic contaminants (see SI Figure
S3).

The upper limit of substitutional nitrogen concentration in
WS, can be estimated by the sulfur deficiencies, which are
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contributed by both the nitrogen substitutions and the possible
sulfur vacancies. The percentages of sulfur deficiencies can be
derived from the drops of the XPS sulfur signals in Figure lc.
Assuming the sulfur deficiencies mostly occur at the top
surface of bulk WS, and considering the S—W—S sandwich-like
structure of each WS, layer, the sulfur deficiency percentages
of bulk WS, surface are extracted in Figure 1d. The extraction
details can be found in the SI. A fitted dashed curve in Figure
1d is plotted to guide the eye. According to the fitting, the
sulfur deficiency percentage of the top atom layer gradually
saturates and approaches around 100% after long-time plasma
exposure, which is interpolated to be around 4.0% and 11.3%
after 200 and 600 s remote N, plasma exposures,
corresponding to 2.0% and 5.6% for the top WS, monolayer
(S—W-=S layers).

Because single-layer WS, and bulk WS, surfaces have very
close defect formation energies (see SI Figure S1), it can be
expected that similar defect densities will be created in single-
layer WS, by remote N, plasma exposure. Single-layer WS,
flakes are mechanically exfoliated on a SiO,/Si substrate and
exposed to remote N, plasma in the same plasma system as
well. The exposed samples with various exposure doses are
characterized by Raman spectroscopy excited by a 488 nm
laser. The Raman spectra are normalized by the 520 cm™" Si
Raman peak and the phonon modes are assigned in Figure
le.*! Long N, plasma exposure time causes a clear drop of the
Raman intensity and the smear-out of high-order Raman
scattering peaks, as the crystalline single-layer WS, becomes
defective. The possible defects are directly examined by
atomic-resolution scanning transmission electron microscope
(STEM). Clear nitrogen atom peak is observed in the energy-
dispersive X-ray spectroscopy (EDS) measurement (see SI
Figure S4), which could have extra contributions from the
nitridized organic contaminations in addition to the nitrogen
substitutions as well. No W vacancies or W antisite defects are
created by the mild remote N, or Ar plasma. Other types of
defects can be directly identified by STEM images, including
single-sulfur vacancy, doule-sulfur vacancy, vacancy clusters,
and mostly importantly, the nitrogen substitions (see SI Figure
SS).

PL can be a very sensitive tool to characterize the defects in
TMDCs.”’>*%° PL spectra of exfoliated single-layer WS, with
increasing remote N, plasma exposure time are measured and
plotted in logarithmic scale in Figure 2a. A 488 nm laser is used
as the excitation. The measurements are conducted at room
temperature and in the ambient environment. For the as-
exfoliated single-layer WS,, the PL spectrum is mainly
contributed by neutral exciton (X°), trion (X'), and biexciton
(XX) emissions at room temperature.’>** As shown in Figure
2a, remote N, plasma causes a decrease of PL intensity,
typically due to the creation of defects.””™>* Most interestingly,
a short-time N, plasma exposure (<600 s) introduces a new PL
peak at 1.59 eV (XV), which reaches its strongest intensity with
about 200 s exposure time. Nevertheless, its PL peak intensity
is still only 10.4% of the corresponding exciton/trion/biexciton
peak. Longer N, plasma exposure (>600 s) on the contrary
makes this peak weaker and finally unobservable. The same
1.59 eV PL peak after remote N, plasma exposure is observed
for single-layer WS, grown on sapphire substrate by MOCVD
method, as shown in Figure 2b. The sharp doublet at 1.786
and 1.789 €V is caused by the Cr** luminescence centers of the
sapphire substrate for the MOCVD sample.”* Different from
the exfoliated samples (Figure 2a), the strong exciton/trion/
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Figure 2. (a) PL spectra of exfoliated single-layer WS, after remote
N, plasma exposure. A new PL peak X" emerges at 1.59 eV after
mild N, plasma treatment. (b) PL spectra of MOCVD-grown
single-layer WS, before and after 200 s remote N, plasma
exposure. The same 1.59 eV PL peak is observed. (c) PL spectra
of exfoliated single-layer WS, after remote Ar plasma exposure. A
different defect-related PL peak is observed instead. The PL
intensities in (a—c) are all plotted in logarithmic scale to discern
the relatively weak X" peak and the PL spectra are shifted
vertically for a clear view. The peaks in dashed squares of (a—c)
are caused by Raman scattering.

biexciton peak of the MOCVD-grown single-layer WS, slightly
blue shifts after remote N, plasma exposure, which might be
related to the different initial doping conditions of MOCVD
samples and needs further investigation.

Covalent nitrogen doping of WS, has been studied before,
but no such 1.59 eV PL peak was reported.'”** One possible
reason is that this PL peak is relatively weak compared to the
strong exciton/trion/biexciton peak, which only becomes
obvious when the spectrum is plotted in a logarithmic scale.
Moreover, the observation of this PL peak has a critical
requirement on the plasma dose. According to the XPS results,
the 200 s N, plasma exposure with the strongest 1.59 eV PL
peak corresponds to only 2.0% sulfur deficiency in single-layer
WS,, while 600 s N, plasma exposure (5.6% sulfur deficiency)
has already quenched this PL peak. The relatively weak
intensity of this new PL peak and its critical requirement on
the low defect density may be the major reasons why other
reports did not take notice of it.

Sulfur substitions by nitrogen could be responsible for the
emergent PL peak. As a further control experiment, remote Ar
plasma is generated by the same PEALD system. PL spectra of
single-layer WS, after the remote Ar plasma exposure are
shown in Figure 2c. The corresponding Raman spectra are
shown in SI Figure S6. As an inert gas, the mild remote Ar
plasma exposure is believed to only sputter away atoms and
tends to create sulfur vacancies.”> Consistent with previous
reports, the remote Ar plasma only introduces a PL peak (X®)
at around 1.81—1.87 eV, distinct from the 1.59 eV PL peak
caused by remote N, plasma. Considering other defects such as
sulfur vacancies, antisites, interstitials, or their complex defect
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Figure 3. (a,b) PL spectra of exfoliated single-layer WS, measured at varied low temperatures after remote N, and Ar plasma exposures. The
PL intensities are plotted in a linear scale for absolute intensity comparisons and shifted vertically for a clear view. Both N, and Ar plasma
exposures lead to a defect-related PL peak X” at low temperature. The N,-plasma-induced PL peak X" in (a) persists at low temperature. (c)
PL spectra measured with increasing laser power for exfoliated single-layer WS, after 200 s remote N, plasma exposure, which are
normalized by the 520 cm™ Si Raman peaks. The black dashed line is a repeated measurement at 28 gW after large laser power excitations.
(d) Extracted intensities of different PL components as a function of laser power.

clusters can be created by both N, and Ar plasma, this control
experiment of Ar plasma suggests that the 1.59 eV PL peak
induced by remote N, plasma exposure most likely originates
from defects of sulfur substitutions by nitrogen, or at least from
defect clusters involving nitrogen substitutions in single-layer
WS,. The energy of this PL peak is far away from the free
exciton/trion/biexciton emissions, suggesting that the substitu-
tional nitrogen defect of single-layer WS, can potentially serve
as an isolated artificial atom to realize SPEs with high purity.”

Low-temperature PL measurement can reveal more and
finer structures.”””"** The PL spectra of single-layer WS, after
remote N, and Ar plasma exposures are measured in Figure
3a,b respectively, which are plotted in linear scale for easy
comparison of the absolute PL intensities. The ones plotted in
logarithmic scale can be found in SI Figure S7. The N,-plasma-
induced PL peak (XV) persists at low temperatures, and its
wavelength shows relatively weak temperature dependence.
Another PL peak (X°), which becomes obvious at low
temperatures, is similar for single-layer WS, after both remote
N, and Ar plasma exposures, and shows obvious wavelength
shift with measurement temperature. This X* peak is most
likely related to sulfur vacancies,”* and its existence in N,
exposed samples suggests that sulfur vacancies are probably not
completely passivated by the substitutional nitrogen during
remote N, plasma exposure (see SI Figure SS) or they are
created by the mild dissociation of substitutional nitrogen
atoms during the later laser excitations.

PL emissions of different origins can show distinct responses
to laser power.””*’ Figure 3c shows the PL spectra of
exfoliated single-layer WS, after 200 s remote N, plasma
exposure using different laser power excitations at room
temperature. The PL spectra are all normalized by the 520
cm™ Si Raman peak that changes almost linearly with laser
power. The intensity of the 1.59 eV PL peak (X") clearly drops
with the increasing laser power, indicating a decrease of
emission efficiency at large laser power, which is typical for
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defect-related PL due to the limited recombination defect
centers.””>? After large power excitation (2800 yW), the PL
spectrum is measured again with low power (28 uW), as
shown by the black dashed line in Figure 3c. The 1.59 eV PL
peak only becomes slightly weaker after laser heating, which
might be related to the mild dissociations of substitutional
nitrogen and indicates the relatively good stability of the
responsible defects. Consistent with previous reports,””> the
large laser power excitation causes a gradual shift of trion/
exciton emission toward biexciton emission (Figure 3c). As a
result, the biexciton peak exhibits a superlinear relationship (y
> 1) between PL intensities I and laser power P (I « P?), as
extracted by Gaussian fittings and plotted in Figure 3d. The
fitting details can be found in the Methods sections. A
sublinear relationship (y < 1) between PL intensities and laser
power is also observed for both the 1.59 eV PL peak X" and
the defect-related peak XP as expected for the defect-limited
emissions.” >’

First-principles calculations have been used to better
understand the electronic band structures and the optical
responses of 2D semiconductors with defects.'”*’ >3 As
discussed above, the new PL peak X" emerging after remote
N, plasma exposure is most likely contributed by the
substitutional nitrogen defect (Ng). To further verify this,
density functional theory (DFT) and many-body perturbation
theories are used to investigate the electronic and optical
properties of single-layer WS,, as implemented by Quantum
ESPRESSO and BerkeleyGW packages.”” Quantum ES-
PRESSO returns the self-consistent wave functions and
eigenvalues by solving the Kohn—Sham (KS) equation. As
widely known, it tends to underestimate the b;indgap.36’37 To
overcome this issue, many-body effects can be included by a
subsequent GW calculation, and then quasiparticle energies
can be obtained.””**™*” A fully self-consistent GW calculation
can be quite time-consuming and computational-resource
demanding. Moreover, it also tends to significantly over-
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M K r

Figure 4. (a) Atomic structure of the 4 X 4 supercell used in the GW-BSE calculations, with one top sulfur atom of of single-layer WS,
substituted by nitrogen. (b—d) Single-shot GW (G,W,) quasiparticle band diagrams and the corresponding densities of states of the N-
substituted WS, at neutral (N§), negative (N ), and positive (N§) charge states. The up and down arrows in (b) are for spin-up and spin-
down electrons, respectively. The Fermi level positions are indicated by the black dashed lines.
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Figure 5. (a) Imaginary permittivities and the exciton oscillator strengths of the nitrogen-substituted single-layer WS, at different charge
states, solved by Bethe-Salpeter equation (BSE) based on GyW, results. (b) Band contributions to the corresponding excitons in (a). The
major electron—hole pairs are indicated by the vertical wavy lines. The contributions of the occupied defect band are in blue and the
contributions of the unoccupied defect band are in magenta. To highlight the contributions of the concerned excitons with substantially
strong optical absorptions, the size of each dot is proportional to both its exciton contribution and the square root of the corresponding
exciton dipole. Top and side views of (c) the integrated electron wave function and (d) the integrated hole wave function for the 1.24 eV

exciton of Ny defect in (a).

estimate the bandgaps of semiconductors.*® Various perturba-
tive approximations for GW calculations can be used instead.
Single-shot GW (GoW,) calculation can give reasonable
bandgaps and thus is adopted here,* as implemented in the
BerkeleyGW package. The calculation details can be found in
the Methods section.

Figure 4a shows the 4 X 4 supercell of single-layer WS, used
in the calculations, with one top sulfur atom substituted by
nitrogen. The quasiparticle band diagrams of single-layer WS,
with the substitutional nitrogen defect at different charge states
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are calculated in Figure 4b—d. Atomic structures are relaxed
for all charged defects while the supercell size is maintained as
that of pristine WS,, which is reasonable for our samples on a
solid substrate. As shown in Figure 4b, the calculated GW
bandgap ignoring the defect levels for WS, with neutral defect
(N3) is about 2.36 eV, very close to the experimentally
measured 2.41 eV." NY defect has an unpaired electron due to
the neutral nitrogen atom and thus is spin-polarized.””* For
charged defects, the addition or removal of one electron
significantly changes the quasiparticle defect levels, as shown in
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Figure 4c-d. The bandgap also varies for the different charged
defects, especially for N¢ defect, due to the limited 4 X 4
supercell used here as constrained by the computational-
resource demanding GW and BSE calculations. Some possible
transitions between the occupied and unoccupied bands at the
K point for these defects are indicated by the vertical arrows
with labeled energies. The transition between the unoccupied
spin-down defect level to the valence band maximum shows
the energy of 1.48 eV for N defect, while the transition
between the conduction band minimum to the occupied defect
level for N§ defect shows energy of 1.66 eV. Both are close to
the experimentally observed 1.59 eV low-energy PL peak after
remote N, plasma exposure.

The quasiparticle transition energy has not considered the
Coulomb or exchange interactions between the electron and
hole pairs, i.e. the exciton binding energy. As a result, it may be
not accurate to account for the experimental results. Especially
for 2D semiconductors, because of the reduced dielectric
screening, the exciton binding energy should not be
ignored.l’3’27’36 The exciton binding energy can be included
in the GW quasiparticle energies b;r a subsequent Bethe-
Salpeter equation (BSE) calculation,””*® which will return all
the possible excitons formed between the considered occupied
and unoccupied bands. Using the GyW,, results in Figure 4b—d
as the starting point, the BSE imaginary permittivities and
exciton oscillator strengths of the substitutional nitrogen defect
at different charge states are calculated in Figure Sa. The
envelopes of the labeled exciton series are identified according
to their electron—hole-pair amplitudes in reciprocal space. The
corresponding results for pristine single-layer WS, are shown
in SI Figure S8 as references. The calculated 1s free exciton
energy of the neutral defect is close to the 2.00 eV of A exciton
in the experiment, while those of charged defects show
variations, due to the charge effect and the limited 4 X 4
supercell size used here.*>**' Very similar shift trends are
observed in the rough GW-BSE calculations based on Vienna
ab initio simulation package (VASP), without using the
advanced convergence techniques such as the dual-grid
interpolations,”* k-point subsampling,”’ and Coulomb inter-
action truncations that are included in BerkeleyGW package
(see SI Figure 59).>%**

The imaginary permittivity is closely related to the photon
absorptions and possible emissions.””** Some low-energy
exciton peaks with relatively strong absorptions are marked
in Figure Sa. To identify the band contributions to a specific
exciton, the wave function ®"(r,r,) of the nth exciton can be
written into contributions of different electron and hole (Pairs
formed between the unoccupied and occupied bands,"*

q)n(rer rh) = Z Z ZA;‘/k Ck(re)¢:;:(rh) (1)
c vk

in which r, and r, are the electron and hole coordinates
respectively, ¢(r,), and ¢,(r;) are the wave functions of the
unoccupied band ¢ and occupied band v at k-point k, and Al
is the corresponding weight of this electron and hole pair. The
summations are for the considered unoccupied and occupied
bands in the first Brillouin zone. To evaluate the contributions
of a specific band to the nth exciton, the contributions of all
wave functions ¢4(r,) in conduction band ¢ can be calculated
by Y A%, % Similarly, the contributions of all wave functions
¢ (ry) in valence band v can be calculated by Y A",

The band contributions of the exciton peaks in Figure Sa are
calculated and plotted in Figure 5b. It can be seen that the low-

7433

energy excitons are mainly formed by the unoccupied defect
level and the valence band, or by the occupied defect level and
the conduction band. For N§ and N} defects, a very strong
absorption (0.96 and 0.74 eV respectively) can be observed
due to the excitons formed by the unoccupied defect level and
the valence band. These excitons are in the infrared region and
the related possible emissions are not in our measurement
range. Interestingly, two kinds of defect excitons, involving the
unoccupied and occupied defect levels respectively, can coexist
in the N{ defect, as can be seen in the upper panel of Figure 5b,
even though the dipoles of excitons formed by the occupied
defect level and conduction band are much weaker. The
detailed electron—hole pair amplitudes for these excitons of N3
defect in reciprocal space can be found in SI Figure S10.

In the experiment, the as-prepared WS, tends to be naturally
n-type doped.'”*” After the sulfur substitution by nitrogen, at
least a portion of the substitutional nitrogen defects should be
negatively charged, due to the electron transfer from the
conduction band to the deep nitrogen defect levels. At low
substitutional nitrogen concentration, we can expect that the
major nitrogen defects should be Ng. As shown in the middle
panels of Figure Sa,b for Ny defect, the lowest-energy exciton
formed between the conduction band and the occupied defect
level has the energy of 1.24 eV, meaning a binding energy of
0.42 eV, compared to the free transition energy of 1.66 eV in
Figure 4c. The integrated electron and hole wave functions for
the 1.24 eV exciton of N defect are plotted in Figure S¢,d. As
expected, the integrated hole wave function is localized near
the substitutional nitrogen atom, since it is mainly contributed
by the occupied localized defect level. Besides the lowest-
energy exciton, some higher-energy exciton series can be
found, with energies closer to the experimental 1.59 eV of low-
energy PL peak. Considering the natural doping conditions
and the calculated exciton series of the Ny defect near 1.59 eV,
the negatively charged substitutional nitrogen is the probable
defect responsible for the low-energy PL peak of single-layer
WS, after nitrogen plasma exposure in our experiment.
Assuming the many excitons formed between the conduction
band and the occupied defect level are similar to the free
exciton series (1s, 2s, 3s etc.), the lowest-energy 124 eV
exciton should also be easier to be observed during PL
emission. The discrepancies between experiment and theory
could be partly due to the limitations of DFT calculations,
since the strongly localized defect states are involved here and
it is well-known that the density functional often fails to deal
with strongly localized system and shows concave or convex
approximation errors.’”*® Besides, WS, has a strong spin—
orbit coupling, which is not considered here due to its
formidable computational resource requirements.

In summary, we have discovered and studied the remote N,
plasma induced PL peak in single-layer WS,, which is observed
for both the mechanically exfoliated and MOCVD-grown WS,.
This new PL peak has a critical requirement on the plasma
exposure dose, which is strongest at 2.0% sulfur deficiency and
vanishes at 5.6%. This PL has a defect origin, as supported by
the sublinear relationship between the laser power and PL
intensity. Even though low-temperature PL reveals that sulfur
vacancies are probably also present in single-layer WS, after
remote N, plasma exposure, no such PL peak is observed for
remote Ar plasma exposure, suggesting that defects related to
nitrogen substitutions are probably responsible for this peak.
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First-principles calculations including the many-body effect,
electron—hole exchange, and Coulomb interactions are
conducted, revealing that the substitutional nitrogen defect,
especially the negatively charged substitutional nitrogen defect
(N3) could create exciton transitions between the conduction
band and the occupied defect level, and are potential origins of
this new PL peak. Other possible defect clusters involving
nitrogen substitutions, such as Ny with adjacent Vg defect, are
currently not ruled out yet and deserve further in-depth
investigations. Our experimental results are a significant step
toward the defect photoluminescence study of 2D semi-
conductors, which can be used to monitor the substitution
nitrogen defect densities in single-layer WS,. Moreover, the
defect-related bound excitons caused by the substitutional
nitrogen in single-layer WS, can find potential applications in
single-photon emitters with a known defect type and
controlled emission wavelength. Further investigations about
the optical valley selectivity, spin read-out, and manipulation
capabilities of the substitutional nitrogen defect, and the
explorations of other similar defects such as phosphorus
substitutions are worth conducting in the future.

METHODS

Sample Preparations. Single-layer WS, flakes (HQ_graphene)
were mechanically exfoliated on Si substrate capped with 300 nm
SiO,. The single-layer WS, flakes were identified by the color contrast
and also the exceptional strong PL intensity compared with multilayer
WS,.* For MOCVD growth of single-layer WS,, a cold-wall,
horizontal, low-pressure MOCVD reactor was employed, with
W(CO)s and H,S as the tungsten and sulfur precursors.47 After
preparations, WS, samples were treated by remote N, plasma or Ar
plasma, which was generated in a PEALD system (Kurt J. Lesker ALD
1S0LX Cluster Tool). Remote N, plasma was generated by the RF
coil using 25 sccm N, as the source. The pressure was 96 mTorr and
the RF power was fixed at 25 W. For Ar plasma generation, the Ar
flow rate was 7S sccm, the pressure was 430 mTorr, and the RF power
was 50 W. The substrate temperature was fixed at 110 °C.

Characterization. XPS experiments were performed using a
Physical Electronics VersaProbe II instrument equipped with a
monochromatic Al ka X-ray source (hv = 1486.7 eV) and a
concentric hemispherical analyzer. Charge neutralization was
performed using both low-energy electrons (<S eV) and argon ions.
The binding energy axis was calibrated using sputter cleaned Cu (Cu
2p3/; = 932.62 eV, Cu 3p3,, = 75.1 V) and Au foils (Au 4f;/, = 83.96
eV). Measurements were made at a takeoff angle of 45°. The room-
temperature Raman spectra and PL were measured by Horiba
LabRam HR Evolution confocal microscope in the backscattering
geometry equipped with 600 gr/nm and 1800 gr/nm, respectively. A
488 nm laser was used as excitation, with a 100X objective. The laser
spot has a diameter of about 1 ym. During the Gaussian fitting of the
laser-power-dependent room-temperature PL, a fitting of the PL at
the lowest laser power is conducted first with all the fitting parameters
free. Because the defect-related PL is still relatively strong at low laser
power, the fitting is more trustworthy and the fitted peak positions are
consistent with previous reports. For PL with increasing laser power,
to avoid the drastic shift of the defect-related PL peak positions due to
its weak or even barely visible intensities, the peak positions of all the
PL components are then kept fixed. Low-temperature PL spectra were
measured by cooling the sample in a home-built liquid helium
cryostat to 10 K. A 400 nm continuous-wave (CW) laser was used to
excite WS,. PL was recorded using Princeton Instruments’ SpectraPro
HRS-750 together with a CCD cooled by liquid nitrogen.

First-Principles Calculations. Ab initio GW and Bethe—Salpeter
equation (GW-BSE) calculations are conducted to determine the
quasiparticle band structures and the optical absorption spectra.
Quantum ESPRESSO and BerkeleyGW packages are used.’®*
Quantum ESPRESSO is used to generate the mean-field charge

densities, wave functions, and eigenvalues, which are used by
BerkeleyGW subsequently to calculate the GW self-energy and BSE
absorptions. PBE-optimized norm-conserving Vanderbilt pseudopo-
tentials are used,”® with a kinetic energy cutoff of 40 Ry. W 4f, Ss, Sp
semicores, and S5d, 6s valence electrons are included in the
pseudopotentials. The inclusion of semicore states is intended to
accurately calculate the exchange contribution to the GW self-
energy.51 However, the semicore electrons are not included in the
charge density in the Hybertsen-Louie generalized plasmon pole (HL-
GPP) model,” since they are lyir}§ deep below the Fermi level and
not contributing to the screening.”” A 4 X 4 supercell of single-layer
WS, with one top sulfur atom substituted by nitrogen was adopted
here to simulate the remote N, plasma-treated WS,. To calculate the
GW quasiparticle energy, a dielectric matrix cutoff of 15 Ry, a 4 X 4 X
1 k-mesh with 10 g-point nonuniform neck subsampling (NNS) along
(110) direction and 1600 bands are used during the summation.
Similar parameters are used in another publication to guarantee the
convergence.”’ The quasiparticle band diagram is obtained by
interpolating along high symmetry lines using the maximally localized
Wannier functions (MLWFs) through Wannier90 code.* During the
BSE calculation, the quasiparticle energies, direct and exchange
kernels of a 6 X 6 X 1 coarse k-mesh are interpolated onto a fine 18 X
18 X 1 k-mesh, together with cluster sampling interpolation (CSI)
using a subfactor of 3 along (110) direction. The BSE equation is then
solved by direct diagonalization within the Tamm-—Dancoff
approximation. About 16 valence and 16 conduction bands on the
fine k-mesh grid are included, interpolated from about 36 valence and
36 conduction bands on the coarse k-mesh. The exact band numbers
are slightly dependent on the band degeneracy conditions for different
charged defects. The nonlocal part of the pseudopotential to the
dipole transition matrix elements is considered. 2D slab truncation of
Coulomb interaction is used.**
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