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1 Introduction

ABSTRACT

Revealing the structural/electronic features and interfacial interactions of
monolayer MoS, and WS, on metals is essential to evaluating the performance
of related devices. In this study, we focused on the atomic-scale features of
monolayer WS, on Au(001) synthesized via chemical vapor deposition. Scanning
tunneling microscopy and spectroscopy reveal that the WS,/Au(001) system
exhibits a striped superstructure similar to that of MoS,/Au(001) but weaker
interfacial interactions, as evidenced by experimental and theoretical investigations.
Specifically, the WS,/Au(001) band gap exhibits a relatively intrinsic value of
~2.0 eV. However, the band gap can gradually decrease to ~1.5 eV when the
sample annealing temperature increases from ~ 370 to 720 °C. In addition, the
doping level (or Fermi energy) of monolayer WS,/Au(001) varies little over the
valley and ridge regions of the striped patterns because of the homogenous
distributions of point defects introduced by annealing. Briefly, this work provides
an in-depth investigation into the interfacial interactions and electronic properties
of monolayer MX, on metal substrates.

example, unlike semimetal graphene with a zero band
gap, monolayer MX, usually acts as a semiconductor

Recently, two-dimensional transition metal dichalco-
genides, specifically MX, (M = Mo, W; X =S, Se, etc.),
have attracted significant interest due to their abundant,
intriguing electronic and optical properties [1-3]. For
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with an electronic band gap in the visible spectral range
[4]. In addition, indirect-to-direct band gap transitions
in the monolayer regime [5-7], strong photovoltaic
responses [8, 9], and interesting valley-related physics
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[10] endow monolayer MX, with significant potential
for use in electronic and optoelectronic devices [11, 12].

The most intriguing property of monolayer MX, is
the tunability of its electronic structures. According
to published reports, its band gap was tunable with
layer thickness [5, 13-16], structural defects [17-20],
strain effects [21-23], etc. Moreover, the spatially
varying interlayer coupling induced by the Moiré
patterns in MX,-based heterostructures have been
theoretically predicted to localize the valence band
maximum (VBM) state [24]. Recently, Zhang et al.
experimentally observed variations in interlayer coupling
in MoS,/WSe, hetero-bilayers, and quantitatively
demonstrated how interlayer coupling affects the
electronic structure at different critical points [25].

The contact interfaces between monolayer MX, and
metal electrodes are never negligible in electronic
devices. Thus, the interfacial interactions between
monolayer MX, and metallic substrates and the effect
of metal substrates on the electronic properties
of monolayer MX, are fundamental issues worth
examining. Serensen et al. demonstrated the presence
of strong interfacial interactions between monolayer
MoS, and Au(111) and attributed the decrease in the
gap value and the modification of the band gap edges
to the Au donor states [26]. Shi et al. also measured a
reduced band gap for MoS, grown on Au foil via
chemical vapor deposition (CVD) [27]. However, the
interfacial interactions weakened dramatically when
monolayer graphene was placed between MoS, and
the Au substrate, leading to a more intrinsic band gap.
Moreover, monolayer MoS, on Au(001) was reported
to exhibit a new periodically striped superstructure
pattern [28]. The doping level of MoS, was modulated
periodically by the striped superstructures. In this
regard, the electronic properties or band gaps of MX,
on metals largely depend on the interfacial coupling
strength.

Monolayer WS, is another important member of
the two-dimensional MX, class of materials. Although
monolayer WS, has been successfully synthesized
on Au foil via low- and atmospheric-pressure CVD
methods [29-31], the interfacial interactions and elec-
tronic properties of WS,/Au have not been reported
thus far.

In this work, we reveal the atomic-scale features
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and quasiparticle band gap of CVD-grown monolayer
WS, on Au foil via high-resolution scanning tunneling
microscopy and spectroscopy (STM/STS). The results
of this study are complementary or comparable to
those from MoS, on Au(001), which exhibits a striped
superstructure pattern and a significantly reduced
band gap. The samples were exposed to a high-
temperature annealing process to generate point defects
and to allow examination of the spatial distributions
of the defects over the valley and ridge regions of the
striped superstructures, thus addressing the homo-
genous or inhomogeneous interactions of WS,/Au(001).
Moreover, theoretical calculations were performed to
determine the different interfacial binding energies of
monolayer WS,/Au(001) and MoS,/Au(001), and to
confirm their different interfacial interactions.

2 Results and discussion

Traditional low-pressure CVD (LPCVD) was used
to directly synthesize WS, on Au foil based on a
previously reported method [31]. The corresponding
scanning electron microscopy (SEM) image in Fig. 1(a)
indicates deposition of a random distribution of
triangular WS, flakes with an average edge length
of ~ 300 nm on the Au substrate. X-ray photoelectron
spectroscopy (XPS) (Fig.1(b) and Fig.S1 in the
Electronic Supplementary Material (ESM)) was used
to confirm WS, formation. The W 4f and S 2p peak
positions are consistent with previously reported WS,
data [32, 33]. Moreover, Raman measurements were
performed to identify the layer thicknesses of the
as-grown samples (Fig. 1(c)). Two typical Raman peaks,
which correspond to the E}; and A;; phonon modes
centered at ~ 356.8 and 419.9 cm™, respectively, were
observed with a frequency difference (4) of ~63.2 cm™.
This frequency difference confirms that WS, was
deposited as a monolayer [31, 34, 35].

To analyze the atomic-scale morphologies and
electronic properties of WS,/Au foil, low-temperature
STM/STS (~ 78 K) characterizations were performed on
the as-grown samples. Prior to STM measurements,
the CVD samples were annealed at ~ 370 °C for 2 h
in an ultra-high vacuum (UHV) system to remove
adsorbed impurities. A unique striped superstructure
with a periodicity of ~4.78 + 0.13 nm was obtained,
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as shown in the large-scale STM image in Fig. 1(d).
This striped superstructure resembles the previously
reported striped pattern formed in MoS,/Au(001) [28].
The striped pattern is thought to form because of the
symmetry difference and lattice mismatch between
MoS; and Au(001) [28]. Accordingly, the striped super-
structure observed here is thought to originate from
the same reason, i.e., the spreading of the WS, lattice
on the Au(001) facet.

Interestingly, the striped pattern can extend over
the different Au(001) terraces, and large-area coherence
can be noted within the WS, lattice. To confirm this
result, Figs. 1(e) and 1(f) show sequential zoom-in STM
images of the striped patterns. A honeycomb lattice
with an interatomic distance of ~3.16 A is visible,
which is consistent with previous reports on the
WS, lattice [34]. The relatively high crystal quality of
CVD-grown WS, on Au(001) is also indicated by the
presence of only one set of hexagonally arranged 2D
fast Fourier transform (FFT) spots (inset of Fig. 1(f)).

Hexagonally shaped moiré patterns are commonly
observed in all three-fold symmetry systems such as
MoS,/Au(111) [26, 36] and graphene/hexagonal boron
nitride (h-BN) [37]. However, striped superstructure
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Figure 1 Morphological and spectroscopic characterizations of monolayer WS, on Au foil synthesized via LPCVD. (a) SEM image of
WS, triangles on the Au foil substrate. (b) and (c) XPS and Raman spectra of the as-grown WS,/Au samples. (d) Large-scale STM
image (Vsampte = 1.80 V, Frynneiing = 0.56 nA; 100 nm x 100 nm) of WS, on Au(001) after annealing at ~ 370 °C for 2 h. The period of the striped
superstructures is indicated to be ~ 4.78 + 0.13 nm. (e¢) Atomically resolved STM image (1.20 V, 0.51 nA; 15 nm x 15 nm) of the striped
superstructures. (f) Zoom-in STM image of the WS, honeycomb lattice (0.002 V, 9.80 nA; 4 nm x 4 nm). Inset: the corresponding FFT pattern.

patterns formed in systems with hexagonal overlayer
stacking on rectangular substrates (e.g., WS,/Au(001)
or MoS,/Au(001) [28]) have rarely been reported.
Figure 2(a) is a three-dimensional STM image of typical
WS, striped superstructures on the Au(001) facet,
where the CVD samples underwent a mild annealing
process at ~ 370 °C for 2 h. The periodicity of ~ 4.78 +
0.13 nm between adjacent stripes and corrugation of
~0.15 = 0.01 nm over the ridge and valley regions can
be deduced from the corresponding line profile below
the image. Further magnification of this region in
Fig. 2(b) reveals the aligned orientations of the WS,
atomic rows (black arrow) and striped superstructures
(blue arrow). Notably, this alignment is universally
present in a large-area random scan of the samples,
suggesting the uniform orientation of WS, with regard
to the Au(100) facet.

Based on the perfect alignment between the WS,
lattice and the striped superstructure, the specific
stacking geometries of WS, on Au(001) and the
resulting superstructure were simulated using spherical
models. As shown in Fig. 2(c), monolayer WS, is stacked
on the (1 x 1) square lattice of Au(001) (a0 = 0.288 nm)
with almost no relative rotation (highlighted by
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Figure 2 STM characterizations and structural simulations of striped superstructures in WS,/Au(001) after different annealing processes.
(a) Three-dimensional (3D) STM image (2.50 V, 200 pA; 30 nm x 30 nm) of WS, striped superstructures after annealing at ~ 370 °C for
2 h, indicating a period of ~ 4.78 £ 0.13 nm between the adjacent stripes. The inserted line profile reveals a corrugation of ~0.15 + 0.01 nm.
(b) Atomically resolved STM image (1.00 V, 0.53 nA; 12 nm x 12 nm) of the striped superstructures. The orientations of the superstructure
stripe and atomic row of WS, are indicated by the blue and black arrows, respectively. (c) Simulation of the striped superstructure of
monolayer WS, stacking on the (1 x 1) square lattice of Au(001). (d) and (¢) STM images (0.70 V, 0.60 nA, 20 nm x 20 nm and 1.37V,
3.23 nA, 12 nm x 12 nm) of the “composite superstructure” formed by WS,/Au(001) after annealing at ~ 820 °C for 1 h. (f) Simulation
of the evolved hexagonal moiré patterns formed by monolayer WS, stacking on the hex-reconstructed Au(001) lattice.

red arrows). If the lattice constant of WS, (3.16 A) is
allowed to contract only slightly (by ~ 0.6%) to 3.14 A,
the resulting period of the simulated stripes becomes
~4.88 nm. This simulated result is clearly consistent
with the universally observed patterns that exhibit
a period of ~4.78 + 0.13 nm. Moreover, the ridge and
valley regions (labeled by red frames) in Fig. 2(c)
exhibit different placements of W and S atoms on the
Au(001) lattice. That is, the S atoms are placed on top
of the Au atoms in the bright ridge regions, while
both W and S atoms are positioned on the Au hollow
sites in the dark valley regions. The region dependence
of the metal and S atom locations should cause periodic
surface undulations and varying adlayer-substrate
interactions, as previously reported of MoS, on Au
substrates [26, 28]. The different symmetries and the
mismatch between the WS, and Au(001) lattices should
induce the formation of striped superstructures.
However, the situation changed significantly after
the WS,/Au sample underwent high-temperature
annealing at ~ 820 °C for 1 h in the UHV chamber. As
shown in Fig. 2(d), two types of striped patterns with

different periods emerge simultaneously. In the right
portion of the image (labeled with blue lines), a pattern
with a periodicity of ~1.39 + 0.04 nm is obtained,
and is consistent with the previously reported hex-
reconstruction of Au(001) [38]. This pattern appears
because the top-layer Au(001) atoms rearrange into
a contracted quasihexagonal lattice on the bulk (1 x 1)
square lattice after being annealed in the UHV system,
leading to the formation of striped patterns [38, 39].
Another type of striped pattern is observed in the
left portion of the image (labeled with red lines
in Fig. 2(d)), which is thought to be WS, on Au(001).
However, the striped pattern has a larger periodicity
(~5.03 £ 0.55nm) than that evolved from the mild
annealing process (4.78 + 0.13 nm in Fig. 2(a)). More
intriguingly, a new type of hexagonal moiré pattern
is superimposed on the WS, striped pattern (Figs. 2(d)
and 2(e)), and constitutes a “composite superstructure”.
Thus far, the most reasonable explanation for this
composite superstructure is stacking of WS, on the
hex-reconstructed Au(001) facet. As shown in the
simulated patterns in Fig. 2(f), the monolayer WS,
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lattice is stacked on the hex-reconstructed layer, i.e., the
hexagonal lattice of hex-Au(001) (@nex-aueon = 0.277 nm),
with a relative rotation angle of 12°. A hexagonal
moiré pattern is generated in the simulation, and its
periodicity (~ 1.21 nm) is in line with the experimental
data (~ 1.26 nm in Fig. 2(e)). Considering the (1 x 1)
square lattice of bulk Au(001) and the surface hex-
reconstruction, the coexistence of striped and hexago-
nal patterns of WS, on hex-Au(001) is reasonable.
However, further theoretical analysis and simulation
are required to clarify the formation mechanism and
structural model of this “composite superstructure”
pattern.

In this regard, the annealing temperature is a critical
factor in the transformation of the superstructure
shape/composition in the WS,/Au(001) system. Note
that, this “composite superstructure” was not observed
in a similar MoS,/Au(001) system [28], even after
high-temperature annealing. Based on previous
experimental results, the MoS, layer was expected
to lift the surface reconstruction of Au(001) due to
the relatively high binding force between MoS, and
the Au(001) facet [28]. In contrast, the binding force
between WS, and the Au(001) facet appears much
weaker, and thus the hex-reconstructed Au(001) layer
was preserved between WS, and the bulk Au(001)
atoms.

The morphologies, band gaps, and interfacial binding
forces of WS,/Au(001) and MoS,/Au(001) were also
compared. Figures 3(a) and 3(b) show STM images
of the striped patterns formed in the two systems. A
mild annealing process (~ 370 ‘C for 2 h under UHV
conditions) was applied to the sample before STM
imaging. Analogous striped superstructures forming
by MX, resting on Au(001) are clearly visible. However,
different superstructure periodicities and surface
undulations can be distinguished from the corres-
ponding height profiles in Fig. 3(c). The WS,/Au(001)
system has a periodicity of ~4.78 + 0.13nm and a
corrugation of ~ 0.15 + 0.01 nm between the ridge and
valley regions, whereas the corresponding values for
MoS,/Au(001) are ~ 8.00 + 0.41 nm and ~ 0.25 nm [28],
respectively. The relatively small surface undulation
in WS,/Au(001) suggests that its interfacial interactions
are weaker than those of MoS,/Au(001).

To verify this, density functional theory (DFT)
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calculations were performed to estimate the binding
energies of WS, and MoS, on Au(001). The supercells
selected for the calculations are shown in Figs. 3(d)
and 3(e), and are constructed from the (11x+/3)
overlayer on (11 x 2) Au(001). The resulting binding
energies of WS, and MoS, are 36.4 and 46.6 meV per
transition metal atom, respectively. MoS, clearly binds
much more strongly onto Au(001) than WS, which
proves that the interfacial interactions between WS,
and Au(001) are weaker than those between MoS,
and Au(001). Notably, different interfacial-interaction-
induced surface undulations were also reported for
other two-dimensional layered materials on metal
substrates, e.g., graphene and h-BN on Rh(111) [40]
and Ir(111) [41], based on both experimental results
and theoretical calculations.

The STS spectrum of WS,/Au(001) was compared
to that of MoS,/Au(001), and their different band gaps
were examined (Fig. 3(f)). In detail, six spectra obtained
at different positions within the ridge regions overlap
one another and exhibit nearly identical band gaps.
The VBM and conduction band minimum (CBM) of
monolayer MoS, on Au(001) (upper spectra in Fig. 3(f))
are located at ~-1.20 and +0.30V, respectively,
indicating a quasiparticle band gap (E;) of ~1.50 eV
with an apparent n-doping effect. The observed E, is
apparently lower than that reported for a graphite
substrate (~ 2.40 eV) [16]. This difference is thought to
be a result of the strong interfacial interaction between
MoS; and Au(001) and electron donation from the Au
substrate to MoS, [28].

In contrast, the VBM and CBM of WS, on Au(001)
(lower spectra in Fig. 3(f)) are located at ~ —1.20 and
+0.80 V, respectively, yielding an E; of ~2.00 eV with a
slight n-doping effect. This gap is close to the previous
STS result for WS, on quartz coated by a gold film
(2.38 eV) [42]. In addition, the band gaps in the valleys
exhibit the same features as those of the ridges in both
systems (Fig. S2 in the ESM). Consequently, WS, on
Au(001) maintains a more intrinsic band gap than MoS,.
This result should serve as another direct indication
that the interfacial interactions of WS,/Au(001) are
weaker than those of MoS,/Au(001).

Point defects in MoS, such as sulfur vacancies have
been reported as possible reasons for its n-doping
effect [19, 43, 44]. Recently, the distribution of point

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Comparisons of the morphologies and band gaps of similar striped WS,/Au(001) and MoS,/Au(001) patterns, as well as the
DFT calculations of the binding energies (E},) of the two systems. The CVD-derived samples were annealed at ~ 370 °C for 2 h before
STM imaging. (a) and (b) Large-scale STM images (3.00 V, 200 pA, 50 nm x 50 nm and 0.80 V, 300 pA, 50 nm x 50 nm) reveal similar
striped patterns in WS,/Au(001) and MoS,/Au(001), respectively. (c) Corresponding height profiles of WS, and MoS, on Au(001)
measured along the red and black lines in (a) and (b), respectively, showing the superstructure periodicity and surface corrugation of the
two types of systems. (d) and (e) Top and side views of the supercells constructed from WS, and MoS, on Au(001) and used for DFT
calculations. (f) STS spectra of MoS,; and WS, (1.90 V, 400 pA, Vins= 10 mV, f= 932 Hz and 2.50 V, 200 pA, 10 mV, 932 Hz) at six

different positions in the ridge regions.

defects was reported to vary significantly between
the ridge and valley regions of the striped patterns in
MoS,/Au(001), leading to tunable n-doping levels in
the two types of regions [28]. This study also examines
defect types and densities, as well as their effects
on the electronic properties of WS,/Au(001), since
WS,/Au(001) should interact more weakly than
MoS5,/Au(001) in the valley and ridge regions. The
WS,/Au samples were processed at various annealing
temperatures to generate defects in monolayer WS,.

Figures 4(a)-4(c) show atomically resolved STM
images of WS,/Au(001) after annealing at ~ 370, 500,
and 720 °C for 2 h, respectively. Typical striped super-
structures and point defects appear in all WS,/Au(001)
images. The sequential zoom-in STM images in
Figs. 4(d) and 4(e) identify these defects as single
S-vacancies (V) (highlighted by blue arrows). Moreover,
the WS, lattices and defects show different STM
contrasts compared with those of the images shown
in Fig. 2. This is probably induced by tip condition
variation [17, 45].

Notably, the defect types shown in Figs. 4(a)—4(c)
change little as the annealing temperature increases,

although the defect density increases. To clarify this,
defect density statistics were calculated for samples
exposed to various annealing processes. The statistical
results in Fig. 4(f) indicate that the WS,/Au(001) defect
densities in the ridge regions increase from 0.073 +
0.019 to 0.308 + 0.019 nm™ when the annealing tem-
perature increases from ~ 370 to 720 “C. Moreover, the
defect densities in the valley regions are similar to
those of the ridge regions under all circumstances.
Thus, the overall defect densities increase as the
annealing temperature increases, and the defects are
always uniformly distributed between ridge and
valley regions.

This defect distribution is distinctly different from
that of MoS, on Au(001), where the defects evolve
preferentially in the ridge regions of the MoS, striped
patterns [28]. Based on the large surface undulation
in MoS,/Au(001) (~ 0.25 nm), an apparent undulation
of the interfacial coupling strength between the ridge
and valley regions is expected. This might induce a
nonuniform distribution of defects in the two typical
surface regions. In contrast, WS, on Au(001) exhibits
a much smaller surface undulation (~ 0.15 nm), which
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Figure 4 Defect density variations in WS,/Au(001) after various annealing processes. (a)—(c) Atomically resolved STM images (0.20 V,
0.89 nA, 15 nm x 15 nm; 0.08 V, 0.95 nA, 15 nm X 15 nm; and 0.24 V, 0.84 nA, 15 nm x 15 nm) of monolayer WS, on Au(001) after
annealing at ~ 370, 500, and 720 °C for 2 h, respectively. (d) and (¢) Zoom-in STM images (0.20 V, 0.89 nA, 5 nm x 5 nm and 0.14 V,
0.60 nA, 5 nm x 5 nm) of the defects in (a) and (c), respectively. (f) Experimental statistics show the defect densities in the ridge and
valley regions of the striped superstructures as a function of annealing temperature.

is in line with the nearly homogeneous adlayer-
substrate interaction in the ridge/valley regions and
ultimately a homogenous point defect distribution.

The influence of various annealing temperatures on
the WS,/Au(001) band gap was also determined from
the STM/STS measurements. The images in Figs. 5(a)
and 5(b) present typical morphologies of WS, striped
patterns on Au(001) after annealing at ~ 370 and 720 °C,
respectively. The lower STS spectra were obtained at
the labeled positions of the corresponding samples.
The configuration after annealing at ~ 500 “C is shown
in Fig. 53 of the ESM for comparison. The STM image
and corresponding STS spectra of MoS,/Au(001) after
annealing at ~720 °C are shown in Fig. 5(c). In each
case, six spectra were captured at specific ridge and
valley positions (labeled by colored points in the insets)
along the vertical direction of the striped patterns to
illustrate the variation and repeatability of the band
gaps.

In the WS,/Au(001) sample annealed at ~ 370 °C for
2 h (Fig. 5(a)), the VBM and CBM are located at ~-1.20
and +0.80 V, respectively, and yield the previously
mentioned relatively intrinsic band gap of ~2.00 eV
with a small n-type doping effect. However, when the
annealing temperature increases to ~ 720 °C (Fig. 5(b)),

the locations of the VBM and CBM change to ~ -1.0
and +0.5 'V, respectively, which decreases the band gap
to ~1.50eV and imparts a stronger n-doping effect.
These phenomena are plausible for the following
reasons. The high-temperature annealing process
enhances interfacial interactions between WS, and Au
substrate. The Au donor states and electron donation
to the WS, layer from Au substrate are enhanced (see
the XPS spectra of the annealed sample in Fig. 54 in
the ESM). According to a previously published report
[26], the Au donor states modify the band gap edges
of MX; and cause an obvious band gap reduction.
In addition, electron donation and increased defects
should enhance the n-doping effect [19, 43, 44].
Moreover, after annealing at ~ 720 °C for 2 h, MoS,/
Au(001) exhibits a periodic Fermi level (doping level)
shift, which is thought to result from its non-uniform
defect distribution (Fig. 5(c)) [28]. In contrast, for WS,/
Au(001), the CBM and VBM positions in the ridges
are always identical to those in the valleys. Namely,
the Fermi level (doping level) changes little between
these two typical regions regardless of the degree
of annealing. Given the homogeneous distribution of
point defects in the ridge and valley regions of the
striped WS, patterns, the defect-derived n-doping

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 Band gap variations in WS,/Au(001) and MoS,/Au(001)
after different annealing processes. (a) and (b) STM images (0.20 V,
940 pA, 15 nm x 15 nm and 0.20 V, 490 pA, 15 nm x 15 nm)
of WS,/Au(001) after annealing at ~370 and 720 °C for 2 h,
respectively, and the corresponding STS spectra (2.50 V, 200 pA,
10 mV, 932 Hz and 2.50 V, 200 pA, 10 mV, 932 Hz) at the positions
marked with colored dots (along the black arrow). (¢) STM
image (1.00 V, 200 pA, 30 nm x 30 nm) of MoS,/Au(001) after
annealing the sample at ~ 720 °C for 2 h and the corresponding
STS spectra (1.00 V, 200 pA, 10 mV, 932 Hz) at the positions
marked with colored squares (along the black arrow).
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effects on these two types of regions are nearly equal,
and lead to constant doping levels in the samples.

3 Conclusion

In summary, we have revealed the periodically
striped superstructure of CVD-grown WS, on Au(001).
The relatively weak interfacial interactions between
WS, and Au(001) were confirmed using STM/STS
characterization and DFT calculations, and verified via
the nearly intrinsic quasiparticle band gap (~ 2.0 eV).
Moreover, we find that the defect distributions are
nearly homogenous over the ridge and valley regions
of the WS, striped patterns regardless of the annealing
process used. The position of the Fermi level in
WS,/Au(001) is the same in both ridge and valley
regions, which contrasts sharply with the inhomo-
geneous distribution of defects and periodic modulations
of the doping levels in MoS,/Au(001). This work sheds
light on periodic modulation of the morphologies and
electronic properties of MX, materials via substrate
reconstruction.

Nano Res. 2017, 10(11): 3875-3884

4 Experimental

41 WS, growth procedures

Monolayer WS, was grown on Au foil inside a
multitemperature-zone tubular furnace (Lindberg/
Blue M) that contained a quartz tube with a diameter
of 1 in. Sulfur powder was placed outside the hot zone
and mildly sublimated at ~ 103 °C. WO; powder (Alfa
Aesar, purity 99.9%) and Au foil (Alfa Aesar, purity
99.985%, thickness ~ 25 um) were placed successively
inside the hot center. Ar (50 sccm) and H, (5 sccm) were
used as carrier gases. The growth pressure and tem-
perature were set to ~ 18 Pa and ~ 880 °C, respectively.
The growth time was ~ 30 min.

4.2 Characterization

The samples were characterized via SEM (Hitachi
5-4800, 1-5 kV), XPS (Kratos, Axis Ultra with Mg Ka),
and Raman spectroscopy (Horiba, LabRAM HR-800,
~514 nm). A Unisoku LT-STM/STS system was used
for STM characterization and STS measurements. The
STS spectra were measured at ~78 K by recording
the output of a lock-in system with its feedback loop
manually disabled.

4.3 DFT calculations

First-principles calculations were performed using
the projector augmented wave [46] method within the
Perdew—Burke-Ernzerhof [47] generalized gradient
approximation, as implemented in the Vienna ab initio
simulation package (VASP) [48]. The slab model was
used with a (11 x 2) Au (001) supercell to accommodate
(10x+/3) MoS,. Ak mesh of 1 x 9 x 1 was used to sample
the Brillouin zone. In the simulations, the bottommost
three out of the six Au layers were fixed at their
respective bulk positions while all other atoms were
fully relaxed without any symmetry constraints until
the residual forces were less than 0.03 eV/A.
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