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ABSTRACT When transition metal sulfides such as MoS, are
present in the single-layer form, the electronic properties change in
fundamental ways, enabling them to be used, e.g., in two-dimensional
semiconductor electronics, optoelectronics, and light harvesting. The
change is related to a subtle modification of the band structure due
to confinement in the direction perpendicular to the sheets, and
there is a considerable interest in understanding how this modifica-
tion can be controlled and adjusted to generate 2D-materials with

functional properties. In this article we report a synthesis procedure

together with scanning tunneling microscopy and X-ray photoelectron spectroscopy characterization of two-dimensional single-layer islands of MoS,

synthesized directly on a gold single crystal substrate. Thanks to a periodic modulation of the atom stacking induced by the lattice mismatch, we observe a

structural buckling of the MoS, layer resulting in a characteristic moiré pattern. X-ray photoelectron spectroscopy indicates that the system develops the

characteristics of n-doped MoS, due to electron donation. Scanning tunneling spectroscopy furthermore reflects a convolution of MoS, and Au donor states

where the MoS, band structure appears modified at the band gap edges. This electronic effect is further modulated by the moiré periodicity and leads to

small substrate-induced electronic perturbations near the conduction band minimum in the band gap of MoS,. The results may be highly relevant in the

context of nanopatterned two-dimensional materials on metal surfaces, and we propose the MoS,/Au system in this article as a promising candidate to

further explore the properties of supported 2D transition-metal dichalcogenides.

KEYWORDS: single-layer MoS, - monolayer MoS, - transitionmetal dichalcogenides - two-dimensional materials -
scanning tunneling microscopy - scanning tunneling spectroscopy

olybdenum disulfide (MoS,) is a

layered material that, in the same

way as graphene, can exist as
stable two-dimensional sheets consisting
of single layers (or monolayers). These sin-
gle layers are chemically rather inert and
consist of closed-packed Mo hexagonal
layers sandwiched in between two S layers
in a trigonal prismatic S—Mo—S configura-
tion. Industrial developments of MoS,-
related materials have traditionally been
focused on dry lubrication applications’
and on the hydrodesulfurization catalyst
(one of the top-three most produced het-
erogeneous catalysts), where MoS, pro-
moted with Co (so-called Co—Mo—S) acts
as a catalyst for the production of low-
sulfur diesel fuels.> More recently it has
been realized that when MoS, is made in
the single-layer form, new and intriguing
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properties arise with a wide range of poten-
tial uses. The main reason for this is that the
electronic properties of MoS, are thickness
dependent; i.e.,, MoS, transforms from an
in direct band gap semiconductor with a
1.3 eV gap into a unique 2D-material with a
larger direct band gap in the single-layer
form.37% This property has spurred an in-
tense interest in MoS, as a novel material
in field-effect transistors, photodetectors,
logic circuits and optoelectronic devices,”®
and the strong spin-splitting at the valence-
band maximum makes it feasible to exploit
MoS, in spin- and valleytronics.”'® Good
quality MoS, can be produced by exfolia-
tion from a bulk material, but synthesis of
flawless extended 2D-MoS,, which may be
a prerequisite for its technological use, re-
mains a challenge®'" Recent results have
shown that chemical vapor deposition
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SL-MoS,

Figure 1. (a) Large-scale (100 x 100 nm) STM image of MoS; single-layer islands on the Au(111) surface corresponding to a
surface coverage of 0.33 ML (b) 50 nm x 50 nm STM image of a single MoS, island with a hexagon shape crossing a single

Au(111) step (V=—-1250 mV, I; = 0.61 nA).

(CVD) grown MoS, can be produced, but compared to
mechanically produced MoS,, the electronic properties
seem to be affected by a range of defects and im-
perfection induced by the growth conditions.'' =" On
the other hand, naturally occurring defects have been
proposed in theoretical work to be able to tweak the
properties of MoS; in a constructive way by introducing
new magnetic, electronic and optical properties.'* '®In
the same spirit, it has recently been proposed that
strain may induce changes to the electronic'’ and
magnetic properties'®'® and an intense exploration
of various nanostructured MoS, configurations, the
effect of metallic dopants and grain boundaries is
taking place? For graphene, the fundamental explora-
tion of such modified materials' properties has bene-
fitted tremendously from “surface science” experiments
performed on graphene synthesized by dehydrogena-
tion of ethylene on noble metals, e.g., graphene/
Ir(111).2°2" The main advantage is that advanced
surface science methods, such as photoemission
spectroscopy and scanning probe microscopy, can
be used.??~%* This has allowed for enormous activity in
the field and a systematic approach to evaluate the
effect of defects, substrate effects, chemical effects and
electronic structure modulations due to substrate and
adsorbate interactions.?® A similar systematic surface
science approach for analysis of single-layer MoS, is
clearly advantageous to fundamentally address the
atomic-scale properties of MoS, as well as offering a
model system for the systematic investigation of, e.g.,
defects, promoters and morphology effects. In addition,
from both a technological and synthesis point of view,
it is important to learn more about the interaction with
potential substrates and metal contact points'>'7*>~2°
and their potential effect on the properties of pristine
MoS,.

In this article we explore the structural and electronic
properties of single-layer MoS, synthesized on a single-
crystal Au(111) surface by means of atom-resolved
room-temperature scanning tunneling microscopy
(STM) and spectroscopy (STS) and X-ray photoelectron
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spectroscopy (XPS). The present work is inspired by a
series of STM studies focused on elucidating the
structure and catalytic properties of the edges of
single-layer MoS, nanocrystallites, which is the only
part of MoS, with an affinity for chemical interactions.
The edges were shown to be reconstructed structurally
and electronically compared to the bulk and were
furthermore shown to be sensitive to Co, Ni, and Fe
incorporation as dopants as well as dependent on the
actual size of the single-layer MoS, particle.'#3033
Significantly larger MoS, structures are in focus in
this paper, and we focus on the chemically inert
MoS,(0001) plane and its interaction with the Au(111)
surface. We reveal that the lattice mismatch between
MoS, and the gold substrate leads to an in-commen-
surate MoS, superstructure with a periodic buckling of
the sheets (moiré pattern). Synchrotron-based XPS
analysis shows that the chemical state of the supported
MoS, sheets appears similar to bulk MoS,, but the
S peak is broadened and peaks are shifted to lower
energies indicating that the MoS, becomes electron
doped by the gold. The scanning tunneling spectro-
scopic investigation primarily shows evidence of Au
interactions at the band gap edges of MoS, and reveals
that the MoS, electronic structure also adopts a peri-
odic modulation, which could be caused by local
variations in the strain perpendicular to the sheets
and a local variation in the direct interaction with the
Au surface underneath the MoS,.

RESULTS AND DISCUSSION

Figure 1a is a large-scale STM image of the single-
layer MoS, islands on the Au(111) surface. The MoS,
single-layer islands are synthesized in an ultrahigh
vacuum (UHV) chamber on a pristine Au(111) surface.
The MoS, synthesis begins with physical vapor deposi-
tion of metallic Mo from an electron-beam evaporator
until the desired coverage is reached. Importantly, the
evaporation of Mo is carried out in a 10~ mbar H,S
atmosphere kept during the whole synthesis in order
to presulfide Mo and keep it from forming an alloy with Au.
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Figure 2. (a) 30 x 30 nm STM image of an extended uniform MoS, single-layer sheet on the Au(111) surface (V=—-1250mV,
I;=0.61 nA) resolving both the atomic structure and the incommensurate moiré superstructure. (b) 2D fast Fourier transform
(FFT) of the STM image of the extended MoS, sheet. For clarity the outer spots pertaining to the atomic lattice are shown with
an enhanced color scale. The angle between the main reflections from the atomic lattice is 6 = 5.2 £ 0.3° relative to the moiré
superstructure. The inset shows the connection between superstructure, substrate (Au) and overlayer (MoS;) reciprocal

lattice vectors.

Subsequently the MoS, islands are formed by post-
annealing the Mo-deposited sample at 873 K for 15 min
in the H,S atmosphere. The synthesis temperature is crucial
for the formation of large (>10—50 nm) MoS; islands.
At a lower temperature of the postannealing step
(673—723 K) preferentially small 3—5 nm wide MoS,
nanocrystallites are produced, which is a result of the
lower mobility of Mo. Even lower temperatures lead to
incomplete sulfidation. On the other hand, higher tem-
peratures than 873 K lead to accelerated alloying be-
tween the Mo and Au** at the maximum partial pres-
sures of H,S used in our experiments and therefore
inhibits the formation of the growth of MoS, on the
surface. The individual MoS, islands in Figure 1a are
clearly identified by their well-defined shapes reflecting
predominantly truncated triangular to hexagonal islands
and vary in size from 10 nm up to more than 50 nm in
width. The total area of the MoS, islands covers about
0.33 monolayer (ML) of the surface in this experiment.
This coverage gave the most homogeneous and defect-
free islands suitable for STM analysis here. Higher total
coverages up to 0.7 ML could be realized by increasing
the amount of deposited Mo on the surface, but this led
to smaller average islands size and generation of less
perfect MoS, structures under the present synthesis
conditions. An image of an almost perfectly hexagonal
MoS; island which is overlaid on a Au(111) step edge is
illustrated in Figure 1b. A strong characteristic of the
MoS, single-layers seen in both images of Figure 1 is the
periodic buckling observed as a hexagonal set of protru-
sions on the (0001) basal plane of the MoS, islands. The
hexagonal lattice is a moiré pattern that arises due to the
lattice mismatch between MoS; and Au(111). The over-
layer is incommensurate with respect to the Au(111)
lattice, but the orientation and periodicity can be math-
ematically derived from the mismatch of the MoS,(0001)
and Au(111) lattices and the rotation, as follows.>®

SORENSEN ET AL.

Atomic Model and Moiré Lattice. Figure 2a is an atom-
resolved STM image of the atomic lattice of MoS, and
the moiré superstructure on a single island. Figure 2b is
a 2D fast Fourier transform (FFT) of the STM image that
can be used to accurately determine rotations and
periodicities since it represents the reciprocal space
vectors present for the structure. The short-distance
atomic lattice consisting of a hexagonal arrangement
of protrusions seen in Figure 2a reflects an interatomic
distance of 0.315 nm in all symmetry directions, which
is fully consistent with the crystal structure of an un-
strained, free MoS,(0001) plane. With this value, the
nominal lattice mismatch between the hexagonal
lattices of MoS,(0001) and Au(111) is 9.3%. The in-
plane periodicity of the superimposed larger hexago-
nal superstructure in Figure 2a is measured to be
3.28 nm. As illustrated in the FFT image, the super-
structure spots (closest to the origin) are slightly
rotated with regard to the close packed lines of the
MoS, lattice at an angle of € = 5.2°. This angle and the
superstructure periodicity is representative of all MoS,
single-layer islands observed in the experiment show-
ing that a fixed epitaxial relationship is present for the
MoS,/Au(111) system.

To elucidate the epitaxial relation, we perform the
following analysis of the moiré superstructure. The
moiré superstructure is related to the substrate and
overlayer reciprocal lattice vectors by Kmoirs = Knmos, —
ka,, where the magnitude of the reciprocal lattice
vectors are given by k; = 477/+/3a; and a; are the real
space lattice distances for the superstructure, MoS,
overlayer and Au(111) substrate, respectively. The
corresponding vectors are sketched in the inset of
Figure 2b, where the angle 6 denotes the rotation of
Kios, relative to kmoirs and ¢ is the rotation of the kyos,
relative to the substrate k,, (angles are exaggerated in
the inset for clarity). Using standard trigonometric
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Figure 3. (a) Atom-resolved STM image of the atomic lattice and moiré superstructure of MoS,/Au(111) (V = —517 mV,
I;=0.88 nA). The multicolored contrast reflects higher z values in the following order: black-blue-green-yellow-red-white. (b)
Linescan along the diagonal of the rhombic unit cell of the moiré superstructure showing the vertical displacement of the

MoS, lattice.

relationships for the inset in Figure 2b with ayes, =
0.315 nm, da, =0.288 NM, Aynoire = 3.28 nmand 6 =5.2°,
a ¢ ~ 0.45° rotation of the overlayer relative to the
Au(111) is obtained; i.e., the MoS, closed packed rows
are very close to being perfectly aligned with the
Au(111) closed packed directions. This is consistent
with atom-resolved STM images of smaller islands (not
shown) where both lattices are resolved, which show a
nearly perfect alignment between the hexagonal
S lattice and the adjacent Au(111) substrate. For the
larger ensembles of islands we observed islands with
both rotations 6 = & 5.2°, reflecting the simple fact
that the MoS; layer can be rotated by ¢ = 4+ 0.45° at
random. We note that in the above calculation we use
the bulk value of 0.288 nm for the interatomic dis-
tances in Au(111) plane. This is an approximation since
Au(111) in its clean state has a periodically contracted
surface distance leading to the so-called herringbone
surface reconstruction® seen as the bright ridges on
the exposed Au surface in Figure 1a, which reflect
a ~20 pm outward displacement of the Au atoms in
this region. Since the herringbone ridges are not visible
on the basal plane of the MoS, island itself, they seem
to terminate at their perimeter or avoid the islands,
which strongly suggests that the Au(111) surface is not
contracted and bulk-terminated underneath the MoS,
islands.

The linescan performed on the zoomed-in atom-
resolved STM image of the MoS, island in Figure 3
reveals the out-of-plane corrugations associated with
the formation of the moiré superstructure. The stron-
gest corrugation seen across a superstructure unit cell
(Figure 3b) is measured to be Azc_g ~100 pm, i.e, a
rather modest overall structural perturbation of the
planar MoS, sheet. The modulation of height is ex-
plained by consideration of the ball model of the
superstructure illustrated in Figure 4, which is con-
structed from the exact lattice parameters and rotation
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Figure 4. Top-view of a ball model of the moiré super-
structure of a MoS, sheet on Au(111). The model assumes a
0.45° rotation between the high symmetry direction of the
Au(111) and MoS,(0001) hexagonal lattices. Mo: blue, S:
yellow, Au: brown.

observed in the experiment. The placement of the
MoS, sheet on the hexagonal Au(111) lattice is seen
to generate a modulated stacking reflecting three
principally different stacking domains within the
superstructure unit cell: (A) S in Au fcc hollow sites
and Mo on top of the Au atoms, (B) with both Mo and S
placed near fcc hollow sites and finally (C) with the
bottom S on-top. The existence of such three distinctly
different domains within a single rhombic unit cell is
directly visible in the atom-resolved image in Figure 3a.
Itis not a priori possible to identify these domains from
the STM data alone due to the possibility of electronic
states contributing to the STM contrast,>” —° but given
the S—Mo—S sandwich structure of MoS, with van der
Waals bonding between the lower layer of S and the
Au, the most intuitive model explains the bright do-
mains as those with S placed on top Au (see Figure 4).
In the two other domains the S are placed in hollow
sites allowing for a closer average distance of the
sheet toward the Au. The linescan in Figure 3b
actually reveals a small difference between the two
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Figure 5. Core-level XPS spectra of single-layer MoS, islands supported on Au(111). (a) Mo 3ds,, peak (photon energy 340 eV).
Red line is reference form XPS studies of single-crystal MoS,(0001).* (b) S 2p peak (photon energy 220 eV). Red line is S 2p
reference form the same XPS studies as in (a). (c) Au 4f peaks (photon energy 140 eV) of clean Au(111) sample (black) and MoS,

on Au(111) (blue).

dark domains. One domain is slightly lower by Az, _3
~10 pm, possibly reflecting the situation where neither
Mo nor S is directly on-top Au allowing for a minimum
distance between the sheet and the Au surface. The
Azc_gand Az,_g corrugations (Figure 3b) of the moiré
are only moderately sensitive to the tunneling bias
in the experiment, and we did not observe contrast
reversal of the moiré, which could otherwise be in-
dicative of electronic effects.”® We also note that the
contrast difference between the two dark domains was
sensitive to the STM tip-state, with values correspond-
ing to almost no Az, contrast up to 40 pm observed
in our experiments.

X-ray Photoelectron Spectroscopy of Single-Layer MoS,/Au(111). To
shed further light on the bonding nature and charge
transfer effects contained in the MoS,/Au(111) system
we performed synchrotron-based XPS. Figure 5 shows
the Mo 3ds/,, S 2p and Au 4f peaks from a freshly
synthesized sample corresponding to a ~0.2 ML MoS,
island coverage on Au(111). The Mo 3ds,, (Figure 5a) and
S 2p spectra (Figure 5b) of MoS,/Au(111) closely resem-
ble spectra of the single crystal MoS,(0001), with the
important difference that the Mo 3d peak at ~229.3 eV
shows a small decrease in binding energy of 03 eV
when compared to the literature value for single crystal

SORENSEN ET AL.

Mo05,(0001) (2296 eV).*° The S 2ps; peak at ~162.1 eV
shows a similar downshift of 0.4 eV from its bulk value
(162.5 eV), although the peak is significantly broadened
compared to bulk MoS,(0001) references, where the
S 2p doublet structure is normally well resolved.*® The
shift in the Mo 3ds,, peak and S 2p position to lower
binding energies is interesting since it reflects electron
donation to the MoS,; sheets from the gold. The ob-
served electron donation is fully consistent with pre-
vious XPS studies of the inverted system, Au evaporated
on MoS,(0001),*"* and in accordance with the obser-
vation that MoS, in contact with gold behaves as an
n-type semiconductor.**** It is noted that the broadening
of the S 2p spectrum indicates the presence of S in
different environments,** which in the present case
could be expected to be due to S in the upper layer of
the S—Mo—S sandwich and the S toward the Au(111)
surface. A comparison of the Au 4f peaks (Figure 5c),
one taken on a clean Au surface and the other on the
MoS,/Au(111) system, can be used to analyze the
presence of Au—S bonds. Both spectra were recorded
at a photon energy of 140 eV to ensure maximum
surface sensitivity toward Au. The spectra show no
significant changes in peak shape, which should other-
wise be present on the high binding energy side of the
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Figure 6. (a) STS graphs of the MoS,/Au(111) system recorded in the three different domains of the STM image insert. The
graph plots the d//dV value from an average of all measurements in each domain. (b) STS images (32 x 32 pixels) as a function
of bias near the valence band maximum (VBM) for the area shown in (a). The upper panel shows di/dV values and the lower
panel the d//dV normalized by the //V. For clarity, the contrast has been adapted in each STS image to show the variation
between domains. (c) STS images as a function of bias near the conduction band minimum (CBM).

Au 4f peaks in S—Au bonded systems such as thiol
overlayers on Au(111).*® Overall, the XPS analysis there-
fore points to a weak interaction with no signs of direct
S—Au bond formation and it therefore suggests that
MoS, basal plane adhesion is still governed by weak van
der Waals interactions. DFT studies point out that
stronger interactions with Au may be expected at the
MoS, edges under some conditions.>*’

Scanning Tunneling Spectroscopy on MoS,/Au(111). To
further investigate the electronic structure of the
MoS,/Au(111) system we have performed room-
temperature STS on the MoS, islands. Figure 6a is a
graph comparing di/dV-curves recorded in a region
around the center of each of the three domains of the
MoS, superstructure (see positions in the STM insert in
Figure 6a). The di/dV curves represent to a first approx-
imation the value of the local-density of states (LDOS)
as a function of energy near the Fermi level, and
variations in these curves among the different sites
reflect variations in the electronic structure of the
combined MoS,/Au(111) system.*® In all three di/dV
data sets in Figure 6a, we do not observe a full band
gap corresponding to di/dV = 0 over an extended
energy range as expected for isolated bulk semicon-
ducting MoS,. Instead there is a region of low LDOS
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from approximately —0.8 to 0.5 eV, which we associ-
ate with the band gap expected for single-layer MoS,.
The structures at the low and high end of this energy
range are attributed to the LDOS for energies near
the valence band maximum (VBM) and conduction
band minimum (CBM), respectively (see arrows on
Figure 6a). The estimated band gap is then lower than
the predicted ~1.8 eV for an isolated single-layer
MoS,; sheetand 2.15 eV measured with STS for single-
layer MoS, on HOPG.* The observed nonzero LDOS
within the gap region and reduced apparent band
gap size is likely due to Au donor states probed in
STS and a contribution from direct tunneling to
the Au surface. The restrictions imposed by room-
temperature broadening in our experiment does not
allow us to conclude further on the nature of Au
donor states, but we note that previous DFT studies
for an epitaxial MoS,/Au(111) system by Bollinger
et al>'* showed that MoS, states near the valence
band and Au states mix and gives rise to new states
at the valence band edge of the combined MoS,/
Au(111) system. The donor states will have weight
inside the band gap at room temperature, also at the
Fermi level, and therefore the MoS, slab becomes
slightly metallic on Au(111).
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In the MoS,/Au(111) system, the Mo and S orbital
overlap to the Au surface perpendicular to the MoS,
trilayer is modulated by the superstructure. Notably,
Mo is closer to the Au surface in both the hollow and
Mo on-top domains in Figure 4, and by spatially
resolved STS we indeed observe that the electronic
structure is slightly changed in these regions compared
to the S on-top region. It is seen from the experimental
dl/dV curves in Figure 6a that the LDOS in the three
domains follow a qualitatively similar path, but there is a
noticeable difference between the dark domains in the
topography (denoted A and B) reflecting the “Mo on top”
and “all hollow” domains compared with the “S on-top”
domain, which exhibits a lower dI/dV in the region near
the CBM. The effect is more clearly seen in the STS maps
provided in Figure 6b and 6¢, where the spatial distribu-
tion of the STS signal for an area covering a full unit cell is
plotted as a function of bias near the VB minimum
(Figure 6b) and CB maximum (Figure 6¢). Regions out-
side these bias intervals did not show any contrast. The
STS maps in Figure 6b and 6c reflect both the d//dV and
the normalized (d//dV over I/V) signal, where the latter
serves to eliminate the effect of bias-dependence on
the tunneling matrix element, and it thus gives a more
accurate estimate of the LDOS away from the Fermi
level.*®*° In the normalized di/dV images in Figure 6c it is
seen that the LDOS takes on a relatively higher value
(bright yellow area) for the “Mo on top” and “all hollow”
domains compared to the S on-top domain in the region
near the CB minimum from +0.4 to +0.8 eV. The effect
seems to be equally strong for both domains A and B,
which cannot be discriminated in the STS data. A similar
variation is not visible for the corresponding normalized
dl/dVimages reflecting energies around the VBM, which
shows that the main effect in on the states near the CBM.
The observed differences in the LDOS indicate that the
interaction from the Au is influenced by the modulated
distance between the Mo inside the sandwich and the
Au atoms underneath. More specifically, when Mo is
closer to the Au surface in the “all hollow” and “Mo on-
top” domains, it is likely that stronger out-of-plane orbital
overlap lead to the changed LDOS as experimentally
seen near the CBM in the STS data. Moreover, we
speculate slight variations in the local strain of the
MoS, induced by the by periodic buckling perpendicular
to the layer within the domains could play a role.'®'® A
future theoretical analysis of this interesting and impor-
tant system could shed more light on the nature of the
MoS; bonding to metallic substrates.

METHODS

The experiments were performed in a standard ultrahigh
vacuum (UHV) system equipped with a home-built Aarhus STM.
The gold surface was prepared by 1.5 KeV Ar" sputtering followed
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CONCLUSIONS

In conclusion, we have characterized the structure of
MoS, islands grown as an incommensurate layer on
top of a single-crystal Au(111) substrate. The lattice
mismatch leads to a small out-of-plane buckling of the
geometric structure reflected by a moiré superstruc-
ture with a 3.28 nm periodicity fixed by the lattice
mismatch and small rotation of the MoS, overlayer.
From the XPS analysis it is concluded that the MoS,
single layers on Au(111) retain structural and chemical
properties of MoS,, but the XPS data and tunneling
spectroscopy indicate that the interaction with Au
leads to modification of the apparent band gap size
and an n-type conductivity of MoS, when in contact
with Au. The structural modulation also leads to a
periodic variation of the electronic structure, possibly
due to strain effects or variation in the out-of-plane
orbital overlap between the MoS, sheet and the Au
surface.

The MoS,/Au(111) system presented here is a pro-
mising candidate for further studies of the fundamen-
tal properties of single-layer MoS, islands in hetero-
epixatial contact with a metal and as a method to
investigate new properties that may arise due to the
emergence of the superstructure and the associated
modification of the band structure.”> When synthe-
sized under the conditions in the present papet, it is
possible to study both the structure and electric prop-
erties of interfaces between MoS, sheets due to the
coalescing of neighboring islands (Figure 1a). In suc-
cessive studies, it will be highly attractive to form more
uniformly and fully covered surfaces. This should be
possible since, as illustrated in Figure 2b, the MoS,
sheets are coherent over Au(111) step edges. Experi-
mental restrictions related to the corrosive nature
of H,S at elevated pressures prevented the synthesis
of a fully MoS, covered Au surface in our STM setup,
due to the competition between the sulfide phase
and Mo—Au alloy formation at elevated temperature.
We expect, however, that the alloy formation can be
strongly suppressed and deposition in a more concen-
trated H,S atmosphere could be a future route to the
formation of a MoS, sheet covering the entire sur-
face. Likewise, the inclusion of electronic or structural
dopants in the MoS,(0001) lattice is highly attractive
and could be systematically investigated by the syn-
thesis method used here and a codeposition scheme
previously developed for studies of promoted MoS,
catalysts.'>”'

by annealing at 900 K for 15 min, which generated an atomically
clean surface exposing the herringbone reconstruction. Mo was
deposited from an e-beam evaporator (EGCO4, Oxford Applied
Instruments) with a deposition rate of ~0.02 monolayers/min.
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H,S with a nominal purity of 99.8% was dosed from a lecture
bottle. To avoid the use of a Cu-sealed UHV leak valve, the H,S
gas was admitted from a high pressure reservoir to the vacuum
through a controlled leak consisting of a ~3 cm long hollow
(40 um) glass fiber. To increase the local pressure around the
sample a doser consisting of a stainless steel pipe was used to
direct the H,S onto the sample. Scanning tunneling microscopy
was performed in the constant current mode. Scanning tunnel-
ing spectroscopy (STS) was performed by measuring a set of
I; (tunneling current) vs V (bias of sample relative to tip) curves
on a 32 x 32 pixel grid covering the superstructure unit cell.
Several sets of data were recorded to check for consistency and
rule out the effect of localized tip-states contributing to the
signal. The -V curves were then fitted and the di/dV plotted
as the derivative of the fitted graph. The value for the color
contrast in the STS images was constructed from the specific
di/dVand di/dV divided by I/V values, respectively, in each of the
32 x 32 pixels as a function of V. The image contrast was
individually adjusted to show the relative variation among the
domains for each image.

XPS analysis was performed at the SX-700 beamline at the
ASTRID synchrotron in Aarhus, Denmark. The electron analyzer
was a VG CLAM I, working with 30 eV pass energy. The MoS,
was synthesized directly at the beamline endstation on the
same Au(111) single crystal using the same Mo evaporator and
H,S dosing equipment. The coverage was estimated from com-
parison with XPS data for a presynthesized sample with a known
coverage in STM. The binding energy was calibrated individu-
ally for each spectrum by measuring a Au 4f reference spectrum
at the same photon energy (340 eV for Mo 3d and 220 eV for
S 2p) and calibrating both spectra such that Au 4f;,, = 84.0 eV.
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