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Abstract

The lattice mismatch between a monolayer of MoS, and its Au(111) substrate induces a moiré
superstructure. The local variation of the registry between sulfur and gold atoms at the interface
leads to a periodic pattern of strongly and weakly interacting regions. In consequence, also the
electronic bands show a spatial variation. We use scanning tunneling microscopy and spectroscopy
(STM/STS), x-ray photoelectron spectroscopy (XPS) and x-ray standing wave (XSW) for a
determination of the geometric and electronic structure. The experimental results are corroborated
by density functional theory. We obtain the geometric structure of the supercell with high
precision, identify the fraction of interfacial atoms that are strongly interacting with the substrate,
and analyze the variation of the electronic structure in dependence of the location within the moiré

unit cell and the nature of the band.

1. Introduction

Single layers of transition metal dichalcogenides
(TMDCs) form a particularly interesting class of
two-dimensional materials: as for their bulk par-
ent compounds, there is a large number of pos-
sible compositions with different properties [ 1] which
can also contain metal atoms with large atomic
number that induce strong spin—orbit coupling [2].
New properties can arise in monolayers due to the
absence of inversion symmetry in the frequently
found 2 H-structure and due to quantum confine-
ment. For the semiconductor 2 H-MoS, this induces
a change of the band gap from indirect to direct with
corresponding dramatic changes in optical proper-
ties [3] and enables exploitation of the valley degree
of freedom [4]. In addition, 2 H-MoS, can host
quasiparticles as excitons, trions [5], and polaronic
trions [6].

© 2022 The Author(s). Published by IOP Publishing Ltd

As for the whole family of 2D materials, epitaxial
growth is a versatile preparation method for TMDC:s.
The commonly found lattice mismatch between over-
layer and substrate can lead to a moiré superstructure:
within one moiré unit cell the atoms of the 2D mater-
ial sit in different positions with respect to the under-
lying substrate. In each of these regions the binding
of the 2D layer to the substrate is different, it can even
alternate from physisorbed to chemisorbed [7]. The
effects of the moiré superstructure are not limited to
pure structural aspects, as the different atomic stack-
ing has a strong influence on the electronic properties
as well: band gap and work function can follow the
moiré modulation [8]. In special cases, such a peri-
odic potential can induce completely new effects as
for example superconductivity in twisted graphene
bilayers [9].

The growth of MoS, by reactive molecular
beam epitaxy (MBE) on metal substrates (foremost


https://doi.org/10.1088/2053-1583/ac4958
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/ac4958&domain=pdf&date_stamp=2022-1-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0827-2022
https://orcid.org/0000-0001-5522-0578
mailto:carsten.busse@uni-siegen.de

10P Publishing

2D Mater. 9 (2022) 025003

Au(111)) has been studied early on [10] and the pre-
paration recipes have been continuously refined to
achieve large crystallites [11, 12] and a unique orient-
ation [13]. The band structure determined by angle-
resolved photoemission spectroscopy is characteristic
for the 2 H polymorph of MoS, [12—14]. It turned out
thatin the presence of the chemically active and polar-
izable metal surface, effects of hybridization [15] and
screening [ 16, 17] have to be taken into account, lead-
ing for example to total quenching of the character-
istic photoluminescence signal [18].

Especially in MoS;/Au(111), the system studied
here, moiré-induced changes to the geometric and
electronic structure have been observed [13, 15, 19].
Separating structural from electronic effects in this
and similar systems is a non-trivial task. Scanning
probe techniques such as scanning tunneling and
atomic force microscopy (STM/AFM) provide 2D
images of the sample surface with atomic resolution.
However, in STM measurements the tip follows the
contour of constant local density of states, thus elec-
tronic and structural contributions are convoluted. In
AFM structural and mechanical properties are inter-
twined. The high spatial resolution of STM makes
scanning tunneling spectroscopy (STS) the perfect
tool to investigate the electronic structure on atomic
scale. However, access to the crystal momentum of
the states is limited. Photoemission-based techniques
give a global view on electronic properties via the
valence electrons and on chemical properties via the
core electrons, but lack spatial resolution. In conclu-
sion, several techniques have to be combined to gain
a full understanding of both geometric and electronic
properties.

In this study, we use the x-ray standing wave tech-
nique (XSW), STM/STS, and density functional the-
ory (DFT) calculations in order to disentangle the
structural and electronic contributions to the moiré
modulation of MoS, grown on Au(111). STM gives
precise data on the lateral structure, leading to the
identification of an 11-on-12 structure as the closest
commensurate model of the moiré superstructure,
that we use in advanced DFT calculations. We find
an apparent contradiction between the corrugation
determined by STM and DFT, which motivates our
XSW study that is able to determine the vertical
distances of the atomic layers with high accuracy.
We conclude that the structure observed in STM
is dominated by electronic rather than geometric
effects. Furthermore, XSW allows identification of the
strongly bonded moiré regions. Finally, we use STS
to follow the local variations in band structure in the
unit cell of the superperiodic structure.

2. Results and discussion

2.1. Geometric structure
We grow MoS, on Au(l11) by reactive MBE see
section 4 for details. The preparation parameters of
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samples for STM/STS and for XPS/XSW are virtually
identical, except that a higher coverage (1 ML) was
used for the photoemission experiments.

Figure 1(a) shows an STM image (see section 4)
containing two MoS, islands on Au(111). A multi-
color scale is used, so that the gold surface (exhibiting
the characteristic herringbone reconstruction [20])
appears blue and the MoS, islands brown with an
apparent height of 1.9 A. On the islands a hexagonal
moiré superstructure is visible, resulting from the
superposition of the MoS, and Au(111) lattice.

Following previous studies, we identify the
islands as MoS, nanoflakes of one monolayer height
[10-15, 18, 19, 21, 22]. The apparent height of the
islands is small compared with the thickness of a
single MoS, layer as defined by the layer spacing in
bulk MoS, of 6.147 A [23]. However, the apparent
height determined by STM strongly depends on the
electronic structure and can be very different from
the geometric height, especially for a semiconduct-
ing material as MoS,. This can be illustrated by the
strong dependence of the apparent height of MoS, on
tunneling voltage [18].

The atomically-resolved STM image in
figure 1(b), shows the small scale periodicity of the
MoS,; lattice and the superimposed long range peri-
odicity of the moiré pattern where we label the dif-
ferent regions as top, hcp, and fcc, following [19].
The rationale of this nomenclature will be explained
below. LEED (figure 1(c)) displays the character-
istic moiré pattern consisting of first order spots of
Au(111) and MoS,, surrounded by satellite spots in a
hexagonal arrangement.

LEED indicates the precise alignment of the lat-
tice vectors of MoS, and Au(111). In consequence,
also the lattice vectors of MoS, and those of the moiré
superstructure are strictly parallel. This is well visible
the STM image in figure 1(b) where even a small mis-
alignment would be well visible due to the amplifying
effect of the moiré [24]. Our finding of rotationally
aligned growth of MoS; on Au(111) is in line with a
recent study using spot profile analysis (SPA) LEED
[13], a globally averaging technique with high resolu-
tion (HR) in reciprocal space.

Figure 1(d) shows the apparent height profile
taken along the main diagonal of the moiré cell (gray
arrow in figure 1(b)). We find a global maximum at
the top and a local maximum at the bridge sites in
between fcc and hep. The peak to peak corrugation
varies with tunnel conditions and tip, the largest value
we found is ~1 A. For bias voltages close to zero the
difference between the two minima is rather small.
For high positive as well as large negative voltages
(= %2 V, not shown) one minimum appears signi-
ficantly higher, which allows us to identify this region
as fcc [19].

We use the moiré pattern to determine the lat-
tice parameters with high precision, and without
errors caused by piezo creep, drift, STM calibration
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Figure 1. Geometric structure of MoS,/Au(111). (a) STM overview of MoS,/Au(111) (I =440 pA, U= —1100 mV).
(b) Atomically resolved STM image (I =460 pA, U =50 mV), black diamond: MoS, unit cell, white diamond: moiré unit cell.
(c) LEED pattern (inverted contrast), E=150.5 eV. Blue: MoS;, yellow: Au(111). (d) Profile along gray line in (b) from STM (raw

20 40 60 80
Distance [A]

or distortion [24]. In the case of precise alignment
of both lattices as found here, the moiré unit cell is
formed by (m x m) MoS, unit cells on ([m+ 1] x
[m+1]) Au(111) unit cells (ax, = 2.884 A [25]). We
find m = 10.6 £ 0.1 (error is the standard deviation
resulting from several measurements at different pos-
itions), leading to amoes, = (3.157 40.003) Aand
Amoire = (33.3 40.3) A. The closest commensurate
approximation of the moiré cell is (11 x 11) Mo$;
unit cells on (12 x 12) Au(111) unit cells, or 11-on-
12 for short.

Our lattice constant agrees within error bars with
the bulk lattice constant of ayjos, = 3.1602 A [23]. The
result for the periodicity of the moiré superstructure
differs from recent findings. Bana et al find a 10-on-
11 unit cell by SPA LEED [13]. The discrepancy may
be due to difficulties in the calibration of electron dif-
fraction patterns. Tumino et al find lattice constants
of ayes, = (3.18 £0.05) A and ameie = (33 £1) A
[18] determined via Fourier transformation of a large
MoS, area, and decided to use a 10-on-11 unit cell
in DFT [22]. However, the 11-on-12 supercell is also
within their limits of error. Our results have increased
accuracy as we take advantage of the magnifying effect
of the moiré.

We perform a DFT calculation (see section 4) for
one (11 x 11) MoS;, layer on top of three (12 x 12)
Au layers. The relaxed structure is shown in figure 2.

Three regions of high symmetry (white circles) are
evident that we label by the position of S in the lower
layer with respect to Au(111), because this determines
the local interaction. In the top region S is on top of a
gold atom, whereas in the fcc-region (hcp-region) it
resides in a threefold-hollow site of fcc (hep) type. The
latter two regions behave very similarly and are often
summarized as hollow region. Figure 2(b) shows the
side view cut along the main diagonal exposing the
(110) plane. The height of S in the upper layer along
this cut is plotted in figure 1(c). It is obvious that the
apparent corrugation in STM is inverted and has a lar-
ger amplitude. We will show in the following that the
apparent height in STM is dominated by electronic
effects, meaning that the maxima in the top region
are caused by a high local density of states that over-
compensates the small distance between Mo$S, and
Au(111) in these areas.

The vertical distribution of the atoms is described
in table 1. The minimum height of Ay, = 2.50 A of
the S atoms in the lower layer (S1) is found for the top
region. The Mo layer and the upper S layer (S2) fol-
low the lower layer with very similar corrugation. The
average thickness of the MoS, monolayer (defined as
the S-S distance) is 3.11 A, which is slightly reduced
with respect to bulk 2 H-MoS, (3.19 A [23]).

The charge density difference in the central
(110) plane is shown in figure 2(c). The regions are
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been generated using VESTA [26].
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Figure 2. Relaxed structure of 2 H-MoS,/Au(111) obtained by DFT. (a) Top view. Spheres denote S (yellow), Mo (purple) and Au
coded by layer (brown-green-blue). White diamond: (11 X 11)mos,/(12 X 12) ay unit cell, regions of high symmetry are labeled.
(b) Side view cut in the (110) crystallographic plane (main diagonal in (a)). (c) Charge density difference in the same cut as in

(b). The isosurface corresponds to 0.008 e~ A~ with the charge accumulation (depletion) plotted in red (blue). This figure has
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Table 1. Mean height 4, minimum height hp;,, maximum height
hmax and corrugation Ah = hyax — hmin of the atoms in the lower
(S1) and upper (S2) sulfur layer as well as the Mo layer, referenced
to the topmost Au layer. All values in A.

S1 Mo $2
h 2.72 4.28 5.83
Bomin 2.50 4.43 5.64
Trimax 2.87 4.08 5.97
Ah 0.37 0.35 0.33

markedly different: In the top region charge accu-
mulates between S and Au, indicating a chemical
bond (chemisorption). The charge stems from the
p. atomic-like orbitals of the S atoms and the d-
orbitals of the Au atoms underneath. There is much
less charge transfer in the hollow regions. Moreover,
the charge accumulation at the hybrid MoS,-Au(111)
interface goes along with a site-dependent charge

rearrangement between the interfacial S atoms
and the Mo atoms. This rearrangement modulates
the strength of S-Mo chemical bond in the MoS,
layer.

In order to scrutinize the DFT calculation we
applied the method of XSW (see section 4 for
experimental details). We prepared samples using
virtually identical parameters except an increased
number of growth cycles leading to a higher cov-
erage (see section 4). The LEED pattern (inset of
figure 3(a)) is qualitatively equivalent to the one
shown in figure 1(c). The higher coverage of MoS, is
reflected in the increase of the intensity ratio between
MoS;- and Au-related spots and the increased sharp-
ness of the moiré satellites.

The number of cycles is still low enough to avoid
the growth of bilayers [12]. The absence of bilayers is
also indicated by the LEED pattern: a significant cov-
erage with bilayers should lead to a decrease of the
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Figure 3. HR-XPS of MoS;/Au(111). (a) Mo 3d and S 2s (inset: LEED pattern, inverted contrast, E=75.5eV), (b) S 2p. XPS of
(c) Mo 3d and S 2s, (d) S 2p. Circles: data points after background subtraction. Colored areas: fits of the indicated peaks and
components (Mo” 3d: dark cyan, Mo® 3d: light cyan, S 2s: yellow, S* 2p: yellow, SB 2p: light yellow, S© 2p: orange). Solid black

line: sum of fits.

Table 2. Key parameters of the components observed in photoemission (HR-XPS, XPS, and XSW). Binding energy Eg, full width at half
maximum I, mixing parameter for Voigt-like function /3, spin-orbit-splitting A, intensity relative to the most intense component for
soft (I) and hard (Ij.q) X-rays. Coherent position P (AP = £0.02) and coherent fraction f7 (Aff = 40.04).

HR-XPS XPS XSW
Component Eg (eV) T (eV) B8 Ay (eV) Igoft Ihard pH ™
Mo 3d5/z 229.19 0.26 1.00 3.14 1 1 0.81 0.90
S2s 226.41 2.00 0.55 — 1 1 0.35 0.39
sh 2p3/2 162.16 0.25 0.85 1.18 1 1 0.42 0.50
sB 2p3/2 162.46 0.51 0.75 1.18 0.20 0.25 0.07 0.89

moiré satellite spots, as in STM it is found that the
moiré superstructure is not present on bilayers [12].
In our experiments, we find the opposite behavior.
Figure 3 shows HR-XPS of the core levels Mo 3d
and S 2s (figure 3(a)), as well as S 2p (figure 3(b)).
The fitting parameters of the main components are
given in table 2. For S 2p we also find a minority com-
ponent S 2 p3, (Eg = 161.60 eV, I' = 0.75 eV). As
demanded for XSW experiments, a higher incident
photon energy of 2.63 keV (off-Bragg condition) has
been used for the spectra depicted in figures 3(c) and
(d), which changes the photoelectron cross sections
and reduces resolution and surface sensitivity (partly
compensated by detecting photoelectrons under a

more grazing emission angle.) We observe an addi-
tional doublet Mo® 3d at a lower binding energy of
228 eV (light blue in figure 3(c)).

Our highly-resolved spectra are very similar to
those presented by Bana et al [13], and the fitting
parameters are almost identical. This also implies that
in both studies the same phase, namely 2 H, is present.
We observe two additional minor components (Mo®
3d and S® 2p) which could be due to differences in
the growth procedure. We tentatively attribute S¢ 2p
to S atoms at the edges of MoS, islands with reduced
coordination [15]. Mo® is assigned to metallic Mo on
or embedded in Au(111) which was found at the very
same binding energy in previous studies [15].
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Figure 4. XSW results for MoS,/Au(111). The analysis is presented for each component (Mo* 3ds /, , S 25, S* 2p5/, and SP 2p; /,)
showing the variation in total photoelectron yield as function of the photon energy scan along the reflectivity curve. The values of
coherent position (PH) and coherent fraction (f) are shown to each component analysis.

Table 3. Comparison between the structural parameters determined by XSW for each component and by a model for the assigned
species based on DFT. The model is based on an attenuation factor of a = 0.76 and a strongly bound fraction of the lower S layer of
f =0.45, see text. Experimental values are indicated in bold.

Component Mo 3ds,> S2s gA 2p3/2 S8 2p3/2
Species Mo S1M 4514452 JLEES) s1t
pH Experiment 0.81 0.35 0.42 0.07
Model 0.82 0.35 0.41 0.12
A Experiment 0.90 0.39 0.50 0.89
Model 0.97 0.53 0.66 0.98

We performed an XSW analysis to determine the
distribution of Mo and S perpendicular to the surface.
In short, such an analysis yields two structural para-
meters: the coherent position (PH) and the coher-

ent fraction ( fH) [27]. P is the average height of

all atoms of the analyzed species and f indicates
the distribution of atoms around this mean height
(ff =1 for a d-like distribution). The average height
of a species is given by h = (PH + n) X dau(111)> where
daui11) = 2.3545 A [25] is the Bragg plane spacing of
Au(111). The dependence of the photoelectron yield
on the x-ray energy for the main Mo 3ds,, peak,
the S 2s peak, and the two most intense S 2p3/;
peaks is presented in figure 4. The resulting struc-
tural parameters coherent position P and coher-
ent fraction f are given in table 2. However, only
for Mo a direct interpretation of these parameters is
possible: P2 = 0.81 4 0.02 yields a mean Mo height

of (4.26 4+0.05) A above the virtual unrelaxed sur-
face, f1 =0.90 +0.04 indicates a very flat layer. The
S components are a convolution of different species,
and thus an interpretation is only possible by compar-
ison to the DFT calculation.

Table 3 compares PH and ¥ derived from the
DFT-calculated atomic positions (see section 4) with
the experiment. For Mo the assignment of the atoms
to an atomic species is simple and we obtain a good
agreement between theory and experiment, especially
for the more robust parameter coherent position:
whereas f is diminished by thermal disorder as well
as by any contamination (adatom, incorporated in
bulk, island edges, grain boundaries), such presum-
ably broadly distributed atoms have a negligible effect
on PH,

For sulfur, the comparison is not as simple. First,
there are different species of S in MoS,/Au(111),
and second, not all photoelectrons from the lower
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Figure 5. Argand diagram: a vectorial representation combines the coherent positions P (polar angle) and coherent fractions f
(vector length). Solid vectors: XSW results (see labels), dashed vectors: model based on DFT (see legend).

S layer reach the detector due to attenuation by the
Mo layer and the upper S layer. We propose a model
(guided by DFT) where we distinguish three dif-
ferent species of S: all sulfur atoms in the upper
layer belong to one species (S2), but for the lower
layer we distinguish two species: a fraction of (1 — f)
belongs to S1" that are sulfur atoms weakly bound
to the gold substrate (S-hollow), and a fraction of f
belong to a strongly bound species S1' (S-top). We
describe the attenuation with a parameter « defined
as the fraction of photoelectrons from the lower S
layer reaching the detector as compared with the
upper one.

We start with the core level S 2s (top-right in
figure 4). As the corresponding photoemission peak
shows just one component, all sulfur atoms must
contribute (S1"+S1t4+S2). The calculated structural
parameters, corresponding to all S atoms present in
the DFT model, are P, =0.32 and ff5,, =0.51,
clearly deviating from experiment (see table 2). This
discrepancy can be solved by taking into account that
the weight of the lower S layer is reduced by o due to
attenuation. The best description of our experimental
data is found using o = 0.76.

With a=0.76 it is clear that the XPS compon-
ent S® 2p; /2 cannot be due to the full lower layer,
because in this case its relative intensity should just
be IsB2P3/2 = a = 0.76, in clear contrast to the exper-
imental value IsB2P3/2 = 0.25. Under the assumption
that only strongly bound atoms of the lower layer (S1°,
fraction f) contribute to the component S?, while all
other S atoms contribute to S*, we find I = %,

yielding f = 0.45. In other words, roughly half of the
lower S qualify as strongly bond, the other half as
weakly bound. Thus one can calculate the structural
parameters P and f" corresponding to 45% of S
atoms closest to the Au surface as the best model for
the component S® 2p; /,, leading to satisfactory agree-
ment (see table 3).

The remaining S atoms contribute to the com-
ponent S* 2p; /2. Here, both parameters o and f
enter in the respective weight of the atoms used to
determine P and f¥. The good agreement, espe-
cially for the coherent position, verifies our approach.
Another piece of evidence for our model is the very
low coherent fraction of fH $42p,,, = 0.50, which can-
not be explained in a model that attributes this
component to the top layer alone (DFT prediction
s, =0.97).

The comparison between the experimental res-
ults and the model based on DFT calculations is
summarized in an Argand diagram (figure 5). The
good agreement validates the DFT calculation and
our advanced model. In a complex system as found
here, where the same chemical species is present in
different layers, an interpretation of the XSW data is
only possible by a comparison to a dedicated model
as performed here. The failure of a straightforward
interpretation of S* 2p; /2 as the upper S1 layer and
SB 2p;/, as the lower S2 layer is directly visible in
the Argand diagram: in this case, the symmetry of
MoS, demands that Mo? 3d; /2 forms the bisector of
the two S components, which is clearly not found in
experiments.
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Figure 6. Moiré dependence of the electronic states. (a) Color plot of a line scan over a full moiré unit cell and (b) normalized
dI/dV spectra recorded at the high symmetry regions of the moiré pattern. The tip was stabilized at V= —2.5 eV and I =310 pA
(line scan), I =510 pA (single spectra). (c) Total DOS, summing up the pDOS of s,p,d orbitals. (d) STM and STS maps of
MoS,/Au(111) at different energies. I = 510 pA, image size 8 A x 8 A.
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To reiterate: we observe two main sulfur spe-
cies in MoS; on Au(111). However, the straightfor-
ward interpretation that one belongs to the sulfur
atoms in close contact with the substrate in the Au-
S-Mo-S sequence, and the other one belongs to sul-
fur atoms at the vacuum side, does not agree with our
experimental findings. Instead, we have to distinguish
between sulfur atoms in the lower layer that can form
a comparatively strong bond to Au atoms due to a
favorable on-top-registry (significant chemical shift),
and all other sulfur atoms, both in the lower and the
upper layer (no chemical shift).

Our assignment of the components forming the
S 2p;/, peak differs from the one presented in [13].
Whereas in this paper the two peaks are ascribed to
the sulfur in the different layers, our data indicates
that the distinction is between S strongly bound to
Au(111) and nearly undisturbed sulfur atoms from
both layers. As the component SP 2p; /2 stems exclus-
ively from the lower layer, and the XPS signal from the
component $* 2p; /, is dominated by the upper layer,
the conclusions drawn from the x-ray photoelectron
diffraction (XPD) in [13] may still remain valid.

Comparison of the XP spectra of MoS,/Au(111)
with those of the closely related material
TaS,/Au(111) measures under very similar conditions

[28] reveals qualitative differences: in both systems,
two main components for the S 2p level are present,
but the intensity ratio is much closer to one for Ta$,,
where each component could be assigned to a spe-
cific S layer. This further supports our model that for
MoS; the less intense component stems only from a
fraction of the S atoms in the lower layer. We speculate
that the reason for the different behavior of Ta$S, is its
metallic nature that smooths out strong variations in
electron density.

In comparison to other epitaxial 2D materials, the
MoS, layer on Au(111) is rather flat, even though the
chemical difference (as evidenced by XPS) between
the strongly and weakly bound region is quite pro-
nounced. The strong corrugation observed in STM
(up to 1 A) is completely due to electronic effects,
evidencing the difficulty of a precise determination of
the vertical structure using scanning probe methods.

2.2. Electronic structure

We use STS to investigate the electronic properties
of MoS,/Au(111) (see section 4). Figure 6(b) shows
the spectra in the normalized form [(dI/dV)/(I/V)],
where artifacts of voltage and tip-sample separation
are reduced [29]. We observe three prominent peaks,
one for the occupied states (O1) and two for the
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Table 4. Energies of the peaks observed by STS (in eV) for each
moiré region. The error, determined by the energy resolution of
the STS measurement, is 0.02 eV.

Peak Top Fcc Hcp
01 —2.02 —1.80 —1.75
El 0.90 0.92 0.93
E2 1.40 1.44 1.46

empty states (E1, E2). The positions of the peaks
depend on the moiré region, see table 4. The peak
positions for the fcc and hcp region are very sim-
ilar, whereas the peaks in the top region are shifted
towards lower energies, especially O1.

Our normalized dI/dV spectra are virtually
identical to the ones measured in [19], where also
Ol (named Q in [19]), E1 (I';), and E2 (I';) are
observed. The spectra found in [21] are different. In
these studies, the sample was exposed to air between
preparation and measurement, which is not the case
for our experiments as well as for [19]. By compar-
ing our peak energies with ARPES [14] and the band
structure resulting from DFT calculations in a sim-
plified model [21], we assign Ol to the VB min-
imum at I', which ARPES finds at E= —1.7 eV. Sim-
ilarly, we ascribe E2 to the CB minimum at I'. The
assignment for E1 is somewhat more difficult. We
find local CB minima at matching energies near M
as well as between I'" and Q. Presumably, all these
states contribute to E1. However, since the states
between I' and Q have smaller parallel momentum
kj, they will dominate the tunneling signal and thus
we primarily associate E1 with these states (which
are found at significantly higher energy than for
freestanding MoS;).

There is agreement as well as disagreement with
the assignment of the peaks by Krane et al [19]. The
authors based their interpretation on measurements
of the decay constant of the tunnel current , which
contains information on k| [30]. They find a low
value of  for E2 and higher and mutually similar val-
ues for E1 and O1. Consequently, they assign E2 to
the minimum of the CB at I" and O1 to the VB min-
imum at Q. They do not attribute E1 to a specific
state. We follow the assignment for E2, but disagree
for O1. The energy of the valence band minimum
at Q is determined by ARPES as E~ —2.3 eV [14],
which is considerably higher than the energy observed
by STS. A much better match is found for the band
maximum around I" at E = —1.7 eV, which appears
very broad and diffuse in ARPES. DFT calculations
show that the maximum of a singular band observed
for free-standing MoS; is destroyed by hybridization
with Au(111). Instead new band extrema in the vicin-
ity of I" appear (approximately halfway between I and
Q, see figure 5 of [21]), which can explain the value of
k. Therefore, we assign O1 to these new hybridization
states near I'.
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We map the electronic structure across one moiré
unit cell by taking dI/dV spectra at several points
along the main diagonal of the moiré cell (see gray
line in figure 1(b)) and display them as a color plot
(figure 6(a)). The positions of the peaks shift within
the moiré structure, especially for O1. In agreement
with the point spectra, we observe maxima at the fcc
and hcp positions and minima at the top position.
Furthermore, we find additional minima at the bridge
position, which is at a similar energy as for the top
position.

Figure 6(c) shows the DOS calculated by DFT for
top and fcc/hep hollow moiré regions. Two promin-
ent peaks for the empty states, which correlate to E1
and E2, are visible. The peak with the highest intens-
ity in the occupied states can be associated with O1.
There are additional peaks, particularly for the con-
duction and valence band onsets at K, that are not
or only faintly visible in dI/dV spectra. Furthermore,
the DOS of the top area is shifted compared to the
DOS of the hollow sites, in the same direction as in
experiment.

In agreement with experiment, the shift is largest
for O1 and smallest for E1. The shift is significantly
larger than the experimentally observed shift, espe-
cially for E1 and E2, but not rigid. This discrepancy
may be caused by including the vdW interaction in
our DFT calculations as a correction term, which
improves the structural results, but does not act on
the electronic properties.

The energy of O1 is strongly modulated by the
moiré structure as already indicated in [19]. We
attribute this modulation to the varying degree of
hybridization between this state and states of the sub-
strate. The overlap of the corresponding orbitals is not
a simple function of the S-Au distance as the energy
of O1 at the bridge position is similar to the one at
the top position, even though the local MoS, height
is very different (see figure 1(c)). The interaction is
rather determined by the relative position of the low-
est S atoms towards the surface Au atoms and the
involved orbitals (S p, and Au d,2): if the dense packed
S atomic rows are in phase with the dense packed rows
of the Au surface (top and bridge regions), the inter-
action is strongest. In the fcc and hcp moiré areas the
S p.-orbitals point into the fcc and hep gaps of the
Au surface. Correspondingly, the impact is strongest
for O1, since the VB edge at I is foremost of out-of-
plane (S p,, Mo 4d,:) orbital character [21, 31]. In
contrast, the CB at I' (E2) mostly originates from in-
plane (S py, p,) orbitals, thus interacting less strongly
with the substrate (or their interaction depends less
strongly on the local registry) and stays at nearly con-
stant energy.

In addition to dI/dV point spectra we map the
electronic effects of the moiré potential at different
energies (figure 6(d)). While there are certainly subtle
changes in the STM images (as discussed in [19]),
more significant differences are found in the STS
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maps. The relative intensity of the top, hcp and fcc
regions strongly depends on the bias voltage. Most
obvious are four contrast inversions between top and
hollow moiré sites: between —2 eV and —1.5 eV the
contrast changes from bright top and dark hollow
to dark top and bright hollow areas. The next con-
trast inversion happens between —0.5 eV and 0.5 eV
in reversed order. At 1.5 eV the top areas again
appear dark surrounded by a network of bright hol-
low regions. The contrast changes back to bright top
and dark hollow regions at 2.5 eV. The contrast inver-
sions are accompanied by slight changes in the intens-
ity distribution of fcc and hcp sites. At 1 and 2 eV
all intensity is focused on fcc (downward pointing
triangles) and hcp sites (upward pointing triangles),
respectively.

The contrast inversion between —2 and —1.5 eV
reflects the shift of O1. The nuanced changes at pos-
itive bias voltages reveal a more complex influence of
the moiré pattern to the conduction band states, in
agreement with subtle changes found in constant cur-
rent (0I/0V),; spectra by Krane et al [19].

The apparent height profile of the moiré corrug-
ation measured with STM and the height profile cal-
culated with DFT are exactly inverted. Whereas STM
finds a strong corrugation with high top and low hol-
low regions, DFT predict a very low corrugation with
low top and high hollow regions, in agreement with
XSW results. Spatially depended STS measurements
reveal that the moiré corrugation observed in STM
is a pure electronic effect and we attribute the moiré
modulation to the varying degree of hybridization
between states of the bottom S atoms and substrate
states.

The spatial variation of O1 also explains the dif-
fuse appearance of the VB maximum at I" in ARPES
[14]. Our dI/dV spectra exhibit a well defined peak
for O1, showing that locally the state is well-defined.
The key effect behind the broadening is the moiré
dependent modulation of the substrate interaction.
Since the ARPES signal is averaged over several moiré
unit cells, these local variation of the VB maximum
can not be resolved.

An alternative explanation of the peak shifts could
be based on screening of MoS, states by the highly
polarizable metal substrate [16, 17], which becomes
stronger with decreasing height of the MoS,. Screen-
ing is expected to move states towards the Fermi level.
However, for O1 we observe the opposite behavior as
it moves away from Er when we go from the weakly to
the strongly bonded regions. This implies that screen-
ing effects are not significant in our system.

3. Conclusion

In conclusion, our moiré analysis yields highly pre-
cise values for the lattice constant of MoS,/Au(111),
indicating that 11-on-12 is the best commensurate
approximation. We perform DFT calculations using
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a realistically large unit cell and including non-local
interactions that are substantiated by a good match
with XSW measurements. Thereby, we can show that
the apparent corrugation observed in STM is inver-
ted with respect to the actual height of the atoms.
In addition, the 2D layer is very flat, in contrast to
its appearance in STM. DFT calculation reveals that
hybridization between S orbitals and states of the sub-
strates is the main contribution to the bonding. As
this hybridization shows a spatial variation across the
unit cell, specific regions of the MoS, (top regions)
are strongly bonded, whereas others (hollow regions)
interact only weakly. This leads to the occurrence of
different components for S atoms in photoelectron
spectra that we could unambiguously attribute to spe-
cific species of S. Our STS measurement revealed pro-
nounced changes of the electronic structure across the
unit cell that are caused by the variation in hybrid-
ization rather than by screening. We could assign all
observed peaks to specific electronic states of MoS,.

4. Methods

We used ultra-high vacuum systems located in Koln,
Germany (Createc Fischer, base pressure P=1 X
10719 mbar) for STM/STS, and at Diamond Light
Source, UK (DLS, [32], P=2 x 10~ mbar) for
XPS/XSW.

Prior to growth, clean Au(111) was prepared by
1.5keV Art sputtering and annealing to 973 K (K6In)
(873 K (DLS)). Cleanliness was verified by LEED.
MoS, was prepared in situ following the procedure
described in [11] and [12]: Mo was evaporated with a
rate of ~ 0.05 A min~! (calibrated with a quartz crys-
tal microbalance) for 5 min using an e-beam evapor-
ator (SPECS EBE-4 (OAR EGN4)) with the sample
at room temperature. In parallel, the sample was
exposed to H,S using a tube of 12 mm diameter end-
ing 20 mm in front of the sample, resulting in a back-
ground pressure of 5 x 10~° mbar. After the evapor-
ation is stopped, the sample is annealed for 30 min at
853 K (843 K) while the exposure to H,S is contin-
ued. The exposure was stopped directly (5 min) after
the heating. A full preparation consisted of one (four)
of such cycles.

Electron diffraction patterns were obtained by an
MCP LEED (K) and a standard LEED optics (DLS).
Images recorded with the MCP LEED need to be cor-
rected for distortions caused by the planar arrange-
ment of the microchannel plates. Correction is done
with the program MCPdeskew [33], details of the cor-
rection procedure and the required geometric para-
meters are found in [34].

STM and STS measurements are carried out
at 5 K in a chamber separated from the growth
chamber (sample transfer under UHV) with a back-
ground pressure lower than 10~!'! mbar. The dI/dV/
point spectra and constant energy maps are recorded
using the lock-in technique (modulation frequency
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777.3 Hz, time constant 30 ms). The modulation
amplitude was 10 mV, providing an energy resolu-
tion of 20 meV [35]. An etched tungsten tip is used
for all measurements, which is prepared iz situ by dip-
ping the tip into the gold substrate and measuring the
Au(111) surface state [36] to ensure the sensitivity to
the LDOS. STM images and STS maps are analyzed
with the SPIP software [37].

The XPS and XSW experiments were performed
in the end-station of the [09 beamline at DLS (sample
transfer under UHV). To combine different tech-
niques, the beamline was designed to provide both
soft (100-2100 eV) and hard (2.1-20 keV) x-rays,
which are directed to the same spot on the sample.
The end-station is equipped with a hemispherical
electron analyzer (VG Scienta EW400 HAXPES) with
a 17 frame/s CCD camera, having an angular accept-
ance of 56°. The HR-XPS data were acquired at an
emission angle § = 30° and a photon energy of hv =
340 eV. For the fitting of HR-XPS data, a Shirley-type
background [38] was subtracted and the core-level
peaks were adjusted by a sum of Voigt-like functions
characterized by a mixing parameter 3 (8 = 1 for pure
Lorentzian) as described in our previous work [39].
For Mo 3ds/, and Mo 3d3 , the mixing parameter was
1 indicating a pure Lorentzian function. The values of
spin—orbit splitting were initially constrained to 3.15
and 1.20 eV for Mo 3d and S 2p, respectively. The val-
ues shown in table 2 are the optimized values after the
fitting process. Errors in the binding energy determ-
ination were estimated as AE, = £0.02 eV.

The XSW measurements were performed in
backscattering geometry using the (111) Bragg reflec-
tion of Au(111). Photoelectrons from core levels Mo
3d, 2s and S 2p were acquired during the scan of
the photon energy around the Bragg energy Eprygq =
2.635 keV with 6 ~ 90°. This configuration allows us
to treat the non-dipolar contributions from the pho-
toelectron yield in the same manner as in our prior
work [40]. The model applied to the photoemission
spectra obtained during the XSW experiment was
based on the fitting of HR-XPS data. Thus, the dif-
ference in binding energy between the peak compon-
ents was constrained to the values found in HR-XPS.
Furthermore, during the XSW analysis, the width of
peak components were constrained in order to avoid
changes in the components’ intensities other than
those caused by the standing wave effect. The ana-
lysis of the dependence of the photoelectron yield on
incident photon energy, described by the dynamical
theory of x-ray diffraction, results in the structural
parameters P (coherent position) and f! (coherent
position) [27,41]. P! is the Fourier-averaged position
of all atoms of the analyzed species relative to the lat-
tice planes of the substrate and ! describes the distri-
bution of atoms around the position given by P*. The
distance between the center of the height distribution
for all analyzed atoms and the substrate lattice plane
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is given by dir = day(111) X (1 + PH), where day111) =
2.3545 A [25] isthe Au(111) Bragg plane spacing. The
errors of XSW measurements are determined follow-
ing Mercurio et al [42].

Our DFT [43, 44] calculations have been car-
ried out using pseudopotentials generated with the
projector augmented wave method (PAW) [45] as
implemented in the VASP code [46—48]. The moiré
structure of MoS,/Au(111) was modeled by a slab
made of three Au atomic layers with an (11x11)
MoS,/(12x12) Au(111) in-plane unit cell amount-
ing to a total of 795 atoms. With the Brillouin
zone sampled by the I'-point and a cutoff energy
of 500 eV, the ground-state geometry of this moiré
cell was obtained by relaxing the atomic degrees of
freedom of the MoS, and the first Au surface layer
with a threshold value of the calculated forces of
20 meV A", Furthermore, the non-local correla-
tions effects responsible for the van der Waals (vdW)
interactions acting between MoS; and Au(111) were
described with the help of the vdW-DF2 functional
[49] together with the exchange energy functional
proposed by Hamada [50].

The structural parameters P and f* connected
to the DFT model were calculated by using the atomic
coordinates resulting from the optimized relaxation
in the equations (3.6)—(3.13) of [27].
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