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osition of single-layer MoS2 on
Au(111): from nanosized crystals to large-area
films†
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and Andrea Li Bassi

Molybdenum disulphide (MoS2) is a promising material for heterogeneous catalysis and novel two-

dimensional (2D) optoelectronic devices. In this work, we synthesized single-layer (SL) MoS2 structures

on Au(111) by pulsed laser deposition (PLD) under ultra-high vacuum (UHV) conditions. By controlling the

PLD process, we were able to tune the sample morphology from low-coverage SL nanocrystals to large-

area SL films uniformly wetting the whole substrate surface. We investigated the obtained MoS2
structures at the nanometer and atomic scales by means of in situ scanning tunneling microscopy/

spectroscopy (STM/STS) measurements, to study the interaction between SL MoS2 and Au(111)—which

for example influences MoS2 lattice orientation—the structure of point defects and the formation of in-

plane MoS2/Au heterojunctions. Raman spectroscopy, performed ex situ on large-area SL MoS2, revealed

significant modifications of the in-plane E12g and out-of-plane A1g vibrational modes, possibly related to

strain and doping effects. Charge transfer between SL MoS2 and Au is also likely responsible for the total

suppression of excitonic emission, observed by photoluminescence (PL) spectroscopy.
1 Introduction

Transition metal dichalcogenides (TMDs) are solid materials
composed of weakly interacting layers which can be isolated
from the bulk. Single layers of TMDs represent an important
class of two-dimensional (2D) crystals, normally composed of
one atomic plane of transition metal atoms, sandwiched by two
hexagonal planes of chalcogen atoms.1 Single-layer molyb-
denum disulphide (SL MoS2) is a prominent member of this
family, showing intriguing electronic and optical properties,
such as a direct band gap in the visible range (1.9 eV),2 strong
photoluminescence3 and high carrier mobility,4 which are
extremely promising for future low-dimensional optoelectronic
devices. Moreover, the catalytic properties of MoS2 have been
intensively studied for applications in hydrodesulfurization
processes and the hydrogen evolution reaction.5,6 The study of
low-dimensional MoS2 structures has greatly beneted from
surface science investigations of model nanoscale MoS2 systems
fabricated by Molecular Beam Epitaxy (MBE) on suitable
substrates, such as Au(111).7–12 This experimental approach
enables the application of high spatial resolution techniques,
such as scanning tunneling microscopy (STM) and spectroscopy
(STS), to characterize in situ the fundamental structural and
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electronic properties of SL MoS2 under controlled ultra-high
vacuum (UHV) conditions. Metal-supported MoS2 nano-
structures also allow the study of the nanoscale properties of
MoS2/metal heterostructures, which are of great interest for
future MoS2-based electronic devices. The effects induced by
metal interaction on the MoS2 properties have been addressed
by recent studies,13–16 showing a signicant inuence of metal–
MoS2 contact on the interface electronic structure. However, the
possible inuence on morphological and structural properties
has not been extensively investigated, e.g. regardingMoS2 lattice
orientation, moiré superstructures and lattice defects. The
metallic substrate may also induce strain in supported MoS2,
affecting its vibrational and optoelectronic properties. In this
regard, Raman and photoluminescence (PL) spectroscopy,
although not usually applied in combination with in situ surface
characterization techniques, may provide valuable experi-
mental information, having been found to show high sensitivity
to thickness,2,17 strain18,19 and doping20,21 in SL and few-layer
MoS2 akes.

Although model systems of metal-supported MoS2 nano-
crystals offer access to the study of nano- and atomic-scale MoS2
properties, the application of 2D MoS2 in real devices requires
the synthesis and characterization of large-area lms on the
centimeter scale. Therefore, studying in situ the growth of SL
MoS2 nanocrystals into large-area structures would provide
a more complete understanding of SLMoS2 properties, allowing
bridging of the gap betweenmodel nanoscale systems andmore
realistic ones. To this purpose, we need to develop synthesis
Nanoscale Adv., 2019, 1, 643–655 | 643
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methods allowing tuning of the growth of MoS2 structures in
the monolayer (ML) range, while meeting the high standards of
sample purity and surface quality required by in situ surface
science investigations. The synthesis of large-area MoS2 lms
has been a major research task over the last few years, having as
its main objective the development of effective and scalable
bottom-up approaches able to overcome the intrinsic limita-
tions of top-down exfoliation methods, such as the relatively
small size of produced crystals and the poor control of their
morphological and structural properties. Recently, the pulsed
laser deposition (PLD) technique has shown great potential for
the growth of 2D MoS2 (ref. 22–25) and other multi-elemental
2D materials (e.g. WS2,26 MoSe2,27 GaSe,28 and ZnO29),
providing the capability of high-throughput and centimeter-
scale growth with precise control of the thickness and
morphology. The PLD working principle is conceptually simple:
the ablation of a solid target by high energy laser pulses
produces a plasma plume of ejected species which condenses
on the substrate, placed a few centimeters in front of the target.
PLD offers several advantages in comparison to more conven-
tional chemical vapor deposition (CVD) or molecular beam
epitaxy (MBE) techniques. For instance, under suitable condi-
tions, stoichiometric transfer of ablated species from the target
to the substrate can be achieved, a key property which makes
PLD suitable for the stoichiometric growth of multi-element
materials, avoiding use of expensive and potentially
dangerous precursors (e.g. H2S) on which other synthesis
methods rely.10,12,30 Moreover, PLD depends on several process
parameters (e.g. laser energy, total number of ablating laser
pulses, pulse repetition rate, and background gas pressure)
which can be properly tuned to control the morphology and
structure of deposited materials. Despite its versatility, PLD is
not traditionally used in the framework of experimental surface
science, where more conventional deposition techniques (e.g.
molecular beam epitaxy) are employed. However, the combi-
nation of PLD with in situ surface science techniques is highly
desirable because it merges together the possibility of con-
ducting detailed nanoscale investigations with high exibility in
tuning the surface morphology and characteristic dimensions
of the investigated structures.

In this work, we combine different characterization tech-
niques, i.e. in situ STM/STS, Raman and PL spectroscopy, to
study SL MoS2 structures synthesized by PLD on the Au(111)
surface under UHV conditions. Au(111) is a well-known
surface,31,32 suitable to serve as a model template for STM of
supported nanomaterials,33 as well as a platform for investi-
gating the properties of MoS2/metal heterostructures. We
developed a PLD-based procedure resulting in the synthesis of
SL MoS2 nanocrystals, which we investigated by STM at the
nanometer and atomic scales. Our observations allowed us to
study interesting properties, such as the relation between the
substrate and MoS2 lattice orientation, point defects on the
MoS2 surface, and in-plane MoS2/Au heterojunctions origi-
nating from partial embedding of MoS2 nanocrystals in the Au
topmost layer. Moreover, we explored different PLD-based
procedures, being able to nely increase the MoS2 coverage to
get a homogeneous SL lm over the whole substrate area (about
644 | Nanoscale Adv., 2019, 1, 643–655
1 cm2). In addition to STM/STS measurements, Raman and PL
spectroscopy provided useful information on the vibrational
and optoelectronic properties of the PLD-grown SLMoS2 lm on
Au(111), revealing possible strain- and doping-induced effects.

2 Experimental

An UHV system (base pressure 2 � 10�11 mbar) composed of
three interconnected chambers was used for substrate cleaning,
PLD, post-deposition annealing and STM/STS characterization.

All experiments were performed using Au(111) on mica
(Phàsis) as a substrate for MoS2 growth. The substrate was
cleaned by cycles of Ar+ sputtering (1 keV) and annealing at 700 K,
yielding a pristine Au(111) surface, characterized by the well-
known herringbone reconstruction, as veried by STM observa-
tions. The Au(111) reconstruction originates from anisotropic
compression along h1�10i directions that allows accommodation
of 23 atoms per cell in 22 bulk lattice sites. At the same time some
atoms are pushed aside in the h11�2i direction in hcp sites instead
of the usual fcc ones. This arrangement results in a ð22� ffiffiffi

3
p Þ

reconstruction. The atoms in between the two different stacking
positions are forced to occupy bridge sites and li up with respect
to the surface plane, forming a couple of ridges (dis-
commensuration lines) which separates hcp regions from fcc
ones. As a consequence of surface stress relaxation, the ridges
form the typical zig-zag pattern of the herringbone
reconstruction.31–33

MoS2 depositions were performed in vacuum in a dedicated
PLD chamber (base pressure 5 � 10�9 mbar), by ablating
a rotating MoS2 target (Testbourne) with a KrF laser emitting 20
ns pulses (248 nm wavelength) at a repetition rate of 1 pulse per
second. The target was ablated for �5 minutes in order to clean
its surface before every deposition. Target ablation was achieved
with a pulse energy of 100 mJ and a laser uence in the range
0.5–1.5 J cm�2. During deposition, the substrate was kept at
room temperature and placed 5 cm from the target.

Aer PLD, the sample was internally transferred to a prepa-
ration chamber (base pressure 2 � 10�11 mbar) where thermal
treatments were performed under UHV conditions using an e-
beam heater. Annealing temperatures in the range 560–810 K
were kept constant for about 30 minutes and measured with
a thermocouple close to the sample plate and an external
optical pyrometer focused on the sample surface.

Room-temperature STM/STS measurements were performed
with an Omicron VT-SPM in a dedicated analysis chamber (base
pressure 2 � 10�11 mbar), using homemade electrochemically
etched W tips. STM images were acquired in constant-current
mode and analyzed using soware for SPM data analysis
(Gwyddion34). The bias voltage (referring to the sample voltage)
and current set-point are reported in the gure captions. The
differential conductivity (dI/dV) was measured using a lock-in
amplier applying a modulation voltage of 28 mVrms at 4 kHz.
I(V) and dI/dV(V) curves were acquired simultaneously under
open feedback-loop conditions, using 2 V and 0.4 nA as set-
point parameters.

The surface coverage of MoS2 structures, expressed in
equivalent Mono-Layers (ML), was estimated from large-scale
This journal is © The Royal Society of Chemistry 2019
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STM images, by measuring the fraction of the substrate area
covered by single-layer MoS2.

A Renishaw InVia spectrometer, coupled with an Ar laser,
was used for Raman and PL measurements, which were per-
formed ex situ with a 1 mW excitation at 457 nm and 514.5 nm
wavelengths, respectively, through a 50� objective. The spot
diameter of the laser on the sample is about 1–2 mm. Ten
accumulations of 10 seconds are sufficient to obtain a good
signal-to-noise ratio and all the presented results were obtained
with that measurement time. Raman measurements were also
performed on a natural bulk MoS2 crystal (SPI Supplies) for
comparison purposes.
3 Results and discussion

This section is divided into three subsections: in Section 3.1, we
discuss the growth of SL MoS2 nanostructures on Au(111), ob-
tained bymeans of PLD and different post-deposition annealing
treatments. In Section 3.2, we focus on the morphological and
structural properties of SL MoS2 nanocrystals with the analysis
of high resolution STM measurements. In Section 3.3, we
elucidate possible routes for the PLD synthesis of large-area SL
MoS2 lms on Au(111) and we discuss the basic properties
revealed by STM, STS, Raman and PL spectroscopy.
3.1 Growth of single-layer MoS2 on Au(111)

To investigate the PLD growth of MoS2 on Au(111), we deposited
MoS2 on the substrate at room temperature and then performed
Fig. 1 (a) STM image of the Au(111) surface, showing the typical herringbon
Inset: atomic resolution STM image highlighting the two different stacking r
100� 100 nm2 size STM images of different MoS2/Au(111) samples obtaine
post-annealing at (c) 560 K (V¼�1 V, I¼ 0.4 nA), (d) 640 K (V¼ 0.5 V, I¼ 0
(e): blue arrows indicate seemingly thicker nanocrystals composed of SL M
green arrow indicates a relatively large nanocrystal attached to the Au step
bias voltages. In (f): the green arrow indicates a partial embedded SL MoS

This journal is © The Royal Society of Chemistry 2019
post-annealing treatments at different temperatures. Prelimi-
nary experiments allowed us to optimize the preparation
procedure, nding suitable values for process parameters, such
as laser pulse energy, number of laser pulses and post-
annealing duration. Each deposition was carried out on
a freshly cleaned Au(111) surface with 20 laser pulses on the
MoS2 target, in order to deposit approximately the same amount
of material per deposition. The as-deposited samples were then
annealed in UHV for 30minutes at different temperatures in the
range 560–810 K. The obtained results are reported in Fig. 1.

Fig. 1(a) shows an STM image of the Au(111) surface with the
characteristic pattern of the herringbone ridges, separating fcc
from hcp regions (inset). Immediately aer MoS2 deposition
(Fig. 1(b)), the substrate is completely covered by a nano-
structured lm having disordered surface morphology. The
deposited structures assume a more regular aspect aer
annealing: in the range 560–640 K (Fig. 1(c) and (d)), we observe
the gradual formation of triangular islands with�3 nm sides on
average.

For temperatures of around 700 K (Fig. 1(e)) we observe
isolated MoS2 nanocrystals with a well-dened geometrical
shape and surface morphology. Relatively large nanocrystals (of
about 30 nm in linear size) grow attached to Au step edges and
clearly show a surface hexagonal moiré pattern (see for example
the nanocrystal indicated by the green arrow in Fig. 1(e)). STM
allowed us tomeasure the height of MoS2 islands with respect to
the substrate. In this regard, it is important to remark that STM
topography is also affected by the local surface electronic
e reconstruction. Bias voltage and current set-point: V ¼ 0.6 V, I ¼ 1 nA.
egions, i.e. fcc and hcp, induced by the ð22� ffiffiffi

3
p Þ reconstruction. (b)–(e)

d after (b) PLD at room temperature (V ¼ 1.93 V, I ¼ 0.5 nA), followed by
.4 nA), (e) 720 K (V¼ 1 V, I¼ 0.4 nA) and (f) 810 K (V¼ 1.2 V, I¼ 0.3 nA). In
oS2 growing on top of one-atom-thick Au islands of the same shape; the
edge; inset: apparent height of MoS2 nanocrystals measured for different

2 nanocrystal; inset: topographic profile along the white dashed line.

Nanoscale Adv., 2019, 1, 643–655 | 645
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properties; therefore, height measurements in general depend
on the applied tip–sample voltage. Indeed, we observed that the
average apparent height of MoS2 islands varies slightly with bias
voltage: the inset plot in Fig. 1(e) shows a variation from
a maximum of 2.5 Å to a minimum of 1.6 Å as bias voltage is
decreased from 1 V toward the Fermi level (0 V). This variation
may be related to the expected semiconducting behavior of
MoS2, which causes a low density of states (hence low tunneling
current) around the Fermi level. Our measurements are in
agreement with previously reported STM data,7,9,30 in which
similar MoS2 nanocrystals on Au(111) were attributed to a single
S–Mo–S layer. Interestingly, the measured MoS2 thickness is
signicantly low compared with the known interlayer distance
in bulk MoS2 (6.15 Å (ref. 35 and 36)) and with available STM
measurements of SL MoS2 on other substrates, e.g. 5–9 Å
(depending on bias voltage) on bilayer graphene37 and 6.7 Å on
graphite.38 The lower apparent height of SL MoS2 on Au may be
due to stronger interaction with the substrate or an interface
tunnel barrier13,14 which reduces the tip–sample tunneling
conductivity.

From Fig. 1(e) we also notice that some nanocrystals seem to
be thicker (e.g. those indicated by blue arrows), showing
brighter contrast in STM images. The measured height differ-
ence with respect to the other SL islands is �2.5 Å, independent
of bias voltage and current set-point. This height value agrees
well with the monoatomic step height of Au(111), suggesting
that brighter islands are composed of SL MoS2 growing on top
of small one-atom-thick Au terraces, having exactly the same
shape as that of the overlying nanocrystal. This growth mech-
anism could be induced by stress release effects in the Au
surface, triggered by MoS2 nucleation and growth.30 To support
this interpretation, we note that MoS2 perturbs the regular
arrangement of the herringbone reconstruction, growing on
either fcc or hcp Au regions (Fig. 1(e) and (f)). In addition, we
rule out the hypothesis that brighter islands in Fig. 1(e) may be
associated with bi-layer MoS2 structures: as we will show in the
following, 2nd layer growth was observed at higher MoS2
coverages and the STM-measured distance between the 2nd and
1st layers is above 6 Å, in agreement with the 6.15 Å bulk
interlayer distance.

By comparing Fig. 1(d)–(f), we observe that the increase of
annealing temperature causes noticeable reduction of MoS2
surface coverage, probably due to re-evaporation. Expressing
MoS2 coverage in fractions of equivalent mono-layers (ML)—
with 1 ML corresponding to SLMoS2 completely covering the Au
surface—from large-scale STM images we can estimate
a reduction from 0.33 ML to 0.1 ML as the temperature
increases from 640 K to 810 K.

As far as morphological properties are concerned, higher
annealing temperatures favor the formation of SL MoS2 nano-
crystals partially embedded in the Au topmost layer, as indi-
cated by the green arrow in Fig. 1(f). By “partially embedded”,
we mean that such islands lie on top of a one-step lower Au
patch, with respect to the surrounding Au terrace. Indeed, the
line prole inset in Fig. 1(f) shows that the MoS2 surface,
corrugated by the moiré pattern, is approximately at the same
level as that of the surrounding Au terrace. The growth of
646 | Nanoscale Adv., 2019, 1, 643–655
partially embedded SL MoS2 islands causes the formation of in-
plane Au/MoS2 interfaces of peculiar morphology, which will be
further discussed in the following.
3.2 Atomic-scale properties of MoS2 nanocrystals

Higher resolution STM images allowed us to study in more
detail the morphological and structural properties of the
observed nanocrystals. On the basis of the STM observations
previously discussed, we focused our study on samples
annealed at temperatures above 700 K. As shown by the STM
image in Fig. 2(a), the majority of observed SL nanocrystals are
triangularly shaped, although they usually show slightly trun-
cated corners. Following the path of Au herringbone ridges, we
can see that MoS2 islands grow on either fcc or hcp domains,
thus distorting the otherwise regular herringbone pattern.

Atomic resolution STM images (Fig. 2(b)) allowed us to
measure a lattice parameter of 3.18 � 0.05 Å. Within measure-
ment uncertainty, this value agrees with the in-plane lattice
constant of unstrained 2H–MoS2(0001).35,36 The MoS2 atomic
corrugation observed with STM is mostly due to surface S
atoms,39,40 which are imaged as the brightest spots in atomic
resolution images (yellow dots in the inset of Fig. 2(b)). We can
also observe less bright spots in trigonal conguration with
three nearest neighbor S atoms, which are ascribable to Mo
atoms41,42 (blue dots in the inset of Fig. 2(b)). The bright brim
observed at the island borders can be attributed to one-
dimensional metallic edge states.43,44

Our STM images reveal that triangular islands lying in
different stacking regions are oppositely oriented, as high-
lighted in Fig. 2(b). In some cases, differently oriented islands
are observed to merge together, forming 60� domain bound-
aries, as shown for instance in Fig. 2(c). These observations
suggest a correlation between the MoS2 lattice orientation and
the Au stacking conguration. We can qualitatively interpret
this effect by considering the occupation sites of S and Mo
atoms on fcc and hcp Au domains. Because on-top atomic sites
have been predicted to be the most stable for S atoms in contact
with Au,16 we can reasonably assume that, in the rst stages of
island nucleation and growth, S atoms preferentially occupy on-
top (or quasi-on-top) positions. The situation is pictured in
Fig. 2(d) and (e) for fcc and hcp domains, respectively. In this
representation we assumed, without lack of generality, that Mo
atoms (blue dots) lie on the vertical of 2nd layer Au atoms (grey
dots). Under the hypothesis that this arrangement of Mo atoms
corresponds to themost stable conguration, we clearly see that
the MoS2 lattice undergoes a 60� rotation as Au stacking
changes from fcc to hcp. Our interpretation implies that Mo
atoms in MoS2 strongly interact with Au atoms, and this inter-
action signicantly affects the epitaxial relation between
Au(111) and MoS2.

The lattice mismatch between MoS2 and Au(111) generates
a hexagonal moiré superlattice. The characteristic pattern of
moiré spots is clearly observed on the surface of larger SL MoS2
nanocrystals, growing mostly at Au step edges (Fig. 3(a)) or
partially embedded in the Au surface (Fig. 3(e)). The analysis of
atomic resolution images and their Fourier transforms allows
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) STM image of a SL MoS2 nanocrystal showing the characteristicmoiré pattern (V¼ 0.5 V, I¼ 0.5 nA). (b) Atomic resolution STM image of
the nanocrystal shown in (a) (V ¼ 0.1 V, I ¼ 1 nA). (c) Details of the 2D Fast Fourier Transform (FFT) of the STM image in (b), showing two opposite
spots of the MoS2 hexagon, surrounded by the moiré lattice spots. The red arrow denotes the MoS2 reciprocal lattice vector. (d) Schematic
representation of the spot arrangement (not to scale): GMoS2 and Gmoiré are the reciprocal vectors of MoS2 and moiré lattices, respectively. (e)
Partially embedded SL MoS2 nanocrystal growing over a Au(111) grain boundary (V ¼ 1 V, I ¼ 0.3 nA). Labels a and b denote two different moiré
patterns. The white arrow indicates a screw dislocation of the substrate. (f) Atomic resolution STM image of the white frame in (e) (V ¼ 0.5 V, I ¼
0.5 nA). Inset: 2D FFT of the STM image showing the hexagon of sharp spots associatedwith theMoS2 lattice. (g) Details of the 2D FFT of the a and
b patterns. Scale bars of FFTs: 1 nm�1.

Fig. 2 (a) STM image of SL MoS2 nanocrystals on Au(111) (V ¼ 1 V, I ¼ 0.3 nA). (b) Atomic resolution STM image of a triangular nanocrystal,
showing the surface hexagonal atomic lattice (V ¼ 0.3 V, I ¼ 1 nA). Inset: details of the MoS2 lattice where both S atoms (yellow dots) and Mo
atoms (blue dots) are visible. (c) STM image of two differently oriented triangular nanocrystals: the one on the left grows on the hcp region, while
the other on the fcc one (V ¼ 0.6 V, I¼ 1 nA). (d) STM image showing triangular nanocrystals, differently oriented, which merge together forming
60� domain boundaries (indicated by black arrows) (V ¼ 1 V, I ¼ 0.3 nA). (e) and (f) Atomistic models of the MoS2 lattice on fcc and hcp Au
substrates, respectively. Color code: S ¼ yellow, Mo ¼ blue, 1st layer Au ¼ red, 2nd layer Au ¼ grey, 3rd layer Au ¼ green. The white dashed
triangles indicate the orientation of the MoS2 unit cell.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 643–655 | 647
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Fig. 4 Atomisticmodels of (a) the usually observedmoiré pattern, and (b) the a and (c) b patterns shown in Fig. 3(e) and (f). Black arrows represent
the moiré lattice vectors. Color code: S ¼ yellow, Mo ¼ blue, Au ¼ red.
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us to study the geometrical interplay between the substrate and
the overlayer lattices, giving rise to the observed moiré pattern.
For instance, Fig. 3(b) shows an atomic resolution image of the
nanocrystal in Fig. 3(a). Details of its 2D Fast Fourier Transform
(FFT) are reported in Fig. 3(c), showing the reciprocal lattice
spots ascribable to MoS2 and moiré. According to the schematic
picture in Fig. 3(d) (not to scale), we can measure the lengths
and relative orientation of MoS2 and moiré lattice vectors.
Usually, we obtain 3.18 � 0.05 Å for MoS2, 33 � 1 Å for the
moiré, and a small angle of 2� � 1� between the two.

Occasionally, different moiré patterns can be observed on
nanocrystals growing over Au grain boundaries. One example is
shown in Fig. 3(e), where a partially embedded nanocrystal lies
over the boundary between differently oriented Au(111)
domains (a screw dislocation can also be seen in the lower right
part of the image, indicated by a white arrow). The moiré
pattern clearly changes in both periodicity and orientation from
the a region to the b one (see labels in Fig. 3(e)). Interestingly,
atomic resolution images taken across the interface between
the two regions (Fig. 3(f)) do not show any discontinuity or
orientation change of the MoS2 surface lattice. This is also
conrmed by the 2D FFT inset in Fig. 3(f) where a single
hexagon of sharp spots is revealed, yielding the usual �3.18 Å
parameter. We performed a local Fourier analysis to study the
moiré geometry in a and b (Fig. 3(g)). The moiré periodicity is
31.5 � 0.5 Å in a and 19.5 � 2 Å in b, while the angle formed
with the MoS2 lattice vector is 15� � 1� in a and 54� � 1.5� in b.
These measurements suggest that the substrate grain boundary
does not induce any perturbation in the MoS2 lattice but a rigid
in-plane rotation in order to accommodate the substrate
orientation change. As a consequence, the rotation angle
between MoS2 and Au(111) must be different in the three cases,
i.e. the usual structure (Fig. 3(b)) and the a and b structures
(Fig. 3(f)). This angle can be derived using a theoretical
description of the superlattice based on the geometric charac-
teristics of the substrate and overlayer.45 We obtained a very
small angle of 0.2� � 0.1� between MoS2 and Au(111) in the case
of the usual moiré pattern, and, as expected, larger values for
a and b patterns: 1.4� � 0.1� and 7� � 1�, respectively. Fig. 4
shows an atomistic representation of the three different struc-
tures, obtained by rotating the MoS2 lattice (lattice constant:
3.18 Å) with respect to the Au surface (lattice constant: 2.89 Å) by
the previously reported rotation angles. Black arrows represent
648 | Nanoscale Adv., 2019, 1, 643–655
the moiré lattice vectors calculated starting from the relation
Gmoiré ¼ GAu � GMoS2 between the reciprocal lattice vectors.45

The observed behavior of MoS2 nanocrystals over a substrate
grain boundary is likely the result of an energetic balance
among strong intralayer covalent interactions and the interac-
tion with the substrate. The former are likely responsible for the
preservation of the MoS2 crystal structure over the substrate
boundary, while the latter induces a change in the MoS2 lattice
orientation.

The above analysis of moiré patterns takes into account only
the geometrical interplay between the substrate and the overlayer
and provides a basis to interpret the observed superlattices. A
more accurate model should also provide a reliable description of
the moiré vertical corrugation. However, this is not a trivial task
because STM images result from a convolution of topographic
and electronic effects, both contributing to the surface modula-
tion. Indeed, in Fig. 5(a) and (b) we show two STM images of the
same area, taken with a bias voltage of +0.3 V (a) and �0.3 V (b)
and the same current set-point of 1 nA. As shown by the line
proles in Fig. 5(c), we observe a signicant change of moiré
corrugation: 0.7 � 0.05 Å at +0.3 V, against 1.8 � 0.1 Å at �0.3 V.
Moreover, the corresponding differential conductivity (dI/dV)
maps clearly show a contrast inversion when switching from
probing the unoccupied states (Fig. 5(d)) to probing the occupied
states (Fig. 5(e)). These observations suggest a spatial modulation
of the LDOS, most probably induced by the variation of orbital
overlap between Au and MoS2 states in the moiré supercell.
Therefore, a reliable model of the moiŕe pattern should take into
account the interface electronic structure, which is of funda-
mental importance for the nature of the metal–semiconductor
junction in MoS2/Au heterostructures.

The surface of MoS2 nanocrystals is also characterized by the
presence of several point defects, as observed for example in the
images of Fig. 5. We identied two kinds of defects, shown in
the atomic resolution STM images of Fig. 6. In Fig. 6(a) the two
different defects are labeled as D1 and D2: D1 looks like a single
atomic vacancy, while D2 has a characteristic triangular shape
and all D2 defects of the same nanocrystal are oriented in the
same direction (see for example Fig. 5). The measured depths of
D1 and D2 are 65� 5 pm and 45� 5 pm, respectively (Fig. 6(b)).
We provide a possible interpretation of these defects based on
the analysis of the atomic lattice arrangement revealed by high
resolution STM images (Fig. 6(c) and (d)). Assuming that the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) and (b) Atomic resolution STM images taken at +0.3 V (a) and
�0.3 V (b). (c) Topographic profiles: the black curve is taken along the
black dashed line in (a), and the blue curve is taken along the blue
dashed line in (b). (d) and (e) dI/dV maps corresponding to (a) and (b),
respectively.

Fig. 6 (a) Atomic resolution STM image showing two point defects of
the MoS2 surface, labeled as D1 and D2 (V ¼ 0.3 V, I ¼ 1 nA). (b)
Topographic profiles taken across D1 (upper panel) and D2 (lower
panel) defects. (c) STM image of the D1 defect (V ¼ 0.3 V, I ¼ 1 nA). (d)
STM image of the D2 defect (V ¼ 0.3 V, I ¼ 1 nA). The yellow and blue
dots in (c) and (d) mark the positions of S and Mo atoms in the MoS2
lattice, respectively. Scale bars: 1 nm.
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brightest spots may be associated with surface S atoms, we
argue that D1 defects (Fig. 6(c)) are consistent with monosulfur
vacancies. This is in agreement with previously reported theo-
retical40 and experimental46 results on a 2H–MoS2(0001) surface.
Different from D1, D2 defects involve more than one atomic site
(Fig. 6(d)). Their peculiar triangular shape is consistent with
a vacancy complex formed by one Mo and nearest S atoms.
Noticeably, this interpretation agrees with the observation that
in a single nanocrystal all D2 defects have the same orientation.
We should note that our STM data can not unambiguously
ascertain whether all six nearest S atoms or just the three
surface ones are missing. However, the fact that the apparent
depths of D1 and D2 are comparable suggests that only the
three surface S sites are vacant, in addition to the Mo site.
Interestingly, these two defects have, under stoichiometric
conditions, the lowest calculated formation energy among
various kinds of MoS2 point defects,47 further supporting our
experimental observations and structural interpretation.
Therefore, this investigation provides atomic-scale information
on MoS2 surface defects, which have scarcely been explored by
STM. This is essential to achieve a more complete under-
standing of their physical and chemical properties, which play
a major role in functionalization48,49 of the MoS2 basal plane.
This journal is © The Royal Society of Chemistry 2019
The MoS2 nanocrystals growing at step edges or partially
embedded in Au terraces form a peculiar lateral interface with
Au, as revealed by the STM images in Fig. 7(a) and (b), which
focus on the border region of the nanocrystals shown in Fig. 3(a)
and (f). The in-plane MoS2–Au junction is usually imaged as
a protruding region with an average width of 2 nm, running
along the high symmetry directions of the moiré pattern. As
shown by the plot in Fig. 7(c), the apparent height of the border,
measured with respect to neighbouring Au, is �1 Å at a small
bias and tends to decrease at higher (both positive and negative)
voltages, suggesting a local metallic character of the in-plane
junction. This observation agrees with the prediction of
metallic edge MoS2–Au contact due to strong hybridization
between Au and MoS2 edge states,14 a key property for the
engineering of in-plane metal–semiconductor junctions with
high charge injection efficiency.

The partially embedded islands are also associated with
a particular growth mechanism, observed as MoS2 coverage is
increased aer a second PLD + post-annealing process, iden-
tical to the rst. Fig. 7(d) shows a partially embedded nano-
crystal observed aer the second growth cycle. We can notice
that the moiré pattern is perturbed along a nearly triangular
path, slightly visible on the nanocrystal surface. This is more
evident in the corresponding dI/dV map (Fig. 7(e)), where small
structures forming a triangle are imaged with the same contrast
as the nanocrystal border. From higher resolution STM images
(Fig. 7(f)), it is clear that the perimeter border and these
protrusions share similar characteristics: they have the same
apparent height at various bias voltages, suggesting a similar
Nanoscale Adv., 2019, 1, 643–655 | 649
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Fig. 7 (a) and (b) STM images showing the lateral interface between Au and SL MoS2 nanocrystals. (c) Apparent height vs. voltage of the junction,
measured with respect to neighbouring Au, as indicated in the 3D STM image on the right. (d) STM image of a partially embedded nanocrystal
observed after the second growth cycle (V ¼ 1.16 V, I ¼ 0.35 nA). (e) dI/dVmap corresponding to the STM image in (d). (f) Higher resolution STM
image of the nanocrystal in (d) (V¼ 0.35 V, I¼ 0.5 nA). Inset: atomic resolution STM image (V¼ 0.3 V, I¼ 0.7 nA). Scale bar: 2 nm. (g) STM image of
a 2nd layer MoS2 island. (h) Topographic profile along the black dashed line in (g).
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structure and LDOS. We can argue that these features formed
the lateral junction between Au and a triangular partially
embedded nanocrystal, produced with the rst PLD + post-
annealing cycle. Then, the second cycle makes the nanocrystal
expand in a way that preserves some characteristic features of
the original in-plane junction.

Incidentally, we observe the presence of a 2nd layer hexag-
onal MoS2 island atop the SL nanocrystal surface in Fig. 7(d)
and (g). As shown by the line prole in Fig. 7(h), it has an
Fig. 8 (a)–(e) 200 � 200 nm2 STM images of MoS2 on Au(111) taken after
growth cycle is based on PLD (20 laser pulses) and post-annealing at 72
circles in (d) and (e) indicate 2nd layer MoS2 islands. (f) MoS2 coverage (exp
is a linear fit of experimental data.

650 | Nanoscale Adv., 2019, 1, 643–655
apparent height of 6.4 Å with respect to the 1st layer, consistent
with the 6.15 Å interlayer spacing of bulk MoS2.
3.3 Large-area single-layer MoS2

Aer having discussed the PLD synthesis and properties of SL
MoS2 nanocrystals, we now discuss the growth of such structures
into a continuous lm, covering the gold surface almost
completely. We explored two possible strategies for the synthesis
(a) one, (b) two, (c) three, (d) four and (e) five growth cycles. The single
0 K. Measurement parameters: V ¼ 1–1.7 V, I ¼ 0.3–0.4 nA. The blue
ressed inML) as a function of the number of growth cycles. The red line

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) 200 � 200 nm2 and (b) 100 � 100 nm2 STM images of SL
MoS2 on Au(111) synthesized with a single growth cycle of PLD and
post-annealing at 720 K (V¼ 1.9 V, I¼ 0.5 nA). The arrows in (a) indicate
2nd layer MoS2 clusters. Inset of (b): topographic profile along the grey
dashed line. (c) High resolution STM image of the same film. The arrow
indicates a boundary between differently oriented domains (V¼ 1.26 V,
I ¼ 0.35 nA). (d) STS spectrum of SL MoS2 on Au(111).
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of large-area SL MoS2. The rst approach consists in repeating
several times the same growth cycle, based on the PLD + post-
annealing method introduced in the previous section. In the
second, we address the possibility of optimizing PLD parameters
to get a large-area SL MoS2 lm with a single growth cycle.

Starting with the rst strategy, the STM images in Fig. 8
illustrate the sample morphology evolution as the same growth
cycle is repeated up to ve times. PLD and post-annealing
parameters of the single growth cycle were tuned according to
the experimental observations presented in the previous
sections. In particular, the annealing temperature was set at 720
K to obtain well-dened SL MoS2 structures (Fig. 8(a)), without
promoting the partial embedding mechanism, which would
havemade the STM surface analysis trickier, especially at higher
coverage. As we have already shown (Fig. 1(e)), the rst cycle
produces isolated SL MoS2 nanocrystals of different sizes
(Fig. 8(a)). Upon repeating the growth procedure on the same
sample, MoS2 nanocrystals become larger (Fig. 8(b) and (c)). We
note again the presence of brighter islands which are composed
of SL nanocrystals on top of monoatomic high Au islands,
according to topographic measurements. The formation of
second layer MoS2 clusters can be observed aer the 4th cycle
(e.g. blue circles in Fig. 8(d) and (e)). Aer the 5th cycle, SL MoS2
covers about 90% of the substrate surface. The coverage
increase, as a function of the cycle number, is approximately
linear, as expected from layer-by-layer growth mode (Fig. 8(f)).

The second strategy is aimed at producing a SL MoS2 lm in
a one-step PLD process. The laser uence was properly tuned up
to 1.2 J cm�2, by reducing the laser spot on the target at constant
pulse energy (100 mJ). This resulted in increasing the amount of
deposited material per laser pulse. Then we optimized the
number of laser pulses in order to get, aer post-annealing at
720 K, the desired lm morphology. The resulting sample, ob-
tained with 30 laser pulses, is shown in Fig. 9. STM images
(Fig. 9(a) and (b)) show MoS2 structures covering the gold
surface almost completely. We estimated an average coverage of
0.92 ML from the analysis of several large-scale STM images. As
veried by topographic measurements (inset of Fig. 9(b)), MoS2
forms a SL lm, whose surface corrugation is modulated by the
characteristic moiré pattern. Very few 2nd layer nanoclusters
can be seen atop the SL surface (indicated by arrows in Fig. 9(a)).
High resolution STM images reveal line defects on the MoS2
surface (Fig. 9(c)), which may be associated with 60� domain
boundaries formed by merging of differently oriented crystals,
as discussed in the previous section (Fig. 2).

STS measurements provided information on the electronic
properties of the synthesized lm. Point-spectroscopy differ-
ential conductivity (dI/dV) curves as a function of tip–sample
voltage (V) were acquired at different points of the MoS2 surface,
away from borders and domain boundaries, and then averaged
to get a representative dI/dV curve. Such quantity, shown in
Fig. 9(d), is proportional to the surface DOS, to a rst approxi-
mation.50 We observe a semiconducting behavior with low DOS
in a �2 eV wide energy range across the Fermi level (positioned
at 0 eV). The onsets of valence and conduction bands occur
approximately at �1.5 eV and 0.5 eV, respectively. These
measurements agree well with the expected 1.9 eV optical band
This journal is © The Royal Society of Chemistry 2019
gap of SL MoS2 and previously reported STS measurements of
MoS2 grown on Au substrates by means of other techniques.9

However, precise estimation of band onsets is difficult due to
both thermal broadening, which affects spectral resolution, and
the non-vanishing value of tunneling conductivity inside the
gap region. The latter is indicative of a slight metalization of the
lm, as a result of sulfur-mediated interface hybridization with
Au states.13,15,16 The MoS2–Au interaction is also responsible for
the n-type character revealed by STS, which is due to Fermi level
pinning near the conduction band onset, induced by interface
charge redistribution.13–15

The observed strong interface coupling is expected to have
a signicant impact on the vibrational, electronic and optical
properties of MoS2. A combination of Raman and photo-
luminescence (PL) spectroscopy is a valuable tool to investigate
this aspect. We performed Raman and PL measurements ex situ
under ambient conditions. Aer that, we put the sample back
into the UHV chamber and observed it by STM, revealing that
the surface morphology was not signicantly affected by air
exposure (not shown). This is a clear indication of the chemical
stability of PLD-grown SL MoS2 at least upon few hours of air
exposure. We report in Fig. 10(a) the Raman spectra of large-
area SL MoS2 lms synthesized with the two strategies
described before, i.e. the multi-step and the one-step PLD
processes. For comparison, we also report the spectrum
acquired on a bulk crystalline MoS2 sample, which shows the
two principal peaks of 2H–MoS2 at 382 cm�1 and 408 cm�1,
associated with in-plane E1

2g and out-of-plane A1g vibrational
modes, respectively.17 Both peaks are sharp, with a width of less
Nanoscale Adv., 2019, 1, 643–655 | 651
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Fig. 10 (a) Raman spectra of SL MoS2 on Au(111) (upper and central
panels) and bulk MoS2 (lower panel). Vertical lines refer to expected
bulk peak positions. (b) PL spectra of SL MoS2 films on Au(111)
synthesized bymulti-step (black) and single-step (blue) PLD processes.
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than 4 cm�1, as expected for crystals. In the spectra of MoS2/
Au(111) these two vibrational features are signicantly modi-
ed: both peaks shi to lower frequencies, and, especially for
the A1g mode, strong broadening and intensity attenuation are
observed, resulting in an inversion of the intensity ratio
between them. Numerical analysis based on Lorentzian tting
652 | Nanoscale Adv., 2019, 1, 643–655
curves provides the data reported in Table 1. Different mecha-
nisms due to the interaction with the Au substrate may
contribute to modication of the vibrational modes, such as
out-of-plane strain, which weakens the intralayer bond
strength,15,51,52 and n-type doping.20 The latter, whose presence
is conrmed by our STS measurements, is effective in soening
and broadening the A1g peak due to its high sensitivity to
electron–phonon coupling.20 The in-plane E1

2g vibrational mode
is less sensitive to doping,20 but is strongly affected by strain
effects.18,19 We note that our STM observations provide an
average lattice parameter (3.18 � 0.05 Å) comparable with the
unstrained value. However, the lattice constant is measured
from 2D FFTs of atomic resolution STM images, which, aver-
aging over a relatively large number of unit cells, do not allow
detection of small local variations. Therefore, we can not rule
out the presence of local strain effects, for instance, those
induced by the moiré superlattice. Indeed, it is reported for
other 2D systems, such as graphene,53 that moiré patterns can
inuence the vibrational properties revealed by Raman spectra.
Therefore, it is likely that the soening of the E1

2g mode is the
result of a complex interplay of moiré-induced local strain and
out-of-plane interaction with Au atoms. The data reported in
Table 1 also evidence a larger variation of all the Raman
parameters for the lm synthesized with the one-step process
with respect to the multi-step one, suggesting a stronger inter-
action with the Au substrate for this lm. Wemay speculate that
the multi-step process allows a relaxation of the interaction
effects. An important parameter derived from Raman data is the
frequency difference between A1g and E1

2g modes, usually used
in the literature to assess the number of layers in ultrathin MoS2
akes, as it decreases from about 25 cm�1 for bulk MoS2 down
to about 18 cm�1 for a single layer.17 Our bulk value of 25.6 cm�1

is comparable with the one reported in the literature.17 On the
other hand, the values we found for our SL MoS2 on Au(111) are
larger than expected (about 23 cm�1), in comparison to both
exfoliated21 and CVD-grown51,54 SL MoS2 on the Au substrate.
This discrepancy can be ascribed to the simultaneous presence
in our case of the two interface effects described above, n-type
doping and strain, which inuence the position of the two
peaks in different ways. Hence, while STM provides unambig-
uous evidence for the single-layer structure of the lm, Raman
measurements cannot be directly correlated with MoS2 thick-
ness due to the substrate inuence on the peak shape, position
and intensity of vibrational modes.

The interface interaction not only inuences the vibrational
properties of MoS2 lms but also their electronic and optical
ones, which can be investigated by means of photo-
luminescence (PL) spectroscopy. It is reported that SL MoS2 is
a direct band gap semiconductor showing intense PL at 1.9 eV.2

Using a 514.5 nm excitation wavelength (corresponding to 2.41
eV) on our SL MoS2 lms we obtained the spectra shown in
Fig. 10(b). The PL spectra do not show the typical excitonic
emission of SL MoS2, and the slight intensity rise at higher
energies is solely due to the substrate. This total PL quenching
is likely due to charge transfer with Au upon excitation, which
prevents the excitonic recombination. This effect has also been
observed in CVD-grown SL MoS2 on Au foil54 but not in
This journal is © The Royal Society of Chemistry 2019
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Table 1 Data extracted from the analysis of Raman spectra in Fig. 10(a). The table reports the peak position and width (both in cm�1) of E12g and
A1g modes. The frequency difference between the two modes and the intensity ratio (A1g/E

1
2g) are also reported

E12g A1g

PA1g � PE1
2g

AA1g=AE1
2g

Position Width Position Width

One-step SL 377.1 9.1 400.9 13.4 23.8 0.45
Multi-step SL 382.6 3.6 408.2 3.9 25.6 1.456
Bulk 382.6 3.6 408.2 3.9 25.6 1.456
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exfoliated SL MoS2 on Au.21 Therefore, the PL quenching has to
be related to the nature of the metal–semiconductor junction at
the interface resulting from the synthesis process. Further study
of this effect may highlight the role of growth mechanisms in
determining the electronic and optical properties of MoS2/metal
heterostructures.

In conclusion of this section, we point out that both our PLD
growth strategies lead to the synthesis of large-area SL MoS2
lms over the whole Au substrate (about 1 cm2). The lm
uniformity was veried by means of STM and Raman
measurements in different regions of the sample (see the ESI†).
Neither the large-scale STM images (Fig. S1†) nor the Raman
spectra (Fig. S2†) revealed any difference from one sample
region to another, thus guaranteeing the large-area uniformity
of our SL MoS2 lms. The two PLD growth approaches, i.e.
multi-step vs. one-step, yield MoS2 lms with similar surface
properties, except for someminor morphological and structural
differences. By comparing the large-scale STM images (e.g.
Fig. 8(e) and 9(a)), it is found that the multi-step lm is char-
acterized by a larger fraction of 2nd layer MoS2 islands and
mono-atomic high Au patches emerge; the latter is probably due
to stress relaxation mechanisms and is not observed in the one-
step lm. These different characteristics are likely to inuence
the MoS2 vibrational properties, causing the larger down-shi
of vibrational modes observed in the Raman spectrum of the
one-step lm (Fig. 10(a)).
4 Conclusions

We studied the surface properties of SL MoS2 deposited on
Au(111) by PLD, starting from the growth of MoS2 nanocrystals
to the formation of a SL lm uniformly covering the substrate
surface on the centimeter scale. Ourmeasurements revealed the
inuence of MoS2–Au interaction on the structural, electronic
and vibrational properties, such as rotational effects on the
MoS2 lattice orientation and the modication of E1

2g and A1g
vibrational modes. We also studied the formation of in-plane
MoS2/Au heterojunctions and the atomic-scale structure of
MoS2 point defects. This investigation provides insight into the
interaction between Au and MoS2 at the 2D limit and sets the
basis for studying 2D heterostructures between MoS2 and other
metals, which is crucial for the design of contacts in MoS2-
based devices.

Our work also demonstrates how PLD, although not tradi-
tionally used for fundamental surface science, may effectively
serve as a exible technique to produce nanoscale systems as
This journal is © The Royal Society of Chemistry 2019
well as large-area device-oriented 2D lms, while meeting high
surface quality standards. Thanks to the PLD versatility, this
experimental approach can be suitably applied to the study of
more complex 2D systems (e.g. TMD alloys or 2D lateral/vertical
heterostructures), with the possibility of investigating in situ the
growth mechanisms and surface properties of the synthesized
material.
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