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Ida Delač Marion1,6 , Davor Čapeta1, Borna Pielić1, Fabio Faraguna2 ,
Aurelio Gallardo3 , Pablo Pou4 , Blanca Biel5 , Nataša Vujičić1 and
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Abstract
MoS2 monolayer samples were synthesized on a SiO2/Si wafer and transferred to Ir(111) for nano-
scale characterization. The samples were extensively characterized during every step of the transfer
process, and MoS2 on the final substrate was examined down to the atomic level by scanning
tunneling microscopy (STM). The procedures conducted yielded high-quality monolayer MoS2 of
milimeter-scale size with an average defect density of 2×1013 cm–2. The lift-off from the growth
substrate was followed by a release of the tensile strain, visible in a widening of the optical band
gap measured by photoluminescence. Subsequent transfer to the Ir(111) surface led to a strong
drop of this optical signal but without further shifts of characteristic peaks. The electronic band gap
was measured by scanning tunneling spectroscopy (STS), revealing n-doping and lateral nano-
scale variations. The combined use of STM imaging and density functional theory (DFT)
calculations allows us to identify the most recurring point-like defects as S vacancies.

Supplementary material for this article is available online

Keywords: MoS2 monolayer, Ir(111), atomic defects, scanning tunneling microscopy (STM),
scanning tunneling spectroscopy (STS), density functional theory (DFT), photoluminescence (PL)

(Some figures may appear in colour only in the online journal)

Introduction

The present focus on semiconducting two-dimensional (2D)
transition-metal dichalcogenide (TMD) materials in terms of
atomic scale (point) defects, with MoS2 being the most pro-
minent member of the family, is widely debated in terms of

doping and modification of its band gap size and even the
possible tuning of its direct/indirect semiconducting character
[1–9]. As in the case of graphene, defects can limit the charge
carrier performance in devices [10]. However, point defects in
TMDs provide exciting possibilities for new developments in
quantum optics and photonic technologies, as individual
defects can serve as localization sites for excitons, thus ser-
ving as single photon emitters [11]. The structure of a TMD
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monolayer is more complex than that of graphene due to its
sandwiched planar structure and its polymorphic character.
Correspondingly, the appearance of atomic scale defects in
TMDs compared to graphene relates to a richer phase-dia-
gram of various defect types [12, 13]. Another important
aspect of point defects, line defects, grain boundaries or
edges, is their chemical functionality [14], which in the case
of MoS2 can be very useful in e.g. the hydrodesulfurization
process. In any case, in order to obtain the desirable properties
for electronic, optoelectronic or catalytic applications of TMD
materials, relevant questions related to the characterization of
the atomic scale defect types and their distributions (i.e.
concentrations) must be addressed.

A viable source of material for large-scale applications is
chemical synthesis, notably chemical vapor deposition (CVD)
growth [15, 16]. Several studies report on a variation of
quality of CVD samples, with a most prominent effect on
their charge carrier mobility, with reported values scattered
over an order of magnitude, from ∼1 to ∼100 of cm2V−1s−1.
While top-down device fabrication can clearly introduce a
certain level of variation [17], the intrinsic quality of the
material is the fundamental limiting parameter regarding
electronic device performance [18], most critically in the case
of the optical performance of MoS2-based devices, directly
linked to morphology and defect structures within the single
layers [19, 20].

Analogous to graphene, where the samples of highest
quality are obtained by exfoliation from bulk [21], mechani-
cally exfoliated single layers of TMDs from bulk crystals are
generally considered to be of superior quality to CVD sam-
ples, because controlling sample homogeneity and atomic
scale quality is challenging in CVD synthesis [22]. However,
studies conducted on bulk exfoliated layers so far also indi-
cate a significant presence of naturally occurring defects,
which can severely affect the electronic properties of the
sample and have been pointed out to be responsible for the
variation of p- and/or n-doping in MoS2 devices at the nano
and micro scales [23]. The recent work of Vancso et al [24]
presents an effort to set a limit to the concentration of atomic
scale defects in MoS2 as a benchmark for possible device
performance. Mechanically exfoliated single layers from high
structural quality bulk samples were studied, leading to an
estimate of the lower limit for defect concentration. The
surprising result in the STM characterization was the rela-
tively high intrinsic concentration of sulfur mono-vacancies
present in these native samples.

Our focus was on a transferred MoS2 monolayer grown
on a SiO2/Si substrate to: (i) a single-crystal Ir(111) surface
or (ii) clean SiO2/Si substrates. While the latter route can be
considered as an initial step to prepare quality devices from
individual CVD monolayers or stacked heterostructures, the
former enabled the characterization of atomic scale defects
and local electronic properties with STM and STS; methods
that require a conductive substrate. Unlike transmission
electron microscopy (TEM) imaging, which enables the
characterization of point defects in 2D materials, but at the
same time causes the in situ activation and introduction of
atomic scale defects [12, 25–27], STM characterization

presents a non-destructive route for atomic scale character-
ization of 2D samples. Thus, using the same transfer method
to different substrates enables us to study transferred CVD-
grown MoS2 monolayers with techniques that are dependent
on the substrates’ characteristics. Furthermore, by combining
these experimental findings with DFT modeling the influence
of the substrate on the properties of the monolayers can be
explored in more detail.

Methods

An Ir(111) single crystal in a hat-shape form with diameters
of 6–8 mm, orientation accuracy better than 0.1° and purity
of 99.99% was obtained from Mateck GmbH, Germany.
Its surface was cleaned in an ultra-high vacuum (UHV)
chamber with a base pressure of 10−9 mbar using previously
established Ar+ sputtering-O2 annealing cycles described
elsewhere [28], which ensure a clean surface of high structural
quality consisting of large (cca 100 nm) terraces separated by
monoatomic steps. The quality of the surface was confirmed
with LEED and STM before taking the crystal out of the UHV
chamber. The load lock mechanism mounted on the chamber
enables relatively fast insertion and extraction of the samples
without loss of UHV conditions in the chamber.

MoS2 was grown in a homemade CVD system using
aerosol assisted CVD. The MoO3 precursor was aerosolized
in 100 SCCM ultrapure argon using a 0.5 W 450 nm laser
diode for local heating. Sulfur vapor was produced by heating
50–100 mg of S to 140 °C by a separate heater. The growth
substrate, 285 nm SiO2 on highly doped Si, was placed in the
center of the furnace and heated to 750 °C during growth.
After growth, the substrate was cooled in the furnace to
200 °C in an Ar stream before removal. Ir(111) was taken out
of the UHV chamber via the load lock mechanism, and MoS2
was transferred to Ir(111) using commercial poly-
dimethylsiloxane (PDMS) film (X0 Gel-Film from GelPak)
[29]. Briefly, a wafer with grown MoS2 was covered with the
PDMS film and floated on deionized water [30, 31]. The
penetration of the water between the MoS2 and SiO2 caused
delamination of the support film and MoS2 in a few minutes.
The released PDMS film was lifted with tweezers and, after
drying, put in contact with the Ir(111) single crystal. The
transfer process was completed by slowly lifting the PDMS
film using a micromanipulator. After the transfer, the sample
was immediately returned to the load lock, with the whole
procedure being completed within 30 min from taking it out.
The sample was annealed at 400 K (125 °C) for ≈12 h in
UHV before STM imaging.

STM and STS measurements were performed using the
Specs Aarhus VT-STM setup housed in a UHV chamber with
a base pressure in the range of 10−9 mbar. During measure-
ments the sample was held at room temperature, with the bias
voltage applied to it, while the STM tip was grounded. In
order to obtain the STS spectra that have a dominant
contribution from the sample, values of It were reduced, while
Vb increased before the feedback-loop opening for
spectroscopy in order to increase the tip-sample distance and
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maximize the sample contribution in the spectrocopy [32].
The STM data was processed using WSxM [33] and Gwyd-
dion [34] software. LEED measurements were performed at
room temperature with an Omicron LEED system and the
image from the screen was recorded with a Logitech C920
HD web camera.

SEM measurements were conducted using a VEGA 3
TESCAN microscope, with a detector of secondary electrons
(energies 5–10 kV). AFM measurements were carried out
with a Nanosurf FlexAFM in a dynamic force mode under
ambient conditions. AppNano silicon tips with a nominal
spring constant of 36–90 N m–1, a tip radius less than 10 nm
and a nominal resonant frequency of 160–225 kHz were used.
Images were processed with Gwyddion software [34].

An optical setup based on a confocal microscope in a
backscattered configuration served for photoluminescence and
Raman spectra measurements. A semiconductor laser with
532 nm (2.33 eV) excitation wavelength was focused to a spot
size with a diameter of less than 2 μm on the sample by an
objective lens (×50; N.A.=0.75). Typical integration times
were 20 s for PL and 60 s for Raman measurements and exci-
tation power of the order of 500 μW was used to avoid heating
effects [35]. The collected backscattered light was guided to a
spectrometer equipped with two gratings (300 and 1800 lines/
mm) and thermoelectrically cooled CCD was utilized for the
measurements. Bearing in mind the spectrometer focal length,
laser wavelength and grating specifications, a spectral resolution
of about 0.8 meV for 300 lines/mm grating and 1.2 cm−1 for
1800 lines/mm grating used for PL and Raman spectra collec-
tion, respectively, is obtained [36].

Density functional theory (DFT) calculations were per-
formed using the Vienna Ab initio Simulation Package
(VASP) [37, 38] under the general gradient approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) para-
metrization [39] to describe the exchange–correlation poten-
tial. VASP is a DFT-plane wave code that uses the
pseudopotential approximation following the projector aug-
mented wave (PAW) approach [40]. To include the van der
Waals interactions in the exchange–correlation potential [41],
the optB86b-vdW was employed during the simulations [42].
The energy cutoff was set to 450 eV and the tolerance for
ionic and electronic convergence to 0.01 eV/Å and 10−5 eV,
respectively. For the density of states (DOS) calculations a
smearing of 0.075 eV (SIGMA parameter) was set. The
Ir(111) surface was simulated by a four layer slab, with only
the two lower layers of the Ir slab kept fixed during the
relaxation process. To study the relative stability of the MoS2
monolayer over the Ir substrate three different positions were
investigated, with either the Mo atom, the S atom or the center
of the hollow of the MoS2 monolayer lying directly over the
Ir atoms of the topmost layer of the metal slab. The config-
uration where the Mo atoms lie directly over the Ir topmost
atoms was the most stable one by 0.5 eV and was hence
chosen as the initial geometry for our subsequent calculations.
To minimize the strain due to the lattice mismatch between
the MoS2 and the Ir, a 3×3 MoS2 supercell over a 30°
rotated ´2 3 2 3 Ir supercell was employed, doubling the

cell for the study of the defective structures. This results in a
tensile strain of 0.37% that was imposed solely on the metal.
The optimized lattice constant and band gap value for the
pristine, freestanding MoS2 monolayer are 3.164Å and
1.74 eV, respectively, in very good agreement with previous
theoretical [43–47] reports. As for the Ir surface, we found a
lattice constant of 2.73Å , also in good agreement with pre-
vious experimental [48] and DFT-based [49–51] results.

The STM images were simulated from the VASP-con-
verged results by means of the WSxM software [33], within
the Tersoff–Hamann approximation [52]. The impact of
several point-like defects in a MoS2 monolayer deposited on a
Ir(111) substrate was studied by using a 6×6 supercell. The
discretization of the first Brillouin zone was done by means of
the Monkhorst–Pack scheme, using a grid of 5×5×1
special k-points for the relaxations and of 13×13×1 for
the analysis of the electronic structure in the case of the 3 × 3
supercell, and a 3 × 3 × 1 scheme for relaxation and
7 × 7 × 1 for the 6 × 6 supercell. A vacuum layer of 20 Å in
the perpendicular direction of the slab was employed to avoid
interaction between the neighboring supercells.

Results and discussion

Macroscopic quality and optical properties of the MoS2

monolayer

A MoS2 monolayer was grown on 300 nm SiO2/Si substrates
by CVD synthesis according to the procedures described in the
methods section. The parameters for the synthesis of samples
investigated in this work were adapted to ensure homogeneous
monolayer growth over a large scale of milimeters without a
significant amount of bilayers or multilayers. Nevertheless, the
samples exhibited a small level of inhomogeneity, i.e. on sub-
strate corners individual flakes with irregular (saw-like) edges
could be found, as a consequence of the anisotropic growth
conditions. The as-grown samples were inspected with optical
microscopy (figure 1(a)), SEM (figures 1(b) and (c)) and AFM
(see supplementary figure S1 available online at stacks.iop.org/
NANO/29/305703/mmedia). SEM and AFM imaging show
the same features: uncoalesced flakes exhibit irregular edges,
with occasional 5–10 nm tall wrinkles across the flakes (on
length scales of several to hundreds of micrometers) and some
scarce adsorbates, mostly on the edges of the flakes.

We have applied a transfer procedure using a PDMS
stamp, a method which has already been successfully applied
for the transfer of atomically thin layers between a wide range
of different substrates [29–31]. The MoS2 layer was sys-
tematically examined during every step of the transfer process
with AFM, SEM, optical microscopy and PL and Raman
spectroscopy. This enabled reliable control of the macro-
scopic and microscopic quality of the samples during the
transfer process. Imaging at larger scales with an optical
microscope or SEM (see figure 1(d)) confirms the uniform
transfer of a large-area monolayer to both substrates.
Although the monolayer area extends over milimeter dis-
tances, the crystallographic orientation of the MoS2 randomly
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varies across the sample, due to the heterogeneous nucleation
and the growth of randomly oriented single-crystal flakes on the
amorphous SiO2 substrate. This was confirmed with low energy
electron diffraction (LEED), which shows a circular intensity
from all possible rotations of MoS2 on Ir(111) (shown in figure
S2(a) in the supplementary material). A zoomed-in view to the
micrometer scales with SEM and AFM (figures 1(e) and 1(f),
respectively) show almost complete transfer, with small
uncovered areas and/or negligible amount of bilayers. At the
micrometer scale, the layer shows the presence of wrinkles or
cracks every several micrometers, an effect known to be related
to the local strain imposed by the growth at elevated tempera-
tures or by subsequent mechanical manipulation. The samples
indicated high uniformity at the nanometer scale and proved
suitable for characterization with STM.

The PL spectra, presented in figure 1(g) consist of the A
(1.82–1.90 eV) and B exciton (1.96–2.03 eV) peaks, that arise
as a result of direct optical transitions from the near band edge
[35, 53]. Moreover, there is another common feature at
energies between 1.80 and 1.85 eV, associated with the
emission from charged A excitons (trions, A-) [54]. In order
to emphasize the influence of different substrates on the PL
spectrum [55, 56], we show in figure 1(g) the energies
corresponding to the A exciton transition. The extraction of
detailed quantitative information from the fitted spectra is
presented in the supplementary material, figure S3. The as-
grown MoS2 exhibits an optical band gap of 1.82 eV and
immediately upon transfer (on all three explored substrates

SiO2, PDMS and Ir(111)) the optical band gap is blueshifted
to 1.9 eV. This effect is attributed to the release of the tensile
strain imposed by the CVD growth on SiO2 due to the dif-
ference in the thermal expansion coefficient between MoS2
and the silica substrate, which results in a significant differ-
ence in contraction during the cooling process from growth to
room temperature [57]. Such strain is induced through inter-
actions with the SiO2 substrate and can be released after
transferring MoS2 to other substrates. The strain-related var-
iation of the PL peak energy was obtained by DFT calcula-
tions [57] to be 44 meV per % strain, in good agreement to the
experimental quantification for uniaxial strain [58, 59]. The
values we measure correspond to biaxial strain, which was
also recently analyzed for several different TMD single lay-
ers, including MoS2 [60]. In our experiment, the A exciton
peak shifts for about 80 meV, which corresponds to 1.57% of
the global tensile strain release in the as-grown MoS2 sample.
Similar results were obtained by other groups [35, 57].

Generally, interaction of the layered material with the
substrate influences its optical response, both in spectral
shapes and positions. Bearing in mind the spectral linewidths,
inhomogeneous broadening effects from extrinsic, substrate-
related factors result in an overall broadening of the A exciton
emission line on as-grown samples. Upon the lift-off process
from the as-grown substrate and transfer to other substrates
interaction with fresh substrates narrows the exciton emission
lines to some typical values of about 40–50 meV [61]. This
indicates that the monolayer–substrate interaction during the

Figure 1. (a) As-grown MoS2 monolayer on SiO2/Si substrate imaged with an optical microscope near the corner of the substrate. (b) SEM
image of the area near the edge of the sample, with barely coalescing flakes with an irregular saw-like edge appearance. (c) Typical SEM
image of an as-grown MoS2 monolayer on the SiO2/Si substrate. (d) SEM overview image of the entire Ir(111) sample surface area covered
dominantly by the transferred MoS2 monolayer. (e) Characteristic SEM image of a homogeneous area of the MoS2 monolayer transferred to
Ir(111). (f) Typical AFM topography image of a MoS2 monolayer on Ir(111). (g) PL and (h) Raman spectroscopy measurements of the MoS2
monolayer on different substrates, as indicated. The energies in (g) correspond to the A exciton transition, while in (h) energies correspond to
two characteristic Raman peaks: E1

2g mode (around 385 cm−1) and A1g mode (around 403 cm−1).
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CVD process is accompanied with extrinsic effects that sig-
nificantly influence PL spectra [62, 63]. However, transfer to
fresh SiO2 is triggered by the n-doping induced by the sub-
strate-borne moisture [56], which introduces a trion-related
emission featuring broader peaks and longer wavelengths.
[54, 64, 65]. On other substrates (PDMS, Ir(111)), the trion
emission is less pronounced. The as-grown MoS2, which was
not affected by the trapped moisture due to the high growth
temperature, is also known to be intrinsically n-doped
[56, 66], although the doping effect by the substrate is weaker
than that of the substrate-borne moisture for those transferred.
Thus, the trion population in transferred MoS2/SiO2 is more
pronounced compared to that of the as-grown sample,
resulting in a more complex and asymmetric PL signal.

The overall PL signal intensity for transferred MoS2/SiO2

is 64% greater than the PL intensity of the as-grown
MoS2/SiO2. The photoluminesce signal of MoS2 on PDMS
shows practically no difference in peak position and overall
higher PL intensity compared to that of MoS2 on SiO2 (both as-
grown and transferred), due to the low interaction between the
MoS2 and the PDMS substrate [67]. Indeed, it has been shown
that the optical properties of MoS2 on PDMS strongly resemble
those of the freestanding MoS2 because of the reduced charge
transfer between the PDMS and MoS2, which is much smaller
than that of the MoS2/SiO2 samples [55]. The PL intensity for
the MoS2 sample transferred on PDMS has a 3.9 times higher
intensity than the as-grown MoS2/SiO2 sample for the same
excitation parameters. However, the metallic iridium substrate
significantly lowers the PL intensity via the introduction of
additional nonradiative paths for exciton recombination (such as
charge transfer processes and dipole–dipole interaction) [55,
68–71], and the absolute observed PL intensity on Ir is 2.8
times lower than on SiO2 for the same incident laser power.

Raman spectroscopy has proven to be an effective tool to
determine not only the number of layers of MoS2, but also the
built-in strain [72] in the layers as well as their doping level
[73]. Figure 1(h) shows a comparison of the Raman spectra
measured for MoS2 single layers deposited onto the different
substrates. In the Raman spectrum, two characteristic Raman
peaks appear: the E1

2g mode (around 385 cm−1) and A1g mode
(around 403 cm−1). The distance between the A1g and E1

2g

peaks (Δ=A1g−E1
2g) was approximately 18.5 cm−1, which

is characteristic for monolayer MoS2. The intensities and
energies of the E1

2g and A1g modes are clearly modulated by
the substrate. The Raman spectrum on a specific sample was
collected at the same location where the corresponding PL
spectrum was taken. Softening of the E1

2g mode is observed
after the transfer processes, in accordance with the known
sensitivity to strain in this material [72, 74]. Rice et al [72]
measured a shift of the E1

2g mode of 2.1 cm−1 per % of
uniaxial strain, while Hui et al [74] found a shift of 4.7 cm−1

per % of biaxial strain. Bearing in mind our global strain
release after the transfer to the fresh SiO2 substrate, a redshift
of the E1

2g mode frequency by 2.9 cm−1 is thus expected in
accordance to previous studies [72, 74]. However, the A1g

mode exhibits a sizeable softening with doping [55, 56, 73],
which further supports the n-doping scenario of the sample
induced by transfer to different substrates, which was also

subsequently confirmed with STS for MoS2/Ir(111) (as ela-
borated in the following). The redshift of the A1g peak for
monolayer MoS2 on SiO2 substrates compared to the
MoS2/PDMS sample indicates an increased concentration of
electrons, both intrinsically and due to the n-doping by the
substrate-borne moisture during the transfer. The complete
absence of the Raman signal on the iridium substrate at our
experimental conditions can be explained by the fact that
iridium as a substrate suppresses the active Raman modes
[75]. Both Ir(111) [76] and Pd(111) [77, 78] are inter-
mediately between strongly and weakly interacting metal
substrates for 2D materials, where the strength of the film–

substrate interaction correlates with the ability to observe the
Raman-active phonons.

Microscopic structure and electronic properties of the MoS2

monolayer

For the STM characterization, samples transferred from the
growth substrate to Ir(111) were readily inserted into a load
lock system of an ultra-high vacuum (UHV) setup and
quickly pumped down and baked at 400 K for 10–12 h before
insertion into UHV, although the STM imaging was per-
formed at room temperature. Even though the substrate’s
exposure time to ambient conditions was short, there is a
possibility that during the transfer process a small amount of
adsorbates, e.g. water molecules, became trapped in between
the 2D overlayer and the substrate. In the UHV system,
samples were preliminarily inspected by LEED (see above
and in the supplementary material in figure S2(a)) and
extensively characterized with STM and STS. In specific
cases, when STM imaging included an area of MoS2 flake
edges, a dynamical ripping or flipping of the flake edges often
occurred (see figure S2(b) in the supplementary material).
This indicates a relatively weak bonding strength of the MoS2
overlayer to the metal substrate. In areas away from the MoS2
edges, STM imaging was very stable in the whole range of
imaging parameters used. A set of large-scale STM topo-
graphs is presented in figure 2. The characteristic feature is
clearly visible over all the scan ranges in figures 2(a)–(c) with
regard to a corrugation whose amplitude varies between
0.2 nm and 2 nm at characteristic lateral scales of 5–10 nm.
Specifically, the height variation in figure 2(c) is 0.5 nm.

The rippling of the 2D layer evokes some similarities to the
well-known moiré effect typical for epitaxial systems, such as,
for example, graphene on Ir(111) [79–82]. The distinction
between the periodic moiré structure of epitaxial graphene and a
nonperiodic long-range corrugation of the MoS2 overlayer is,
however, pronounced, and the nano-scale rippling of the MoS2
overlayer can be more directly compared to the topography of
single-layer graphene on a SiO2/Si surface [83, 84], which can
only be partly attributed to the native corrugations of the sub-
strate. Specifically, the high measured corrugation suggests that
the sample could be considered as quasi-freestanding at some
elevated areas while in close connection to the metal substrate at
others. This is supported by the STS measurements presented
below, which show a gap close to the one of freestanding
MoS2. The interaction with the Ir(111), while not strong enough
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to induce the flattening of the corrugated monolayer, is never-
theless a possible source of n-doping as confirmed by previous
works [50, 51]. The origin of the corrugations in our samples
can thus be ascribed to the laterally-varying interaction with the
substrate (as visible from atomic contrast changes in STM
imaging), keeping in mind the general notion that the
MoS2-Ir(111) interaction appears to be relatively weak, as
evidenced from the previously mentioned occasional ripping of
the flake edges during imaging. Recently, similar corrugations
were observed on epitaxial MoS2 on graphene [85], which also
exhibits a similar band gap size and position as those measured
in our sample. Finally, as pointed out earlier, in our case we
cannot exclude the possibility that the rippling effect is triggered
by randomly trapped and/or intercalated atoms or molecules
between the MoS2 and Ir(111) substrate that might have been
introduced during the transfer process.

Additional visible features in figures 2(a)–(c) include the
clear presence of Ir(111) substrate atomic steps below a
continuous MoS2 layer (light blue dashed lines in figure 2(a))
or larger adsorbate-like defects [86] visible even at the largest
scales and imaged as bright protrusions with a locally
extended dark surrounding (figure 2(a) and its inset, shown in
more detail in figure 2(b)). From our characterization it
appears that these types of defects are sometimes formed
along straight lines in a direction not necessarily correlated to
that of the Ir steps, indicating that they are intrinsically related

to MoS2. Zooming-in on such lines of larger defects does not
reveal an apparent grain boundary, instead atomic resolution
shows a continuous propagation of the crystal lattice across
the line separating individual adjacent protrusions (see
figure 2(b)). We cannot, however, exclude the possibility of
grain boundaries with very small lattice rotations, as often
observed in graphene [87], where small lattice rotations can
be noticed from the rotation of the moiré lattice, which acts as
a magnifying lens. In the absence of such a magnifying lens,
we can only argue that as long as the bright protrusions follow
the grain boundary the lattice rotation angle is within the
range of ∼1°, i.e. extremely low.

Regarding the atomic resolution imaging of the MoS2 lat-
tice without defects, we note that the lattice was imaged in two
different contrast modulations—either a honeycomb or hex-
agonal lattice—each of which shows a different relative dark-
ness of the Mo atoms and hollow sites with respect to the
(always bright) S atoms. Similar varying lattice contrast effects
are already known for graphene-based materials [88–90]. In our
case, such brightness modulations might be related to a
MoS2–metal distance variation or to a change in the interaction
between the metal and the MoS2. Changes in the tip-MoS2
distance could be responsible for the observed changes in the
atomic contrast, as suggested by Altibelli et al [91]. In that work,
even the Mo atoms were observed as bright protrusions for tip-
sample distances close to the contact regime, as a result of the
current saturation over the S atoms due to the electronic multiple
scattering. In this distance regime, other effects such as the
atomic and charge rearrangement would also have an impact on
the electronic structure, hence modifying the atomic contrast.
We must note that there is no systematic connection of the
elevated (brighter) or lower (darker) areas to either type of
contrast: as visible in figure 2(c) and in more detail in S2(c),
darker areas on the top and bottom of the image exhibit a
honeycomb lattice contrast, while the darker area in the middle
of the image exhibits a hexagonal contrast, and the same is valid
for the brighter areas. By using the well-known lattice parameter
of epitaxial graphene on Ir(111) [79] and measurements on
MoS2 performed with the same tip, we determine the lattice
parameter of our MoS2 samples to be (0.30±0.01) nm, which
is in accordance with previously reported values [92–94]. In
addition, we also tested the stability of MoS2 ML on Ir(111) to
subsequent annealing (see figure S4 in the supplementary mat-
erial), which significantly deteriorated their atomic scale quality.

In the course of the STM characterization in UHV, an
electronic band gap of MoS2 on Ir(111) was measured with I
(V ) STS at constant tip-sample separation. We note a certain
limitation of this type of spectroscopy, which is dominated by
contributions from the center of the Brillouin zone while
contributions of states with higher parallel momentum are less
pronounced. This notion has thus to be taken into account in
the interpretation of the measured values, which is also the
case of other literature values obtained by the same type of
spectroscopy. STS measurements were typically performed
after a detailed atomic resolution characterization was
obtained, to guarantee that there were no adsorbates or large
defects and/or domain boundaries within the area inspected
by STS, where the several I(V ) spectra were taken at different

Figure 2. (a) Large-scale STM image of the MoS2 monolayer on
Ir(111) with the Ir steps visible underneath indicated with dashed
pale blue lines, line of point defects (dark blue arrows) and single
point defects (pale blue arrow). (b) A zoomed-in view between the
point defects is shown in the inset of (a). (c) Typical atomic scale
STM image of the corrugations, with an autocorrelation image
shown in the inset. (d) Top: I(V ) spectra measured with STS, with
one typical spectrum in the inset. Bottom: dI/dV spectra calculated
from the measured I(V ) spectra. The gray bars show the dispersion
of the gap edges found for the different spectra, while the averaged
width of all the curves is represented with a black arrow.
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parts of the image. The procedure was repeated for different
areas of the sample, always within the area without large
defects. Since our experiments were performed at room
temperature and there is a certain level of thermal drift we
were not able to make spectroscopy measurements of indi-
vidual point defects. Measured spectra and their derivatives
are showed in figure 2(d), confirming in each case the semi-
conducting character and n-doping of the MoS2 monolayer.
The derivatives (dI/dV spectra) enabled us to make a reliable
extraction of the gap width from the individual spectra.
The determined average width of the band gap is found to be
(2.1±0.1) eV. Furthermore, from the difference between
the band gap obtained from STS and the optical band gap an
exciton binding energy of 0.2 eV can be estimated, which is
in accordance with previous reports [95–97].

We have performed DFT modeling of the freestanding
MoS2 and the aligned epitaxial MoS2 on Ir(111). Details about
the relaxation process can be found in the methods section. The
two simulated systems present idealistic situations of MoS2 (a)
without any interaction with its surrounding, and (b) one in
well-defined chemical contact with the metal substrate, which
are not strictly realized in our experimental system because the
alignment of the MoS2 varies randomly across the surface, and
because the MoS2–Ir separation changes across the sample, as
found in STM topography characterization (see figure 2(c)).
However, comparison of the DFT and experimental results
greatly helped us in qualitative and quantitative understanding
of the energy shift observed experimentally.

In the limit of the epitaxial model, DFT calculations show
that the bonding with the substrate results in hybridization of the
MoS2 states with the metal, and triggers the appearance of the
hybridized states in the MoS2 gap, thus inducing the metallization
of the MoS2 monolayer [50, 51]. This is easily understood
considering the calculated equilibrium distance is only 2.31Å ,
indicating chemisorption of the MoS2 on Ir(111). This effect is
visible in figure 3, which depicts the local density of states
(LDOS) of the Mo and S atoms of the MoS2 on Ir(111) (solid
lines in main panels of figures 3(a) and (b)) in comparison to their
counterparts in the freestanding structure, displayed in the insets.
The effect is stronger for the Mo atoms, due to their compara-
tively larger density of states, but can be also identified on the S
states, especially on those at the bottom layer, whose overlaping
with the metal states is larger. Additionally, the metal–MoS2
interaction pins the Fermi level [50, 51] and induces a shift of the
MoS2 levels by –1 eV towards negative energies. This effect can
also be seen in figures 3(a) and (b) by direct comparison between
the LDOS of the freestanding system, displayed in the insets, and
the same LDOS curves (dashed lines in the main frames), which
have been accordingly shifted and superimposed to the LDOS of
the epitaxial system as a reference. The two peaks at −0.74 eV
and 2.23 eV in the Mo’s LDOS of the freestanding case are
clearly identifiable also in the Mo’s LDOS of the epitaxial
structure, albeit now located at −1.92 eV and 1.20 eV, respec-
tively. Similar features can be recognized, although less clearly,
in the LDOS of the S atoms. The aforementioned peaks broaden
in the presence of the metal, hence confirming the metal-induced
hybridization of the states. In contrast to the ideal epitaxial sys-
tem, as previously discussed, the high corrugation of the

mechanically transferred sample and the measured gap, com-
parable to that of the freestanding MoS2, confirm the local
existence of quasi-freestanding zones over the substrate, in which
the coupling to the metal, and hence the state hybridization
leading to the gap closure, would be greatly diminished.

The simulated STM image of pristine, freestanding MoS2
within the Tersoff–Haman (TH) approach [98] show, for
energies outside the MoS2 gap, the S atoms of the top layer as
bright protrusions, then the hollow, and then darker, Mo
atoms, (as depicted in the top panel of the figure 3(c)) in
agreement with the experimental images in figure 2. This is
also the case for the epitaxial system, as shown in the bottom
panel of figure 3(c). The main difference is the modulation
induced by the moiré pattern, clearly visible in the different
contrast of the Mo atoms.

Atomic defects in the MoS2 monolayer

In principle, STM imaging on smaller scales enables the
visualization of atomic defects even before the crystal lattice is
clearly resolved, as shown in figures 4(a) and S2(d). Such
imaging also enables an insight into lateral variations of the
local concentration of point defects. For example, the upper
right area of figure 4(a) is much poorer in defects than that few
tens of nanometers to the left, which shows a much higher
concentration of defects. It is also apparent that the different
concentration of defects is not specifically related to the see-
mingly higher or lower rippled areas of the MoS2 layer, clearly
visible in larger magnification images in figures 4(b) and (c).
Defect density varies on the scale of tens of nanometers, with
the maximum local defect density found in our samples around
8×1013 cm–2, while the average value extracted from the
analysis of the obtained STM images is 2×1013 cm–2, which
is in the same range as reported for the natural MoS2 [24, 86].
Considering the fact that there are areas of the sample with
considerably fewer defects than the average, we believe that
further optimization of the synthesis parameters may lead to
even higher quality of the CVD MoS2 monolayer samples.

The visibility and appearance of the point defects in the
STM images strongly depends on the applied imaging para-
meters (bias voltage and tunneling current), as expected from
the semiconducting nature of MoS2 and in line with previous
reports [24, 86]. In contrast to the featureless larger bright
protrusions mentioned in the description of figure 2, there are
at least two types of atomic defects identified by STM. Both
types are visible only within a small range of bias voltages.
Moreover, their appearance changes within that narrow
voltage range and we could resolve different shapes. Exam-
ples of similar looking shapes are indicated by circles or
arrows in figures 4(b)–(e). For the additional STM images
obtained with different imaging parameters, please see the
supplementary material (figure S5). Some insight into the
nature of these imaged atomic defects can be gained with the
help of the DFT calculations presented below.

DFT calculations regarding the atomic defects were
focused on four types of point-like defects, which according to
the literature [12] and method of growth appear as the most
probable ones induced during the growth process: an S vacancy
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at the top layer of the MoS2, an S vacancy at the opposite side
of the monolayer (i.e., closer to the metal substrate), a vertical S
divacancy, and an S adatom at the MoS2 top layer. Extensive
analyses of the stability and the structural and electronic prop-
erties of these defects and their calculated STM images for the
freestanding MoS2 monolayer have been performed in previous
works [2, 95, 99–102]. The main effect of the point-like defects
containing S vacancies on the electronic structure of the free-
standing MoS2 is the introduction of several localized states in
the LDOS midgap, associated to the dangling bonds created by
the suppression of the S atoms (see figures S6 and S7 in the
supplementary material). In the case of the S adatom this peak is
pinned at the Fermi level at the top of the MoS2 valence band,
with no additional peaks appearing at the midgap.

The simulated TH-STM images at a bias voltage of
−0.1 V, corresponding to valence band states close to the
Fermi energy, are displayed in the top panel of figure 5, and
show the S vacancy at the top layer as a bright spot, which
largely comes from the contribution to the LDOS of the
neighboring Mo dangling bonds, surrounded by a narrow
darker halo and, further away, by a very bright feature
extending over 2–3 of the nearest neighbors. However, the
dark halo surrounding the vacancy is spread over the neigh-
boring atoms when the tip approaches the MoS2 at the
opposite side of the vacancy (or, equivalently, when the
missing S atom is located at the bottom layer). The simulated
STM images of the S divacancy present a strong resemblance
to those of the S monovacancy in the top layer, rather than to

Figure 3. Local density of states (LDOS) of the Mo (a) and the S (b) atoms for both the epitaxial (solid lines) and the freestanding (dashed
black line) MoS2 monolayer. The insets show LDOS of the Mo (a) and S (b) atoms for the freestanding MoS2 monolayer. For comparison,
the LDOS of both the Mo and the S atoms in the freestanding monolayer is shifted by –1 eV and superimposed to that of the epitaxial MoS2
atoms in the main panels. The metal substrate induces a shift of ∼1 eV towards negative energies to the LDOS of the MoS2 monolayer.
(c) TH-STM simulated images for the pristine freestanding MoS2 (top) and the epitaxial MoS2/Ir(111) system (bottom) at V=−0.1 eV.

Figure 4. STM images of the atomic defects exhibiting dependence of their appearance on the imaging parameters. Generally, (up to) two
types of defects can be distinguished, with similar looking defects in (b)–(d) indicated by arrows and circles. (a) Larger area with variations in
defect density (Vb=170 mV and It=1.2 nA). (b) Vb=260 mV and It=3 nA, (c) Vb=−136 mV and It=−1.4 nA, (d) Vb=51 mV and
It=1.6 nA. (e) Zoomed-in area around the indicated defects in (c) (Vb=−136 mV and It=−1.4 nA). (f) Zoomed-in view of a triangle-
shaped point defect (Vb=−136 mV and It=−1.8 nA).
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the images of the S vacancy in the bottom layer, which might
help to aid their discrimination when observed experimentally.

For all the S vacancies studied here, and for bias voltages
at the defect level energy within the gap energy range, the
contribution to the LDOS of the dangling bonds associated to
the defect is the only one available in the midgap, and hence
only the states associated to the dangling bonds left by the
missing atoms can be seen, appearing as as a bright spot in the
TH image (not shown). As for the adatom, its strong
contribution to the LDOS at energies close to the Fermi level,
in addition to its higher location over the monolayer, is
responsible for the broad, bright spot in the STM images, in
clear contrast to the S vacancies’ defects.

The n-doping induced by the metallic Ir(111) substrate
dramatically modifies the LDOS of the defect states for the S
vacancies, splitting the sharp, very localized peaks into sev-
eral ones, and broadening them as a result of their hybridi-
zation with the metal states (as elaborated in more detail in
figures S6 and S7 in the supplementary material). The defect
states are indeed much more affected by the metal substrate
than the states of atoms lying further apart from the defect
site, which remain practically unaltered except for the shift
towards negative energies mentioned previously. The defect
states are located very close to the Fermi level for all three S
vacancy cases. The adatom defect strongly differs again from
the other three studied defects, and besides the energy shift
induced by the n-doping and a minor broadening its appear-
ance is remarkably similar to that of the freestanding case.

As seen in the TH-STM images in the top and bottom
panels of figure 5, compared to the freestanding case, in the
epitaxial system the point-like defects considered here have a
much smaller effect on the surrounding atoms (up to ≈5Å) at
energies in the vicinity of the freestanding MoS2 gap. This is
more easily distinguished from the STM images, since the

LDOS of the surrounding S atoms and that of the next-
neighbors Mo atoms exhibit only minimal variations. For the
S vacancies, the simulated STM images in figures 5 and S8 in
the supplementary material show, also at energies close to the
defect energy, a dark, triangular-shaped hole where the defect
should be, even for the case of the S vacancy at the bottom
layer. The rationale behind this is that the metal-hybridized S
states are still more easily accessible than the very localized
defect state, increasing their visibility, and the lost contrib-
ution to the DOS from the missing S atom leads to a decrease
in the current and hence to the dark spot right at the vacancy
site. The STM image of the S divacancy retains its strong
similarity to that of the single S vacancy at the top MoS2
layer, making them barely distinguishable. Thus, we can
confirm that the defects seen in the experiment as dark tri-
angles correspond to point-like, missing S related defects,
while the more complex-shaped ones could not be unambi-
gously identified. As for the S adatom, the metal considerably
reduces the extension of the bright spot found for the free-
standing case, but its STM image shows nevertheless the
characteristic bright spot associated to the adatom states’
contribution to the MoS2 LDOS (figures 5 and S8).

Conclusions

In this work we have established a reproducible transfer
procedure of large-scale MoS2 monolayer samples obtained
by CVD synthesis onto a well-defined single-crystal metal
substrate. In the course of this work we directly compared the
spectroscopic and microscopic properties of CVD samples.
The characterization of the transferred samples indicates high-
quality millimeter-sized monolayers with a low defect density
within the range of values reported for natural MoS2. We

Figure 5. Simulated STM images for the freestanding (top panel) and the epitaxial (bottom panel) MoS2 monolayer. From left to right:
pristine structure, S vacancy at the top layer, S vacancy at the bottom layer, S divacancy, and S adatom. The ball-and-stick models on top of
the figure showcase each type of defect. S atoms are shown in yellow, Mo atoms in cyan, Ir atoms in dark blue, and the gray atoms show the
position of the missing S atoms. The images were taken at a bias voltage V=−0.1 V and an isosurface value of 2×10−6 for the
freestanding system and 1×10−6 for the epitaxial one.
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have investigated the influence of the substrate regarding the
electronic structure, doping and the exciton response by
measuring optical properties (PL and Raman spectroscopy),
STS and DFT simulations. Our samples exhibit n-type doping
that can be attributed to the intrinsic presence of defects, the
substrate-borne moisture introduced during the transfer pro-
cess and/or the interaction with the metallic substrate. During
the transfer process, immediately after lift-off from the sub-
strate on which the layer was synthesized, release of the
tensile strain occurs as evidenced from the widening of the
optical band gap. Upon transfer to the Ir(111) surface there is
a strong suppression of the PL signal due to interaction with
the metallic substrate. From the difference of the electronic
band gap measured by STS of 2.1 eV and the optical band gap
from PL of 1.9 eV, an estimated exciton binding energy of
∼0.2 eV is obtained. A comparison of the experimental
findings and simulations considering freestanding and epi-
taxial MoS2 on Ir(111) suggests that the investigated samples
on Ir(111) are quasi-freestanding or weakly coupled to the
substrate, based on the observation of the semiconducting
band gap, nano-scale rippling of flakes and weak binding of
the flake edges. The observed height variations across the
sample could be connected to topographic corrugation,
interaction with the substrate or to the possibility of trapped/
intercalated atoms between the monolayer and the Ir substrate
introduced during the transfer process, in which case they
could influence the MoS2-substrate interaction and hence the
sample doping. The simulations of the defects explain the
observation of two main types of defects in STM images, with
the possibility of the S vacancy on the top layer and diva-
cancy looking the same (as a dark triangle or circle). Also,
since all three types of S vacancy defects give rise to non-
dispersive states in the gap at similar energies, it is expected
that they should be visible for the same imaging parameters.
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