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ABSTRACT: Van der Waals MoS2/graphene heterostructures are
promising candidates for advanced electronics and optoelectronics
beyond graphene. Herein, scanning probe methods and Raman
spectroscopy were applied for analysis of the electronic and
structural properties of monolayer (ML) and bilayer 2H-MoS2
deposited on single-layer graphene (SLG)-coated sapphire (S)
substrates by means of an industrially scalable metal organic
chemical vapor deposition process. The SLG/S substrate shows
two regions with distinctly different morphology and varied
interfacial coupling between SLG and S. ML MoS2 nanosheets
grown on the almost free-standing graphene show no detectable
interface coupling to the substrate, and a value of 2.23 eV for the
MoS2 quasiparticle bandgap is determined. However, if the
graphene is involved in hydrogen bonds to the hydroxylated sapphire surface, an increased MoS2/graphene interlayer coupling
results, marked by a shift of the conduction band edge toward Fermi energy and a reduction of the ML MoS2 quasiparticle bandgap
to 1.98 eV. The surface topography reveals a buckle structure of ML MoS2 in conformity with SLG that is used to determine the
dependence of the ML MoS2 bandgap on the interfacial spacing of this heterostructure. In addition, an in-gap acceptor state about
0.9 eV above the valence band minimum of MoS2 has been observed on locally elevated positions on both SLG/S regions, which is
attributed to local bending strain in the grown MoS2 nanosheets. These fundamental insights reveal the impact of the underlying
substrate on the topography and the band alignment of the ML MoS2/SLG heterostructure and provide the possibility for
engineering the quasiparticle bandgap of ML MoS2/SLG grown on controlled substrates that may impact the performance of
electronic and optoelectronic devices therewith.

1. INTRODUCTION
Semiconducting molybdenum disulfide (MoS2) is a prominent
representative of transition-metal dichalcogenides (TMDCs)
that forms layered two-dimensional (2D) materials with strong
covalent bonds between metal and chalcogen atoms in the
layer and weak van der Waals (vdW) interactions between the
layers.1,2 TMDCs exhibit an intrinsic bandgap partly within the
visible spectrum,3,4 which can be tuned by the number of
layers5,6 or the dielectric properties of the environment,7 and a
large exciton binding energy allowing for charged excitons.3,4,8

By combining different TMDCs or TMDCs with other
conducting or insulating 2D materials, like for example
graphene9 and hexagonal boron nitride,10 heterostructures
suitable for nanoelectronic and optoelectronic devices can be
compiled.11−13

Especially heterostructures consisting of the photorespon-
sive MoS2 and the semimetallic graphene, exhibiting a high
carrier mobility, turn out to be an advantageous combination
for device applications.14−16 Employing the MoS2/graphene
heterostructure allows to fabricate, for example, large-scale 2D

field effect transistors, with MoS2 as channel material and
graphene as contacts, or rewritable optoelectronic
switches.15,16 Prerequisites for practical applications of the
MoS2/graphene heterostructure are high-quality MoS2 crystals,
wafer-scale processability, and large-area uniformity. Recently,
due to the technical progress in deposition methodology, the
commensurate growth of MoS2 on graphene was demonstrated
by different groups using chemical vapor deposition (CVD),17

molecular beam epitaxy,18 atomic layer deposition,19 and
metal−organic vapor phase epitaxy (MOVPE).20−22 These
high-quality thin films grown by vdW epitaxy on technically
relevant substrates show nearly strain-free MoS2 in registry
with graphene.17 Furthermore, monolayer (ML) MoS2/
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graphene heterostructures are strongly influenced by the
roughness of the supporting substrate, since graphene exhibits
a high conformity to substrates.23 Therefore, reducing the
surface roughness of the supporting substrate is essential to
ensure large-area uniformity of the MoS2−graphene interface
and to meet the demands of lithography in device fabrication.
It is well-known that the bandgap of ML MoS2 depends

strongly on charge states, biaxial strain, as well as on the
dielectric properties of the respective substrate and its
interaction strength with MoS2.

1,7,24−26 However, even if a
distinct substrate is chosen and only charge neutral, strain-free
MoS2 MLs are considered, largely varying quasiparticle energy
gaps are reported. Like this, the experimentally obtained
bandgaps reported for ML MoS2/graphene vdW hetero-
structures with seemingly constant interface coupling range
from 2.0 to 2.55 eV.17,18,25,27,28 This large range of reported
quasiparticle bandgaps for ML MoS2 on graphene can be
explained only in part by theoretical studies, which predict
possible bandgap variations caused by the modification of the
interlayer spacing and by variations of the interlayer
orientation of MoS2 with respect to graphene.29−31 Hence,
no conclusive evidence to explain the widespread experimen-
tally obtained quasiparticle bandgaps of the ML MoS2/
graphene heterostructure is available, and further investigations
are needed.
Here, we use as substrate high-quality single-layer graphene

(SLG) grown in a first CVD step on wafer-scale H2-etched c-
plane sapphire (α-Al2O3 (0001)). It has been inspected in-
depth by scanning tunneling microscopy (STM) and spec-
troscopy (STS) methods as described very recently.32 We
found that CVD grown SLG on H2-etched sapphire (S)
exhibits local variations in the SLG/S interface, emerging as
almost free-standing SLG near sapphire step edges (Gfree) and
weakly bonded SLG on sapphire terraces (Gbond), respec-
tively.32 Using this SLG/S heterostructure as a substrate, ML
and bilayer (BL) MoS2 nanosheets were deposited applying
the recently developed MOVPE process.22 In the current
study, we pay special attention to the electronic properties of
the MoS2/SLG/S heterostructure, like bandgap, band align-
ment, and in-gap states. In this connection, we focus especially
on the influence of local variations, that is, the specific
topography and the different electronic properties of the two
substrate regions, Gfree/S and Gbond/S. The results are gained
with well-established STM and STS methods revealing
electronic properties at well-defined positions on the 2D
material surface.12,32−35 These insights are additionally
supported by scanning electron microscopy (SEM), Raman
spectroscopy, and atomic force microscopy (AFM).

2. EXPERIMENTAL SECTION
2.1. Deposition Process. A time-tested process was used

to deposit a closed film of SLG on a 2″ α-Al2O3 (0001) wafer
with a nominal offcut of 0.2° toward the m-plane in a
commercial AIXTRON cold-wall close-coupled showerhead
(CCS) reactor in 6 × 2″ geometry. A thermal pretreatment of
the wafer was performed at 1400 °C under H2 at 150 mbar for
several minutes. Thereafter, SLG was deposited at 1400 °C
and 500 mbar for 160 s in a mixture of argon and CH4/H2 in a
flow ratio of 1/13.3. In a second step, MoS2 was grown in an
AIXTRON planetary hot-wall reactor in 10 × 2″ configuration
at 750 °C and 30 hPa resulting in a noncoalesced film
consisting of ML and BL nanosheets. Molybdenum hex-
acarbonyl (MCO, purity 99.9%) and di-tert-butyl sulfide

(DTBS, purity 99.999%), both Dockweiler Chemicals, served
as precursors, and N2 served as carrier gas. The MCO and
DTBS molar flows were set to 20 nmol/min and 19 μmol/min,
respectively.22 The MoS2 growth process was optimized in a
series using different MoS2 deposition times. To obtain a
submonolayer coverage, the MoS2 growth process was
intentionally set to 1 h. The samples were stored in argon,
and exposure to atmosphere was limited to minutes, which
allows a long-time storage over a month without degradation.

2.2. Surface Analysis and Optical Spectroscopy. SEM
measurements were performed using a commercial Hitachi
SU8000 electron microscope operating at room temperature
and a chamber pressure of 10−7 mbar. The SLG was grounded
during the measurements, and an acceleration voltage of 0.7 kV
was applied.
Raman spectroscopy was conducted using a room temper-

ature confocal Raman microscope (XploRa Plus, HORIBA
France SAS) equipped with a 532 nm solid-state laser. The
laser power was adjusted to 8 mW, and the beam was focused
via a 100× microscope objective lens to a spot size of ca. 0.5
μm in diameter. The MoS2 phonon active region from 200 to
900 cm−1 was recorded in 30 × 30 mapping measurements
with a step size of 0.4 μm, a 1800 mm−1 grating, an exposure
time of 8 s, and five accumulations. The graphene region from
1300 to 2900 cm−1 was recorded in 20 × 20 mapping
measurements with a step size of 0.5 μm, a 1200 mm−1 grating,
an exposure time of 8 s, and five accumulations. The
measurements were recorded using LabSpec 6 spectroscopic
suite software from HORIBA. Analysis of the spectra including
baseline subtraction and Lorentzian peak fitting was applied to
all individual spectra of the mapping measurements mentioned
above using Python (cf. Supporting Information, Figure S1).
The resulting values for the peak positions of MoS2 (E12g and
A1g) and SLG (G and 2D) as well as the corresponding
intensity ratios were plotted in histograms, which were fitted
with Gaussian shapes (Supporting Information, Figure S1).
A commercial Cypher AFM (Asylum Research) with AFM

probes from Nanosensors was used for the AFM measure-
ments. The AFM images were recorded using the tapping
mode and analyzed utilizing the Mountain SPIP analytical
software.

2.3. STM and STS Analysis. The STM and STS
measurements were performed in a commercial low-temper-
ature STM from CreaTec Fischer. The STM chamber operates
in ultrahigh vacuum below 10−10 mbar, at a temperature of 4.2
K, and with custom-made electrochemically etched tungsten
tips. The measurement parameters are given for each image in
the caption. The STM images were plane corrected and
optionally noise filtered using Mountain SPIP analytical
software. The shown STS measurements were done utilizing
an internal lock-in amplifier operating at 973 Hz. A correction
of the DC offset of the lock-in amplifier, visible in the dI/dV
data, was performed by simultaneously recording the full I/V
curves and taking the numerical derivative. The STS curves
were slightly smoothed, plotted, and analyzed with Python.

3. RESULTS AND DISCUSSION
In this study, we use as substrate the thoroughly characterized
heterostructure SLG on wafer-scale, H2-etched α-Al2O3
(0001).32 Thereon, MoS2 nanosheets were deposited applying
vdW epitaxy (MOVPE).22 SEM imaging was used for a first
large-scale analysis of the resulting 2D heterostructure MoS2/
SLG/S (Figure 1). The deposition of MoS2 with a coverage of
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20.7 ± 1.7% results in uniform hexagonal crystals with an
average diameter of 200 ± 10 nm evenly distributed
throughout the SLG surface. There is no preference of
adsorption to darker or brighter appearing surface areas of the
SLG/S substrate but a small nucleation preference at high step
edges, visible as black lines in Figure 1a. The darker and
brighter regions on the substrate, see also the left inset of

Figure 1, are due to variations in the coupling between SLG
and H2-etched sapphire. Details are described in our recent
study.32 The reduced SLG/S interlayer coupling, predom-
inantly provoked by sapphire step edges, leads to nearly free-
standing, highly conducting SLG regions (Figure 1c), while
weakly bonded SLG regions (Figure 1b) are observed on
sapphire terraces. The latter exhibit a reduced conductivity by
a factor of 4, discernible by the different contrast in SEM
images.32 The nucleation and growth of MoS2 nanosheets take
place similarly on both substrate regions, Gfree and on Gbond. In
addition to ML nanosheets (17.5 ± 1.5% of the total substrate
area), BL (3.2 ± 1.0%) and in very rare cases trilayer
nanosheets (<0.2 ± 0.2%) can be observed, all with hexagonal
shape (Figure 1a, right inset).
The vertical stacking of the heterostructures MoS2/Gbond/S

and MoS2/Gfree/S is displayed in Figure 1b,c, respectively, to
illustrate the inherent differences in interlayer spacing of Gbond
and Gfree to the H2-etched sapphire substrate. Gbond and Gfree
are located at minimum distances of 0.26 and 0.38 nm to α-
Al2O3 (0001), respectively, as deduced in ref 32. Since the
distance of 0.38 nm is considerably larger than the graphite
interlayer distance (0.334 nm), only minor vdW interactions
between Gfree and the supporting sapphire can be expected. On
the other hand, Gbond exhibits a considerable interface coupling
with sapphire as verified by the formation of a moire ́
superstructure (with a period of 2.66 nm), a bandgap opening
of graphene (about 73 meV), and the decreased conductivity
(factor 4) compared to Gfree.

32 The size of the MoS2 − SLG
vdW gap (0.34 nm) and the MoS2 ML thickness (0.32 nm) in
the schematics (Figure 1b,c) are adopted from the
literature.12,29−31

Large-area Raman mapping measurements were performed
on the MoS2/SLG/S heterostructure and an SLG/S reference
sample. Exemplary Raman spectra are given in Figure 2a
exhibiting the most prominent peaks of graphene, α-Al2O3
(0001), and MoS2, while the mean values for the characteristic
graphene (G, 2D) and MoS2 (E12g and A1g) frequencies are
listed together with the averaged intensity ratios 2D/G and D/
G in Table 1. The positions of the MoS2 Raman peaks E12g and
A1g depend on multiple factors, like the number of layers, strain
effects, the twist angle between MoS2 and graphene, as well as
doping.36−39 Consequently, a disentanglement of all different
effects from only Raman measurements is not possible.40

However, the separation between the MoS2 E12g and A1g peaks

Figure 1. (a) SEM image of the MoS2/SLG/S heterostructure with
the MoS2 nanosheets appearing in black. Left inset: magnification of
MoS2 nanosheets deposited on Gbond and Gfree. Right inset: contrast
setting was adjusted so that ML and BL MoS2 nanosheets can be
distinguished (scale bars in both insets: 0.4 μm). The SEM images
shown in the insets were recorded with higher resolution in the region
next to the main image. Schematics showing the vertical stacking of
the heterostructures in different surface regions with (b) graphene
weakly coupled to sapphire, MoS2/Gbond/S, and (c) free-standing
graphene, MoS2/Gfree/S. Color code: O (red), Al (cyan), H (blue), C
(gray), S (yellow), Mo (lime-green), and SLG π-orbitals (dark-green).

Figure 2. (a) Raman spectra of MoS2 deposited on SLG/S (blue) and a reference sample SLG/S (red). (b,c) Histograms of the D/G intensity ratio
of graphene in MoS2/SLG/S and SLG/S resulting from a 10 × 10 μm Raman map, with 20 × 20 data points.
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can be correlated to the number of deposited MoS2 layers.
While MoS2 monolayers sandwiched between two polymer
layers exhibit an E12g to A1g distance of 18−20 cm−1, the
frequency difference of BL MoS2 on the same substrate
amounts to 22 cm−1, and a value of 25 cm−1 is given for bulk
MoS2.

41 However, an ML MoS2 on graphene exhibits a
frequency difference of up to 21 cm−1.42 For the sample under
investigation, we find a bimodal distribution of the MoS2 E12g
peaks from the mapping measurements with the main peak at
385.9 ± 0.2 cm−1 and a side peak at 385.2 ± 0.6 cm−1. The
averaged peak position of the A1g peaks was obtained at 406.4
± 0.6 cm−1 (Supporting Information, Figure S1k,l). Accord-
ingly, the measured Raman signals with frequency differences
of 20.5 ± 0.6 cm−1 (between the main E12g peak and A1g) and
21.2 ± 0.8 cm−1 (between the E12g side peak and A1g) indicate
the dominance of ML MoS2, while BL MoS2 is present to a
minor amount. This is highly consistent with the above
extracted surface coverages from SEM measurements.
The values for the MoS2 E12g and A1g peak positions are

both slightly blue-shifted with respect to values around 385
and 405 cm−1, respectively, that have been determined for
relaxed ML MoS2 on a few layers of graphene (FLG) or
transferred ML MoS2 on various substrates.

40 According to the
literature, the observed blue-shift corresponds to a compressive
strain of about 0.43% assuming uniaxial strain, while it would
amount to less than 0.2% if biaxial strain is considered.17,37,41

Thus, our MoS2 Raman signals can be explained overall by the
dominating presence of ML MoS2 and minor compressive
strain, which is probably due to the difference in lattice
constants between MoS2 and graphene. It should be noted that
we observe a considerably smaller blue-shift of the A1g peak
than recently reported for ML MoS2 deposited on epitaxial
graphene on SiC (A1g at 407.2 cm−1) or on a differently
processed SLG/S substrate (A1g at 407.3 cm−1).17,18 A large
blue-shift of the A1g peak is usually interpreted as hole doping,
which obviously plays a minor role in our case.17,18,39

The mean values of the graphene specific peaks (G and 2D)
as well as the 2D/G and D/G intensity ratios of the reference
SLG/S heterostructure agree well with the corresponding
values reported previously.32 The ratio 2D/G larger than 2 and
D/G = 0.22 (Figure 2c) indicate single-layer graphene with a
low defect density prior to the deposition of the MoS2 layer.
The G and 2D peaks at 1590.0 ± 2.1 and 2684.1 ± 2.7 cm−1

are both blue-shifted compared to mean peak positions for
charge neutral, strain-free graphene with a similar interlayer
coupling (for details see Supporting Information, Figure
S2).43−45 Applying the procedure of Lee et al. to separate

the mechanical strain effect and the charge doping effect on the
Raman frequencies G and 2D, we find a minor compressive
strain of about 0.1% and a small charge concentration below
1013 cm−2 for SLG on H2-etched α-Al2O3 (0001).

46 The slight
compressive strain on SLG is due to the cool down from
deposition temperature, and the p-doping results from the
interlayer interaction with the sapphire substrate, as shown
previously.32,47

After the deposition of MoS2 on the SLG/S heterostructure,
we find the intensity ratios 2D/G and D/G (Figure 2b, Table
1) almost unchanged, pointing to a smooth deposition process
without the generation of additional defects in the SLG. While
the G peak position is almost unchanged, the 2D peak position
obtained from the MoS2/SLG/S heterostructure is further
blue-shifted (7.1 cm−1) compared to SLG/S. A major part of
this 2D peak shift is caused by an increased interlayer coupling
of SLG sandwiched between MoS2 and sapphire.

36 Yang et al.
did observe the same shift of merely the 2D peak after
deposition of MoS2 on top of SLG.48 It is attributed to an
interlayer coupling effect due to an increased dielectric
screening and the modified out-of-plane vibrations of SLG
embedded into a heterostructure.36,49 The compressive strain
and the p-doping, both observed in the SLG/S substrate as
well, are supposed to remain almost constant after MoS2
deposition (Supporting Information, Figure S2).
The MoS2 nanosheets were further investigated by high-

resolution STM and STS to determine the impact of the
distinct SLG/S substrate regions, Gbond/S and Gfree/S,
characterized by different topographic and electronic proper-
ties, on the band alignment of MoS2. In Figure 3, an ML MoS2
nanosheet with a clear hexagonal shape partially covered by a
second layer is shown. The transition between the two SLG
regions, Gbond and Gfree, of the underlying substrate is indicated
by the white dashed line in the image. A thorough step height
analysis of the features presented in the image is given in
Supporting Information, Figure S3, together with a comparison
to AFM heights. The determined apparent step heights of the
first and second MoS2 layer amount to 0.90 ± 0.02 nm and
0.63 ± 0.02 nm (Vbias = 2.3 V), respectively, and are in line
with previously reported MoS2 values for these conditions.

17

AFM measurements confirm a slight difference in step heights
between the first (0.73 ± 0.05 nm) and the following MoS2
layer step (0.67 ± 0.05 nm). Both values conform with earlier
reports of the MoS2 ML thickness determined from AFM
experiments (0.70 nm) and scanning high-resolution trans-
mission electron microscopy cross sections (0.65 nm) as well
as theoretical studies (0.66 nm).17,29,31,50

Table 1. Raman Peak Positions of MoS2 (Δω(E12g) and Δω(A1g)) and SLG (Δω(G) and Δω(2D)) as well as Corresponding
Intensity Ratios (I2D/IG, ID/IG)

a

MoS2
Δω(E12g)/cm−1 Δω(A1g)/cm−1

MoS2/SLG/S (this work) 385.9 ± 0.3 406.4 ± 0.6
MoS2/FLG

40 385.0 404.9
MoS2/SLG/SiO2

36 384.9 404.4
Graphene

Δω(G)/cm−1 Δω(2D)/cm−1 I(2D)/I(G) I(D)/I(G)

MoS2/SLG/S (this work) 1590.9 ± 1.6 2691.2 ± 3.2 2.35 ± 0.17 0.22 ± 0.06
SLG/S (this work) 1590.0 ± 2.1 2684.1 ± 2.7 2.15 ± 0.24 0.22 ± 0.08

Supported, charge neutral, strain-free SLG43−45 (see text) 1582 2676
aThe mean peak positions were taken from Gaussian fits of histograms resulting from Raman mappings (Supporting Information, Figure S1).
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High-resolution images of ML MoS2 deposited on both SLG
regions, Gbond and Gfree, exhibit no observable difference in the
atomic surface structure. An exemplary STM measurement
representing the top sulfur layer of MoS2/Gfree is shown in
Figure 3b exhibiting an S···S atomic distance of 0.317 ± 0.002
nm in good agreement with experimental values and crystal
structure data (0.316 nm).17,51−53 This finding is consistent
with the Raman measurements showing that MoS2 is not
significantly strained. A comparison of the crystallographic
orientation of MoS2 and SLG indicates a twist angle of around
2 ± 2° (Supporting Information, Figure S4), suggesting that
either no or only a very low twist angle is present.
Furthermore, a parallel orientation of the crystallographic
directions of MoS2 and SLG points to the formation of the
most stable commensurate MoS2/SLG heterostructure (hex-
agonal structure, 2H) with a supercell constructed by 4 × 4
MoS2 cells matching 5 × 5 graphene cells. The optimal
supercell is reached by a compression of the MoS2 layer of only
0.3%,29,30 all consistent with our findings. Here, we can exclude
the presence of 1T-MoS2, which is a metastable, metallic
structure that shows a significant catalytic activity (Supporting
Information, Figures S1 and S4). Furthermore, 1T-MoS2
would be unambiguously identified by its electronic states
using STS. It should be noted that no atomic defects are

observed, which are expected to be easily accessible in STM
images of MoS2 layers.

52,54,55 Therefore, we conclude that the
here deposited MoS2 nanosheets are nearly defect free due to
the chosen MOVPE deposition process.
Insights into the band structure of the MoS2/SLG/S

stacking were gained by STS measurements on multiple-ML
and -BL MoS2 nanosheets grown on Gbond and Gfree (Figure 4).
The valence band maximum (VBM) and the conduction band
minimum (CBM) were determined from curves of the
logarithm of the differential conductance (log[(dI/dV)/nS])
versus the bias voltage by fitting lines to the flanks of the curves
on both sides.34,35,56 The resulting quasiparticle bandgap
(CBM − VBM) is larger for ML than for BL MoS2 in
accordance with the literature.17 To rule out artifacts, like tip
induced band bending, STS measurements were performed
with decreasing tip−surface distance on different MoS2
nanosheets (Figure 4b). Lowering the tip from the largest
tip−surface distance, still allowing for stable measurements (at
about 6 Å) by roughly 1 Å, no variations in the VBM or CBM
are observed. Consequently, the bandgaps extracted from
Figure 4b for ML MoS2/Gfree/S (2.23 ± 0.06 eV) and ML
MoS2/Gbond/S (1.98 ± 0.06 eV) mark distinct intrinsic
interlayer properties.
Regarding the BL MoS2 bandgap (Figure 4a) we find that

for both BL MoS2 grown on Gfree and Gbond, the CBM is
measured at about 0.10 ± 0.04 eV, demonstrating that the
influence of the SLG/S interface practically vanishes on the
second MoS2 layer (Figure 4a). Compared to ML MoS2, the
VBM of the BL is shifted to −1.50 ± 0.05 eV leading to a
reduced bandgap of only 1.60 eV (exactly, 1.62 ± 0.05 eV and
1.58 ± 0.05 eV for BL MoS2/Gfree/S and BL MoS2/Gbond/S,
respectively), which is in line with measurements of BL MoS2
deposited on graphene/SiC and theoretical evaluations.5,17

Looking at the ML MoS2/SLG/S heterostructure in more
detail, we find the apparent CBM of MoS2/Gfree at 0.40 ± 0.05
eV and the one of MoS2/Gbond at 0.16 ± 0.05 eV, while in both
cases, the VBM is located at −1.83 ± 0.02 eV (Figure 4). Thus,
the stronger binding of SLG to sapphire (Gbond compared to
Gfree), which is an SLG/S interface property, shifts the CBM of
ML MoS2 to lower values and reduces the bandgap. This
implies an enhanced interface coupling of ML MoS2 to Gbond/S
compared to Gfree/S.

31 Since the distance between Gfree and
sapphire amounts to a minimal 0.38 nm (Figure 1c), MoS2/

Figure 3. STM of the MoS2/SLG/S heterostructure. (a) Single MoS2
nanosheet grown over the two SLG areas, Gbond and Gfree, indicated
by a dotted white line to enhance the visibility (Iset = 0.29 nA and Vbias
= 2.3 V). (b) Atomic-scale image of ML MoS2 on delaminated SLG
(Gfree). The lattice constant of MoS2, 0.317 nm, and a cross section
are marked (blue, Iset = 0.59 nA and Vbias = 1 V). (c) Apparent height
along the cross section indicated in (b).

Figure 4. STS measurements on MoS2 nanosheets deposited on Gbond and Gfree (Iset = 0.62 nA and Vstab = 2 V). (a) Exemplary STS curves on ML
and BL MoS2 on both SLG regions with the respective VBM and CBM marked by dotted vertical lines. Plotted are slightly smoothed raw data with
the curves corresponding to BL MoS2 shifted upward by 0.015 nA/V. The DC offset of the lock-in amplifier was corrected for each measurement
individually. (b) VBM and CBM for ML and BL MoS2 nanosheets on Gbond and Gfree as a function of the tip−surface distance, starting at Iset = 0.15
nA and Vstab = 2.0 V corresponding to 0 Å. The reduced tip−surface distances were adjusted by different stabilization voltages (Vstab = 3.0 V to Vstab
= 0.7 V) at a constant current (Iset = 0.62 nA). Each point in the diagram is the mean value out of 5 to 10 measurement points. Color code like in
(a).
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Gfree can be regarded as a free-standing heterostructure at
equilibrium conditions like described in the literature.30,50 For
such a system having minimal strain, the electronic interactions
are subtle, and no significant charge transfer is discerned
between the layers.30 Compared to this ideal vdW stacking, the
interface between ML MoS2 and Gbond is different and exhibits
a distinct interface coupling.
In principle, a reduction of the bandgap of ML MoS2/Gbond

with respect to ML MoS2/Gfree might be caused by unintended
charge effects, strain effects, an interlayer mismatch, or a
changed interlayer spacing.29−31 However, the first reasons can
be excluded, since both stackings, MoS2/Gbond and MoS2/Gfree,
are nearly charge neutral (according to Raman measurements),
almost strain-free, and exhibit a twist angle near 0°.
Consequently, a difference in interlayer spacing is supposed
to account for the observed bandgap reduction of 0.24 eV.
According to theoretical studies, the increase of interactions
between interfacial sulfur atoms (MoS2) and SLG leads to a
weakening of the intralayer Mo−S bonds and Mo d-states
expanding into the bandgap at the CB edge.24,31 In this
connection, a reduction of the interface distance of about 10%
is reported to cause a bandgap reduction of 10 to 80 meV at
maximum.30,31 This leads us to the suggestion that the here
observed bandgap reduction of ML MoS2/Gbond with respect
to ML MoS2/Gfree is related to a larger reduction of the
interface spacing, or other effects have to be considered as well.
A further reason for the bandgap reduction might be the
modification of the π-electron distribution of Gbond with
respect to Gfree. The pz-orbitals, located at the C atoms and
forming the π-electron system of Gbond, are involved in weak
hydrogen bonds to the top layer of the underlying H2-etched
sapphire and thus polarized (Figure 1b).32 A polarized Gbond is
prone to provoke a charge redistribution at the MoS2/Gbond
interface, which might weaken the intralayer Mo−S bonds
additionally, so that the bandgap reduction is enhanced
compared to a pure interlayer spacing effect. To elucidate
this point, more detailed SPM measurements were performed.

The bandgap obtained from ML MoS2 in contact with
Gbond/S was further investigated by atomic-scale STM and STS
at different conditions allowing to discriminate between surface
morphology and electronic effects. The STM images, Figure
5a,b, were measured on the identical position applying either a
bias voltage inside or outside the bandgap (see also Supporting
Information, Figure S5). Figure 5a reveals the surface layer
sulfur atoms of the MoS2 monolayer and additionally a moire ́
superstructure with the periodicity of 2.67 nm, which
corresponds perfectly to the moire ́ superstructure of weakly
bonded SLG on sapphire (Figure 5c).32 Therefore, we assume
that the defect-free ML MoS2 conforms to the underlying SLG
moire ́ superstructure with a reduced amplitude as indicated by
a comparison of the height profiles in Figure 5e. While the
SLG moire ́ structure usually exhibits apparent height differ-
ences of 40 pm (buckle−valley), the corrugation amplitude of
the ML MoS2 is around 10 pm. Some brighter buckles are
randomly distributed, like the one shown in Figure 5a, having
an apparent height of up to 16 pm. Provided that these height
differences correspond predominantly to topographical differ-
ences, the MoS2/SLG interlayer distance fluctuates periodically
over the surface. Assuming a mean interlayer distance of 0.34
nm, the variation in the S···C distance from buckle to valley
(30 pm) amounts up to 9%.
From STS curves performed on valleys and buckles (Figure

6a) of the MoS2/Gbond/S heterostructure, characteristic values
for the conduction band minimum CBM(valley) = 164 ± 3
meV and CBM(buckle) = 153 ± 3 meV are obtained. Thus,
we derive experimental evidence that a shorter MoS2/SLG
interlayer distance (at the side of the buckles) results in a shift
of the CBM toward the Fermi level, while the valence band
maximum stays almost constant (VBM(valley) = −1.840 ±
0.003 eV and VBM(buckle) = −1.841 ± 0.004 eV). Hence, the
reduction of the interlayer distance (corresponding to an
increase of the apparent height of the STS position) is
proportional to the reduction of the MoS2 bandgap (ΔBG) in
the case of the buckle structure of MoS2/Gbond (Figure 6b).
Based on the data given in Figures 5e and 6b, a slope of

Figure 5. STM images on the identical position on MoS2/Gbond/S recorded (a) with a bias outside the bandgap (Iset = 0.55 nA, Vbias = −2.2 V) and
(b) in the MoS2 bandgap (Iset = 0.55 nA, Vbias = −1.2 V); the insets in (a) and (b) show zoom-in images of the 1.5 × 1.5 nm areas marked by blue
squares. (c) STM on Gbond/S (Iset = 0.46 nA, Vbias = −2.3 V); (d) STM on Gbond/S (Iset = 0.46 nA, Vbias = −0.9 V). (e) Apparent height profiles of
the MoS2 buckle structure and the reference buckle structure of Gbond/S along the black and the green lines in (a) and (c), respectively. (f) Cross
section along the blue and the red lines marked in (b) with the red line being at the identical position as the black one in (a).
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ΔBG/Δinterlayer spacing of about 11 meV/30 pm can be
estimated, which is in agreement with the lower theoretically
deduced value.31 That is, a variation of the interlayer spacing
between ML MoS2 and Gbond causes only a minor reduction of
the ML MoS2 quasiparticle bandgap and can be ruled out as
reason for the bandgap reduction of MoS2/Gbond compared to
MoS2/Gfree of 0.24 eV. Thus, this bandgap reduction is likely
due to the modified π-electron distribution of Gbond with
respect to Gfree caused by the Gbond/S interface interactions, as
discussed above. This in turn will induce a further polarization
of the interfacial Mo−S bonds and induce an interlayer dipole,
even if no significant charge transfer is present between ML
MoS2 and Gbond.

24

The electronic properties of the MoS2/Gbond/S hetero-
structure are further evaluated with STM imaging realized with
Vbias in the bandgap, like displayed in Figure 5b. Here, the
same atomic structure as observed in Figure 5a is present, but
the topographic buckle structure is overshadowed by seemingly
random electronic structures. The brightest areas, correspond-
ing to the highest electron densities, are often found at elevated
positions on the heterostructure surface, like those marked by
blue squares in Figure 5a,b. These bright areas verify the

assumption that occasionally emerging high MoS2 buckles are
correlated to shorter S···C interface distances that enable a
stronger interface coupling. In addition, there are hints from
theoretical studies that local strain effects due to the larger
curvature of ML MoS2 may play a role at pronounced buckles
as well.30,31,57

To further elucidate this point, the MoS2/Gbond/S
heterostructure displaying surface areas with increased and
decreased charge densities (Figure 7a) has been examined by

STS with a short tip−surface distance to record possible local
in-gap electronic features.32,34 Inspecting the STS curves
obtained at random positions on the surface, we can clearly
identify the Dirac point of SLG (marked with a red bar in
Figure 7c) and a state which has been attributed to the Gbond/S
interface interactions previously (marked with an orange bar,

Figure 6. (a) Exemplary STS curves determined on a buckle (green)
and a valley (blue) on the MoS2/Gbond/S heterostructure as indicated
in the inset (STS: Iset = 0.62 nA, Vbias = 1.45 V; inset: Iset = 3.1 nA,
Vbias = 0.41 V). The green curve is shifted upward by 0.3 for better
visibility. (b) Shift of the CBM toward EF (ΔCBM = CBM(valley) −
CBM(STS position), black curve) and reduction of the BG (ΔBG =
BG(valley) − BG(STS position), red curve) with apparent height of
the STS position (the averaged apparent heights of the valleys in the
buckle structure of MoS2 are defined as 0 pm).

Figure 7. STM images of MoS2 nanosheets on (a) Gbond/S and (b)
Gfree/S (measurement conditions in the bandgap Iset = 0.5 nA, Vbias =
−0.3 V). (c) STS on MoS2/Gbond/S at the positions marked with a
red and a blue cross in (a). (d) STS on MoS2/Gfree/S at the positions
marked with a red and a blue cross in (b). All STS measurements
were taken at a tip position given by Iset = 3.1 nA and Vbias = 0.42 V.
The red crosses and red curves correspond to bright areas in (a) and
(b), while the blue crosses and curves correspond to dark areas. For
the color code of bars in (c) and (d) see text. For reference STS on
Gbond/S and Gfree/S, see Supporting Information, Figure S6. (e)
Schematic showing the MoS2/Gbond/S heterostructure with 40 pm
graphene buckles and one 160 nm graphene buckle. (f−h)
Enlargement of the areas marked in (e) with a frame (amplification
factor 5). (i) The schematic displays that bending of the ML MoS2
causes increased (decreased) S···S distances at the outside (inside)
sulfur layer (the MoS2 curvature in this schematic is amplified by a
factor of 20).
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for details see Supporting Information, Figure S6).32 Most
interestingly, an additional in-gap state is recorded at −0.91 ±
0.05 V for MoS2/Gbond/S only on bright surface areas (Figure
7c, marked by a green bar). This local interface acceptor state
shows a tendency to be located predominantly on top of
pronounced buckles (Figure 7). This finding indicates that
local bending strain effects, like observed for n-doped MoS2 on
a SiO2/Si surface with a considerably increased roughness
compared to graphene,56 have to be considered here as well.
The existence of the additional in-gap state is also verified by a
series of bias dependent STM images on the MoS2/Gbond/S
heterostructure given in Supporting Information, Figure S5.
STS measurements performed on bright areas of the MoS2/

Gfree/S heterostructure (Figure 7b,d) also exhibit the in-gap
state (−0.85 ± 0.05 V) that is attributed to local bending
strain. As discussed above, the MoS2/Gfree heterostructure
exhibits only subtle electronic interface interactions. However,
a certain roughness of the Gfree/S substrate due to sapphire
step edges or graphene ripples is given, so that local bending
strain affecting the MoS2 ML may exist. Indeed, on bright areas
of the MoS2/Gfree/S heterostructure, the local MoS2/SLG
interface state is determined likewise. Altogether, it is
correlated to exposed buckles on the SLG/S surface or other
surface roughness but not sensitive to the small variations of
the MoS2/SLG interlayer distance.
Another obvious difference between the substrate regions

Gbond/S and Gfree/S is that the latter exhibits charge
inhomogeneities, also described as electron and hole puddles,
originating from π−π orbital mixing due to the presence of
ripples in free-standing SLG (Figure 7a,b).32,58 Consequently,
MoS2/Gfree/S scanned with STM displays charge fluctuations
caused by Gfree on all images. These electron and hole puddles
can be observed best with Vbias inside the MoS2 bandgap due
to the lack of MoS2 states under these conditions (Supporting
Information, Figure S7). The charge inhomogeneities in
MoS2/Gfree/S arising from Gfree have a considerably larger
amplitude compared to the charge fluctuations located in the
vdW gap between MoS2 and Gbond in the MoS2/Gbond/S
heterostructure, as can be directly recognized from Figure 7a,b
plotted in the same color scale. This suggests a rather small
charge density in the vdW gap between MoS2 and Gbond arising
from interface coupling.
Another point worth to consider is the shift of the SLG

Dirac point due to the approach of the STM tip. In the
heterostructure MoS2/Gfree/S, we observe a shift to −0.19 V,
comparable to the one measured for Gfree/S previously.32,59

This observation confirms the view that almost free-standing
SLG forms no relevant contact to the underlying sapphire and
MoS2/Gfree can be regarded as an almost free-standing
heterostructure with only minor interface coupling exhibiting
no charge redistribution.30 In contrast, the heterostructure
MoS2/Gbond/S exhibits a shift of the Dirac point to −0.35 V.
However, this shift is in line with the shift of the CBM toward
EF present only in MoS2/Gbond/S. Consequently, we attribute
the Dirac point shift, in analogy to theory,31 to the charge
redistribution at the MoS2/Gbond interface that leads to the
formation of an interface dipole. This dipole causes a band
realignment at the MoS2/Gbond interface, which we observe as
downward shift of the Dirac point.
These results reveal the distinct influence of the SLG

coupling strength to the underlying α-Al2O3 (0001) on the
electronic properties of the MoS2/SLG/S heterostructure. We
are convinced that differences observed in the MoS2/graphene

interlayer coupling, leading for example to varying bandgap
values, can be explained, if the impact of the underlying
substrate is respected in detail. Regarding device performance
in general, besides the known direct influences on the MoS2/
SLG heterostructure, also effects influencing the SLG/S
substrate should be considered. Impacts, like aging, inter-
calation, or thermal effects, will affect the SLG/S interface
coupling and, thus, have an indirect influence on the electronic
structure of MoS2/SLG/S devices.

4. CONCLUSION
In summary, we employed vdW epitaxy using a MOVPE
process to deposit ML and BL 2H-MoS2 nanosheets in registry
on an SLG/S substrate exhibiting two distinctly different
substrate regions, Gbond/S and Gfree/S. The resulting MoS2/
Gfree/S stacking is composed of free-standing, charge neutral,
and almost strain-free MoS2 and graphene with only subtle
interface interactions. Compared to this prototypical vdW
heterostructure used as an internal reference, the increased
coupling strength of ML MoS2 toward Gbond/S was clearly
identified, which leads to a shift of the CB edge and a bandgap
reduction of 0.24 eV. ML MoS2 nanosheets deposited on
Gbond/S follow the buckle structure of Gbond with reduced
amplitude. Employing STS on the buckled ML MoS2/Gbond/S
heterostructure, we have shown that variations in the interface
spacing between ML MoS2 and SLG have only a minor effect
on the MoS2 bandgap. In addition, an in-gap acceptor state was
identified, which was attributed to local bending strain present
in ML MoS2 provoked by the local roughness of the SLG/S
substrate. These findings indicate that the interface coupling of
graphene and sapphire affects the electronic structure of the
MoS2/SLG heterostructure and, thus, substrate aging effects
might also influence the electronic properties of MoS2/SLG/S
based devices.
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Jülich GmbH and JARA-FIT, 52425 Jülich, Germany; JARA-
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