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ABSTRACT

We have measured the Fermi velocity of graphene on MoS2 using dual mode scanning tunneling spectroscopy. In our method, the tunnel
current (I) and the derivate of the current to the gap width (dI/dz) are measured simultaneously as a function of sample bias (V) at a
constant tip-substrate distance. Owing to the difference in lattice constants between graphene (2.461 Å) and MoS2 (3.161 Å), a moir�e struc-
ture is found with a periodicity of 1.07 nm and a twist angle of 4�. Our experiments reveal that the electronic band structure of graphene
remains intact in the bandgap region of MoS2. The Fermi velocity of graphene on MoS2 is determined to be 1:260:1� 106 m=s.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046658

The successful isolation of a single layer graphene, the first two-
dimensional material, has led to a true revolution in contemporary
condensed matter physics.1,2 In the wake of the success of graphene,
there have been many efforts to synthesize other elemental two-
dimensional materials that have properties similar to graphene.3–6

One of the most eye-catching properties of graphene is its linear dis-
persion relation. Owing to this linear dispersion relation, the electrons
behave as massless realistic particles. The Fermi velocity, is, however,
only a small fraction of the speed of light. The Fermi velocity, which
can be extracted from angle-resolved photoemission or quasi particle
interference experiments, is one of the key parameters of graphene as
it bears information on a broad range of fundamental properties. One
of the intriguing properties of graphene is that the Fermi velocity
increases with increasing electron–electron interaction.7 The latter is
in marked contrast with conventional Fermi liquids, where the Fermi
velocity decreases with increasing electron–electron interactions. The
Fermi velocity of graphene can in principle be tuned by varying the
charge carrier concentration. Owing to the logarithmic dependence of
the Fermi velocity on the charge carrier concentration, the Fermi
velocity can, unfortunately, only be varied over a small range. There
are however other ways to tailor the Fermi velocity of graphene, such
as introducing a periodic potential,8 coupling to a dielectric sub-
strate,9–11 and twisting and/or bending of the graphene sheet.12,13

The graphene revolution is not only accompanied by many excit-
ing and intriguing scientific discoveries, but it has also led to numerous
proposals for potential applications of graphene.14 As an application
or device that is based on a single layer free-standing of graphene is
not very tractable, graphene has to be placed on a support. During the
past decade, many substrates for graphene have been scrutinized.
Metal substrates are not a good choice as the electronic states of the
metal can hybridize with the electronic states of graphene near the
Fermi level. This hybridization will, most likely, destroy the unique
electronic properties of graphene. In order to decouple the key elec-
tronic states of graphene from its underlying substrate, a material with
a bandgap is required. A frequently used substrate for graphene is
SiO2. However, even this bandgap material can have detrimental
effects on the electronic properties of graphene. Due to the roughness
of SiO2, the graphene sheet becomes corrugated too. The local curva-
ture effects in graphene can lead to large pseudo magnetic fields, as
high as 100 Tesla.15 In addition, charged defects and impurities in the
SiO2 layer lead to charge puddles, which results in a decrease of the
charge carrier mobility. A substrate that is completely flat, possesses a
large bandgap (6 eV), and has the same honeycomb structure as gra-
phene, is hexagonal boron nitride (h-BN).16 h-BN seems to be the ideal
substrate for graphene as it also belongs to the class of two-
dimensional van der Waals materials. There is, however, a downside
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of using h-BN as a substrate for graphene. The lattice constants of gra-
phene and h-BN differ only by 1.8%, which results in the formation of
relatively large moir�e patterns. The periodicity of these moir�e patterns
depends on the exact twist angle between graphene and h-BN and can
be large as 13.9nm. The moir�e structure results in a weak periodic
potential in the graphene layer. In the case of massless Dirac fermions,
the chirality of the charge carriers prevents the opening of a bandgap,
but instead the moir�e structure gives rise to the development of addi-
tional Dirac cones in the electronic band structure.16 The larger the
moir�e periodicity, the closer the new Dirac cones move toward the
Fermi level of the graphene and the more they affect the properties of
the low energy electrons of graphene. It would therefore be very benefi-
cial to search for other van der Waals bandgap materials that have a
larger mismatch with graphene as this results in smaller moir�e struc-
tures. Transition metal chalcogenides are a class of two-dimensional
materials that can be considered as an appealing substrate for gra-
phene.17–21 The interaction between graphene and transition metal chal-
cogenides is expected to be very weak as both materials belong to the
class of two-dimensional van der Waals materials. In addition, transition
metal chalcogenides can be exfoliated and are therefore usually
extremely flat. The graphene/MoS2 van derWaals heterostructure exhib-
its a high charge carrier mobility,22 and the MoS2 substrate is
gapped.23,24 The combination of these properties makes the graphene/
MoS2 system very appealing for technological applications, such as field-
effect based devices,25,26 memory cells,27,28 and energy harvesting.29

In this work, we will scrutinize the structural and electronic prop-
erties of graphene on MoS2. We will first demonstrate that the linear
band structure of graphene remains intact in the bandgap region of
the MoS2 substrate. Subsequently, we will determine the Fermi velocity
of graphene using dual mode scanning tunneling spectroscopy. Our
method has a spatial resolution down to the atomic scale and does not
require the presence of scattering centers, as is needed for quasi parti-
cle interference measurements.

The experiments were performed in an ultra-high vacuum sys-
tem with a base pressure below 3� 10�11 mbar that is equipped with
a scanning tunneling microscope (Omicron micrometer STM-1). The
MoS2 samples were purchased from HQ graphene, and the graphene
samples were obtained from Graphenea, respectively. Prior to the
transfer of a monolayer of graphene to the MoS2 substrate, we peeled
off a few layers from the MoS2 substrate by mechanical exfoliation.
Electrochemically etched Pt/Ir tips were used for the scanning tunnel-
ing microscopy and scanning tunneling spectroscopy measurements.
Graphene monolayers were transferred to MoS2 via the solvent trans-
fer technique (see the supplementary material). In order to measure
the dI(V)/dz signal during the conventional open-feedback loop I(V)
measurements, we have applied a small sinusoidal signal with an
amplitude of 30mV and a frequency of 543Hz to the z-piezo.30 The
dI(V)/dz signal was measured with a Stanford Research Systems
SR830 lock-in amplifier. The dI/dV signal was obtained by taking the
numerical derivative of the I(V) curve.

MoS2 consists of trilayers, i.e., one layer of Mo atoms sandwiched
between two S layers. In nature, MoS2 occurs in two phases the so-
called 2H and 3R phases. The 2H phase, which we consider here, has a
hexagonal symmetry with a lattice constant of 3.161 Å, whereas the 3R
phase exhibits a rhombohedral symmetry. There is a third, metastable,
phase which is referred to as the 1T-MoS2 phase. This phase is metallic
and has a tetragonal symmetry.

In Fig. 1, an empty state scanning tunneling microscopy image of
the bare MoS2 substrate is shown. The MoS2 surface is quite defect
and impurity free. The most abundant defects are missing S atoms
with a typical density of about 3 � 10�3nm�2 (see the supplementary
material). A fast Fourier transform of the scanning tunneling micros-
copy image (see inset) shows the hexagonal symmetry of the MoS2
substrate.

In Fig. 2(a), filled-state (a) and empty-state (b) scanning tunnel-
ing microscopy images of graphene on MoS2 are shown. Both images
show a moir�e superstructure with a periodicity of 1.07 nm. In Fig. 2(c),
a fast Fourier transform of panel (b) is shown. The spots of the hexag-
onal (1� 1) unit cell of graphene are highlighted by green circles,
whereas the spots belonging to the moir�e superstructure are
highlighted by white circles. The white and green lines in Fig. 2(c)
reveal that there is a rotation angle of about 4� between the graphene
and the moir�e unit cells. Replicas of the moir�e spots are also visible
around the spots of the (1 � 1) graphene unit cells. In Fig. 2(d), the
structural model of the moir�e pattern is shown.

In order to obtain more information on the electronic structure,
we have recorded I(V) curves on the bare MoS2 substrate as well as on
the graphene/MoS2 regions. The differential conductivity, dI/dV,
which is proportional to the density of states, is shown in Fig. 3(a).
The MoS2 is n-type and has a bandgap of about 1.1 eV. The density of
states of the graphene layer reveals a V-shaped density of states, which
is one of the hallmarks of a two-dimensional Dirac material. The
Dirac point is located at �0.0860.02 eV. Since the scanning tunneling
spectra are recorded at room temperature the V-shaped dI/dV curve is
a bit rounded near the Dirac point. In addition, near the valence and
conduction band edges of the MoS2 substrate, the slope of the dI/dV
signal of graphene gradually increases.

In Fig. 3(b), a schematic representation of the band structure of
graphene and MoS2 is shown. The blue lines correspond to the mini-
mum of the conduction band and the maximum of the valence band
of bulk MoS2. The Dirac point of graphene is located at the K point at
an energy of �0.0860.02 eV. The Dirac points falls in the bandgap of
the MoS2 substrate. In order to obtain more information on the elec-
tronic band structure of graphene on MoS2, we recorded simulta-
neously I(V) and dI(V)/dz spectra. As mentioned before, the I(V)

FIG. 1. Scanning tunneling microscopy image (15 nm � 15 nm) of the pristine
MoS2 substrate. Sample bias 1.5 V and tunnel current 1.1 nA. The inset shows the
fast Fourier transform.
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spectrum provides information on the density of states. The dI(V)/dz
spectrum provides information on the band structure, particularly on
the dispersion of the energy bands. In principle, the dispersion relation
of the low-energy electrons can also be determined by angle-resolved
photo-emission or quasi-particle interference, a scanning tunneling

microscopy technique that measures the electron standing wave pat-
terns in the vicinity of scattering centers such as defects, impurities,
and step edges. Our method relies on dI/dz spectroscopy, a technique
that has been introduced more than three decades ago by Feenstra
et al.31,32 These authors have shown that the inverse decay length,
which can be extracted from the dI/dz signal, bears information on the
parallel momentum of the electrons that are involved in the tunneling
process.

Before elaborating on experimental results, we will first introduce
the method we have used to extract information on the dispersion
relation of the low-energy electrons in graphene. The tunneling cur-
rent as a function of applied bias voltage V and tip-sample separation
z can be approximated by a simple one-dimensional model of the tun-
nel barrier. In this simple model, the tunnel current is given by31–33

I z;Vð Þ ¼
ðeV
0

qs Eð Þqt E � eVð Þe�2jzdE; (1)

where E is the energy of the electrons and qs;t is the density of states of
substrate and tip, respectively. The inverse decay length, jðVÞ, is given
by31,32

j Vð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m

�h2
/ þ eV

2
� E

� �
þ k2==

� �s
; (2)

where m is the mass of the electron, �h is the reduced Planck constant,
/ ¼ /sþ/t

2 is the average work function of substrate and tip, and k== is
the shift in parallel momentum that the electrons encounter when
they tunnel from the tip to substrate or vice versa. For small sample
biases, i.e., eV � /;34 the derivative of the tunnel current to the gap
width is given by

dI
dz

� �
V
¼
ðeV
0

qs Eð Þqt E � eVð Þ d
dz

e�2jzdE ¼ �2jI: (3)

In the bandgap region of MoS2, the parallel momentum of the
low energy electrons of graphene is given by, k== ¼ CK � k ¼ 4p

3a � k,
where the length of the CK vector is given by 4p/3a, a¼ 0.2461nm is

FIG. 2. (a) and (b) Scanning tunneling microscopy of graphene on MoS2 recorded
at (a) �0.8 V and 1.0 nA and (b) 0.8 V and 1.0 nA. A moir�e superstructure with a
periodicity of 1.07 nm is observed. The unit cell is outlined by red lines in (b). The
rotation angle between the graphene and MoS2 substrate is 4

�
. (c) Fast Fourier

transform of image (b). The spots in the green circles correspond to the (1 � 1)
unit cell of graphene. The spots in the white circles are due to the moir�e superstruc-
ture. The two hexagonal set of spots are rotated by 4

�
. (d) Ball-and-stick model of

the moir�e pattern. The unit cell (red lines) and alignment along one of the high sym-
metry directions of graphene (dotted blue line) are highlighted in panels (b) and (d).

FIG. 3. (a) Differential conductivity (dI/dV) of the bare MoS2 substrate (blue curve) and graphene of MoS2 (red curve) vs sample bias (V). The inset point of the IV curves is
MoS2 1 V and 400 pA, graphene �0.8 V, and 1 nA. Inset (dI/dV)/(I/V) of graphene vs V. (b) Schematic representation of the electronic band structure of graphene on MoS2 in
reciprocal space. The blue lines correspond to the maximum of the valence band and minimum of the conduction band of MoS2. The red lines represent the Dirac cone of gra-
phene. The gray area corresponds to the region where Eq. (6) is applicable. The Dirac point is located at �0.0860.02 eV. (c) squared normalized inverse decay length,
j2ðVÞ=j2 �0:35 Vð Þ, vs V. The dotted lines are fits using Eq. (6) with vF ¼ 1:1� 106 m=s (blue curve) vF ¼ 1:2� 106 m=s (red curve), and vF ¼ 1:3� 106 m=s (green
curve).
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the lattice constant of graphene, and k is the wave vector of the Dirac
electrons with respect to K. The dispersion relation of the low-energy
electrons is graphene is given by, E � ED ¼ �hvFk, where ED is the
Dirac point of graphene and vF is the Fermi velocity. By inserting these
expressions in Eq. (2) we find

j Vð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m

�h2
/ � E þ eV

2

� �
þ 4p

3a
� k

� �2
" #

:

vuut (4)

By inserting E ¼ eV and k ¼ E�EDj j
�hvF

we finally find

j2 Vð Þ ¼ 2m

�h2
/ � eVj j

2

� �
þ 4p

3a
� eV � EDj j

�hvF

� �2
" #

: (5)

Since in our case V < 0; ED < 0 and Vj j > EDj j we finally find

j2 Vð Þ ¼ 2m

�h2
/ þ 4p

3a

� �2

þ ED
�hvF

� �2

þ 8p EDj j
3a�hvF

 !

� m

�h2
þ 8p
3a�hvF

þ 2 EDj j
�h2v2F

 !
eVj j þ eV

�hvF

� �2

: (6)

In Fig. 3(c), the squared normalized inverse decay length,
j2ðVÞ=j2 V0ð Þ, is plotted vs the sample bias V. As a reference we have
used the inverse decay length at V0 ¼ �0:35V . The experimental
j2ðVÞ=j2 V0ð Þ curve is fitted model by Eq. (6). The Dirac point is
located to -0.08V, see Fig. 3(a). In the range of voltages that we con-
sider here (�0,35 V, �0.8V), the term proportional to V2 is much
smaller than the term proportional to V, and therefore, the fitted curve
is almost linear. The term that is linear in V is dominated by the 8p

3a�hvF

term. The other two terms, i.e., the m
�h2
and 2ED

�hvFð Þ2 terms are, of course,

included in the fitting process, but their contribution to the Fermi
velocity is negligible.

The Fermi velocity is predicted to be inversely proportional to
the relative dielectric constant.10 The relative dielectric constant for
graphene on a MoS2 substrate can be approximated by the average
dielectric constants of the media at both sides of the graphene sheet,
i.e., �Gr ¼ �MoS2þ�vac

2 ð¼ 2:5Þ. The Fermi velocity that we extracted from
our fit (1:260:1� 106 m=s) agrees very well with available experi-
mental data and theoretical calculations.35,36

The energy dispersion can also be measured with other techni-
ques, such as angle-resolved photoemission spectroscopy and quasi
particle interference. Angle-resolved photoemission spectroscopy can
only probe filled-sates and does not exhibit the high spatial and energy
resolution that our technique offers. Quasi particle interference has the
same spatial and energy resolution, but this technique requires the
presence of defects, impurities, and/or steps, which can affect the local
electronic structure.

In conclusion, we have presented a method that allows determin-
ing the Fermi velocity of graphene on a bandgap substrate. The
method relies on a measurement of the sample bias dependent inverse
decay length in a tunneling junction. The method provides an accurate
estimate of the Fermi velocity because it is quite insensitive to the key
tunneling parameters, such as the work function of tip and substrate.
We have found a Fermi velocity of 1:260:1� 106 m=s for graphene
on MoS2. The Fermi velocity we have extracted is slightly higher than
that of free-standing graphene owing to the dielectric screening of the

MoS2 substrate and agrees very well with available experimental data.
Our method is also applicable to single component crystalline sub-
strates as well as systems where a single or bilayer of a material is
placed on a substrate.

See the supplementary material for details regarding the solvent
transfer method and a large scale scanning tunneling microscopy
image of MoS2.

Z.J. thanks the China Scholarship Council for financial
support and H.J.W.Z. thanks the Netherlandse Organization for
Scientific Research for financial support No. FV157-TWOD).
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