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Study of graphene plasmons in graphene–MoS2
heterostructures for optoelectronic integrated
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The performance of electronic circuits is becoming limited by on-chip digital information transmission.
Graphene plasmons with ultra-high conﬁnement and low damping rates oﬀer an eﬀective solution to this
problem as they allow for the implementation of optical interconnects. However, direct contact with the
semiconductor always deteriorates the plasmonic properties due to large damping of the plasmon in the
semiconductor. Here, we studied graphene plasmons in heterostructures of graphene and monolayer
MoS2 which represents a promising semiconductor for next-generation electronic devices. The graphene
plasmons in the heterostructures were systematically evaluated in terms of their resonance frequency,
intensity, lifetime and electrical tunability and were found to keep their main characteristics. Experimental
results exhibited both a redshift in the plasmon frequencies and a decrease in the resonance intensity for
both graphene/MoS2 and MoS2/graphene devices when compared with graphene devices at the same
gate bias. These results could be attributed to changes in the dielectric constant and eﬀective doping of
graphene. Furthermore, the conductivity saturation on the electron branch in the back-gated
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graphene/MoS2 device cancelled the electron plasmons. These ﬁndings demonstrate that electrically
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tunable graphene plasmons can be realized in contact with semiconducting MoS2. Our results provide a
platform for the investigation of the integration of semiconductor-based electronic and optoelectronic
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devices with plasmonic devices through van der Waals heterostructures.

Introduction
There is increasing demand for faster information transport
and processing capabilities in our society. Although it is now
routine to produce smaller transistors, there is a major problem
in carrying digital information between microprocessors on a
chip. The delay of electrical interconnects becomes a substantial limitation to the speed of digital circuits.1 Surface plasmon
polaritons, a promising candidate for optical interconnects
which can be realized at the nanoscale, have the potential to
realize larger and faster data carrying capacities.2–5 Recently,
graphene plasmons have been demonstrated to possess excellent properties for use as a waveguide, i.e. intrinsic ultra-high
confinement and low damping due to the unique properties of
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Dirac fermions in graphene.6–8 Graphene plasmons can shrink
light more than 100 times and a lifetime of about 500 femtoseconds has been experimentally achieved.7 They can operate
over a broad frequency range from near-infrared to terahertz,
and can be electrically tuned in situ.9–11 From another perspective,
due to its electrically tunable Fermi level,12 graphene is a
superior material for electrodes which can provide Ohmic
contact in miniaturized electronic and optoelectronic devices,
especially for those based on two-dimensional (2D)
materials.13,14 The use of MoS2 as the channel electrode and
graphene as the contact electrode has been experimentally realized in single field-eﬀect transistors and even in large-scale
integrated 2D electronic circuits,13–15 in which a graphene and
MoS2 heterostructure is formed at the electrode contact area.
Based on the two aspects outlined above, graphene plasmonic waveguides can perform a dual function and simultaneously
carry both optical and electrical signals, giving rise to exciting
new capabilities. However, the integration of plasmons into
semiconductors always deteriorates the lifetime of the plasmon
due to extensive absorption inside the semiconductor
medium.16 Although we chose one of the thinnest semiconductors, monolayer MoS2, to decrease the damping, the
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plasmonic properties of the graphene should be exactly studied
before any practical applications are explored. Moreover, graphene’s plasmonic properties depend principally on its electrical properties, such as carrier density and mobility.7,17 Previous
studies have reported charge transfer at the interface of graphene and monolayer MoS2. For example, in a graphene/MoS2
heterostructure with a back gate, saturation of graphene’s transport on the electron branch was observed due to the negative
compressibility of the MoS2 electron system.18 Carrier doping
and transfer result in the formation of graphene p–n junction
between the graphene/SiO2 and graphene/MoS2 boundary.19
These properties suggest that the graphene in graphene–MoS2
heterostructures possesses rich and tunable electrical transport
properties, thus we expect graphene–MoS2 heterostructures to
possess rich and tunable plasmonic properties.
Here, we report on a combined experimental and simulatory
investigation of the plasmonic properties of graphene–MoS2
heterostructures.
The
plasmonic
properties
of
the
MoS2/graphene, and graphene/MoS2 devices supported on SiO2
substrates were comparatively studied with those of graphene
devices on SiO2 using far-field infrared spectroscopy. The main
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features of the plasmons in the graphene–MoS2 heterostructures
remained, although the resonance frequency redshifted and the
resonance intensity decreased compared to the bare graphene
device at the same gate bias (ΔCNP = Vg − VCNP, where ΔCNP is the
gate bias, Vg is the gate voltage, and VCNP is the gate voltage at
the charge neutral point). The electron plasmons of the
graphene/MoS2 device were too weak to be distinguished due to
the negative compressibility of MoS2, while the hole plasmons
could be normally observed. Our results demonstrate the possibility of integrating graphene plasmonic devices with semiconductor-based electronic and optoelectronic devices.

Results and discussion
Device fabrication and characterization
In order to investigate the eﬀects of monolayer MoS2 on graphene plasmons, four kinds of device were fabricated on
SiO2/Si substrates: MoS2, graphene, graphene/MoS2 and
MoS2/graphene nanoribbon arrays, with the MoS2/graphene
device illustrated in Fig. 1a. MoS2 and graphene were grown on

Fig. 1 (a) FTIR measurement scheme for electrically tunable graphene and MoS2 heterostructures. Here, the MoS2/graphene nanoribbon array is
used as an example. (b) Raman spectra of MoS2/graphene, graphene/MoS2, MoS2, and graphene on an SiO2/Si substrate, obtained using a 514 nm
excitation wavelength. (c, d, e) Top: AFM image of the graphene, MoS2/graphene, and graphene/MoS2 devices (scale bar = 200 nm). Bottom: linescan proﬁle of the top image, corresponding to the black line. The ribbon width (W) is 100 nm and the width to pitch ratio is 1 : 1. The thicknesses of
the graphene, MoS2/graphene, and graphene/MoS2 nanoribbons are about 2.1 nm, 3.1 nm, and 4.0 nm, respectively.
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sapphire and copper foil, respectively, via chemical vapor
deposition (CVD), and were then transferred onto the target
substrates.20,21 The graphene and MoS2 used in these devices
were taken from the same batches in order to minimize the
impact of material diﬀerences. Fig. 1b displays the Raman
spectra of the MoS2/graphene, graphene/MoS2, MoS2, and graphene. Two typical Raman peaks for MoS2, the out-of-plane
vibration of the S atoms (A1g at ca. 402 cm−1) and the in-plane
vibration of the Mo and S atoms (E2g1 at ca. 383 cm−1), are
observed with a frequency diﬀerence smaller than 20 cm−1,
confirming the monolayer nature of MoS2.22,23 The Raman
spectra also confirm the monolayer nature of graphene,
because the intensity of the 2D peak (at ca. 2700 cm−1) is
roughly 2 times that of the G peak (at ca. 1580 cm−1).24
The MoS2, graphene, MoS2/graphene, and graphene/MoS2
films were patterned into electrically continuous nanoribbon
arrays with a 1 : 1 width-to-pitch ratio. The ribbon widths were
characterized by atomic force microscopy (AFM) (Fig. 1c–e and
S1b in the ESI†) to be 100 nm, with the graphene, MoS2,
MoS2/graphene, and graphene/MoS2 nanoribbons possessing a
uniform thickness of ca. 2.1 nm, 1.9 nm, 3.1 nm, and 4.0 nm,
respectively. These values are larger than the thickness of a
single layer of graphene (0.35 nm (ref. 25)) and MoS2 (0.6 nm
(ref. 26)), which may be attributed to residual poly(methyl
methacrylate) (PMMA) on the graphene during the transfer
process and partial etching of the SiO2 substrate in the O2
plasma etching process.Ti/Au (5 nm/60 nm) metal stacks were
deposited as the source and drain electrodes (an optical microscope image of the device can be viewed in Fig. S1a in the ESI†).
A titanium buﬀer layer was used to form an Ohmic contact with
the MoS2 or graphene layer and to increase the adhesion force
of the Au electrodes. The tunneling barrier height was zero
between the Ti and MoS2 under the electrodes, due to the
metallic behavior of the Ti–MoS2 system.27 P+ doped Si beneath
the 300 nm SiO2 layer was used as a back gate electrode. The
Isd–Vsd curves measured from the bare graphene and MoS2
devices both exhibit a linear relationship (Fig. S2 in the ESI†),
confirming the formation of an Ohmic contact.
Electrical measurements
All electrical measurements were performed using a semiconductor parameter analyzer under ambient conditions. The
transport properties of the bare MoS2 devices were evaluated
and a transfer curve (Isd–Vg) at Vsd = 100 meV is shown in
Fig. 2a. The device was observed to possess an n-doped behavior with a minimum Isd at Vg = −37 V, which may be attributed
to S vacancies.28 The carrier mobility of the MoS2 device was
calculated to be ca. 13 cm2 (V s)−1, which is comparable to previously reported values.29,30 When Vg = 0 V, the calculated electron density and Fermi level in MoS2 was 2.77 × 1012 cm−2 and
9.5 meV, respectively (see calculation of carrier density, Fermi
level, and mobility in the ESI†).
The transfer curves of the graphene, MoS2/graphene and
graphene/MoS2 nanoribbon devices are shown in Fig. 2b.
Three key trends can be identified in these curves. Firstly, the
Isd values of the MoS2/graphene and graphene/MoS2 devices
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Fig. 2 (a) Transfer characteristics of a MoS2 device. Inset: Enlarged view
of the minimum current obtained at Vg = −37 V. (b) Transfer characteristics of the graphene, MoS2/graphene, and graphene/MoS2 devices.
The light red strip indicates the increase in Isd of electron branch with
the variation of gate voltage is extremely slow compared to its dramatic
decrease of hole branch for the graphene/MoS2 device. (c) Schematic
band diagram of the MoS2/graphene device with Ti metal in the isolated
state. (d) Schematic band diagram after graphene contact with MoS2
without applying an electric ﬁeld.

are in the same order of magnitude as those of the bare graphene device, but are two orders of magnitude larger than
those of the MoS2 device, suggesting that transport is mainly
graphene controlled. Secondly, the VCNP (at ca. 50 V) value for
the graphene/MoS2 device was considerably smaller than for
the graphene and the MoS2/graphene devices (not observed in
the region less than 100 V). Graphene is heavily p-doped here,
which may be due to residual PMMA and H2O molecules31 or
surface dangling bonds on the SiO2 substrate.32 Once the
graphene was brought into contact with the MoS2, electrons
transferred from the MoS2 to the graphene, as the work function
of MoS2 is smaller than that of graphene (as displayed in
Fig. 2c). This process weakens the p-doping eﬀect in the graphene and leads to the formation of a Schottky barrier at the
interface in the absence of a gate voltage (Vg) (Fig. 2d). MoS2
beneath the graphene can further reduce the p-doping from the
SiO2 substrate. Thus, the VCNP value of the graphene/MoS2
device is the lowest among the three systems. Thirdly, the
electron branch of the transfer curve of the graphene/MoS2
device is very diﬀerent from those of the graphene and
MoS2/graphene devices.33,34 As shown, the increase in Isd for the
graphene/MoS2 device is extremely slow and reaches saturation
when Vg approaches 100 V. This result is attributed to the lower
mobility of electrons in MoS2 compared to graphene and also
the band arrangement in the graphene/MoS2 heterostructure,
which is induced by a suﬃciently large positive gate voltage.18
Once the Fermi level of graphene is higher than the MoS2 conduction band edge, gate-induced electrons in graphene can
easily transfer to MoS2 without a barrier, resulting in an electron
increase in MoS2 and an electron decrease in graphene.
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Plasmons in graphene–MoS2 heterostructures
The graphene plasmons in the heterostructures were measured
by Fourier transform infrared (FTIR) microscopy, as shown in
Fig. 1a. Graphene layers were etched into nanoribbon arrays to
excite the plasmons. A single-beam transmittance spectrum
collected at the charge neutral point (TCNP) was used as the
background spectrum and the single-beam transmittance
spectrum (T ) at each Fermi level was measured to obtain the
extinction spectrum using the equation 1 − T/TCNP.35–37 Each
measurement was repeated three times to confirm the extinction spectra. The extinction spectra of the as-prepared
MoS2/graphene, and graphene/MoS2 devices are plotted in
Fig. 3a and b, respectively. As a comparison, Fig. 3c shows the
extinction spectra of the bare graphene nanoribbon array.
There are three peaks in all of these extinction spectra
(denoted peak 1, peak 2, and peak 3), which originate from
hybridization between the graphene plasmon and two surface
optical phonons of the SiO2 substrate, denoted as SO1
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(806 cm−1) and SO2 (1168 cm−1).38 The small features observed
between 1000 cm−1 and 1200 cm−1 in the extinction spectra
may be attributed to the rapidly varying dynamic dielectric
function of the SiO2 substrate,38 and the change in the graphene Fermi level. These peaks were also observed in the IR
absorption spectra of the SiO2/Si substrate covered by the graphene film with a varying Fermi level (Fig. S3 in the ESI†).
As shown in Fig. 3a–c, plasmons in the heterostructures of
graphene and monolayer MoS2 exhibit similar properties to
those in bare graphene. Monolayer MoS2 does not introduce
new peaks into the extinction spectra in our detection region
(from 675 cm−1 to 4000 cm−1), because there are no IR-active
phonons nor any plasmon resonance in this region.39,40
Control experiments of the bare MoS2 device and the MoS2
film/graphene device further prove that there is no resonance
absorption for MoS2, as shown in Fig. S4 in the ESI.† This may
be attributed to the low electron concentration
(1012–1013 cm−2) of MoS2 in our experiments. Theoretical
studies indicate that plasmon resonances of two-dimensional

Fig. 3 (a, b, c) Extinction spectra of the MoS2/graphene, graphene/MoS2, and graphene nanoribbon array devices on SiO2 measured at varying gate
bias ΔCNP, ΔCNP = Vg − VCNP. Ribbon width (W): 100 nm. (d, e, f ) Simulated extinction spectra of MoS2/graphene, graphene/MoS2, and graphene
nanoribbon array devices on SiO2. The corresponding |EF| is shown above each curve. The simulation results match well with our experiment data.
Extinction curves with the same color were measured at equivalent gate bias values. SO1 and SO2 represent the two surface optical phonons of
SiO2 at 806 cm−1 and 1168 cm−1, respectively. The small peaks between 1000 cm−1 and 1200 cm−1 may be attributed to the rapidly varying dynamic
dielectric function of the SiO2 substrate in this region.
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MoS2 with a carrier concentration of 1012–1014 cm−2 appear in
the far-infrared and terahertz regimes.39
The electrical tunability of graphene plasmons remained in
the heterostructures of graphene and monolayer MoS2. As displayed in Fig. 3a and b, three resonance peaks shift to blue as
|ΔCNP| increases due to the increased charge density. We
extracted the value of all of these resonance peaks at each gate
voltage and plotted them as a function of ΔCNP in Fig. 4a.
From this figure, the tunability of plasmons in the heterostructures is obviously shown. Although the main features of
the plasmons in the heterostructures remain, the introduction
of monolayer MoS2 induced frequency and intensity changes
in the resonance peaks. Compared with bare graphene
devices, the resonance peaks of both the MoS2/graphene and
graphene/MoS2 devices exhibit a redshift, as shown in Fig. 4a.
For instance, when ΔCNP = −120 V, peak 1, peak 2, and peak 3
of the MoS2/graphene device redshift by 43 cm−1, 88 cm−1,
and 125 cm−1, and the peaks of the graphene/MoS2 device redshift by 65 cm−1, 111 cm−1, and 133 cm−1 compared to the frequencies of the bare graphene device at 814 cm−1, 954 cm−1,
and 1382 cm−1. Furthermore, the peak intensities of the
heterostructures are weaker than that of the bare graphene
device. For example, when ΔCNP = −120 V, the highest peak
intensities for the graphene, MoS2/graphene, and
graphene/MoS2 devices were 0.73%, 0.48%, and 0.23%,
respectively.
The frequency redshift and strength reduction of plasmons
in the heterostructures of graphene and monolayer MoS2 are
due to changes in the environmental dielectric and the
eﬀective Fermi levelpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
of graphene, according to the
equation:9,41,42 ωpl ¼ e2 EF q=ð2πℏ2 ε0 εr Þ, where e is the electron charge, EF is the Fermi level of graphene, q is the wave

Fig. 4 (a) The dependence of the resonance frequency of graphene
(violet), MoS2/graphene (green), and graphene/MoS2 (red) on the gate
bias |ΔCNP|. For graphene/MoS2, the resonance was too weak to identify
the peak positions at |ΔCNP| = 50 V, so the peak positions are not shown
here. The two gray dashed lines show the positions of the SO1 and SO2
phonons of the SiO2 substrate. (b) The calculated eﬀective voltage on
graphene for the bare graphene (violet), MoS2/graphene (green), and
graphene/MoS2 (red) devices at varying gate bias |ΔCNP|.
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vector which can be determined by the ribbon width W via q =
π/W, ℏ is the reduced Planck constant, ε0 is the vacuum permittivity of free space, and εr is the average dielectric constant of
the environment around graphene. Here, for all the devices,
W = 100 nm, which means that the value of q is fixed at a value
of 3.14 × 105 cm−1. Thus, the resonance frequency is determined by two variables: EF and εr of graphene. The εr value of
1
the graphene/SiO2 devices is εr ðG=SiO2 Þ ¼ ðεair þ εSiO2 Þ ¼ 2:45,
2
where εair = 1, and εSiO2 = 3.9.43 Because the reported static relative permittivity for single-layer MoS2 is εSL−MoS2 = 3.7,44 which is
slightly smaller than that of SiO2 and much larger than εair, the
εr value for the graphene/MoS2 device is slightly smaller than
εr(G/SiO2), and the εr value for the MoS2/graphene device is large
than εr(G/SiO2). However, the resonance frequencies of the bare
graphene devices are much higher than those of the two heterostructured devices, and the frequencies of the graphene/MoS2
devices are lower than those of the MoS2/graphene devices at
every ΔCNP value (Fig. 4a). These results indicate that the EF of
graphene in the graphene/MoS2 device is the lowest at the same
value of ΔCNP. The EF value in the bare graphene device was calculated using a parallel plate capacitor model (details in ESI†), as
marked in Fig. 3f.
The plasmonic behavior of the MoS2/graphene,
graphene/MoS2 and bare graphene devices were also studied
via a finite element method. The simulated results corresponding to Fig. 3a–c are shown in Fig. 3d–f. An eﬀective electrical ribbon width of 68 nm (ref. 37) and a width-to-pitch ratio
of 1 : 2 was used for all of the devices (see more details of the
simulation method in the ESI†). For the bare graphene
devices, the calculated EF values were used in the simulation
and the obtained simulated curves (Fig. 3f ) were found to be
in good agreement with experimental results (Fig. 3c). For the
heterostructured devices, the EF value of graphene was used as
a variable in the simulation and was adjusted to get the best
fitting curves (the EF values used are shown in Fig. 3d and e).
The resonance frequencies of each of the three peaks correspond closely to their experimental values and their resonance
intensities were also in good agreement with the experimental
values. The resonance intensities of the bare graphene devices
were found to be approximately 2 times that of the
MoS2/graphene devices and 4 times that of the graphene/MoS2
devices. The plasmon resonance intensity of graphene is
closely related to its EF value, with large |EF| values tending to
indicate a strong resonance intensity.45,46 Thus, the simulation
results indicate that the graphene plasmon keeps its main features in the heterostructures of graphene and monolayer MoS2
while the eﬀective EF and εr values determine its resonance
frequency and intensity.
From the obtained |EF| values, we calculated the eﬀective
gate voltage of graphene at certain |ΔCNP| values in the heterostructures, as plotted in Fig. 4b. In the heterostructures, only
part of the applied gate voltage works on the graphene layer
due to screening and charge transfer between monolayer
MoS2. Ignoring the carrier transfer between graphene and
MoS2, we roughly estimated the carrier distribution in each
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layer of the graphene–MoS2 heterostructures via Thomas–
Fermi (T–F) charge screening theory. Details can be found in
the ESI.† The utilised charge screening lengths of graphene
and MoS2 were λgraphene = 0.6 nm and λMoS2 = 7 nm.25,47 The
calculated carrier density of graphene in the MoS2/graphene
and graphene/MoS2 devices was ca. 73% and ca. 48% of that in
the bare graphene device, respectively. This evaluation exhibited a similar tendency to previous results. The deviation
between the exact values may arise from carrier transfer
between graphene, and impurities, and the simplification of
the T–F model for a two-atom thick layered heterostructure.
We want to clarify that, due to its large screening length and
ultra-thin thickness, the screening eﬀect is much weaker than
in bulk semiconductors, which may totally screen the gate
electric field.
The lifetime of the plasmon, T, can be extracted from the
infrared extinction spectra using the equation T = 2ħ/Γ, where
Γ is the full width at half-maximum (FWHM) of the resonance
peaks.48 Due to plasmon–phonon coupling with the SiO2
phonons, which can be described with the electromagnetic
induced transparent (EIT) model or the Fano model, the
Γ value of the plasmon resonance in the MoS2/graphene and
graphene/MoS2 heterostructures were obtained via curve
fitting.35 The details can be found in Fig. S5 in the ESI.† The
calculated lifetimes for the MoS2/graphene devices are
between 80 fs and 100 fs, and for the graphene/MoS2 devices
are about 80 fs. These values are comparable with previously
reported values for graphene/SiO2 devices in the same frequency range.35 This suggests that the monolayer MoS2 causes
little loss to plasmons in the graphene and MoS2 heterostructures, which is beneficial for the support of plasmons
with high performance in optoelectronic integrated devices.
This is another advantage of MoS2 compared to bulk semiconductors for graphene plasmons.
Finally, we want to discuss the electron plasmons in the
graphene/MoS2 heterostructure. The electrical tunability of the
Fermi energy of the graphene device with the back gate is symmetric with respect to the CNP,33 however, it is asymmetric for
graphene/MoS2. We measured the hole plasmons and the electron plasmons at both sides of the CNP of the graphene/MoS2
devices (Fig. 5a). The results show that the hole plasmons are
distinct. However, the electron plasmons were not detectable,
even at very high ΔCNP values (80 V). This phenomenon is consistent with the electrical properties of the graphene/MoS2
device, as proven by its transfer characteristics (the red line in
Fig. 2b), where the Ids value nearly does not increase with Vg in
the n-doped region. When the back gate voltage, Vg, is applied,
it causes bending in the bottom-layer MoS2 conduction band
(Fig. 5b). When the positive Vg exceeds a critical gate voltage,
the EF of graphene becomes higher than the MoS2 conduction
band edge, and thus gate-induced electrons in graphene are
able to transfer to MoS2 without a barrier. This results in the
electrons in MoS2 increasing dramatically and a reduction in
the electron density in graphene (Fig. 5b), which is called the
negative compressibility of the MoS2 electron system.18
Meanwhile, the contact between graphene and MoS2 transforms
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Fig. 5 (a) The hole and electron extinction spectra of the
graphene/MoS2 nanoribbon device at varying negative and positive ΔCNP
values. The VCNP of the graphene/MoS2 device was 50 V. The ribbon
width (W) was 100 nm. (b) Schematic band arrangement of
graphene/MoS2 on SiO2 with an applied Vg. Left: Negative Vg is applied.
Right: Positive Vg is applied. The red dashed lines show the positions of
EF. The black dots represent electrons, and the black line with an arrow
means that the electrons transfer from graphene to MoS2.

from a Schottky barrier into an Ohmic contact. Based on this
property, we suggest a new kind of plasmonic structure based
on the graphene/MoS2 heterostructure, where graphene is kept
as a complete plane to keep its high quality and nanostructures are designed using MoS2.

Conclusions
The eﬀects of semiconducting MoS2 on graphene plasmons
are studied in heterostructures of graphene and monolayer
MoS2 with diﬀerent stacking sequences under a back gate. Our
measurements show that monolayer MoS2 induces quite little
deterioration on the plasmon lifetime but there is charge
transfer between graphene and MoS2. At equivalent ΔCNP voltages, the resonance frequencies of the graphene/MoS2 devices
are lower than that of MoS2/graphene, and they both are lower
than that of the bare graphene device. The redshift and weakening of the resonance are mainly determined by the lower
doping of graphene in the heterostructures due to the electrical screening eﬀect. Due to the electron transfer from graphene to MoS2 at Vg values larger than the critical value, electron plasmons are totally cancelled in graphene/MoS2 devices
with a back gate. We suggest that this property can be used to
achieve high quality electron plasmons in whole graphene by
designing MoS2 nanostructures to avoid edge scattering in graphene nanostructures. These findings demonstrate electrically
tunable graphene plasmons in contact with a monolayer semiconductor, and suggest that van der Waals heterostructures
are very promising candidates to integrate high quality electronic and optoelectronic devices on a chip.

Experimental section
Graphene was grown on copper foil at 1050 °C with a mixture
of methane and hydrogen using the CVD technique.21 Monolayer
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MoS2 was grown on a sapphire substrate using sulfur and
MoO3 as a solid source through an oxygen-assisted CVD
method.20 Taking the fabrication of the MoS2/graphene device
as an example, graphene sheets were transferred from copper
foil using a standard wet method.21 PMMA (MicroChem) was
spun cast onto the graphene/Cu foils for 1 min, and baked at
180 °C for 2 min. Then, the PMMA/graphene/Cu foils were
floated on the surface of a ferric chloride solution for several
hours to remove the Cu. After the Cu was dissolved, the
PMMA/graphene films were “pulled” out of the solution using
the SiO2/Si substrates, and placed in hot acetone for 40 min to
remove the PMMA. MoS2 films were removed from the
sapphire substrates following a similar method with the only
diﬀerence being that the sapphire substrates were etched in an
aqueous solution of sodium hydroxide for several hours. Due
to the excellent visibility of the graphene and MoS2 films on
the 300 nm SiO2/Si substrates with the naked eye, it is easy to
stack MoS2 onto the graphene sheets in the “pull” step. Next,
nanoribbon arrays were patterned in graphene covered by
MoS2 and uncovered regions using 100 keV electron-beam
lithography (EBL) (Vistec 5000+ES, Germany) on approximately
260 nm of PMMA, followed by oxygen plasma etching at 5 Pa
and 100 W for 10 s. The source and drain electrodes of the
device were defined on the PMMA in a second lithography
step, followed by an e-beam evaporation of 5 nm of Ti and
60 nm of Au. A lift-oﬀ process was then performed by immersing the devices in hot acetone. All device fabrication processes were performed in a clean room environment.
Raman spectra were taken with a Horiba Jobin Yvon
LabRAM HR800 microscope. The electrical transport properties were analyzed using a semiconductor parameter analyzer (Keithley 4200-SCS), which was equipped with three wolframium probes. AFM measurements were conducted using a
scattering SNOM (Neaspec GmbH). Infrared transmission
measurements were performed by FTIR microscopy (Thermo
Fisher Nicolet iN10). All characterization of the devices’ performance was conducted under ambient conditions.
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