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ABSTRACT: This article describes a novel method for the direct
synthesis of patterned graphene on transition-metal dichalcoge-
nides (TMDs) such as molybdenum disulfide (MoS2) with
chemical vapor deposition (CVD) that uses a UV/ozone-treated
solid carbon source, 1,2,3,4-tetraphenylnaphthalene (TPN) as the
graphene growth precursor. The UV/ozone treatment of the TPN
film on the MoS2 layer improves the interfacial adhesion between
the TPN and MoS2 layers. The surface-adhered TPN is directly
converted to graphene on the MoS2 layer, which results in a sharp
interface between graphene and MoS2. The graphene/MoS2
heterostructure with interfacial bonding yields excellent electrical
and mechanical characteristics that facilitate charge injection by
reducing contact resistance and improving bending stability. The
excellent contact enhances the field-effect mobility of MoS2 field-effect transistors to values up to three times higher than that of the
devices using source-drain electrodes prepared with the conventionally transferred CVD-grown graphene. The proposed method for
the direct synthesis of graphene on TMDs is expected to have wide applications in nanoelectronics based on 2D materials.

1. INTRODUCTION

Two-dimensional transition metal dichalcogenides (TMDs)
have received much attention because of their unique
electronic and optical properties.1−7 In particular, a monolayer
of molybdenum disulfide (MoS2) has a large direct band gap
(1.9 eV), in contrast to graphene, and thus has been widely
investigated for the semiconducting layer in electronic
devices.8−10 For example, field-effect transistors (FETs)
based on MoS2 monolayers exhibited a large on/off current
ratio (Ion/Ioff) and high charge carrier mobility (μ) and are
regarded as one of the leading candidates for use in next-
generation ultrathin semiconductors.11−13

Further optimization of the MoS2 FETs requires the
fundamental understanding of the characteristics of MoS2
and metal source/drain electrodes. Charge transport in
ultrathin electronic devices is largely dominated by their
contact properties due to their large surface-to-volume ratio
and lack of surface chemical bonds. Therefore, in order to
achieve high electrical properties, the characteristics of the
interfaces between MoS2 and metal electrodes must be studied.
Theoretically, the Schottky barrier height, φB, for electrons can
be reduced to zero using metals that have a low work function
(WF) and a strong interaction according to the Schottky−
Mott rule.14,15 However, there are no dangling bonds on the
surfaces of MoS2 layers, so the interaction between such layers
and metals is relatively weak.16,17 This feature of the MoS2−

metal interaction results in the formation of midgap or defect-
induced energy gap states of MoS2 that increase the contact
resistance, RC, and produce a high Schottky barrier, φB.

18 For
this reason, high-performance MoS2-based devices are still
being studied.
To achieve MoS2-based electronic devices with a high μ,

several studies have attempted to engineer the MoS2/electrode
interface to optimize the contact of the electrode with the
MoS2 layer. For example, the use of metals such as Ni, Ti/Au,
and Sc can substantially reduce the contact resistance and as a
consequence improve the electrical characteristics of the
fabricated devices.19−21 To improve on this approach, the
transformation of the phase of the MoS2 layer to reduce
contact resistance has been attempted;22 the conversion of the
MoS2 layer from the semiconducting 2H phase to the metallic
1T phase successfully decreases contact resistance. However,
the metal deposition method used in such studies results in
inhomogeneities at the MoS2−metal interface.23 This unstable
interface decreases electron injection efficiency and results in
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an increase in the contact resistance. In addition, atomically
thin layers of MoS2 can be damaged by metal adatoms during
the metal deposition process. To solve these problems, the use
of other electrodes has been widely studied, with special
attention to graphene because of its extraordinary electrical
properties.24−27 The μ and Ion/Ioff are usually higher in MoS2-
FETs that use graphene electrodes than in devices that use
conventional metal electrodes. The use of graphene electrodes
in MoS2-FET devices has the advantages of an easily-tunable
work function, high conductivity, and an undamaged MoS2
layer. However, the process of transferring graphene to the
MoS2 layer can introduce interfacial contamination that
degrades the electrical characteristics of the devices. Therefore,
a method for the direct synthesis of graphene on the MoS2
layer which eliminates this transfer process is required for the
fabrication of high-performance electronic devices.
Here, we propose a new method for the patterned growth of

high-quality CVD graphene directly onto an MoS2 layer in
which a solid carbon source [1,2,3,4-tetraphenylnaphthalene
(TPN)] on the MoS2 layer is selectively exposed to UV/ozone.
The UV/ozone treatment of the solid carbon source increases
the interfacial adhesion between TPN and the MoS2 layer.
This strengthened interfacial adhesion yields conformal
contact at the interface between TPN and the MoS2 layer.
As a result, patterned graphene can be grown directly on the
MoS2 layer with the assistance of Cu vapor, which enhances

the electrical characteristics of the resulting MoS2-FET because
of the efficient charge injection through the improved
interface. Our proposed method minimizes the contact
resistance, RC, so the measured μ of the resulting MoS2-
FETs is more than tripled. Furthermore, the measured φB
between graphene and MoS2 was found to be almost zero with
ohmic contact under back-gate modulation. This graphene
growth process produces enhanced interfacial adhesion and
can thus provide a method for the engineering of the contacts
and interfaces between two-dimensional layers in atomically
thin electronics.

2. EXPERIMENTAL SECTION
2.1. Graphene/MoS2 Heterostructure CVD Synthesis. The

mixed precursors (MoO3 3.5 mg, NaCl 1.5 mg) for MoS2 growth
were placed in the center of a quartz boat, and the prepared SiO2/Si
substrate was placed on the quartz boat. An aluminum oxide crucible
containing sulfur (S) powder for the sulfurization of MoO3 was placed
17 cm above the quartz boat. The quartz boat and crucible were
loaded into the quartz tube; it was evacuated, and then the prepared
substrate was heated to a growth temperature (T = 730 °C) under the
pressure P = 150 Torr. Simultaneously, the heater located at the
crucible containing S was also heated to T = 200 °C. Then, graphene
was synthesized on the MoS2 layer where it forms a vertical
heterostructure. TPN was spin-coated onto the MoS2-grown SiO2/Si
substrate. The TPN film was exposed to UV/ozone in the ambient
atmosphere for 7 min. Then, a Cu foil was placed on the prepared
substrate, and they were loaded into a quartz tube that was

Figure 1. Synthesis and characterization of graphene/MoS2 heterostructure. (a) Schematic diagram of the direct synthesis of graphene/MoS2
heterostructure on SiO2/Si substrate. (b) E2g

1 and (c) 2D/G Raman mapping data of synthesized graphene/MoS2 heterostructure. (d) Average
single Raman spectrum from 100 points within the synthesized graphene/MoS2 heterostructure. (e) High-resolution cross-sectional TEM image of
the synthesized graphene/MoS2 (f) Depth-profile of solid white line. (g) Hexagonal SAED pattern images from synthesized graphene (white circle)
and MoS2 monolayer (red circle) on lacey carbon TEM grid.
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subsequently evacuated. The sample was then heated to T = 900 °C
with 100 sccm Ar gas (pressure P = 2.7 × 10−2 Torr) to synthesize
graphene.
2.2. Device Fabrication and Electrical I−V Measurement.

The MoS2 monolayer was grown with CVD on the SiO2/Si substrate;
then, TPN as the graphene growth precursor was spin-coated onto the
MoS2 monolayer. To pattern the graphene S/D electrodes, the
precursor was selectively exposed to UV/ozone through a shadow
mask. The TPN in the UV/ozone-exposed region adhered to the
MoS2 monolayer, so a graphene/MoS2 vertical structure was prepared
on the SiO2/Si substrate. The selective UV/ozone exposure yielded a
patterned graphene structure in the MoS2-FET device on the SiO2/Si
substrate. Finally, the electrical characteristics of the fabricated devices
were characterized at room temperature in a dark environment using a
Keithley 2636A instrument under vacuum (10−3 Torr).

3. RESULTS AND DISCUSSION

SiO2/Si substrate was sequentially rinsed with ethanol,
acetone, isopropyl alcohol, and DI water to remove all organic
contaminants from its surface. Then, a MoS2 monolayer was
synthesized on the SiO2/Si substrate using the molten-salt-
assisted CVD method in a quartz tube (Figure S1).28 The
synthesized MoS2 was found to be a monolayer, and its
characteristics were confirmed with atomic force microscopy
(AFM) and Raman spectroscopy (Figure S2). After the growth
of MoS2 had finished, TPN was spin-coated onto the MoS2/
SiO2/Si substrate (Figure 1a) to a thickness of ∼30 nm. The
TPN film was exposed to UV/ozone in the ambient
atmosphere for 7 min; this treatment increases the interfacial
adhesion between the TPN film and the MoS2 layer.29 The
effects of UV/ozone exposure to the TPN film on the MoS2
layer are discussed below. Then, a Cu foil was placed on the
prepared substrate to supply Cu vapor as the catalyst for
graphene growth.

The synthesis of the graphene/MoS2 heterostructure was
confirmed by examining the two-dimensional Raman mapping
of the intensity of the E2g

1 peak (382.1 cm−1) and determining
the ratio of the intensity, I2D of the 2D peak (2694 cm−1) to
the intensity, IG of the G-peak (1589 cm−1) over a 700 μm ×
700 μm area on the SiO2/Si substrate (Figure 1b,c). The E2g

1

peak is a characteristic Raman peak of MoS2 layers, and the 2D
peak and G peak are characteristic Raman peaks of graphene.
These two-dimensional Raman mappings indicate that a large-
area vertical graphene/MoS2 heterostructure has been
uniformly synthesized. The measured single Raman spectrum
also clearly shows the characteristic E2g

1 peak (382.14 cm−1)
and the A1g peak (401.6 cm

−1) of MoS2, and the D peak (1382
cm−1), G peak (1589 cm−1), and 2D peak (2694 cm−1) of
graphene grown from UV/ozone-treated TPN (Figure 1d).
The 2D peak has a full width at half maximum = 67 cm−1,
which suggests that the graphene synthesized on MoS2 is
approximately four layers thick.30 In addition, during the
graphene growth process, the TPN and grown graphene on
MoS2 might prevent generation of defects in MoS2. This can
be seen through the analysis of photoluminescence (PL), and
it was seen that graphene acted as a passivation layer,
considering that there was almost no change in the measured
PL spectra before and after graphene growth (Figure S3).
These results were confirmed by inspecting a cross-sectional
transmission electron microscopy (TEM) image (Figure 1e).
This TEM image shows that layer-structured graphene has
been successfully prepared on the MoS2 monolayer, and that
the interface between graphene and MoS2 is sharp. The
measured interlayer distance (Δd) in the graphene structure is
3.4 Å, which is similar with the results of previous studies, and
the graphene and MoS2 layers are separated by an interlayer
distance of 3.6 Å, which is also consistent with the previous
results (Figure 1f).31 Even though the interaction between

Figure 2. XPS analysis of interfacial chemistry. (a) C 1s, (b) Mo 3d, and (c) S 2p XPS analysis of the peak at the interface between MoS2
monolayer and graphene synthesized using different methods. (d) Single Raman spectrum of different graphene on MoS2 monolayer.
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graphene and MoS2 is enhanced by interfacial adhesion
bonding, the interfacial adhesion bonding is not fully formed
on the entire surface.29,32 It might not be strong enough to
reduce the interlayer distance. The weak interaction between
graphene and MoS2 is probably the reason that the interlayer
distance between graphene/MoS2 is slightly larger than the
graphene−graphene interlayer distance.
The SAED pattern of the graphene/MoS2 heterostructure

contains diffraction spots due to both MoS2 (red circles) and
graphene (white circles) (Figure 1g). These diffraction
patterns confirm the (100) lattice spacing of the graphene
and MoS2 layers.

33 The surface morphology of the synthesized
graphene/MoS2 heterostructure is very clean, and there are no
undesirable residues on the graphene surface (Figure S4).
Therefore, this heterostructure is appropriate for surface-
sensitive ultrathin electronic device applications.
To quantify the effects of the growth of graphene on the

MoS2 monolayer, we prepared three different samples; one is
directly grown graphene (DiGr) on a MoS2 monolayer using
our proposed method, the other is a CVD-grown graphene
conventionally transferred to a MoS2 (TrGr) and another is
directly grown graphene on a pristine SiO2/Si substrate (PrGr)
to exclude any effects of the MoS2 monolayer on the growth of
graphene.29 The TrGr sample was CVD-grown from methane
(CH4) and transferred to the MoS2 monolayer using
poly(methyl methacrylate) (PMMA) as a supporting layer.

The PMMA/graphene film was transferred to the MoS2
monolayer on the SiO2/Si substrate using the conventional
method, then rinsed in acetone to remove the PMMA. PrGr
was prepared on a SiO2/Si substrate with the same method.
The changes in the interfacial chemistry during UV/ozone

exposure were confirmed by analyzing X-ray photoelectron
spectroscopy (XPS) depth-profile spectra of the three
graphene samples (TrGr, DiGr, PrGr) at the interface between
TPN and MoS2 (Figure 2a). The peaks in the C 1s XPS
analyses for TrGr/MoS2 and DiGr/MoS2 are clearly shifted
when compared to those of PrGr. The peaks for TrGr are blue-
shifted, which is probably due to the various functional groups
(e.g., carbonyl, carboxyl) that are coming from the PMMA
residues during the graphene transfer process.34 The
deconvolution of the C 1s XPS results for TrGr indicates
that the ratio of the intensities of the O−CO peak (288.3
eV) and the C−O (286.2 eV) peak is higher than that for PrGr
(Figure S5). In contrast, there are no peaks due to PMMA
residues in the C 1s spectrum of DiGr because no transfer
procedure was used. Instead, the spectrum contains new peaks
at low binding energies (283.3 and 284.1 eV), which are due to
Mo−C and S−C bonds at the interface between DiGr and
MoS2.

35,36 This interfacial bonding is likely to be the result of a
penetrated ozone-mediated reaction during the UV/ozone
exposure; this phenomenon strengthens the adhesion between
the synthesized graphene and the MoS2 layer.

29

Figure 3. Electrical characteristics and bending stability of graphene/MoS2 heterostructure. (a) Schematic diagram of the MoS2-FETs fabrication
process using DiGr as S/D electrodes on SiO2/Si substrate. (b) 10 representatives of transfer curves of the fabricated MoS2-FETs based on DiGr
electrodes. (inset) Device structure scheme of the fabricated MoS2-FET devices. (c) Statistics diagram of the measured electron mobilities from
total 40 fabricated MoS2-FETs using TrGr and DiGr electrodes. (d) Comparison of normalized contact resistance between TrGr and DiGr
electrode-based devices at different gate voltages. (e) Schematic diagram of the transferred graphene/MoS2 on PET substrate. (f) Measured
electrical I−V curves of MoS2 2-terminal devices using TrGr (black) and DiGr (red) electrodes. (g) Conductance changes under repeated bending
cycles to bending radius 10 R of MoS2 2-terminal devices using TrGr and DiGr electrodes.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c00503
Chem. Mater. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c00503/suppl_file/cm0c00503_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c00503/suppl_file/cm0c00503_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c00503?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c00503?ref=pdf


The interfacial bonding was also examined at the interface
by determining the Mo 3d XPS depth profile (Figure 2b).
3d5/2 (229.6 eV) and 3d3/2 (232.7 eV) peaks are evident for
the TrGr; these peaks are consistent with the pure MoS2
monolayer. The interaction between TrGr and the MoS2
monolayer is weak, so the Mo 3d XPS is not shifted. The
DiGr/MoS2 (Figure S6) produces additional deconvoluted
peaks at 228.9 eV (attributable to Mo−S) and 231.9 eV
(attributable to Mo−C).37 The results of the S 2p XPS analysis
also support the interfacial bonding between DiGr and MoS2,
which is consistent with a previous study (Figure 2c).38

The Raman characteristics of graphene are sensitive to the
surrounding materials. In particular, the 2D-peak is affected by
the type of doping: blue-shifted by p-type dopants and red-
shifted by n-type dopants.39,40 Therefore, the 2D-peak shift can
indicate the type of doping that the graphene has undergone.
For TrGr/MoS2, the 2D peak is blue-shifted due to the PMMA
residues, which are strong p-type dopants to graphene (Figure
2d). For the DiGr/MoS2 system, the 2D-peak is also blue-
shifted by 18 cm−1, despite the absence of a p-type dopant.
This shift could be explained by the in-plane compression of
graphene due to the 2.4% lattice mismatch between graphene
(2.47 AÅ) and MoS2 (3.20 AÅ).41 Because of the lattice
mismatch, the in-plane compression between two layers is
applied during the growth of graphene. DiGr interacts strongly
with the MoS2 layer through interfacial adhesion bonding and
it results in the blue-shift of the 2D-peak.41 Our measured data
indicates that the interaction between DiGr and the MoS2
monolayer is enhanced by the chemical bonding and that this
is the reason for the peak shifts in the XPS and Raman
spectra.42

To assess the potential in device applications of the
graphene/MoS2 heterostructures obtained with our proposed
method, we fabricated a MoS2 field-effect transistor on a 300
nm SiO2/Si substrate (Figure 3a). The MoS2 monolayer was
grown with CVD on the SiO2/Si substrate, then TPN as the
graphene growth precursor was spin-coated onto the MoS2
monolayer. To pattern the graphene S/D electrodes, the
precursor was selectively exposed to UV/ozone through a
shadow mask. The TPN in the UV/ozone-exposed region
adhered to the MoS2 monolayer, so a graphene/MoS2 vertical
heterostructure was prepared on the SiO2/Si substrate. During
this process, TPN fully sublimated in the region where UV/
ozone exposure was blocked, so no graphene formed in this
region. As a result, the selective UV/ozone exposure yielded a
patterned graphene structure in the MoS2-FET device on the
SiO2/Si substrate. The patterned structure was examined with
optical microscopy and two-dimensional Raman mapping
(Figure S7). The two-dimensional E2g

1 and 2D/G Raman
mappings indicate that the MoS2 monolayer is uniform over
the whole area, including the channel region, and that the
graphene/MoS2 vertical heterostructure is present only in the
DiGr S/D electrode regions. The single Raman spectrum
clearly shows that the MoS2 monolayer corresponds to the
channel, and that the DiGr region corresponds to the S/D
electrode region. The Raman characteristics of graphene (D
peak ≈ 1352 cm−1, G peak ≈ 1587 cm−1, 2D peak ≈ 2687
cm−1) are evident only in the S/D electrode regions. Thus, this
approach efficiently facilitates the fabrication of MoS2-FET
devices by isolating the S/D electrodes without any
interferences. We then used a Keithley 2636A instrument to
measure the electrical characteristics of the device.

The measured transfer curves of the fabricated MoS2-FET
devices with DiGr S/D electrodes have the characteristics of a
typical n-type transistor and a high on/off ratio ∼107 (Figure
3b). From the transfer curves of the MoS2-FET device, we
obtained the field-effect carrier mobility, μ using the following
equation

I
W

L
C V V

2
( )D G T

2μ= −
(1)

where L [μm] is the channel length, ID [μA] is the drain
current, W [μm] is the channel width, C [F/cm2] is the areal
capacitance of the dielectric layer, VG [V] is the gate voltage,
and VT [V] is the threshold voltage. In the saturation regime
(VDS = 500 mV), we obtained an average μ of 11.8 cm2 V−1 s−1

for the 40 devices fabricated with our method (Figure 3c).
However, in the case of the patterned transferred graphene
(TrGr) electrodes, the MoS2-FETs had an average μ of 3.9 cm2

V−1 s−1, which is less than one-third of the μ obtained with the
DiGr electrodes. These results demonstrate that the DiGr S/D
electrodes prepared with our method are appropriate for use in
MoS2-FETs.
To establish why the DiGr electrodes increase the μ of the

fabricated MoS2-FETs, we measured the contact resistance RC,
which is a critical factor determining device performance. The
contact resistances, RC of the DiGr and TrGr electrodes were
calculated using the transfer-line method (TLM) for 100 ≤ L
≤ 250 μm (Figure S8). From the obtained TLM plots, each RC
was extracted from the L = 0 intersection of the following
equation

R R
L

WC
V V R R2 ( ) 2total c G T c chμ

= + − = +
(2)

where VT [V] is the threshold voltage, Rtotal [Ω] is the total
resistance, and Rch [Ω] is the channel resistance. Normal-
ization by RCW was then performed, which shows that RC is
lower in DiGr electrodes than in TrGr electrodes (Figure 3d).
Many previous studies have reported that the contact
resistance is strongly influenced by various factors, especially
the characteristics of the interface. In TrGr electrodes, the
transfer process results in the non-uniform and unstable
interface between MoS2 and graphene (Figure S9), which
contributes to an increase in RC because it disrupts efficient
charge injection and thereby degrades μ.43 We surmise that the
sharp interface obtained with our method results in MoS2-
FETs with improved electrical characteristics; in particular, the
efficiency of charge injection from the DiGr S/D electrodes to
the MoS2 monolayer is enhanced.
The graphene synthesized on the MoS2 monolayer using our

method was expected to adhere strongly to each other due to
the interfacial adhesion bonding induced by the UV/ozone
treatment. First, the synthesized graphene/MoS2 structure
from the transfer method using the supporting polymer layer
was transferred to a polyethylene terephthalate (PET)
substrate for the bending stability test (Figure 3e). Then, the
conductivities of MoS2 were measured using the TrGr and
DiGr electrodes, and the values obtained were 23.1 and 24.0
μS, respectively (Figure 3f). There was no significant difference
when using the graphene electrodes from a conventional
method or our method. However, as expected, a clear
difference was observed under the repetitive cycle test at a
bending radius of 10 mm (Figure 3g). The conductance
change of the device using DiGr electrodes was decreased to
∼0.8, which was higher than that of the device using TrGr
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electrodes (∼0.5). These results show that the weak interface
between the conventionally transferred graphene and MoS2
promoted further crack propagation. In contrast, DiGr was
strongly bound to the MoS2 monolayer, resulting in the
improvement of the bending stability.
In addition to the reduction in the contact resistance of the

MoS2 FETs and the improvement of the bending stability
obtained using a directly grown graphene electrode, this
process has the additional advantage that it enables the
formation of ohmic contact in the MoS2-FETs. Note that the
heights of the interfacial barriers between the electrodes and
channel of devices based on 2D materials also affect their
electrical characteristics. To investigate the barrier height of
the contact between TrGr and MoS2, the electrical properties
of the devices fabricated using TrGr electrodes were
determined at various temperatures (Figure 4a). It can be
seen in this figure that the electrical current, I increases as the
temperature increases because the charge transport in MoS2 is
governed by the hopping transport mechanism. The increase
of current with temperature is due to the increase in the
number of charge carriers at the elevated temperature that have
sufficient thermal energy to overcome the activation energy.

Similarly, the electrical transport properties of the fabricated
devices with DiGr electrodes were also determined at various
temperatures (Figure 4b). The trend of temperature depend-
ence is identical to that of the device with TrGr electrodes but
the current level is much higher than in the devices with TrGr
electrodes. To calculate φB from the obtained electrical I−V
results, we fitted the data using the following 2D thermal
emission equation
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where IDS [A] is the drain current, A is Richardson’s constant,
T [K] is the temperature, q is the electronic charge, kB is the
Boltzmann constant, VDS [V] is the drain voltage, and n is the
nonideal factor.27,44 When VDS > 3kBT, eq 3 can be simplified
to
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Figure 4. Temperature-dependent transfer characteristics and Schottky barrier height of the fabricated MoS2-FETs. Electrical I−V characteristics of
the fabricated MoS2-FETs using (a) TrGr and (b) DiGr as the S/D electrodes (VDS = 500 meV). Arrhenius plots of monolayer MoS2 using (c)
TrGr and (d) DiGr as the S/D electrodes with different gate bias. (e) Plot of dVDS/dIDS as a function of 1/IDS of MoS2-FETs at VG = 60 V for
determining n. (f) Schottky barrier height, φB as a function of gate bias for CVD-grown MoS2-FETs using TrGr and DiGr electrodes.
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φB can be extracted from the slope of eq 4 in a plot of
ln(IDS/T

3/2) versus 1000/T, so we plotted the results obtained
at different VG for the devices with TrGr and DiGr electrodes
(Figure 4c,d). To calculate φB from each slope value, we also
need n, which can be calculated using the following equation
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q I
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DS

B

DS
S= +

(5)

where Rs [Ω] is the series resistance of a Schottky diode. n can
be determined from the slope of a plot of dVDS/dIDS versus 1/
IDS; we found that n = 10.3, which is similar to the previously
reported values27 (Figure 4e).
Using these results, the φB values of the TrGr/MoS2 and

DiGr/MoS2 contacts were calculated (Figure 4f). When no
gate voltage is applied, the work function of the transferred
graphene (∼4.3 eV) is lower than that of the graphene
obtained with our method (∼4.5 eV) (Figure S10). Therefore,
in the case of MoS2, which has an electronic affinity of 4.1 eV,
the Schottky barrier is lower when transferred graphene is used
as the S/D electrodes. Interestingly, in the DiGr/MoS2 contact
system, the barrier height is reduced to 0 meV beyond VG = 70
V, whereas for the TrGr/MoS2 system, 60 ≤ φB ≤ 100 meV.
This result implies that the S/D electrodes consist of DiGr in
the MoS2 FET system; ideal ohmic contact is achieved at the
interface between the MoS2 and DiGr electrodes. In general,
for an ideal metal contact with MoS2, φB is determined by the
difference between the work function of the metal and the
electron affinity of the semiconductor. The work function of
graphene can be modulated within 200 mV on a SiO2 dielectric
layer.45,46 This modulation of the work function can align the
energy at the interface and form an ohmic contact between
MoS2 and DiGr. However, in the TrGr/MoS2 system, even
though the work function of TrGr can be slightly modulated,
the barrier height is also strongly influenced by various
conditions such as organic contaminations (i.e., PMMA
residues) and the characteristics of the interface.27 Con-
sequently, ohmic contact is not effectively achieved in the
TrGr/MoS2 system even at the high VG.

4. CONCLUSIONS
In conclusion, we have developed a simple method for the
synthesis of CVD graphene directly on MoS2 monolayers using
a surface-adhered solid carbon source. This method effectively
produces a graphene/MoS2 heterostructure with a sharp
interface that facilitates charge injection and thereby improves
the electrical characteristics of electronic devices based on 2D
materials. The UV/ozone exposure induces interfacial
adhesion between the MoS2 monolayer and the TPN layer,
so it can easily be converted directly to graphene in the
presence of Cu vapor without any loss of TPN by sublimation
at high growth temperatures. On SiO2/Si substrates, we
successfully fabricated MoS2-FET devices with directly grown
patterned S/D graphene electrodes using our suggested
method. These devices were found to exhibit high μ because
of the reduced RC and ohmic contact between graphene and
the MoS2 monolayer. Also, their bending stability can be highly
improved through interfacial adhesion bonding in the
synthesized vertical heterostructure of graphene/MoS2. Our
proposed method provides a facile approach to the synthesis of
graphene directly on TMDs including MoS2 and thus to yield
2D-material-based ultrathin electronic devices that have
excellent electrical characteristics.
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