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T
he recent development of nanoelec-
tronics using two-dimensional (2D)
materials1,2 has demonstrated poten-

tial toward further miniaturization beyond
Moore's law,3 as well as a high-mobility
solution in the emerging fields of large-area,
flexible, and low-cost electronics.2,4 The 2D
material that has received the most atten-
tion is graphene, a one-atom-thick, two-
dimensional sheet of sp2-hybridized carbon.5

Graphene itself is a semimetal with zero band
gap,while its ultrahigh carriermobility6�8 can
provide superior current drive under low
voltage bias. Recent progress in the produc-
tion of large-area graphene using chemical
vapor deposition (CVD)9 has further shed
light on engineering the material for wafer-
scale integration.10 Nevertheless, for most
electronic applications, graphene requires
advanced methods to open a significant

transport band gap without sacrificing its
intrinsic electron and hole mobilities.11 De-
spite considerable research effort toward
band gap engineering of graphene, most
of these methods suffer from a band gap
versus mobility trade-off11 or heightened
sensitivity to disorder.12,13 For example,
the graphene nanoribbon (GNR) devices
can potentially open a band gap up to
∼0.5 eV, enabling a high on�off current
ratio. However, in order to achieve a narrow
ribbon width with edge structure control,
atomically precise processing is required,
which remains a significant challenge for
large-scale production.11 Another candi-
date, dual-gate bilayer graphene (BLG)
structure, is potentially more mass-produci-
ble; nevertheless, it is very difficult to control
the location of the charge neutrality point
(CNP), since in order to open a band gap,
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ABSTRACT Field-effect transistor (FET) devices composed of a

MoS2�graphene heterostructure can combine the advantages of

high carrier mobility in graphene with the permanent band gap of

MoS2 for digital applications. Herein, we investigate the electron

transfer, photoluminescence, and gate-controlled carrier transport

in such a heterostructure. We show that the junction is a Schottky

barrier, whose height can be artificially controlled by gating or

doping graphene. When the applied gate voltage (or the doping level) is zero, the photoexcited electron�hole pairs in monolayer MoS2 can be split by the

heterojunction, significantly reducing the photoluminescence. By applying negative gate voltage (or p-doping) in graphene, the interlayer impedance

formed between MoS2 and graphene exhibits an 100-fold increase. For the first time, we show that the gate-controlled interlayer Schottky impedance can

be utilized to modulate carrier transport in graphene, significantly depleting the hole transport, but preserving the electron transport. Accordingly, we

demonstrate a new type of FET device, which enables a controllable transition from NMOS digital to bipolar characteristics. In the NMOS digital regime, we

report a very high room temperature on/off current ratio (ION/IOFF∼ 36) in comparison to graphene-based FET devices without sacrificing the field-effect

electron mobilities in graphene. By engineering the source/drain contact area, we further estimate that a higher value of ION/IOFF up to 100 can be obtained

in the device architecture considered. The device architecture presented here may enable semiconducting behavior in graphene for digital and analogue

electronics.

KEYWORDS: field-effect mobility . MoS2�graphene . Schottky barrier modulation . field-effect transistor devices
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one needs to apply a large electric displacement field,
which often moves the CNP far from zero.11 On the
other hand, molybdenum disulfide (MoS2), a 2D semi-
conductor material, is attractive as a potential comple-
ment to graphene. It possesses an indirect band gap (of
1.2 eV as amultilayer and a direct band gap of 1.8 eV as
a monolayer)14,15 that has enabled digital electronic
components3,16�24 and circuits2 on top. However,
MoS2 itself may not be promising for high-perfor-
mance digital applications because of its relatively
heavier electronic mass and low carrier mobility
(∼1�50 cm2/(V s)).25,26 A material or structure that
combines the high mobility of graphene and the band
gap of MoS2 would be ideal.
Very recently, a new approach to graphene-based

transport devices was advanced. Rather than directly
engineering the graphene layers to open a bandgap, a
graphene-based heterostructure is formed with a per-
pendicular transport barrier between graphene and
semiconducting27,28 or ultrathin insulating29 materials.
For example, the Schottky barrier formed between
graphene and silicon can be tuned to be as high as
0.2 eV by adjusting the gate voltage, leading to a large
modulation of the perpendicular transport current.27

The impedance of atomically thin hBN between two
graphene sheets can also provide a significant barrier
for tunneling transport.29 The current forms of the per-
pendicular device architectures, nevertheless, can only
provide a current density of ∼1 to 1000 A/cm2,27�29

suggesting that to enable a typical current drive
(∼ mA), one would require ∼100 to 100 000 μm2

device area, which is, effectively, equivalent to a low-
mobility field-effect transistor. In other words, themost
important benefit for graphene-based devices, the
high carrier mobility, which corresponds to the “in-
plane” electronic transport, is actually wasted. More-
over, the new concepts often involve atomic-level,
precision processing, which remains a significant chal-
lenge for mass production.
In this report, we study charge transfer, photolumi-

nescence (PL), and gate-controlled electronic transport
in MoS2�graphene heterostructures. We first charac-
terize the heterostructures using conductive atomic
force microscopy (c-AFM) and Raman spectroscopy,
showing that there is a significant charge transfer
between the two atomic materials. In addition, the PL
intensity for the heterostructure of monolayer MoS2
and graphene is about 20% quenched compared to
that of monolayer MoS2 alone. We then fabricate field-
effect transistor (FET) devices on the MoS2�graphene
heterostructures and investigate their transport char-
acteristics. Under negative gate bias, there exists a
strong interlayer impedance due to the formation of
an atomic Schottky barrier, such that the hole transport
in graphene is partially, or completely, depleted. Under
different drain bias, we demonstrate a new type of FET
device, which enables a controllable transition from

NMOS digital to bipolar characteristics. In the NMOS
digital regime, we show that the on/off current ratio
can be tuned to be as high as∼100, without sacrificing
the field-effect mobility of graphene at room tempera-
ture. To our knowledge, this is the highest on/off
current ratio ever reported in graphene-based FET
devices. Accordingly, this study opens a window
toward graphene-baseddigital and analogueelectronics.

RESULTS AND DISCUSSION

Electron Transfer and Photoluminescence. In order to
study electron transfer and PL in MoS2�graphene het-
erostructures without applying transverse electric
fields, we fabricated the stacked atomic layers by the
micromechanical exfoliation of MoS2 crystals onto a
SiO2 substrate, followed by transferring a piece of
monolayer, CVD-synthesized graphene onto the sur-
face. The cross-sectional view, optical microscope
image and topographical sketch of a representative
graphene-coated MoS2 crystal are shown in Figure 1a,
b,c, respectively. The regions associated with mono-
layer (1), trilayer (3), and bulk MoS2 are identified using
Raman spectroscopy (see Figure 1f) and labeled in
Figure 1c. It is noteworthy that there is a tear formed
unintentionally in graphene during the transfer pro-
cess, allowing us to compare the behavior ofMoS2with
and without interacting with graphene. The technical
details of the graphene synthesis and transfer are
described in the Supporting Information Section S1.

First, c-AFM is used to characterize the MoS2�
graphene heterostructure (see Supporting Information
Section S2).30 Figure 1a shows the schematic diagram
of the electrical setup for the system, which enables us
to simultaneously measure spatial topography and
current through a diamond-coated tip. In the hetero-
structure considered here, since graphene is basically
coated on the entire surface, the two-terminal mea-
surement essentially provides local information about
the relative conductivity of graphene in contact with
different materials, includingMoS2 and SiO2. Figure 1d,
e shows the height and current profiles for the het-
erostructure, respectively. Along with Figure 1a�c, it
appears that graphene becomes less conductive when
in contact with MoS2, and there is no obvious depen-
dence on the thickness of MoS2. Since the interactions
between graphene and MoS2 are van-der-Waals-like,31

it is believed that the electronic structure of graphene
is not significantly influenced by the underlying MoS2.
Therefore, the reduction in the conductivity of gra-
phene implies that the Fermi level position, EF, for
graphene lying on MoS2 is closer to the Dirac point,
EDirac, than that on SiO2, such that the density of states
around the Fermi level is significantly reduced because
of the cone-shaped band structure of graphene (see
Figure 1e).5

To further justify the Fermi level hypothesis,
Raman spectroscopy was used to characterize the
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MoS2�graphene heterostructure. Raman spectrosco-
py has demonstrated its versatility in 2D materials
research.1,32 Here, in particular, since the Raman spec-
trum for graphene is very sensitive to the doping
level,33,34 it allows us to resolve the Fermi level position
locally. Accordingly, thousands of Raman spectra were
taken to cover the entire sample (see Figure S1,
Supporting Information). All prominent peaks were
fitted with Lorentzian functions to extract peak posi-
tion (ω), full width at half-maximum (fwhm), and
integrated intensity (I). The technical details of Raman
spectroscopy and parameter extraction are described
in Supporting Information Section S2. The spatial
Raman maps for several important peak parameters
are shown in Figure 1f�i and Figure S3 (Supporting
Information).

For the region of MoS2 crystal, the two signature
peaks of MoS2, the E2G

1 and A1G peaks, were clearly
observed (see Figure S2, Supporting Information). By
reducing the number of MoS2 layers, the frequency for
the E2G

1 peak increases and that for the A1G peak
decreases,35 and the frequency difference between
the two peaks, Δ, allows us to quantify the number
of MoS2 layers.35 Figure 1f shows the spatial Raman
map of Δ. The regions associated with monolayer (1),
trilayer (3), and bulk MoS2 (see Figure 1c) are clearly
identified because of the quantized nature of Δ.35 On
the other hand, the Raman spectrum for monolayer

graphene consists of two prominent peaks, the G and
2D peaks, positioned at around 1580 and 2640 cm�1,
respectively.36 For each spectrum, the doping carrier
density (n) and the Fermi level position relative to the
Dirac point (EDirac � EF) of graphene are calculated on
the basis of the position of the G and 2D peaks.33

Specifically, theGpeak position upshiftsmonotonically
by increasing the doping level in graphene (|EDirac �
EF| > 0), while 2D peak position upshifts when p-doping
((EDirac � EF) < 0) and downshifts when n-doping
((EDirac � EF) < 0).33 Following the empirical trajec-
tories,33 the obtained spectroscopic parameters allow
us to quantify the Fermi level position, as well as the
carrier density, n, locally.

Figure 1g�i shows the spatial Ramanmaps of I2D/IG,
ωG, and the calculated (EDirac � EF) of graphene,
respectively. Additional spatial Raman maps can be
found in Figure S3 (Supporting Information). We notice
that the two important peaks of graphene, however,
become obscure on thick (>3 layer) MoS2 flakes, be-
cause of the broadening PL response and reduced light
transmittance of thickMoS2 flakes. For all the spectra of
graphene, the 2D peak can be described by a single
Lorentzian function with fwhm of 26�28 cm�1, sug-
gesting that the graphene is monolayer.32 The average
positions of the G and 2D peaks for the graphene on
SiO2 (ϖG= 1593 cm�1 andϖ2D= 2648 cm�1), as well as
their intensity ratio (I2D/IG = 4), indicate that graphene

Figure 1. Characterization of electron transfer and photoluminescence in an MoS2�graphene heterostructure. (a) Cross-
sectional view and measuring setup of our c-AFM system, (b) optical microscope image, and (c) topographical diagram for a
CVDgraphene-coatedMoS2 single crystal. The regions associatedwithmonolayer (1), trilayer (3), andbulkMoS2 are identified
using Raman spectroscopy and labeled. (d) Measured topographical height and (e) current profiles using our c-AFM system
(VSample = 0.5 V). The Fermi level positions of graphene associated with the regions lying on SiO2 (top) andMoS2 (bottom) are
also shown. Spatial Raman maps for (f) Δ, (g) I2D/IG, (h) ωG, (i) the calculated (EDirac � EF), and (j) PL intensity for the
MoS2�graphene heterostructure considered.
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is heavily hole-doped with a carrier density n = �2 �
1013, corresponding to (EDirac � EF) = 550 mV. On the
other hand, the spectroscopic parameters for gra-
phene in contact with MoS2 (ϖG ∼ 1586 cm�1, ϖ2D =
2644 cm�1, and I2D/IG = 6) suggest that graphene is
hole-doped with n = �1 � 1013, corresponding to
(EDirac � EF) = 250 mV. It appears that additional
electrons are transferred from MoS2 to graphene such
that graphene is “counter-doped” by the underlying
MoS2 flake, or in other words, that MoS2 is hole-doped
by graphene. The upshift of Fermi level position in
graphene, as well as its independence on layer number
of MoS2, confirms our finding in the c-AFM character-
ization (see Figure 1e).

Monolayer MoS2 is a semiconductor with a direct
band gap of ∼1.8 eV, which is optically active in the
visible light range, generating strong photolumines-
cence (PL).14 Since PL essentially describes the process
of light emission after the absorption of photons,
the quantum yield for the recombination of the hot
carriers across the band gap plays an important role.
A representative PL spectrum for monolayer MoS2
under a green light excitation (λ = 532 nm) is shown
in Figure S4 (Supporting Information), and the PL
intensity for each spectrum is calculated by integrating
the emitted PL counts with respect to the wavelength
from 532 to 720 nm. Figure 1j shows the spatial map of
PL intensity. As expected, because of the transition
from indirect to direct band gap, the PL intensity in
monolayer MoS2 is much higher than that in trilayer
and bulk MoS2. For the region of monolayer MoS2, since
there is a tear formed in graphene (see Figure 1b,c), we
can quantify the effect of graphene on the change of
PL in monolayer MoS2, as shown in Figure 1j. We found
that the integrated PL intensity, as well as the max-
imum intensity (at∼680 nm, corresponding to photon
energy of ∼1.82 eV, see also Figure S4, Supporting
Information), is considerably quenched by 20% when
in contact with graphene. Apparently, the observed
changes in PL intensity are not caused by the change of
EF in MoS2, since the change in the carrier density in
MoS2 (Δn∼�1� 1013 cm�2) is only associated with a
downshift of Fermi level energy ΔEF = πp2 Δn/me ∼
�70 meV, whereme ∼ 0.35m0 is the effective electron
mass in MoS2, and this shift is negligible compared to
the dominant photon energy (∼1.82 eV).37 Consider-
ing the fact that graphene is about 98% transparent to
visible light,38 one possible mechanism for the ob-
served quenching is the exciton splitting by the built-in
potential formed between monolayer MoS2 and mono-
layer graphene.39 Specifically, exciton splitting occurs
by injecting the photogenerated electrons from the
conduction band of MoS2 to graphene,40 while the
photogenerated holes in the valence band of MoS2
cannot diffuse to graphene because of the built-in
potential formed in the heterojunction.39 Therefore,
the recombination events, as well as the resulting

photoluminescence, are significantly reduced. In our
opinion, the indirect evidencemay imply that the atom-
ically thin junction can be utilized to split the photo-
excited electron�hole pairs in monolayer MoS2, which
may be useful to realize transition metal dichalcogen-
ides-based photovoltaics.39 It is noteworthy that, very
recently, Buscema et al. have observed that the PL
intensity of monolayer MoS2 strongly depends on the
choice of underlying substrate.41 However, we are not
certain if it is directly related to what we have observed
here. Moreover, different mechanisms, including strains
and interfacial interactions, may involve as well. In order
to justify our hypothesis, a more detailed investigation
of optoelectronic response in the junction under electric
fields is underway and will be published in our subse-
quent report.

Gate-Controlled Interlayer Impedance. For the mono-
layer MoS2�monolayer graphene heterojunction con-
sidered in Figure 1, since MoS2 is essentially an n-type
(electron-rich) semiconductor, while the as-prepared
graphene is significantly hole-doped (electron-depleted),
it is not surprising that free electronsofn∼1� 1013 cm�2

are transferred from MoS2 to graphene. Quantitatively,
since the work function for pristine graphene, ΦG,i, is
4.9 eV,42 and our as-prepared CVD graphene is heavily
hole-doped ((EDirac � EF) ∼ 550 mV), the work func-
tion for the as-prepared graphene is estimated to be
∼5.45 eV. On the other hand, monolayer MoS2 has an
electron affinity of 4.0 eV,15 and considering its band
gap (EG ∼ 1.8 eV)14 and n-doped nature,14 the work
function of MoS2, ΦMoS2, is smaller than 4.9 eV. There-
fore, when MoS2 and graphene are in contact, there
exists a driving force (>0.55 V) that transfers electrons
from MoS2 to graphene. According to our calculations
in the last section, in order to align their EF for all the
regions, the entire band structure for graphene in
the heterostructure downshifts ∼300 mV, and that
for MoS2 upshifts ∼70 mV, contributing to a modified
work function, ΦG ∼ 5.15 eV, for graphene in the
heterostructure. Consequently, if we assume that
MoS2 behaves like a bulk semiconductor, since ΦG >
ΦMoS2, for the hot electrons generated and transferred
fromMoS2 to graphene after photoexcitation, there is a
Schottky barrier (SB)43 built at the MoS2�graphene
interface, corresponding to a barrier height of ΦSB =
ΦG�ΦMoS2 > (5.15�4.9) = 0.25 eV. The resulting built-
in potential, as discussed in the last section, can there-
fore split the photoexcited electron�hole pairs, redu-
cing the PL of monolayer MoS2. The same analysis also
applies for the system of multilayer MoS2. The sche-
matic diagram for the band structure of a MoS2�
graphene heterostructure, as well as those in the bare
graphene and bare MoS2 regions on the same sample,
are shown in Figure 2a. It is noteworthy that we have
chosen to represent the MoS2 using a continuous
band model in the following analysis, applicable to
bulk MoS2. This model allows for the presence of an
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interfacial state between the graphene and MoS2 that
provides for a barrier that can be modulated as the
number of MoS2 layers becomes discretized down to
monolayer.

The above analyses further imply that if we can
modulate the work function of graphene in the
MoS2�graphene heterostructure using electrostatic
gating, the Schottky barrier height becomes externally
tunable as well. Therefore, if we consider a MoS2�
graphene heterostructure, which has graphene in
contact with the gate dielectrics (100 nm Al2O3 con-
sidered here), the ideal schematic band diagrams as a
function of gate voltage, VG, and the voltage difference
between MoS2 and graphene, ΔV, are schematically
shown in Figure 2b. Specifically, we first consider the
cases of smallΔV, which is associatedwith aligned EF in
MoS2 and graphene. When VG < VCNP, where VCNP is the
charge neutrality point (CNP) of graphene, graphene
becomes more hole-doped, such that the work func-
tion of graphene in the heterostructure, ΦG,p, is
boosted, resulting in a higher Schottky barrier height
ΦSB = ΦG,p � ΦMoS2. On the other hand, positive gate

bias (VG > VCNP) induces electrons in graphene and
decreases graphene's work function, ΦG,n, such that
the Schottky barrier height between graphene and
MoS2,ΦSB =ΦG,n �ΦMoS2, is lowered. For the cases of
high ΔV, the Schottky barrier is lowered by ΔV, indu-
cing a reduced Schottky barrier or even becoming
Ohmic (ΦSB < 0). More importantly, if the Schottky
barrier works effectively, by coating a layer of MoS2 on
graphene, the gate-controlled interlayer impedance
may be useful to reduce the “off current” in the field-
effect transport of graphene.

It is noteworthy that for the system considered in
Figure 2b, ΦMoS2 is assumed to be independent of VG
because of the following reasons: (i) Gating in MoS2 is
much less efficient relative to graphene because of the
large effective electron mass in MoS2 (see the related
discussion in the last section). (ii) The electric field
transmitted to MoS2 is significantly screened by the
underlying graphene, which is in contact with the gate
dielectrics, since graphene is a semimetal, whose
electron density is extremely high (i.e., graphene be-
haves like a continuous metal). More importantly, it is
presumed that the gate-controlled Schottky barrier
can be utilized to modulate splitting of photoexcited
electron�hole pairs in MoS2 (see Figure 1j) as well.
In other words, by applying a gate bias VG < VCNP (or
p-doping) in graphene, one would expect to reduce
the exciton recombination, and enhance the resulting
photon-to-exciton quantum efficiency in MoS2. The op-
toelectronic response of the atomic Schottky barrier
under electrical gating is beyond the scope of this manu-
script and will be presented in our subsequent reports.

With the above analyses in mind, for the first time,
we propose a new FET architecture composed of gra-
phene and gate-controlled MoS2�graphene Schottky
barriers, which is illustrated in Figure 3a. Specifically, a
p-doped siliconwaferwas coated in 100 nmAl2O3 using
atomic layer deposition (ALD). A piece of monolayer,
CVD-synthesized graphene was then transferred onto
the substrate (Figure 3a(i)), followed by the mechanical
exfoliation of multilayer MoS2 single crystals onto gra-
phene (Figure 3a(ii)). The area of graphene exposed
to air was then removed using reactive ion etching in
oxygen plasma (Figure 3a(iii)), while the graphene
underlying MoS2 was preserved because of a much
slower etch rate of MoS2, allowing it to act as an etch
mask for the graphene. Finally, the source (S) and drain
(D) contactswere patterned onto the etched stack using
ultraviolet photolithography, followed by the deposi-
tionof Ti/Au contact electrodes (Figure 3a(iv)). Transport
characteristics of the heterostructure were determined
in a vacuum at room temperature (RT). The detailed
fabrication and characterization methods are described
in Supporting Information Section S3.

Since the electronic transport for MoS2 and gra-
phene in the channel region are typically independent,
the electronic transport in the heterostructure can be

Figure 2. Formation of atomic Schottky barrier at an
MoS2�graphene interface. (a) Schematic band diagram for
a MoS2�graphene heterojunction without applying electric
fields. Fromestimates in Figure 1, graphene bandsdownshift
300 eV, while MoS2 bands deflect upward 70 mV, yielding a
modifiedwork functionof∼5.15 eV and a∼ 0.25 eVSchottky
barrier at the MoS2/graphene interface. The L1 to L4 denote
the layer number considered in the MoS2�graphene hetero-
structure. (b) Modulation of the work function at the MoS2�
graphene interface. Schematic banddiagrams for theMoS2�
graphene heterojunction, which has graphene in touch with
gate dielectrics, as a function of gate voltage, VG, and the
voltage difference between MoS2 and graphene, ΔV. When
VG < VCNP where the latter is the charge neutrality point in
graphene, and ΔV is small, graphene becomes more hole
doped, boosting the heterostructure work function, with the
opposite occurring asVG >VCNP.WhenΔV is large, the barrier
is reduced by ΔV or becomes Ohmic, enhancing the on�off
ratio of the device.
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simplified using the equivalent circuit diagram shown
in Figure 3b. As a result, the total device conductivity, σ,
is given by

σ ¼ 1
2FC=AC þ RChannel

∼ 1
RChannel

¼ 1
RMoS2

þ 1
2FSB=AC þ RG

∼ 1
2FSB=AC þ RG

(1)

where FC is the contact resistivity between MoS2 and
the S/D electrodes, AC is the S/D contact area, RChannel is
the channel resistance, FSB is the resistivity of the
atomic Schottky barrier formed between MoS2 and
graphene, and RMoS2 and RG correspond to the resis-
tances of MoS2 and graphene in the channel region,
respectively. It is noteworthy that eq 1 is valid under
the following assumptions: (i) FC/AC , RChannel, and (ii)
RMoS2 . RG, which are generally valid. The equation
clearly suggests that the transport characteristics in the
heterostructure will be determined by the competition
between FSB/AC and RG, depending on the applied gate
and drain voltages. The transport characteristics as
a function of gate (VGS) and drain (VDS) voltages for
a representative thin (∼3-layer, Δ = 22.5 cm�1, AC ∼
12 μm2, see Figure S7, Supporting Information)
MoS2�graphene FET device are shown in Figure 3c.
Themeasured resistivities (1/G) for the heterostructure
considered as a function of VGS under different VDS are
shown in Figure S8 (Supporting Information). The
calculated field-effect electron mobility for the device
is about 600 cm2/(V s) at room temperature, which is
close to that in our CVD graphene device on SiO2

substrate (see Figure S5, Supporting Information),

suggesting that MoS2 does not scatter electronic trans-
port in graphene significantly, while the defects formed
during graphene synthesis limit the transport. We
expect that if the single-crystalline graphene (e.g., the
“Scotch-tape” graphene) is considered in this structure,
the mobility may be affected by the adjacent MoS2
layer. The mobility value, nevertheless, is significantly
higher than that in ourMoS2-only devices (∼25 cm2/(V s),
which is comparable to the reported values;25,26 see
Figure S6, Supporting Information). The transport curves
at a high drain-source bias, VDS, (e.g., VDS = 1.5 V) regime
exhibit bipolar behavior, suggesting that the transport is
mainly graphene-controlled (i.e., RG . FSB/AC). The mini-
mum conductivity, which is located at VGS ∼ 1 V,
corresponds to the CNP of graphene in the heterostruc-
ture, confirming its slightly hole-doped nature, as we
indicated in the previous section. In the low VDS regime,
since VDS becomes comparable to the Schottky barrier
height formed when VGS < VCNP, the significant increase
of interlayer impedance results in NMOS digital charac-
teristics (i.e., RG , FSB/AC), which suggests that the
transport of holes in graphene is significantly depleted.
Note that since the contact resistivity betweenMoS2 and
S/D electrodes, FC, (see eq 1) is independent of VGS,24 one
can estimate FC from the transport characteristics at the
bipolar regime (VDS > 1 V and VGS > 5 V), which yields the
value of ∼10�3�10�2 MΩ μm2, justifying the assump-
tion of FC/AC , RChannel used to simplify eq 1.

The gate-controlled interlayer impedance enables
“NMOS digital” transport in the heterostructure in the
low VDS regime, as shown in Figure 3d (characterized at
room temperature and VGS = 1.0 V). Since the interlayer

Figure 3. Electronic transport in an MoS2�graphene heterostructure. (a) Schematic illustration of the fabrication process of
the proposed FET device architecture composed of an MoS2�graphene heterostructure. (b) Simplified equivalent circuit
diagram for the FET device considered. (c) Measured transport characteristics for a trilayer MoS2�graphene FET device (AC∼
12 μm2) as a function of VGS and VDS at room temperature. (d) Measured on/off current ratio ION/IOFF and electron field-effect
mobility μFE,e as a function of VDS. (e) Calculated interlayer impedance FSB as a function of VDS and VGS at room temperature.
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impedance becomes negligible when VGS . VCNP, the
field-effect mobility of electrons (μFE,e) in graphene is
not affected. However, the significant increase in FSB
when VGS < VCNP results in a reduction of off current, as
well as of the on/off current ratio for the device. For the
device considered here, an on/off current ratio of 36 is
obtained for VDS∼ 0.1 V at room temperature, which is,
to our knowledge, the highest value ever reported
in monolayer graphene-based FET devices, with-
out sacrificing the field-effect mobility of graphene
at the “on” state. To further quantify the interlayer
impedance, FSB, it was calculated as a function of VG
and VD using the measured transport characteristics
(Figure 3c) and the proposed eq 1, as shown in
Figure 3e. As indicated above, the Schottky barrier
height becomes more significant in the regime of
VGS < VCNP and small VDS, contributing to a drastic
increase in FSB. Compared to the typical contact resistivity
betweenmetal and graphene,44 the atomistic Schottky
barrier can provide about 1000 times higher impe-
dance in this regime, maintaining an Ohmic contact
outside the regime. The calculated FSB formed be-
tween a piece of 6-layer MoS2 crystal and graphene is
shown in Figure S9 (Supporting Information), which
suggests an enlarged high FSB regime for thicker MoS2,
enabling a wider range for “digital” operation.

The Schottky barriers formed between MoS2 and
graphene indeed suggest a route toward engineering
graphene-based digital FET devices using the hetero-
structure. One possible approach, for example, is to
reduce the contact area, AC. Specifically, because of the
transition for the heterostructure from Schottky to
Ohmic behaviors with increasing VG, the rectifying
effect for the term,FSB/AC, in eq 1 can be significantly
magnified by reducing AC. On the basis of the calcu-
lated FSB (see Figure 3e), the calculated on/off current
ratio as a function of AC is shown in Figure 4. A higher
on/off current ratio of∼100 can be further achieved at
room temperature using a reasonable contact area

(AC ∼ 1 μm2; see the red curve in the inset of Figure 4).
The feasible range of VDS for NMOS digital operation,
on the other hand, can be tuned by the thickness
of MoS2, as suggested in Figure S9 (Supporting
Information). The unique dependence of the transport
characteristics on VGS, VDS, and the thickness of MoS2
enables a controllable transition from NMOS digital to
bipolar behaviors, which may be useful for analogue
applications as well. To this end, the development
of large-area, layer-controlled synthesis of MoS2
films45�48 is essential to realize large-scale production
usingwell-developed semiconductorprocess technology.

CONCLUSIONS

In conclusion, we have investigated charge transfer,
photoluminescence, and gate-controlled electronic
transport in the junction between two 2D materials:
MoS2 and graphene. Without applying any transverse
electric fields, our c-AFM and Raman characterizations
show that there is a significant number of electrons
transferred from MoS2 to graphene because of their
work function difference. The charge transfer also
results in the formation of a Schottky barrier at the
interface, increasing interlayer impedance between
the two materials. We presume that the built-in poten-
tial in the Schottky barrier can split the photoexcited
electron�hole pairs in monolayer MoS2 and signifi-
cantly reduce its photoluminescence. We fabricated
FET devices composed of the MoS2�graphene hetero-
structure and showed that the interlayer impedance
can be further manipulated by the gate and drain
voltages, demonstrating a new type of FET device,
which enables a controllable transition from NMOS
digital to bipolar characteristics. We report a very high
room temperature on/off current ratio (ION/IOFF∼ 36) in
comparison to graphene-based FET devices without
sacrificing the field-effect electron mobilities in gra-
phene. By engineering the source/drain contact area,
we further estimate that a higher value of ION/IOFF up to
100 can be obtained. We believe that themanipulation
of electronic transport and optoelectronic response in
2D materials-based heterostructures, as well as the
development of graphene-based digital electronics,
will be greatly facilitated by the new 2D heterostruc-
ture and device architecture presented here.
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Figure 4. Engineering on/off current ratio in the MoS2�
graphene FET device considered by tuning the contact area
AC. Calculated ION/IOFF at room temperature andVDS= 10mV
as a function of AC. The inset corresponds to the calculated
transport curve forAC = 1μm2 (red). Themeasured transport
curves for our representative MoS2 (blue) and graphene
(green) FET devices are also shown for comparison.
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