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Self-screened high performance multi-layer MoS2
transistor formed by using a bottom graphene
electrode†

Deshun Qu,‡a Xiaochi Liu,‡a Faisal Ahmed,a,b Daeyeong Leea and Won Jong Yoo*a

We investigated the carrier transport in multi-layer MoS2 with consideration of the contact resistance (Rc)

and interlayer resistance (Rint). A bottom graphene contact was suggested to overcome the degradation

of Id modulation in a back gated multi-layer MoS2 field effect transistor (FET) due to the accumulated Rint

and increased Rc with increasing thickness. As a result, non-degraded drain current (Id) modulation with

increasing flake thickness was achieved due to the non-cumulative Rint. Benefiting from the low Rc

induced by the negligible Schottky barrier at the graphene/MoS2 interface, the intrinsic carrier transport

properties immune to Rc were investigated in the multi-layer MoS2 FET. ∼2 times the enhanced carrier

mobility was attained from the self-screened channel in the bottom graphene contacted device,

compared to those with top metal contacts.

1. Introduction

In recent years, two-dimensional (2D) transition metal dichalco-
genides (TMDCs) have excited the research community due to
their material properties, which cannot be realized in
materials with a three-dimensional atomic structure.1–6 2D
molybdenum disulfide (MoS2), in particular, has been widely
studied as a channel material in field-effect transistors (FET),
for which the Id (drain current) modulation and carrier mobi-
lity are critical figures of merit.7 Ultra-thin bodies assembled
using the 2D structure of MoS2 enable highly efficient Id modu-
lation via the excellent electrostatic response to an applied
gate bias.8 Ultra-thin materials, however, are susceptible to
interface charge impurities, and thus suffer from low mobility.
In contrast, we are able to obtain high carrier mobility in
thicker multi-layer materials due to the screening of charged
impurities.9,10 Thicker materials are expected to be used more
extensively for electronic device applications due to their
reliability. However, several works have reported the low-
efficiency Id modulation in multi-layer materials, including
MoS2, graphene and black phosphorus.11–13 Since field effect

mobility is extracted from the Id–Vg curve, the reduced Id
modulation also results in the degradation of the extracted
field effect mobility. Multi-layer MoS2 can be an appropriate
candidate for digital electronic applications only if we are able
to overcome the degradation of the Id modulation.

The degradation of the Id modulation was ascribed to the ver-
tical assembly of the MoS2 layers where carrier transport in the
vertical direction is of crucial importance. In this work, by using
a vertically stacked metal-MoS2-metal structure, we found that the
contact resistance (Rc) was the main limiting factor to the carrier
transport in the vertical structure and that the interlayer resist-
ance (Rint) began to show its influence in thicker MoS2 devices
above 10 nm. We then compared the performance of lateral
metal-MoS2-metal devices prepared with top metal electrodes
and bottom graphene electrodes with respect to flake thickness.
The employment of bottom graphene electrodes was expected to
reduce both the Rc and Rint of the multi-layer MoS2 field effect
transistors (FET). As a result, a great improvement in Id modu-
lation and the extracted mobility was made in the multi-layer
MoS2 with bottom contacts. Due to the realization of a trans-
parent barrier at the contact, thin flakes using bottom graphene
electrodes also outperformed those with top metal contacts when
they were prepared on a relatively clean substrate (h-BN).

2. Results and discussion
2.1 Roles of Rc and Rint in vertical carrier transport

A schematic diagram of the vertically stacked metal-MoS2-
metal device and the corresponding electrical circuit are
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shown in Fig. 1a. We plotted current density with respect to
drain voltage at different flake thicknesses in Fig. 1b. Here, Vd
indicated the voltage applied to the bottom electrode (the top
electrode was grounded), whereas J represented the current
density in the circuit normalized by the contact area. With the
flake thickness increasing, the current density in the vertical
direction showed a decreasing trend, which was rapid at the
small thicknesses, but became very slow when further
increasing the thickness. ln( J) versus d (thickness) was
plotted in Fig. 1c. We found that ln( J) was inversely
proportional to thickness at the small thicknesses (<10 nm),
which was an indication of tunneling dominated transport,

where J / e
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m 1� Eð Þp

ℏ
d
.14,15 Here m is the effective mass

of electrons in the perpendicular direction, ∅ is the tunneling
barrier, E represents the electron energy, ħ is the reduced
Planck constant, and d is the barrier width. The barrier width
d here is the total interlayer distance calculated from the flake
thickness.16 Therefore the linear fit of ln( J) versus d indicated
that, for small thicknesses, the entire MoS2 flake acted as the
tunneling barrier with a barrier width equivalent to the total
interlayer distance. When further increasing the flake thick-
ness, the tunneling barrier width at the contact was almost
constant; the extra assembled layers did not contribute to the
contact but resulted in the extension of the channel length
between the top and bottom electrodes and the corresponding
increase of Rint. Since Rc was very high in this vertically stacked

device (no gate modulation), the assembled Rint contributed
only a limited amount to the total resistance, resulting in a
small variation of current density with thickness. The corres-
ponding band diagram of the vertically stacked metal-MoS2-
metal device was shown in the inset of Fig. 1c. The light blue
band described the carrier transport in the relatively thin
flakes which is dependent on the tunneling barrier formed at
the contact and therefore was dependent on the MoS2 thick-
ness. The dark blue band revealed the role of the Rint in the
carrier transport of the vertical device.

2.2 Mechanism of the vertical carrier transport

We carried out low temperature measurements to further
explore the characteristics of the vertical transport in a 17 nm
thick device, where both Rc and Rint effectively contributed to
the total resistance of the circuit. Fig. 2a shows a plot of a
Fowler-Nordheim tunneling fit to this device at a bias range of
0–2 V. The linear and small temperature dependence of ln(Id/
Vd

2) as a function of 1/Vd in the large electric field region
(Fig. 2a inset) agreed with the features of the Fowler–Nordheim
tunneling model, where a triangular tunneling barrier exists at
the metal-semiconductor interface. This fit confirmed the
presence of contact-limited conduction in the vertically
stacked device. Carrier transport at small electric fields was
supposed to be from direct tunneling with an exponential
dependence of ln(Id/Vd

2) on 1/Vd, accompanied by a weak
temperature dependence.15 This was not the case in our

Fig. 1 (a) Schematic diagram showing a vertically stacked metal/MoS2/metal device where MoS2 flakes are sandwiched by top and bottom metal
electrodes. The right panel shows the corresponding electrical circuit, where Rc and Rint indicate the contact resistance and interlayer resistance,
respectively. Red circles indicate the S vacancies. (b) Current density of the vertical device plotted against the drain bias at different flake thicknesses.
(c) Plot of ln(J) versus barrier width d at a 0.5 V bias where the linear fit in the small thickness region revealed the tunneling characteristics of the
vertical current. The inset shows the band diagrams of the vertically stacked metal-MoS2-metal device with thin and thick MoS2 flakes.
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device, as shown in Fig. 2a, in which a plot of ln(Id/Vd
2) versus

1/Vd was strongly temperature dependant. This abnormal
temperature dependence may come from Rint, which could be
related to the defects in the MoS2 layers. It was explained by
the band diagrams in Fig. 2b, which showed carrier transport
at the low and high electric field respectively. At a low electric
field, electrons injected from the cathode went through the
band gap of the MoS2 layer by layer. They experienced higher
Rint and were likely to be trapped in the MoS2 by defects in the
band gap, and therefore external energy was required to
activate the trapped electrons. Temperature can provide energy
to these trapped electrons, so the obtained current has a
strong temperature dependence in this region. When a high
electric field was applied, the depth of the trap potential
would be lowered so that the electrons could easily surmount
this barrier to reach the conduction band and contribute to
conduction, resulting in a weak temperature dependence.

This hypothesis was investigated by plotting ln(Id) versus
ln(Vd) in the direct tunneling region. As shown in Fig. 2c, at a
lower applied bias (region I), the slopes (m) of the ln(Id) −
ln(Vd) plots approached unity, following Ohm’s law, whereas at
higher voltages, the slopes varied from 3.3 to 4.0 as the
temperature decreased in region II, indicating trap-assisted
space charge limited conduction (SCLC) in this region. The
variations with temperature in the slope are plotted in the
inset of Fig. 2c where perfect linearity was observed and a
value of m > 2 suggested that the traps were exponentially dis-
tributed over the distance due to surface defects and structural

disorder.17–19 Density of the trap states (Nt) could be quantified
based on the experimentally measured I–V characteristics. As Vd
increased, the trap states were slowly occupied by injected charge
carriers; therefore, the conductivity of the sample was indepen-
dent of T. The I–V characteristics measured at various tempera-
tures intersected at a critical drain bias (Vc) expressed as20

Vc ¼ qNtL2

2ε0εr
:

where L is the channel length (flake thickness), q is the charge of
an electron, Nt is the trap density, ε0 is the vacuum permittivity,
and εr is the dynamic dielectric constant. The I–V curves
obtained at various T were extrapolated to obtain Vc = 3.3 V in
Fig. 2d, which corresponded to an Nt of 5.08 × 1018 cm−3.
This value agreed with the density of S vacancies reported in ref.
21. We showed the S vacancies in the circuit of Fig. 1a with red
circles at the position of the S atoms. We obtained consistent
results from another device as shown in ESI Fig. S1.†
The S vacancies in the MoS2 flakes contributed to additional
Rint, especially at low temperature, as a large amount of the
carriers were trapped by these vacancies. This finding was
consistent with other researchers’ reports, where they
emphasized the importance of S atoms to the vertical carrier
transport due to the orbital overlap between S atoms in adjacent
layers.22,23 Since carrier transport in the vertical direction
was inevitable in the multi-layer MoS2 FETs, this study suggests
that better performance from multi-layer MoS2 can be realized
by using high purity MoS2 flakes.

Fig. 2 (a) Plots of the fits to the Id–Vd curves during the forward sweep according to the Fowler–Nordheim tunneling and direct tunneling models.
The inset shows the linear fit at a high electric field. (b) Band diagrams of the vertical metal-MoS2-metal structure corresponding to direct tunneling
and Fowler–Nordheim tunneling. Traps are related to the S vacancies distributed in the band gap of the MoS2. (c) ln(Id) versus ln(Vd) plot with the
temperature-dependent slope. The space charge limited conduction mechanism was confirmed by the measurement of a linear slope with 1000/T.
(d) Extraction of the critical voltage Vc by extrapolating the I–V curves at different T.
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2.3 Flake thickness dependent Id modulation

Both Rc and Rint limited the carrier transport in the perpen-
dicular direction; they are largely responsible for the low-
efficiency Id modulation and the low extracted field effect
mobility in the multi-layer MoS2 transistor. Here we employed
heterostructured contacts of metal/graphene at the bottom for
a back gated MoS2 FET to reduce both Rc and Rint. Cr/Au elec-
trodes were deposited directly onto the surface of the same
MoS2 flake for a fair comparison, as shown in Fig. 3a. The top
right panel in Fig. 3a shows an optical microscopy (OM) image
of the device, and a cross-sectional schematic diagram is
shown in the bottom right panel. The thickness of the MoS2
flake was measured to be 4 nm using atomic force microscopy
(AFM). All of the devices were characterized by AFM, as
presented in the ESI Fig. S2.† For the devices with 4 and
75 nm thick MoS2 with the heterostructured contact, the loga-
rithmic-scale transfer curves are shown in Fig. 3b and 3c,
respectively, at a drain bias of −0.1 V. All Id values were
normalized by the channel length and width as IdL/W. For the
long channel (L > 500 nm) devices, Id was inversely
proportional to the channel length (L).24 As L ≥ 1 µm in our
devices, normalization according to IdL/W was reasonable. We
found that Id modulation with top Cr/Au contacts was reduced
significantly in the 75 nm device compared to that of the 4 nm
device (black line). However, the same flake prepared with
graphene electrodes showed an even higher on-current (Ion)

than was observed in the 4 nm device. When we examined the
performances of the bottom graphene electrodes connected to
the thin MoS2 flakes (4 nm), we found comparable Id modu-
lation with the top Cr/Au electrodes, as shown in Fig. 3c.
Fig. 3d shows the output curves obtained from a 4 nm MoS2
device with graphene electrodes at room temperature. The
linear and symmetric Id values as a function of Vd indicated
excellent contact between the MoS2 and graphene, which was
also proven by different methods in literature.25,26

Since contrary results for Id modulation were obtained from
the top metal and bottom graphene contacted devices at small
and large flake thicknesses, we further explored their thick-
ness-dependence. The normalized transfer curves of the MoS2
FET with bottom graphene electrodes were plotted as a func-
tion of flake thickness in the range of 4 to 75 nm, at room
temperature in Fig. 4a. The gate voltage (Vg) was also normal-
ized to the overdrive voltage (Vg − Vth), ensuring that compari-
sons were made at a fixed carrier density. The Ion increased
with the MoS2 layer thickness in the bottom graphene
contacted devices. Thickness-dependent transfer curves of the
top Cr/Au contacted devices were shown in ESI Fig. S3.† Both
Id and the extracted field effect mobility (Fig. S3† inset)
reached maximum values at 12 nm and then decreased mono-
tonically for >12 nm as reported by another paper.11 The Ion of
both the bottom graphene (red squares) and the top metal
(blue triangles) contacted devices were plotted as a function of
flake thickness in Fig. 4d. We can estimate from the figure

Fig. 3 (a) Schematic diagrams showing the devices, in which bottom graphene electrodes and top metal electrodes were deposited onto a flake.
The top right panel shows an OM image of a 4 nm MoS2 device with both bottom graphene and top metal electrodes, and the bottom right panel
shows a cross-sectional view of the device’s structure. (b, c) Transfer curves of the MoS2 flakes prepared with metal and graphene electrodes
obtained from thin (4 nm) and thick (75 nm) samples, respectively. (d) Output curve obtained from a 4 nm thick MoS2 flake with bottom graphene
electrodes, measured at room temperature.
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that the bottom graphene electrodes outperformed the top
metal electrodes only when the flake thickness was >30 nm. At
small thickness values, Ion measured in the graphene electro-
des was lower than that measured from the top Cr/Au electro-
des for a given MoS2 layer thickness. This trend was attributed
to strong trapping and scattering effects due to the substrate
defects and impurities, as indicated by the experimental
studies and further supported by the theoretical models.9,10

Hysteresis measurements were conducted to confirm the trap-
ping effects in our device, as shown in the inset of Fig. 4a, the
flake thickness was 15 nm. Both the bottom graphene electro-
des and the top Cr/Au electrodes were deposited onto the
same flake. The black and red lines denote the transfer curves
of the device prepared with top Cr/Au electrodes and bottom
graphene electrodes, respectively, for normalized Id. The
hysteresis in the device having a bottom graphene contact was
much larger than that in the metal top-contact device over the
same sweep range, indicating strong substrate trapping effects.
The effects of the substrate impurities and defects on the
device performance were further examined by replacing the
SiO2 substrate with hexagonal boron nitride (h-BN) by transfer-
ring the MoS2 flake and the graphene electrodes to the h-BN.
The cleaner h-BN surface was expected to suppress the
substrate trapping and scattering effects.27–29 Transfer curves
obtained from a 10 nm MoS2 device with both bottom
graphene electrodes (solid squares) and top metal electrodes
(open squares) are shown in Fig. 4b. The device with the

bottom graphene electrodes provided a higher current than
the device with the top metal electrodes. We concluded that
the cleaner substrate improved the performances of the thin
flakes with the bottom graphene electrodes, demonstrating the
advantages of bottom graphene electrodes over the top metal
contact configuration in thin MoS2 devices. The superiority of
the bottom graphene electrodes in thick MoS2 devices was
obvious as presented previously.

The mechanism underlying the experimental findings was
investigated by simulating the Id modulation using a theore-
tical model that incorporated Thomas–Fermi charge screening
and interlayer coupling.11 The equivalent circuits of the
graphene-contacted and direct metal-contacted device struc-
tures are shown in Fig. 4c. RSN represents the sheet resistance
of the Nth layer, which was controlled by Vg, RSB is the resistance
(contact resistance) induced by the Schottky barrier at the
metal (graphene)/MoS2 interface, and Rint is the resistance
between two adjacent layers. In Fig. 4d, the green and blue
solid lines indicate the simulation fits to the on current
measured from the top metal and bottom graphene contacted
devices with thickness. We assumed λ(screening length) =
7 nm,8 Rint = 2.4 kΩ µm, and RSB = 4 kΩ µm for the metal/
MoS2 contact, and a lower RSB = 2 kΩ µm for the metal-
graphene-MoS2 contact.26 The widths and lengths of the
devices were normalized to 1 µm for the simulation. Residues
that remained from the stacking process affected the bottom
graphene contacted devices and acted as additional scattering

Fig. 4 (a) Thickness-dependent transfer characteristics of MoS2 transistors with bottom graphene contacts. The inset shows the hysteresis in a
15 nm thick MoS2 device prepared with both normal metal contacts and bottom graphene electrodes. (b) Transfer curves of a 10 nm MoS2 device on
an h-BN substrate at 123 K, in which open and solid squares represent the results obtained from the top Cr/Au electrodes and bottom graphene
electrodes, respectively. (c) Equivalent electrical circuits of the top metal and bottom graphene contacted back-gate MoS2 transistors. Gradient
color in the circuits represents gradually varied carrier density in the layered MoS2 flakes under the modulation of gate bias. Red color stands for
high carrier density. (d) Theoretical fits of the Ion density as a function of the thickness. (e) Plot of the on/off ratio as a function of flake thickness.
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centers at the substrate. We assumed a lower mobility in the
MoS2 layers with the graphene contacts than with the metal
contacts. Id represented Ion at an overdrive voltage of 58 V, at
which the device was already turned on. The blue line agreed
well with the experimental data and indicated an almost con-
stant Ion, whereas the green line agreed with the experimental
data only for relatively thin MoS2. The Ion dropped rapidly at
layer thickness values >30 nm for devices with normal metal
contacts, but the corresponding curves obtained from the
simulations decreased gradually over one order of magnitude.

The differences between the experimental and simulation
results could be ascribed to Rc. We assumed a constant Rc with
thickness in the simulation. This assumption, however, was
only appropriate for the bottom graphene contacts. The gra-
phene contact interface formed at the bottom layer, nearest to
the back gate, and therefore carriers induced by a gate bias
could always be efficiently mirrored in the graphene and
bottom MoS2 layers, regardless of the MoS2 thickness. Since Rc
was determined by these induced carriers in the bottom MoS2
and graphene layers, a constant Rc could, therefore, be
induced in devices with bottom graphene electrodes. For a
MoS2 flake having N layers, conductivity of the ith layer σi =
nieµi = Qiµi, where ni is the number of carriers, e is the elemen-
tary electric charge, µi is the mobility of carriers in this layer,
and Qi represents the total charge in this layer. So the sheet
resistance of the ith layer is given by Rsi = 1/σiL/W = 1/µi/QiL/W,
where L and W are channel length and width respectively.
Since the current we obtained was already normalized with
respect to the channel dimension, RSi ≈ 1/µi/Qi. For example,
RSN reached a minimum value at 83 kΩ µm for N = 150 at the
8th layer. This value was significantly larger than Rint of
2.4 kΩ µm. Most carriers, therefore, were transported near this
layer, as the resistance increased almost exponentially in the
layers above and below this layer. The layers with their
respective RS were oriented parallel to one another; therefore,
the total resistance (Rtot) was mainly determined by the least
resistive layer, and Rtot and Ion remained almost constant,
despite the thickness increase.

2.4 Characterization of a device with a bottom graphene
contact

We next examined the contact properties at the metal-MoS2
interface. As the flake thickness increased, no gate-induced
carriers were available in the top layer, as in the off-state of
MoS2. The Rc in the off-state differed significantly from the
value obtained in the on-state. The large Rc at the metal/MoS2
interface limited the carrier transport into the top resistive
layers, resulting in a low Ion. The purple line in Fig. 4d shows
the Rc limited Ion which is close to our experimental data, and
the linear trend fits our data well. We assumed Rc increases
exponentially as the flake thickness increases, because the
induced carrier density at the top layer decreased exponen-
tially, and we believe this is an acceptable assumption as many
papers have reported the approximately exponentially varying
of Rc with Vg, proportional to carrier density.30,31 We divided
the Ion of the top metal contacted devices to two intervals

according to the MoS2 flake thickness: the Rint limited region
at small thickness and the Rc limited region at greater thick-
ness. Fig. 4e shows that the on/off ratio followed a trend
similar to that of the Ion in both the graphene and metal con-
tacted devices. It is worth noting that the on/off ratio of the
metal contacts varied more rapidly than the Ion, as the off-
current in the device increased with the thickness due to finite
conduction through the top layers, which was not affected by
gate modulation. We concluded that the employment of the
bottom graphene electrodes maintained a small Rc and
limited Rint in the multi-layer MoS2 FETs, they were not
affected by flake thickness, and this was the reason for non-
degraded Id modulation.

We mentioned in the introduction that the graphene-MoS2
contact was advantageous compared to the metal-MoS2
contact. Here we examined the bottom graphene contacts in
detail. Fig. 5a shows the temperature-dependent transfer
curves obtained from a 75 nm MoS2 transistor with bottom
graphene contacts. The current kept increasing as the tempera-
ture decreased; this is quite different from the normal
Schottky emission limited MoS2 transistors, where a high
Schottky barrier exists at the metal/MoS2 interface32 and the
current decreases with decreasing temperature due to the
reduced thermal emission at the interface. The inset of Fig. 5a
shows the standard I–V output characteristics at 123 K. That is,
without a post-annealing process, our device exhibited linear
and symmetric I–V output characteristics down to low tempera-
tures, suggesting the formation of a negligible Schottky barrier
at the graphene–MoS2 interface. It was further confirmed by
the temperature-dependent mobility measurements shown in
Fig. 5b. We compared the mobility extracted from the 75 nm
MoS2 device with bottom graphene electrodes and the 12 nm
MoS2 device with the best performance prepared with standard
metal electrodes. The mobility in the graphene contact device
clearly increased as the temperature decreased and reached a
peak mobility of 170 cm2 V−1 s−1 at 123 K. The extracted mobi-
lity of the metal contacted devices showed a slight decrease as
the temperature decreased due to the lowered Id resulting from
reduced thermal emission. The mobility in the graphene con-
tacted device was found to be dependent on the electron-
phonon scattering, which could be fit to µ ∼ T−γ, where the
exponent γ was equal to 0.45. The observation of electron-
phonon scattering-limited scattering in a device is also an
indication of excellent contact as the intrinsic property of the
device is observed, immunized to Rc.

Band diagrams of our device with a heterostructured
contact in the equilibrium state and a high positive gate bias
are shown in Fig. 5d and 5e. After band alignment in the equi-
librium state, a certain Schottky barrier was formed at the gra-
phene/MoS2 interface. When a gate bias was applied, the finite
density of states and the weak electrostatic screening effects in
the thin graphene sheets enabled the applied back gate elec-
tric field to penetrate the graphene layer and modulate the
energy band of the MoS2, resulting in a tunable Schottky
barrier at the graphene/MoS2 interface.33–35 Application of a
high positive gate bias to the device induced ohmic contact,

Paper Nanoscale

19278 | Nanoscale, 2015, 7, 19273–19281 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 S
un

gk
yu

nk
w

an
 U

ni
ve

rs
ity

 o
n 

11
/0

1/
20

16
 0

5:
01

:5
6.

 
View Article Online

http://dx.doi.org/10.1039/C5NR06076A


and the strong interlayer coupling between the graphene and
the MoS2 at the contact interface introduced by the stacking
might have contributed to the reduction of Rc.

36 These
phenomena observed in our device explained the graphene
electrodes’ better performance in the ‘bottom’ position. Pre-
vious studies have reported the advantages of graphene elec-
trodes in contact engineering; however, positioning graphene
sheets on top of a MoS2 layer always introduces a finite
Schottky barrier at the contact interface, which dominates
carrier transport in the system.37,38 We attributed the non-
optimal performance of graphene to the electrical field screen-
ing by the bottom MoS2 layers and to residues generated from
the electron beam lithography process.39 We also observed
metal-insulator transitions (MIT) in our device (see ESI
Fig. S4†), which further confirmed the superiority of the
bottom graphene contact.40

Fig. 5c shows the double sweep of the transfer character-
istics at both high and low temperatures. The hysteresis of this
device is even smaller than the 12 nm MoS2 device shown in
ESI Fig. S5b.† As carrier transport is limited to either close to
the substrate or to the top layers, large hysteresis was observed
due to the scattering centers or traps from the SiO2 substrate
and contamination at the flake surface (ESI Fig. S5b†).
However, in the bottom graphene contacted device the
effective channel for carrier transport is located between the
trap-sensitive bottom and top layers. As we demonstrated
previously, Rc is a large proportion of the total resistance, but
carriers are able to arrive at the upper layers when Rc is largely

reduced by the bottom graphene contact. The bottom MoS2
layers functioned as a clean substrate for the electron
transport, while additional MoS2 layers at the top acted as
dielectric capping layers that enhanced the screening of
long-range disorder and improved the mobility.41 This was
another advantage of our suggested contact stratagem, for
which a self-screened channel formed, enabling more efficient
carrier transport.

3. Conclusion

Carrier transport in multi-layer MoS2 transistors were investi-
gated, revealing the role of Rc and Rint for carrier transport in
the vertical direction. Rint was much smaller than Rc in our
device. Space charge limited conduction was found to be a
major transport mechanism within the MoS2 layers. The
corresponding S vacancies were calculated to have a density of
5.08 × 1018 cm−3, affecting carrier transport in the vertical
direction since they contributed to additional Rint. By introdu-
cing bottom graphene electrodes, Rc in the back gate MoS2
transistor was significantly reduced by realizing a negligible
Schottky barrier. At the same time, Rint in the multilayer MoS2
transistor was avoided and an effective channel for carrier
transport located between the bottom and upper MoS2 layers
was formed, providing high carrier mobility. We attained a
high performance multi-layer MoS2 FET without sacrificing
Id modulation.

Fig. 5 (a) Temperature-dependent transfer curve in a bottom graphene contacted 75 nm thick MoS2 device. The inset shows the output curve at
123 K. (b) Mobility as a function of temperature, for a 75 nm thick bottom graphene contacted device and a 12 nm thick metal contacted device. (c)
Hysteresis at room temperature and 123 K. The values of Id are plotted on a logarithmic scale in the inset. (d and e) Band diagrams of the hetero-
contacted device (metal/Gr/MoS2) at equilibrium and under a high positive gate bias.
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4. Experimental
4.1 Vertical metal-MoS2-metal device

A 50/5 nm thick Au/Cr layer was deposited by electron beam
evaporation onto a highly p-doped Si substrate capped with a
thermally grown 285 nm SiO2 layer. MoS2 flakes of various
thicknesses were stacked on the surface of the metal electrode
using a transfer technique reported previously. Another layer
of 5/50 nm Cr/Au was then deposited onto the MoS2 flakes by
electron beam evaporation.

4.2 MoS2 FET with both metal and graphene electrodes

The mechanical exfoliation method was used to peel away two
strips of thin graphene sheet which were then mounted onto a
Si/SiO2 (285 nm) substrate. MoS2 flakes of various thicknesses
were stacked on the surface of the graphene sheets using a
transfer technique. A 5/50 nm thick Cr/Au layer was then de-
posited by electron beam evaporation onto the graphene
sheets connected to the MoS2 flake and at the same time
directly onto the MoS2 flake to permit a comparison of the
device performances.

4.3 Transfer method

The conventional PDMS stamping technique was used to
transfer MoS2 onto the graphene stripes.27 MoS2 on a PMMA/
PDMS substrate was stacked on to the graphene stripes on the
Si/SiO2 substrate, and PDMS substrate was then peeled off
after 5 min heating. Then the sample was put in acetone over-
night to remove the PMMA.
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