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R
ecent rapid progress in basic science
and applications of graphene1�3 has
been accompanied by an explosion

of interest in other two-dimensional (2D)
materials, such as insulating hexagonal bor-
on nitride (hBN)3,4 and semiconducting mo-
lybdenum disulfide (MoS2).

5�20 MoS2, a
notable layered semiconductor among the
transition metal dichalcogenide materials
family, has shown interesting physical
properties such as a thickness-dependent

electronic band structure,5,6 high carrier
mobility,7�9,12�17 photoconductivity,10,11

and environmental sensitivity.18,19 As a 2D
semiconductor with excellent mechanical
properties,21 MoS2 has great potential for
flexible electronics. However, flexible MoS2
FETs have shown relatively modest mobili-
ties of 4�12 cm2/Vs.9,22 Furthermore, use of
conventional dielectrics, such as SiO2, causes
large hysteresis and low mobility.19,23,24 The
hBN, which has proven to be beneficial for
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ABSTRACT

Atomically thin forms of layered materials, such as conducting graphene, insulating hexagonal boron nitride (hBN), and semiconducting molybdenum

disulfide (MoS2), have generated great interests recently due to the possibility of combining diverse atomic layers by mechanical “stacking” to create novel

materials and devices. In this work, we demonstrate field-effect transistors (FETs) with MoS2 channels, hBN dielectric, and graphene gate electrodes. These

devices show field-effect mobilities of up to 45 cm2/Vs and operating gate voltage below 10 V, with greatly reduced hysteresis. Taking advantage of the

mechanical strength and flexibility of these materials, we demonstrate integration onto a polymer substrate to create flexible and transparent FETs that

show unchanged performance up to 1.5% strain. These heterostructure devices consisting of ultrathin two-dimensional (2D) materials open up a new route

toward high-performance flexible and transparent electronics.
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graphene electronics1,25 and MoS2 memory devices,23

can be an alternative dielectric that is atomically flat
and free of trapped charges. Finally, the inherent
flexibility of 2D materials21,26�28 motivates fabrication
of flexible MoS2 devices based on mechanically
stacked heterostructures.29,30 Here we demonstrate
highly flexible and transparent MoS2 FETs built on
hBN dielectric and graphene gate electrodes, which
exhibit enhanced field-effect mobility with a low oper-
ating gate voltage. The stacked heterostructure de-
vices show high flexibility and optical transparency
and exhibit littlemodification of device performance at
high strain levels.

RESULTS AND DISCUSSION

We fabricated the FETs by mechanically stacking
each layer in order on the substrate followedby e-beam
lithography for electrode fabrication. Figure 1a shows
the flow of fabrication processes for the complete
device (MoS2 channel, hBN dielectric, and few-layer
graphene (FLG) gate), denoted below as MBG. For
transfer of hBN, a polydimethylsiloxane (PDMS) stamp
was used to reduce contamination on the top surface
of the hBN and prevent the formation of interfacial
bubbles, typically observed when polymers are used
to mechanically stack 2D materials31 (see Supporting
Information, Figure S1). TheMoS2 flakewas placed onto
the hBN/graphene stack as described previously.1 See
Methods for details of transfer process. Source, drain,
and gate electrodes were patterned by e-beam litho-
graphy and subsequent deposition of metals. Figure 1b
shows optical micrographs of a representative device
after each step. For the flexible devices described
below, the same fabrication process was employed,
except for the final annealing step (which would melt
the polymer substrate). Atomic force microscopy (AFM,
XE-100, Park Systems) and Raman spectroscopy (inVia,
Renishaw) were employed to measure the thickness
of each flake. The thickness of MoS2 in all the tested
devices was confirmed by frequency difference be-
tween in-plane E2g

1 andout-of-planeA1g Ramanmodes

in the Raman spectrum as previously reported6 (see
Supporting Information, Figure S2).
To understand the effect of the hBN dielectric and

graphene back-gate on FET performance, we fabri-
cated MoS2 FETs on SiO2 (denoted as MS) and on
SiO2-supported hBN (denoted as MB) as depicted
in Figure 2a,b. The devices were fabricated from the
same monolayer MoS2 flake to control for variability in
the MoS2 (see Supporting Information, Figure S3a).
Electrical transport properties were measured with a
semiconductor parameter analyzer (Agilent, 4155C) in
vacuum and at room temperature. As shown in the
inset of Figure 2d, linear output curves (ID�VD) of the
MB device reveal that Ohmic contacts are formed
between MoS2 and metal electrodes as reported.13,32

Transfer curves (ID�VG) of MB and MS FETs with the
conducting Si wafer used as the back-gate shown-type
conduction (Figure 2d). The MB device shows more
than an order of magnitude increase in conductance
(note that drain voltages for the MS and MB devices
are different) and an order of magnitude decrease in
hysteresis, providing evidence of an improved perfor-
mance on hBN. This result confirms that hBN efficiently
protects theMoS2 channel fromCoulomb scattering by
charged impurities in the SiO2 substrate, as previously
reported for graphene FETs on hBN.1,19

The field-effectmobility of the deviceswas extracted
by μ = (L/WCiVD)(dID/dVG), where L, W, and VG are
channel length, channel width, and gate voltage,
respectively. For capacitance per unit area, Ci = ε0εr/d,
relative permittivities of 3.9 and 3.5 were used for SiO2

and hBN, respectively.1 For monolayer MoS2, the field-
effect mobility of the MB device (μMB ∼ 7.6 cm2/Vs) is
an order of magnitude higher than that of MS device
(μMS ∼ 0.5 cm2/Vs). The on/off ratio (Ion/Ioff) of both
MoS2 FETs is around 104�106, depending on the on-
current.
Having confirmed the advantages of using hBN

for dielectric layers, we next fabricated MBG devices,
with mono- and bilayer MoS2 channels and FLG gates
(Figure 2c; see Supporting Information, Figure S3b).

Figure 1. (a) Schematic of device fabrication process for aMBG device. (b) Optical micrographs of the corresponding samples
in each fabrication step.

A
RTIC

LE



LEE ET AL. VOL. 7 ’ NO. 9 ’ 7931–7936 ’ 2013

www.acsnano.org

7933

Transfer curves for mono- and bilayer MoS2 devices are
shown in Figure 2e. The high-quality dielectric with
smaller thickness allows low operating gate voltage
(ΔVG < 10 V) as well as higher field-effect mobilities of
12 cm2/Vs for monolayer and 24 cm2/Vs for bilayer
MBG FETs, respectively, than those measured in MS.
In addition, for MBG devices, hysteresis is completely
absent, suggesting a lack of charge traps at either
interface. This result confirms that hBN and graphene
are well suited for use as dielectric and gate electrode
materials for ultrathin MoS2 FETs.
In order to ascertain the relation between carrier

mobility and thickness of MoS2, devices with a thick-
ness of 1�5 layers were fabricated. The measured
mobility values are summarized in Figure 3. MoS2
FETs on both SiO2 and hBN show increasing mobility
with MoS2 thickness, but the increase is much more
dramatic on hBN substrates. Use of the graphene gate

electrode does not affect mobility. Trilayer MoS2 on
hBN reaches a high mobility of ∼45 cm2/Vs, compar-
able to that reported for much thicker MoS2 devices
(>5 nm thick).16 It should be noted that contact
resistance is included in the two-terminal field-effect
mobility estimation; the true (Hall) mobility is typically
higher. A high intrinsic mobility of 470 cm2/Vs mea-
sured by the four-terminal method was reported in
50 nm thick MoS2.

24 The trends seen in Figure 3 are
likely due to both contact and bulk effects: we have
observed that the contact resistance decreases with
MoS2 thickness (unpublished data), but the observed
mobility improvement on hBN indicates a substantial
role of bulk scattering, at least in SiO2-supported
devices.24 Substantial effort is now being devoted to
identifying optimal contact materials for MoS2.

20 When
we compare MS and MB devices of the same MoS2
thickness, themobilities of MB devices aremuch higher
than those of MS devices. For example, the mobility
of monolayer MoS2 on hBN (∼10 cm2/Vs) is an order of
magnitude higher than that of monolayer MoS2 on
SiO2 (<1 cm

2/Vs). This confirms that, although both MS
and MB devices similarly show an increase of contact
resistance as the MoS2 thickness decreases, bulk scat-
tering for thin MoS2 is more dominant compared to
contact resistance.
Based on the above results, flexible FETs were fabri-

cated using the MBG structure with tri-layer MoS2 to
achieve high mobility, while still maintaining flexibility
and optical transparency. As shown in Figure 4a, the
MBG devices were fabricated on the 127 μm thick poly-
ethylene naphthalate (PEN) substrates (DuPont Teijin
Films). The representative MBG device of Figure 4b,c
consists of FLG (5 layers), hBN (35 nm), and MoS2
(3 layers). The transmission-mode optical micrograph
of Figure 4c verifies that this ultrathin heterostructure

Figure 3. Field-effectmobilities of theMoS2 FETs fabricated
on different substrates as a function of number of MoS2
layers. The solid symbols indicate average values with a
distribution range fromminimum tomaximum. The devices
with more than three, which have the same thickness of
MoS2, were measured. The dotted lines represent guide-
lines of mobility variation of MS, MB, and MBG devices.

Figure 2. Schematic device structures of (a) MS, (b) MB, and (c) MBG FET. (d) Transfer curves (ID�VG) of MS and MB devices in
(a) and (b), respectively. Note that the current (ID) was measured with VD of 500 and 50 mV for MS and MB, respectively. The
inset of (d) shows output curves (ID�VD) of the MB devicemeasured at different gate voltages with a step of 20 V. (e) Transfer
curves of the MBG devices, which indicate the higher mobility of thicker MoS2.
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device is transparent: the optical absorption is roughly
20% for the entire device stack, as calculated from
the absorption of each material (2.3% per graphene
layer,33 2�5% for monolayer MoS2, and negligible for
hBN in visible range;34 see Supporting Information for
absorption ofmonolayer MoS2, Figure S4). When only a
single monolayer of each material is used, a higher
transparency over 95% can be achieved, compared to
60% recently reported for multilayer MoS2 devices.22

Electrical device characteristics were measured under
ambient conditions and different bending conditions as
shown in Figure 4d. This device showed high mobility of
29 cm2/Vs and low operating gate voltage of ΔVG ∼ 5 V
before bending. The smaller mobility of the MBG device
on the flexible substrate is probably due to resist residue
(annealing is not possible for flexible devices) and air
exposure during measurement.13,24 As was seen on rigid
substrates, these samples showednohysteresis due to the
charge-trap-free hBN dielectric and clean channel/dielec-
tric interface (see Supporting Information Figure S5).23

We observe that the device performance is virtually
unchanged with applied uniaxial strains up to 1.5%.
The sample was uniaxially strained during electrical
measurements by bending, as shown in the insets of
Figure 4e. The strain is calculated from the bending
geometry as reported elsewhere.35,36 The relative

field-effect mobility of μ/μ0, where μ0 is the mobility
at zero strain, is shown in Figure 4e. It is stablewithin 15%
variationup to strainof 1.5%. Thephotograph in the inset
of Figure 4e shows the 1.5% strained device during
measurement. Above thismaximum strain,most devices
failed due to crack formation in the metal electrodes.35

Even though band gap variation of MoS2 under strain
was reported,37,38 any distinguishable change in electri-
cal measurements of our devices was not observed.

CONCLUSIONS

In conclusion, MoS2 FETs of a novel structure were
fabricated by a mechanical stacking process with gra-
phene and hBN. When hBN and graphene were used as
dielectric andgate electrodes inMoS2 FETs, thehighfield-
effectmobility of 45 cm2/Vswas achieved in trilayerMoS2
at low operating gate voltage (ΔVG < 10 V), alongwith no
transport curve hysteresis. We demonstrated that the
heterostructure devices based on a stack of MoS2/hBN/
graphene are highly flexible and transparent. These
results indicate that 2D-material-based heterostructure
devices are promising for flexible and transparent elec-
tronics. For instance, this heterostructured device can be
utilized in display logic circuits replacing the conventional
materials (e.g., amorphous Si), which require mobility
larger than 10 cm2/Vs and low power consumption.12

METHODS
First, graphene was mechanically exfoliated on a Si sub-

strate with a 280 nm SiO2 capping layer. For transfer of hBN,

a polydimethylsiloxane (PDMS) stamp was placed on hBN-

exfoliated Scotch tape and peeled off quickly. The PDMS-

supported hBN flake (with thickness ranging from 10 to 30 nm)

Figure 4. (a) Photographof theMBGdeviceon thePENsubstrate showing itsoutstandingflexibility and transparency. (b) Reflection-
mode and (c) transmission-mode optical micrographs of the flexible and transparent MBG device. Each dashed line indicates the
border of each material. (d) Transfer curves of the flexible MBG device under different bending conditions up to 1.5% strain. (e)
Relative field-effectmobility (μ/μ0) of the flexibleMBG device as a function of strain. The insets show the photograph of the strained
MBG device by 1.5% and schematic diagram of the strained device. The arrows in the images indicate the y-direction for strain.

A
RTIC

LE



LEE ET AL. VOL. 7 ’ NO. 9 ’ 7931–7936 ’ 2013

www.acsnano.org

7935

was then transferred onto the FLG with a micromanipulator.
Because thin MoS2 is difficult to directly exfoliate on PDMS, MoS2
was exfoliated on a Si chip coated by a water-soluble polymer
release layer (polyvinyl acetate) and 280 nm thick poly(methyl
methacrylate) (PMMA) layers. The MoS2/PMMA film was then
transferred onto a PDMS stamp by dissolving the release layer.
Finally, the MoS2 flake was placed onto the hBN/graphene stack.
We note only the top surface of the final device is exposed to
PMMA, so that all of the interfaces remain clean. Source, drain,
and gate electrodes were patterned by e-beam lithography
and subsequent deposition of Ti/Au (0.5/50 nm). For removal of
PMMA residue, samples were annealed at 200 �C in vacuum.
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