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A
long with the continuous scaling of
devices in the semiconductor indus-
try, it is generally accepted that

Si (including ultrathin Silicon-on-Insulator
(SOI))-based complementarymetal�oxide�
semiconductor (CMOS) technology will
reach its scaling limit (below 5 nm) due
to the bulk nature of silicon.1 Therefore,
new semiconductor materials alternate to
silicon should be developed to avoid those
scaling issues in Si-based CMOS technology.
Monolayer MoS2, one of the transition-metal
dichalcogenides (TMDs), shows great poten-
tial for nanoscale (sub-5 nm) FET applica-
tions owing to its atomic thickness (0.65 nm),
excellent thermal stability, considerable
band gap (∼1.8 eV), and pristine interfaces
(without out-of-plane dangling bonds).1�4

The atomically thin MoS2 provides excellent
gate electrostatic control to suppress short-
channel-effect (SCE),5,6 which is one of the
major issues in nanoscale MOSFETs. In addi-
tion, the large effective mass of monolayer
MoS2 can reduce the source/drain direct
tunneling, thereby leading to small subthres-
hold swing (SS). Recently, monolayer MoS2
FET has been experimentally demonstrated

with a small SS of 74 mV/decade, and an
ON/OFF ratio of∼108, indicating thatmono-
layer MoS2 is suitable for low-power digital
applications.1�11 However, the interface
between 2D semiconductors and three-
dimensional (3D) metal contacts is one of
the major parameters, which determines
the performance of all 2D material based
nanoelectronic devices.11�15 This has been
proved in several reported MoS2 works,

15,16

in which contact resistances at the metal/
MoS2 interfaces significantly limit the device
performances.
Fermi level pinning is a common issue

in low dimensional materials with metal
contacts. It has been proved that there is
severe Fermi level pinning between MoS2
and metal.17 Hence, Schottky barrier always
exists between monolayer MoS2 and con-
tact metals. Although small Schottky bar-
riers (30 meV with Sc and 50 meV with Ti)
have been achieved between few-layer or
multilayer MoS2 and contact metals,18 such
small Schottky barriers still influence the
device operation.19 Compared with multi-
layerMoS2,monolayerMoS2 has smaller elec-
tron affinity (4.2 eV). Therefore, according to
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ABSTRACT Metal contacts to atomically thin two-dimensional

(2D) crystal based FETs play a decisive role in determining their

operation and performance. However, the effects of contacts on the

switching behavior, field-effect mobility, and current saturation of

monolayer MoS2 FETs have not been well explored and, hence, is the

focus of this work. The dependence of contact resistance on the drain

current is revealed by four-terminal-measurements. Without high-κ

dielectric boosting, an electron mobility of 44 cm2/(V 3 s) has been

achieved in a monolayer MoS2 FET on SiO2 substrate at room

temperature. Velocity saturation is identified as the main mechanism responsible for the current saturation in back-gated monolayer MoS2 FETs at

relatively higher carrier densities. Furthermore, for the first time, electron saturation velocity of monolayer MoS2 is extracted at high-field condition.
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the Schottky theory, the Schottky barrier between
monolayer MoS2 and Ti (work function = 4.33 eV)
should be larger, thereby affecting the device perfor-
mance to a greater extent. However, ambiguities still
exist in the understanding of the nature and impact of
such contacts on the characteristics and operation of
monolayer MoS2 FETs, such as switching behavior,
current saturation and field-effect mobility.
Various metals such as Ti, Au, Ni, Mo, and Sc have

been used as the contact metal with monolayer or
multilayer MoS2.

2,5�19 Recent theoretical and experi-
mental works have shown that titanium (Ti) can form a
good contact with monolayer MoS2 (monolayer MoS2
has a direct band gap of 1.8 eV (Figure 1a)),11,12 in
which Ti shows high capability to dope MoS2 (under
the contact region). Since Ti shows promise as a contact
metal with MoS2, we select Ti as the contact metal to
study the impact of contacts on the operation and
performance of monolayer MoS2 FETs. On the other
hand, we observed a current degradation after deposit-
ing 30nmHfO2 dielectricfilm on topofmonolayerMoS2
(Supporting Information S1). Hence we choose back-
gated FET configuration to study the metal contact to
MoS2 and intrinsic mobility of MoS2 in this work.
Monolayer films are prepared bymechanical exfolia-

tion of bulk MoS2 (SPI Instrument, Inc.) onto 90 nm
SiO2/Si (highly n-doped) substrate. The thickness of
MoS2 film is identified using optical microscope
(Figure 1b) since we have established the correlation
between optical contrast of monolayer TMD and thick-
ness of underlying dielectric.19 The thickness of mono-
layer MoS2 is further confirmed by AFM (Figure 1c,d).
Themeasured thickness ofmonolayer is around 0.9 nm
due to the absorbedmolecules on top of MoS2. Heavily

n-doped Si is used as the back gate as shown in
Figure 1e. The SEM image of the fabricated back-gated
FET device is shown in Figure 1f. After metal lift-off,
device is loaded into Lakeshore vacuum probe
station. All measurements are performed in vacuum
(1 � 10�6 mbar) at room temperature after annealing
in the vacuum (3 � 10�6 mbar) at 420 K for 12 h to
remove any absorbedmoisture and solvent molecules.

RESULTS AND DISCUSSION

In a metal contact with MoS2 as shown in Figure 2a,
there are two components contributing to the contact
resistance, which are the tunneling barrier between
metal and MoS2 below the contact metal due to the
van der Waals (vdW) gap (dash line A in Figure 2a), and
Schottky barrier between contact and channel (dash
line B in Figure 2a). In this work, density functional theory
(DFT) calculation is employed to explore the electronic
nature of the contact between Ti and monolayer MoS2.
The details of the setup used for DFT calculations are
included in the Supporting Information S3.
Electronic dispersion of MoS2 with Ti is studied to

estimate the Schottky barrier between monolayer
MoS2 and Ti by DFT as shown in Figure 2c. In
Figure 2c, the red lines indicate the bands ofmonolayer
MoS2 with a band gap of 1.8 eV. Gray lines show the
bands of Ti�MoS2 system, indicating that the original
MoS2 bands (red) are completely disturbed by the Ti
atoms due to strong hybridization between Ti and S
orbitals. The new bands (gray) of the Ti�MoS2 system
display a metallic behavior with a zero band gap,
implying that MoS2 under Ti area is completely metal-
lized by the hybridization between Ti and S atoms. This
metallization is also confirmed by the PDOS of the

Figure 1. (a) EnergydispersionofmonolayerMoS2.MonolayerMoS2 has adirect bandgapof 1.8 eV. (b) Opticalmicroscope image
of monolayer MoS2 on SiO2 (90 nm)/Si. (c) AFM image and (d) height profile of monolayer MoS2. The height profile is measured
along the red line in (c). (e) Schematic view of the back-gated monolayer MoS2 FET. (f) SEM image of the fabricated back-gated
monolayer MoS2 FET. In four-terminal-measurements, current flows (Ids) from V4 to V3. The voltages are measured on V1 and V2.
Channel resistance is calculated as (V1 � V2)/Ids. The details of resistance extraction is shown in Supporting Information S2.
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Ti�MoS2 system (Figure 2d). As shown in Figure 2d, the
original band gap of MoS2 vanishes after contacting
with Ti. Hence, the tunneling barrier height is zero
between Ti and MoS2 due to the metallic behavior of
Ti�MoS2 system. Therefore, contact resistance is solely
contributed by the Schottky barrier between the con-
tact area (Ti�MoS2 system) and themonolayer channel

MoS2 (Figure 2b). By comparing the band structure
of MoS2 (bottom of conduction band) with the Fermi
level of Ti�MoS2 system (given by DFT, Figure 2c), a
0.33 eV Schottky barrier can be extracted. This Schottky
barrier (0.33 eV) is consistent with our experimental
measurements that yielded 0.3�0.35 eV, which is
shown in the next section.

Figure 2. (a) Schematic of electron injection direction in MoS2 and contact metal: A, tunneling barrier between metal and
MoS2 below contact metal; B, Schottky barrier between contact and channel. (b) Band diagram illustrating the Ti�MoS2
Schottky barrier. (c) Electronic dispersion of MoS2 without contact (red lines) and with Ti contact (grey lines). (d) PDOS of sp
orbital of S atoms (yellow line) and d orbital of Mo atoms (green line).

Figure 3. (a) Ids�Vbg curve of monolayer MoS2 back-gated FET with Ti contact. (b) Channel resistance (Rchannel), and
total source-drain resistance (Rtotal) as a function of back-gate voltage (Vbg). (c) Temperature dependent Ids�Vbg curves of
back-gated monolayer MoS2 FET with Ti contact, Vds = 3 V. (d) Band diagram of MoS2 back-gated FET with Ti contact at
different Vbg.

A
RTIC

LE



LIU ET AL. VOL. 9 ’ NO. 8 ’ 7904–7912 ’ 2015

www.acsnano.org

7907

Figure 3a shows the transfer characteristics of the
back-gated monolayer MoS2 FET with Ti (10 nm)/Au
(100 nm) contact. It clearly displays an n-type behavior
withON/OFF ratios (defined as the ratio ofmaximum to
minimumdrive current in the Vbg range of�30 to 30 V)
exceeding 106 at Vds varying from 0.1 to 5 V. Four-
terminal-measurements are employed to measure the
Rchannel as denoted by the red curve in Figure 3b. Black
curve in Figure 3b corresponds to the Rtotal (Rtotal =
2Rc þ Rchannel = Vds/Ids) measured by two-terminal
measurements (between V1 and V2 in Figure 1f) at
Vds = 0.1 V. Rtotal shows a large variation, which is∼106

for Vbg swept from �30 to 30 V. Hence, for back-gated
monolayer MoS2 FET with Ti contact, the switching
mainly occurs due to modulating the contact.
To clearly understand the mechanism of current

injection inmonolayer MoS2 FET with Ti contact, temp-
erature dependent measurements are performed.
Figure 3c shows the temperature dependent Ids�Vbg
curves of monolayer MoS2 FET with Ti contact. When
the Vbg is below 10 V, the source drain current (Ids)
clearly shows temperature dependent behavior,
indicating that thermionic emission dominates the
electron injection at low Vbg. At high temperatures,
electrons can occupy higher energy levels leading to
more electrons flowing over the Schottky barrier and
contributing to the current injection. Ids becomes less
dependent on the temperaturewhen Vbg is above 10 V,
implying that tunneling dominates the current at high
Vbg due to the narrowing of the Schottky barrier, which
is created by the band bending near the MoS2�Ti
contact (Figure 3d).17

Since the DFT calculation predicts a 0.33 eV Schottky
barrier between Ti and monolayer MoS2, hence,
in order to understand the Schottky barrier effect
on monolayer MoS2 FET operation, it is necessary
to measure the Schottky barrier between Ti and
monolayer MoS2. The expression of thermionic emis-
sion current for 2D material can be derived as
I = A2DWT3/2e�(qΦSB/KBT)(1 � e�(qVds/kBT)), where q is the
magnitude of the electron charge, ΦSB is the Schottky

barrier height, W is the width of the contact with
2D material, kB is the Boltzmann constant, and Vds
is the drain-source bias. A2D is the Richardson's con-
stant for 2D materials and is derived to be A2D =
{[2(2π)1/2gvq

√
m*]/h2}kB

3/2, where gv is the valley
degeneracy, h is Planck's constant, and m* is in-plane
effective mass of monolayer MoS2. The derivation of
thermionic emission current for 2D material is shown
in the Supporting Information S4. By comparing the
thermionic emission equations of 2Dmaterial and bulk
material, one can find that temperature dependence is
lower for 2D material compared to that of 3D material.
In addition, the Richardson's constant is also different
for 2Dmaterial and 3Dmaterial (with different units).20

Figure 4a shows the Arrhenius plot for various gate
voltages, which is measured by two-probe measure-
ment. The slope of the Arrhenius plot (Figure 4a) can
be used to analyze the Schottky barrier from the
thermionic emission theory. Schottky barrier height
as a function of Vbg is shown in Figure 4b. As men-
tioned in ref 18, it is necessary to evaluate the flat-band
gate voltage because it is a benchmark to identify the
transition point between the tunneling current and the
thermionic emission current. When the gate voltage
is below the flat-band gate voltage, the thermionic
emission predominantly contributes to the current.
Hence, using the thermionic emission equation for
2D materials, the Schottky barrier between MoS2 and
Ti can be accurately extracted. The extracted Schottky
barrier between monolayer MoS2 and Ti varies from
0.3 to 0.35 eV measured from six different monolayer
devices. The Schottky barrier between monolayer
MoS2 and Ti is significantly larger than the Schottky
barrier between multilayer MoS2 (bandgap: 1.2 eV)
and Ti, which is around 50meV.18 The extracted Schott-
ky barrier between monolayer MoS2 and Ti is quite
reasonable given that monolayer MoS2 has smaller
electron affinity than multilayer MoS2. The value of the
Schottky barrier height is also consistent with the DFT
calculation, which confirms the accuracy of our contact
model.

Figure 4. (a) Arrhenius-type plot of ln (Ids/T
3/2) vs 1000/T at different Vbg. (b) Extracted effective barrier height (ΦSB) as a

function of Vbg for monolayer MoS2 FET with Ti contact. Inset shows the band diagram at flat band condition.
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As mentioned above, MoS2 FET with Ti contact has a
large Schottky barrier. To study the effect of contact on
the performance of MoS2 FET, it is desirable to extract
the contact resistance. Four-terminal-measurement
method is employed to extract the contact resistance
(Rc) at various Vbg. By injecting a constant current
(Ids) into the four-terminal configuration (between V4
and V3 in Figure 1f), Rchannel (between the inner two
electrodes, V1 and V2, as shown in Figure 1f) can be
directly measured. Then, Rtotal (Rtotal = (V1 � V2)/Ids)
between V1 and V2 is measured using two-terminal-
measurements by applying the same current employed
in the four-terminal-measurements. Hence, Rc can be
extracted by subtracting the Rchannel from Rtotal.
Figure 5a shows the contour plot of Rc as a func-

tion of Vbg and Ids applied for the four-terminal-
measurements. It is found that Rc is dependent on
the values of applied Ids as well as the Vbg as shown in
Figure 5a. At small Ids (below 20 μA), Rc shows strong
Vbg dependence, in which Rc is ∼25 kΩ 3 μm at Vbg =
�5 V, while Rc can be reduced to 7 kΩ 3 μm at high Vbg
(30 V). When Ids > 40 μA, Rc is significantly reduced at
low Vbg and shows less Vbg dependence.
Various Rc's as a function of Ids at Vbg = 0, 15, and 30 V

are also plotted in Figure 5b. At low Ids (<40 μA),
Rc shows distinct Vbg dependence, implying that
Schottky barrier is mainly tuned by the gate electro-
statics. However, when Ids > 40 μA, Rc has less depen-
dence on the Vbg, indicating that the amount of
electrons injected from source is much larger than
the electrons generated by gate electrostatics. Hence,
the large amount of electrons injected from source
can heavily dope monolayer MoS2 resulting in a very
narrow Schottky barrier. The minimum extracted Rc
is∼1.3 kΩ 3 μm (Ids = 150 μA, Vbg = 30 V), which is much
smaller than any reported value on metal contact with
monolayer MoS2.
Current saturation of MoS2 FET is important for

digital circuit applications (shown in Supporting Infor-
mation S5), in which it can significantly influence the
noisemargins.4 The saturation performance, which can

be described by output resistance, determines sharp-
ness of the voltage-transfer curve of a CMOS inverter,
and thus the maximum noise margin. Although the
atomic scale thickness of monolayer MoS2 provides
excellent electrostatics, current saturation in mono-
layer MoS2 back-gated FETs has been rarely observed
at low Vds.

21 As mentioned in our previous work,
due to the high parasitic series source/drain contact
resistance,15,19 the effective Vgs and Vds are lowered
and are given by Vgs_eff = Vgs � (Rc � Ids) and Vds_eff =
Vds � (2Rc � Ids). Rc can be directly extracted from
Figure 5a at given Vbg and Ids. This provides the
possibility to study the performance of the MoS2 FET.
Figure 6a�c shows the output characteristics of

monolayer MoS2 FETs with a channel length of 0.8,
1.1, and 1.5 μm, respectively. All of the three Ids�Vds
curves display a nearly linear behavior at low Vds,
indicating that the Schottky barrier is very narrow.
The lowest Rc of our device is ∼1.3 kΩ 3 μm with Ti
contact at Vbg = 30 V. Due to this small Rc, ON-current of
our monolayer MoS2 FET is ∼50 μm/μA at Vbg = 30 V
and Vds = 2V (or 200 μA/μm at Vbg = 30 V and Vds = 8 V)
which ismuch higher than any reported values in back-
gated monolayer MoS2 FETs. With a small Rc, robust
current saturation can be observed in Figure 6a.
However, along with the increase of the channel
length, current saturation degrades at high Vbg for
long channel devices (Figure 6b,c), implying the ab-
sence of “pinch-off”.
In Figure 6a�c, monolayer MoS2 FETs have a pinch-

off like current saturation when Vbg <12 V, in which Ids
increases alongwith increase of Vds until the saturation
value is reached. Thedrain voltages also satisfy pinch-off
saturation condition, Vds_eff> (Vgs_eff�(Rc� Ids�Vth))/m.
Here, m is the body-effect coefficient that can be
derived from subthreshold swing (SS) equation: SS =
2.3(1þ Ctrap/Cox)mkT/q = 2.3mkT/q, where Ctrap is inter-
face trap capacitance, Cox is gate dielectric capacitance,
k is Boltzmann's constant, T is temperature and q is
electronic charge. The SS of our back-gated FET is
around 410 mV/dec. Hence, m is around 7, which

Figure 5. (a) Contour plot ofRc (Ω 3 μm) as a functionofVbg and Ids used for the 4-pointmeasurements. (b)Rc as a functionof Ids
at various Vbg.
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indicates a poor gate modulation effect in back-gated
FET. The threshold voltage (Vth) of our back gated
device is approximately �10 V as shown in Figure 6d�f.
Rc can roughly be extracted from Figure 5a. In Figure 6a,
when Vbg = 18 V and Isat= 60 μA/μm (Vds = 4 V, width of
the device is 1.5 μm), Rc is∼2.5 kΩ 3 μm.Hence, the ratio
between Rc and Rtotal is∼3� 10�2 which indicates that
Rc has minimal impact on the ON-current of this device
when the channel is fully turned on by the gate.

When Vbg < 12 V, Ids increases parabolically
along with the increase of Vds until the saturation
value is reached. When Vbg > 12 V, Ids increases
linearly and is proportional to the (Vbg�Vth) as shown
in Figure 7a, indicating that device is operated in the
velocity saturation region. Four-terminal-measure-
ments also confirm the linear behavior of the conduc-
tance as a function of Vbg when Vbg > 12V (Figure 7b).
Hence, the current saturation in monolayer MoS2 is a

Figure 6. (a�c) Output characteristics of back-gated monolayer MoS2 FETs. (d�f) Transfer characteristics of back-gated
monolayer MoS2 FETs measured from device (a), (b), and (c), respectively.

Figure 7. (a) Corresponding Isat as a function of (Vbg�Vth) extracted from device in Figure 6a. (b) Channel conductance
(G) of monolayer MoS2 FET with Ti contact as a function of Vbg. Values of G are measured by four-terminal-measurements.
G=1/Rchannel. (c) Transconductance (gm) of monolayer MoS2 FET as a function of Vbg for various Vds. (d) FET mobility (without
excluding the effect of contacts) of monolayer MoS2 as a function of Vds.
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combination of pinch off (at low carrier density) and
velocity saturation (at relatively higher carrier density).
For Vbg > 12 V and Vds > 4 V, Ids starts to saturate due

to velocity saturation. Using equation for current (Isat)
under velocity saturation Isat = WCox(Veffec_bg � Vth �
Veffec_sat/2)υsat, whereW is the width of device, and υsat
is the saturation velocity, the υsat for monolayer MoS2
is extracted from Figure 6a to be ∼9.85 � 105 cm/s at
Vbg = 30 V and Vds = 6 V, which is close to the
theoretically calculated value of ∼106 cm/s.22,23

To improve the drive current for high-performance
CMOS applications at ultrascaled dimensions, it is
necessary to have high mobility.24 However, one issue
of monolayer MoS2 is the low mobility, which is in
the range of 0.1�13 cm2/(V 3 s) on SiO2 substrate at
room temperature.1,2 In general, the Schottky barrier
at the monolayer MoS2�Ti interface (area B as shown
in Figure 2b) introduces a contact resistance that
degrades the device performance. Although doping
the source/drain area can significantly reduce the
contact resistance, currently a reliable technique such
as ion implantation to dope the 2D semiconductors
without disrupting their desired properties (replacing
any atoms destroys the electronic structure of
2D semiconductors) is lacking. Thus, it is necessary
to estimate the effect of contact on the extracted
FET mobility for the measurements and maximize
the performance of monolayer MoS2 FETs using
the gate electrostatic doping that can thin down
the tunneling barrier for electron injection. To esti-
mate the effect of contact on the device perfor-
mance, we first discuss the intrinsic mobility of
monolayer MoS2 flakes on SiO2 (90 nm)/Si substrate
measured in a four-terminal configuration followed
by the analysis of effective mobility (including the
effect of contact resistance) measured in a two-
probe configuration.
The channel conductance (G) of monolayer MoS2

FET as a function of Vbg is measured by four-terminal-
measurements. Then, the intrinsic mobility of mono-
layer MoS2 can be extracted as μ = (L/W)dG/dVbgCox

�1

in the linear region (Figure 7b), where Cox (3.84 �
10�4 F 3m

�2) (the fringing capacitance and quantum
capacitance can be ignored for a long channel back-
gated FET with thick dielectric film) is the capacitance
of the 90 nm-thick bottom SiO2 dielectric; L and W

represent the length and width of the channel, res-
pectively. The mobility of monolayer MoS2 FET is
∼44 cm2/(V 3 s) (deducting the effect of contact
resistance) at room temperature, which is significantly
higher than other reported values (0.1�13 cm2/(V 3 s))
in literature.1,2,25,26 This value is also close to the
mobility of monolayer MoS2 after boosting with
high-k dielectrics,5 indicating that there is additional
space to further improve the performance of mono-
layer MoS2 on SiO2 substrates. Additionally, as shown
in Figure 7b, the conductance is linear over a relatively

large rangeof theback-gate voltage (from�10 toþ30V),
indicating that the inherent 2D carrier density remains
low. To verify this, the carrier density ofmonolayer back
gated MoS2 FET is calculated using the method de-
scribed in ref 4. As shown in the Supporting Information
S6, the carrier density of back-gated monolayer MoS2
FET is linearly dependent on the gate voltage when the
gate voltage is greater than the threshold voltage. The
calculated carrier density is on the order of ∼1013/cm2

(which is considered low) because of the thick dielectric
substrate (90 nm SiO2).
Since the intrinsic mobility of MoS2 on SiO2 has been

calculated, we can estimate the effect of contact
resistance on the mobility extracted through two-
terminal measurements. Transconductance (gm) for
various drain voltages are measured through two-
terminal measurements as shown in Figure 7c. At high
Vds, the changes of gm tend to saturate. The maximal
derived gm at Vds = 4 V is ∼4.8 μS/μm. Then, for two-
terminalmeasurements,mobility canbeextractedusing
the well-known equation: μ = (L/W)gmCox

�1 Vds
�1 in the

linear region of the Ids�Vds plot without deducting the
contact resistance. Figure 7d shows the peak mobility
for differentVds. The extracted effectivemobility showsa
clear Vds dependency (Figure 7d). The extracted effec-
tivemobility is around 30 cm2/(V 3 s) atVds = 0.01 V,while
the mobility reaches 44 cm2/(V 3 s) at Vds= 4 V, which is
nearly equal to the intrinsic mobility of monolayer MoS2
as shown in Figure 7c. This can be attributed to the
reduction of Schottky-Barrier width on channel-source
side with increase in Vds, indicating that the channel is
not efficiently controlled by the back gate with thick
gate dielectric. In addition, under high electric field,
electrons have high velocity resulting in the reduction
of electron localization in MoS2 system, since electron
localization caused by the trapped charges in the SiO2

substrate are responsible for the low mobility in mono-
layer MoS2 FET.

27

CONCLUSION

In summary, the contact between Ti and MoS2
dominates the switching of monolayer MoS2 FETs.
Schottky barrier between MoS2 and Ti is accurately
evaluated by 2D material thermionic emission current
equation at flat-band gate voltage. The extracted con-
tact resistance shows an obvious dependence on the
drain current in four-terminal-measurements. In spite of
a high Schottky barrier (0.3�0.35 eV), a small contact
resistance ∼1.3 kΩ 3 μm can be achieved between
monolayer MoS2 and Ti, which is mainly due to the
thinning of the Schottky barrier by the gate voltage. A
record intrinsic mobility∼44 cm2/(V 3 s) and record high
ON-current (200 μA/μm at Vbg = 30 V and Vds = 8 V) in a
monolayer back-gatedMoS2 FET on SiO2 substrate have
been observed at room temperature. In addition, the
effective mobility of monolayer MoS2 FET shows a clear
drain voltage dependency, which is mainly from the
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poor gate modulation as well as electron localization in
MoS2. In a back-gated monolayer MoS2 FET with 90 nm
SiO2 back gate dielectric layer, velocity saturation is the
main reason responsible for current saturation at rela-
tively higher carrier density. Electron saturation velocity

of monolayer MoS2 is extracted to be∼9.85� 105 cm/s
at Vbg = 30 V and Vds = 6 V based on the electrical
measurements. This work will provide useful guidance
for thedesign of highperformancemonolayerMoS2 FET
for digital applications.

EXPERIMENTAL SECTION
Device Fabrication and Characterization. The source and drain

regions are defined by electron-beam lithography followed by
Ti metallization. Subsequently, 100 nm Au film is deposited on
10 nm Ti film by electron beam evaporation at 6 � 10�7 mbar.
Heavily n-doped Si is used as the back gate. After metal lift-off,
device is loaded into Lakeshore vacuum probe station. All
measurements are performed in vacuum (1 � 10�6 mbar) at
room temperature after annealing at 420 K for 12 h to remove
any absorbed moisture and solvent molecules.
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