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ABSTRACT

As state-of-the-art fabrication techniques are approaching the 3 nm size, the traditional silicon-based circuit faces huge challenges. Transistors
based on two-dimensional (2D) materials have attracted much attention as potential alternative candidates. However, critical performances
including the subthreshold swing (SS), on/off ratio, and magnitude of the on-state current for 2D transistors around 3 nm size are far less
to be studied well. In this work, we propose in-plane Schottky-barrier field-effect transistors (SBFETs) with a 4-nm channel based on the
lateral heterostructure of monolayer 1T/2H MoTe2 and WTe2. The electric transport properties are investigated by first-principles quantum
transport simulations. At a 0.64 V bias, the WTe2 SBFET has an on-state current of 3861 μA/μm, with a 4.5 ×104 on/off ratio and an SS of
87 mV/dec, while the MoTe2 SBFET has an on-state current of 1480 μA/μm, with a large on/off rate of 3.6 ×105 and an SS of 78 mV/dec. Our
results suggest that FETs based on the lateral heterostructure of 1T/2H MoTe2 (WTe2) are promising candidates for high-performance 2D
transistors.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054348

I. INTRODUCTION

As the progress of Moore’s law has slowed down, silicon-based
integrated circuits that have been developed rapidly for decades face
new challenges. As device nodes are gradually reduced to 5 nm,
severe short channel effects will prevent continued miniaturization
of semiconductor silicon-based electronic transistors.1,2 According
to the International Semiconductor Technology Roadmap (ITRS),
two-dimensional (2D) semiconductor materials such as graphene,
phosphorus, and transition metal disulfides (TMDs) are considered
to be candidates for final channel materials that can extend the tran-
sistor to the sub-5 nm range.3–9 They have a thin atomic thickness;
therefore, an ideal gate control can be achieved by reducing the
short channel effect and leakage current of the field effect transistor
(FET).10,11 Among these 2D materials, monolayer TMDs are highly

attractive because of their excellent optical, electronic, mechani-
cal, and chemical properties.12,13 TMDs have unique advantages
over several other 2D materials. For example, compared to gapless
graphene,14 monolayer TMDs have a direct bandgap (1.0–2.0 eV),15

which is necessary for the channel of a semiconductor device. Com-
pared to black phosphorus,16 TMDs have a better environmental
stability.

Encouraged by the rapid development of sub-5 nm technology,
it is highly desirable to know whether the excellent device perfor-
mance of monolayer TMD FETs can be maintained when the gate
length is reduced to less than 5 nm.17 Experimentally, a MoS2 tran-
sistor with a gate length of 1 nm has been successfully fabricated,18

with a near ideal subthreshold swing (SS) of 65 mV/dec and an
on/off current ratio of 106; however, the on-current is relatively
small—10 μA/μm. A large amount of theoretical work has studied

AIP Advances 11, 065316 (2021); doi: 10.1063/5.0054348 11, 065316-1

© Author(s) 2021

https://scitation.org/journal/adv
https://doi.org/10.1063/5.0054348
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0054348
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0054348&domain=pdf&date_stamp=2021-June-11
https://doi.org/10.1063/5.0054348
http://orcid.org/0000-0001-5854-0630
http://orcid.org/0000-0001-6189-6929
http://orcid.org/0000-0001-7317-3867
http://orcid.org/0000-0001-5500-1228
mailto:yinwang@shu.edu.cn
https://doi.org/10.1063/5.0054348


AIP Advances ARTICLE scitation.org/journal/adv

the performance limits of sub-5 nm transistors. For example, Quhe
et al. found that the monolayer ReS2 transistor has an excellent gate
characteristic with an SS of 52–72 mV/dec when the gate length
shortens to 5 nm.19 Li et al. simulated a tunneling field effect tran-
sistor composed of monolayer black phosphorous, which has an SS
of 90 mV/dec and an on-current of 1123 μA/μm.17 Fan et al. studied
the 2D TMD FET with a 8.8 nm gate length20 and found that the
WTe2-FET has a high on-state current of 1729 μA/μm.

In this paper, we investigate the electronic transport properties
of monolayer MoTe2 and WTe2 Schottky-barrier field-effect tran-
sistors (SBFETs) based on the 1T/2H contact with a channel length
of about 4 nm using first-principles quantum transport simulations.
A good SS of around 80 mV/dec, high on/off ratio (104), and large
on-current (104 μA/μm) are simultaneously achieved, indicating an
outstanding performance within the sub-5 nm size for MoTe2 and
WTe2 SBFETs.

II. MODEL AND METHODS

It has been shown that both monolayer WTe2 and MoTe2 have
1T and 2H phases, as shown in Figs. 1(a)–1(d). Here, we construct
the in-plane heterostructure with a 1T/2H/1T configuration for both
monolayer WTe2 and MoTe2, where the 1T/2H junctions are con-
nected along the armchair direction, as shown in Fig. 1(e). Sim-
ilar in-plane 1T/2H/1T MoS2 SBFETs have been assembled in a
recent experiment.21 Figures 1(a) and 1(b) show the atomic struc-
ture of semiconductor (2H) and metal (1T) phases for monolayer
MoTe2. The lattice constants of 2H-phaseMoTe2 are a ≙ 3.553 Å and
b ≙ 6.10 Å, which are in good agreement with experimental mea-
surements and other theoretical calculations.20,22 The primitive cell
of monolayer MoTe2 contains one Mo atom and a pair of Te atoms.
In the 2H phase, Te atoms in the upper layer lies directly on top of

FIG. 1. Top and side views of the atomic structures of (a) and (b) monolayer MoTe2

and (c) and (d) WTe2 with 2H and 1T phases, respectively. (e) The top view of the
1T/2H/1T SBFET configuration, and (f) the schematic diagram of the 1T/2H/1T
SBFET with double gates.

the Te atoms in the bottom sublayer, with an AB stacked sequence.
The 1T phase has an ABC atomic stacked sequence, where Te atoms
in the upper and lower sublayers are offset from each other and
Mo atoms occupy the hexagon holes of the Te layers. The top
view of the MoTe2 1T/2H/1T-SBFET is shown in Fig. 1(e), and
the schematic diagram is shown in Fig. 1(f). The SBFET consists of
sources and drains composed of a metallic 1T phase, which extends
to ±z, respectively. A scattering region composed of monolayer
2H–MoTe2 connects the source and drain, with a (channel) length
(Lg) of 4 nm. On the top and bottom of the 2H–MoTe2, equivalent
oxides with a thickness (EOT) of 0.41 nm and a power supply voltage
(Vds ≙ 0.64 V) are added, following ITRS high performance (HP)
requirements.23 The potential of the central region is controlled by
double gate voltage (Vg). The current flows along the z-direction,
namely, the zigzag direction. The periodic boundary condition is sat-
isfied in the x direction, and to avoid interactions between periodic
replicas, a vacuum layer of 30 Å is added in the y direction.

The electric current is calculated using the nonequilibrium
Green’s function formalisms24 combined with density-functional
theory (NEGF-DFT), as implemented in the first-principles quan-
tum transport package NanoDcal.25–27 Standard norm-conserving
nonlocal pseudopotentials28 are used to define the atomic cores, a
double zeta polarization (DZP) linear combination of the atomic
orbital basis set is used to expand physical quantities,29 and the
exchange–correlation potential is treated at the local density approx-
imation (LDA) level. The k-point samplings for self-consistent cal-
culations are 8 × 1 × 100. When a bias voltage is applied, the drain
current Id at different gate voltages can be obtained by the Landauer
formula,30

Id(Vds,Vg) ≙ 2e
h ∫ T(E,Vds,Vg)
× ∥ f L(E − μL) − f R(E − μR)∥dE, (1)

where Vds is the power supply voltage, Vg is the gate voltage,
T(E,Vds,Vg) is the transmission coefficient, μL and μR are the elec-
trochemical potential of the left and right electrodes, and f L and
f R are the Fermi–Dirac distribution functions of the left and right
electrodes, respectively.

III. RESULTS AND DISCUSSIONS

Electronic band structures of monolayer MoTe2 and WTe2 are
shown in Fig. 2. For 2H MoTe2 and WTe2, the direct bandgaps are
1.12 and 1.08 eV, respectively, while their 1T phases are evidently
metallic. Next, we calculated the effective masses of 2H MoTe2
and WTe2 as listed in Table I, which agree well with the previ-
ous reports.31,32 Furthermore, we found that there is a band offset
in the 1T/2H junction, which is in good agreement with previous
theoretical calculations.20,33 The 1T/2H interface causes the band-
bending of monolayer 2H MoTe2 (WTe2) in the scattering region
as it is essentially a metal–semiconductor contact. Consequently, a
Schottky barrier (SB, ΦSB) is induced at the interface, which plays
an important role in determining the transport properties of the
SBFETs. A recent theoretical study has proposed a method to cal-
culate the SB for the metal–semiconductor junction.34 Following
their method, we calculate ΦSB for the MoTe2 SBFET, which is dis-
cussed below as an example. First, we obtain the energy difference
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FIG. 2. Electronic bandstructure of (a) and (b) monolayer MoTe2 and (c) and (d)
WTe2 with 2H and 1T phases.

EFC (0.35 eV) between the Fermi level (0 eV) and the conduction
band minimum (CBM) from the projected density of states (PDOS)
and the electron transmission spectrum of the device, as indicated in
Fig. 3(a). Then, the difference in the macroscopic average potential
Vmacro along the z-direction between the 1T and 2H MoTe2 junc-
tion in the SBFET is calculated, which is ΔV ≙ 0.02 eV, as shown
in Fig. 3(b). Consequently, we obtain ΦSB ≙ EFC + ΔV ≙ 0.37 eV.
ΦSB for the WTe2 SBFET is also calculated in a similar way, which
is 0.34 eV. Moreover, from the PDOS shown in Fig. 3(a), we can
see that the band alignment is similar to that between metal and n-
type semiconductors since the Fermi level is closer to the conduction
band minimum (CBM) of 2H MoTe2.

Having studied the band alignments of the 1T/2H/1T SBFET,
we next investigate the electric current at a bias voltage, which can be
controlled by a gate voltage (Vg). The smaller the SS of the FET, the

better the gate control capability,17 according to its definition ∂Vg

∂logId
,

where Id is the drain current. For conventional FETs, the theoreti-
cal limit of the SS is 60 mV/dec. In general, it will increase with the
reduction in the physical gate length because of the increased short

TABLE I. Effective mass of electrons mx
n (m

y
n) and holes mx

p (m
y
p) along the transverse

(longitudinal) directions of 2H MoTe2 and WTe2. The unit of effective mass is the rest
mass of electron m0.

MoTe2 MoTe231 MoTe232 WTe2 WTe231

mx
n 0.594 0.553 0.616 0.327 0.313

my
n 0.595 0.552 0.603 0.327 0.299

mx
p 0.737 0.666 0.758 0.428 0.384

my
p 0.739 0.668 0.740 0.427 0.420

FIG. 3. (a) Transmission spectrum and the projected density of state of the MoTe2

1T/2H/1T-SBFET. The Fermi energy at 0 eV is indicated by a black dashed line.
(b) The electric potential (in blue) and the macroscopic average potential Vmacro

(in red) of the SBFet along the transport z-direction.

channel effect. Figure 4 depicts the (Id–Vg) curves for both MoTe2
and WTe2 SBFETs. The bias voltage (Vds) between the source and
drain is set to 0.64 V, while both top and bottom Vg vary from 0
to 1.4 V with an interval of 0.1 V. It can be seen that the current

FIG. 4. Variation in the current with the gate voltage Vg for the MoTe2 and WTe2

SBFETs at a bias voltage of Vds = 0.64 V.
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TABLE II. The performances of the MoTe2 and WTe2 SBFETs compared with HP device requirements of the ITRS and other
2D materials.

FET Lg (nm) Ion (μA/μm) Ion/Ioff SS (mV/dec) Reference

ITRS HP 5.1 900 9 × 103 . . . 23
MoTe2 4 1480 3.6 × 105 78 This work
WTe2 4 3861 4.5 × 104 87 This work
ReS2 4 121 2.4 × 106 52 19
Sb 4 1483 1.5 × 104 118 35
Bi2O2Se 5 2067 2.1 × 104 111 36
BP 6 1574 1.2 × 104 56 37
BiN 8 724 7.1 × 103 73 38

Id is 0.1 and 0.005 μA/μm at Vg ≙ 0 V for the WTe2 and MoTe2
SBFETs, respectively. The current increases gradually from Vg ≙ 0.1
to 0.2 V; thereafter, it increases dramatically until 0.5 V and then
gradually saturates from about 0.6 V. According to these two curves,
the SS is calculated, which is 87 and 78 mV/dec for the WTe2 and
MoTe2 SBFETs, respectively, close to the theoretical threshold of
60 mV/dec. We next discuss the on-state current Ion, which is an

FIG. 5. (a)–(d) The projected density of states (PDOS) at Vg = 0, 0.2, 0.4, and 0.6 V
along the z-direction for the 1T/2H/1T MoTe2 SBFET. White dashed lines indicate
the Fermi level, and red dashed lines indicate the CBM. The transport window
is indicated between the white and black dashed lines. (e) Electron transmission
spectrum at Vg = 0, 0.2, 0.4, and 0.6 V.

important figure of merit for 2D FETs. Here, Ion is obtained at
Vg ≙ 0.64 V. The maximal drain current decreases as the SB height
increases. Ion is bigger for the WTe2 SBFET because of smaller ΦSB.
All Ion are illustrated in Table II. Noticeably, Ion is considerably large,
which is 1480 μA/μm (MoTe2) and 3861 μA/μm (WTe2), with a large
on/off ratio of 3.6 ×105 (MoTe2) and 4.5 ×104 (WTe2), which is
higher than the ITRS HP requirement.

To better understand the (Id–Vg) curves of these SBFETs, we
calculated the transmission spectrum and PDOS for the two SBFETs
at differentVg. Those for the MoTe2 are presented in Fig. 5 as exam-
ples. It can be seen that, at zero Vg, the Fermi level is located in
the bandgap of the 2H semiconductor, below the conduction bands.
This means that the device is not conductive, only a tiny tunneling
current flows in the device through the large SB, and the device is in
an off-state. When a positive gate voltage is applied, the energy levels
in the center region of the device shift downward with respect to the
Fermi level, and at the same time, the shape of the SB is changed to
a gradually shortened length. Consequently, the tunneling current
is largely increased. At Vg ≙ 0.4 V, conduction bands in the center
region moves further downward, with the Fermi energy located in
the conduction bands, which can be seen in the PDOS [Fig. 5(c)]
and in the electron transmission spectrum [Fig. 5(e)]. This means
that the conduction channels are opened, and therefore, the current
is dramatically increased.

For comparison, we give the SS, on-state current Ion, and on/off
ratio Ion/Ioff for both the WTe2 and MoTe2 SBFETs in Table II.
It can be seen that the WTe2 SBFET has a larger on-state current
than the MoTe2 SBFET; however, it has a smaller on/off ratio and
larger SS (87), which means less efficiency in tunneling the current
by gate voltage. Overall, WTe2 has a considerably large on-state cur-
rent, which is much larger than that of several FETs based on other
2Dmaterials,35–38 e.g., black phosphorous and ReS2, while it also has
a good SS and large on/off ratio, as shown in Table II. In contrast,
the on-state currents of Bi2O2Se and antimonene are higher than
that of MoTe2, yet their SS and on/off ratio is smaller. Moreover,
the on/off ratio and on-state currents of both the WTe2 and MoTe2
SBFETs satisfy the ITRS requirements for HP devices, and therefore,
they are promising candidates for high-performance 2D transistors.

IV. CONCLUSION

In conclusion, we have investigated the gate-tuned electric
transport properties of the 2D SBFETs of monolayer WTe2 and
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MoTe2 with the 1T/2H/1T configuration by using first-principles
quantum transport simulations. TheMoTe2 andWTe2 SBFETs have
a large on-state current of 1.5 ×103 and 3.8 ×103 μA/μm, with a good
SS less than 90, and a high on/off ratio up to 105. The on-state cur-
rent can satisfy the ITRS requirements for HP devices and is larger
than that of many other 2D-FETs ever reported. These results show
that both WTe2 and MoTe2 SBFETs are promising candidates for
high-performance 2D transistors in sub-5 nm size.
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