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Abstract: Two-dimensional transitional metal dichalcogenide (TMDC) field-effect transistors (FETs)
are proposed to be promising for devices scaling beyond silicon-based devices. We explore the
different effective mass and bandgap of the channel materials and figure out the possible candidates
for high-performance devices with the gate length at 5 nm and below by solving the quantum
transport equation self-constantly with the Poisson equation. We find that out of the 14 compounds,
MoS2, MoSe2, and MoTe2 may be used in the devices to achieve a good subthreshold swing and
a reasonable current ON-OFF ratio and delay. Our work points out the direction of further device
optimization for experiments.
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1. Introduction

With the rapid development of the semiconductor technologies, the transistor will soon go
into the sub-10 nm or even sub-5 nm scale in the near future according to the ITRS 2.0 [1–4].
Unavoidable problems arise, such as heat dissipation and quantum effects, etc. [5,6] The channel
materials are crucial to enable high-performance device designs. It was shown that 5-nm will be the
limit of channel length in field effect transistors (FETs) based on Si [6]. Among the many possible
candidates as suggested in the ITRS [4], 2D materials are the mostly likely to be used in next-generation
transistors [7,8] due to their ultimate thickness providing excellent gate control and their dangle
bond–free surfaces preventing additional inelastic electron scattering. Their potential excellent
properties have been demonstrated by recent simulations [9] and experiments [10,11]. The recent
experiment work by Desai et al. demonstrates the possibility of sub-5 nm transistor [11]. However,
the performance of such devices depends much on its layout. Two dimensional materials can be
used in transistors like FinFET, junctionless FET (JLFET), single or double gated FETs, and so on.
he working principle of the so-called junctionless FET was proposed in Canada by Lilienfield [12].
This Lilienfield device is a simple transistor, and the application of the gate voltage modulates its
conductivity by depleting the carrier in the channel. It requires that the channel to be thin enough
for the gate to completely deplete it. At the same time, a high doping is desirable to carry larger
current in the ON-state. It has no junctions that can waive the difficulty to control the doping profile.
The junctionless FET [13,14] with its better scalability and fabrication simplicity in comparison to
inversion-mode FET [15,16] may be a suitable choice for the future devices. It also shows to have better
scalability than an ultra-thin-body (UTB) Si FET due to monolayer its thin body and higher effective
mass, resulting in reduced direct source-to-drain tunneling [17]. However, 2D materials must face the
main obstacle of controllable doping, and this device should therefore receive more attention. A single
layered WSe2 p-FET demonstrates a high performance with a sub-threshold slope of 60 mV/dec [18].
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Simulations of the device are performed under different approximations, which mainly shows
the different ways to handling the Hamiltonian of the channel materials. These methods include full
ab initio calculations or the tight binding model with fitting parameters from ab initio calculations
and approximation of the low energy part of the electron dispersions with two orbitals. The last
approximation requires only two intrinsic parameters to make it work: namely, the bandgap (Eg) and
effective mass of the carrier (m∗). The crystal configuration of the materials are taken into account at this
level. The Hamiltonian of the channel region will give birth to a transmission matrix that can be used
to calculate the ballistic transportation of carriers at equilibrium. To simulate the devices characters at
a finite voltage, non-equilibrium Green’s function (NEGF) strategies are used in a self-consistent way
to solve the electrostatic problems [19]. The NEGF was initiated in the condense matter physics area.
With the mean field and single-particle approximation, the many-particle information is casted into
self-energies [20].

Quite some works on devices with channel materials of MoS2, WS2, etc. were shown [21,22].
Their performances were estimated and showed that with channel length about 10 nm and 5 nm they
can meet the requirement of ITRS within the next ten years or longer. When the channel is further
shortened, the performances degenerate. The gate loses its control due to the tunneling effect which
produces too large current at the OFF state of the devices.

Are there better TMCDs that can outperform MoS2 and WS2? In this work, geometry and material
parameters–dependent performances of JLFET were investigated by simulations based on the two
band model and the NEGF solvers. Electronic effective masses and the bandgap of the 14 MX2 types
of transitional metal dichalcogenides were calculated, and the performances of the corresponding
materials were mapped. The results show that three MoX2 out of the 14 compounds can be used in the
future sub-5 nm low-standby-power (LSTP) logical devices.

2. Calculation Details

The simulation of the devices is based on the NEGF formalism combined with the Poisson
equations, where arbitrary gate geometry and device architecture can be considered. The method
is implemented in the open-source code NanoTCAD [23], which is developed by Giuseppe
Iannanccone’s group in the University of Pisa. MOSFET with two-dimensional (e.g., graphene, MX2)
or three-dimensional channel materials (e.g., CNT) can be simulated. The transportation at finite bias
was determined by the Green’s function

G(E) =
[(

E + i0+
)
I−H− Σ1 − Σ2

]−1 (1)

where E is the energy,i0+ is a small number approaching, I is the identity matrix, H is the Hamiltonian
for the channel material, and Σ1,2 is the self-energy for the source and drain contacts. The self-energies
are energy-dependent and can be obtained with a recursive relation for the surface Green’s function [24].
The transmission can be calculated by

T(E) = Trace
(
GΓ1G+Γ2

)
(2)

where Γ1,2 = i
(

Σ1,2 − Σ+
1,2

)
is the broadening function of the source and drain. After this, the current

is calculated by integration of the current density with respect to the energy.
The electronic structure of the channel materials is modeled with a two-band Hamiltonian (H2D).

The 2 × 2 matrix is read as

H2D =

[
Ec t f (k)

t f ∗(k) Ev

]
(3)

where Ec and Ev represent the conduction band minimum(CBM) and the valence band maximum
(VBM), respectively. Here t represents in-plane hopping energy between two nearest neighboring

atoms. The hopping constant t is calculated by t = }
a

√
2Eg
3m∗ . The effective mass (m∗) was obtained
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from fitting the dispersions around the CBM to parabolic curves, where the value is calculated by the

curvature of the fitting curve with 1
m∗ =

1
}2 ·

∂2E(k)
∂k2 . The bandgap (Eg) of the material can be expressed

as: Eg = Ec − Ev. The structure dependent function f (k) for the hexagonal lattice is written as

f (k) = exp
(

ikya/
√

3
)
+ 2exp

(
−ikya/2

√
3
)

cos
kxa
2

(4)

where kx and ky are the wave vectors in x and y directions of our device, while a denotes the in-plane
lattice constant of the compounds. The eigenvalues of the matrix gives the dispersions around CBM
and VBM.

E±(k) =
(Ec + Ev)±

√
(Ec − Ev)

2 + 4t2| f (k)|2

2
(5)

In this approximation, the hopping is isotropic. However, some of the MX2 compounds show
very anisotropic effective mass. Full treatment of the anisotropic bands is beyond the current model.
At the same time, the transportation character of the devices in different directions does not vary
significantly as shown in the work by Chang [25] where the difference in the mass can be as large as
four times. As we can see, the main contributions of the anisotropic effective mass is the density of
states where the averaged mass is a constant and can be factored out of the integrand. In the case
where we treat the relative variation of the current, the factors cancel. In this case, the effective mass in
the transportation direction plays the determined role.

The model input parameters are obtained by separate calculations using the open source code
Pwscf [26]. The local density approximation (LDA) functional was chosen to be that parameterized by
Perdew and Wang [27]. The plane-wave kinetic energy cutoff was set to 30 Ry with density cut-off of
300 Ry. A shifted 17 × 17 × 2 Monkhorst-Pack mesh was used to perform Brillouin zone integration in
order to ensure the convergence of the results. Convergence of the total energy was set to be better
than 10−8 Hartree. Supercells with the vacuum layer thickness of 30 a·u. was used to model the 2D
nature of the compounds where periodical boundary of 3D was used [28].

In addition to the channel materials, the oxides play an important role to improve the
performances of the devices [29]. Increment of the dielectric constant and reduction of its thickness can
reduce the subthreshold swing and increase the gate controllability. In our simulations, the dielectric
constant ε is kept at 25 with its thickness of 2.0 nm without further optimization. The ε is the value
of high-κ material like HfO2. The schematics of JLFET in the double-gate (DG) configuration with a
monolayer MX2 channel are shown in Figure 1. The lengths of source and drain are 5 nm. JLFET consists
of a uniformly doped source, drain, and channel with a molar fraction equal to 10−2 corresponding
to the doping level about 3× 1013 cm−2. In the model, the metallic contacts to the source and drain
are overlooked. It may be included in a device model as shown by Agarwal et al. [3]. The contact
resistance will mainly decrease the ON-state current. It may reduce the current by one order when the
resistance increases from 10 to 1000 Ω·µm. This will thus increase the intrinsic delay of the devices.
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3. Subthreshold Swing

As one of the most important figure of merits (FOM), the subthreshold swing (SS) of the devices
is defined as the gate voltage (VGS) swing needed to change the drain current Id by one decade. Hence,
we calculated the SS numerically by

SS ≡ dVGS
dlgId

(6)

The source to drain current Id at different gate voltages VGS with bandgap, effective mass,
and channel length as parameters are shown in Figure 2. It is clearly observed that the shorter channel
length produces too high leakage current at the order of 0.1 µA/µm, while the saturation current is
at the same order of 104 µA/µm. This value is determined by the available modes of electrons in the
ballistic transportation, which is roughly proportional to the DOS of the channel. According to our
simulation shown in the figure, for devices with the channel length down to 1.0 nm, it is impossible to
achieve good performances in our parameter range. The current at the OFF state is too large due to the
tunneling effect with such a short channel length. This tunneling effect manifests it by the differences
in Figure 2a,b. As can been seen in Figure 2a, the effective mass can influence the current widely when
the bandgap is fixed to 1.5 eV. On the other hand, when the bandgap changed from 0.5 eV to 2.5 eV,
the source to drain current Id at the same gate voltage changes very subtle when the effective mass is
fixed at 0.5 m0 as shown in Figure 2b. The curves clustered with respect to the channel length, which is
obvious in the figure.
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Figure 2. The transfer characteristics of JLFET with different lengths of channel and different bandgap
for fixed Eg (a) and m∗ (b), respectively.

The SS versus the electron effective mass (m∗) and the bandgap at channel length of 3 nm and
5 nm are shown in Figure 3. The thermionic limit of 60 mV/dec is shown by the dot-dashed horizontal
line. Both devices approach to the thermonic limit when the effective mass is increased, which means
that the controllability of the gate is better with the larger carrier effective mass. It is natural to achieve
lower SS when the effective mass is larger. This is because the tunneling current is the main source
to worsen the SS. It is reduced when the effective mass is increased because of the reduction of
the current.
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Figure 3. SS vs. the electron effective masses with different bandgap (Eg ) for channel length (Lch ) of
3 nm (a) and 5 nm (b), respectively.

4. Other FOMs of the Devices

To further estimate the FOMs of 2D JLFET, we compute the ratio ION/IOFF where IOFF denotes
the Id in the OFF state for the n-type FETs (VOFF

GS = VGS|IOFF=0.1µA/µm, VGS = VDD where VDD is the
supply voltage) and ION is the current in the ON state (VON

GS = VDD +VOFF
GS , VGS = VDD). According to

the ITRS this ratio has to be larger than 104 to ensure a good balance between the static and dynamic
power consumption. The ON-OFF ratio with different m∗ and bandgap Eg were shown in Figure 4a,b.
The “L”-shape contour line with its leg on the bandgap side means that the ratio is insensitive the
bandgap when it is about 1.0 eV for both channel length. However, when it is smaller than the 1.0 eV,
it is insensitive to the effective mass. The large ION/IOFF can be achieved when the effective mass is
between 0.6 and 0.8 m0, while this value is reduced to 0.4–0.6 when the channel length is increased
from 3 nm to 5 nm. When compared with the prediction of ITRS for 2026 LOP devices, the requirement
of the ratio is twice as the highest achievable ratio within our parameter space. It is at the same order
in UTB Si devices as shown by Alam et al. [21]. As shown by recent work [11], this effective channel
can be down to 1.0 nm, while the ON-OFF ratio can be larger than 104.
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Figure 4. The ION/IOFF of devices with different channel length (a) Lch = 3 nm and (b) Lch = 5 nm as
a function of bandgap and effective mass.

The speed and the energy consumption are also important parameters for HP logic devices.
The intrinsic delay is a measurement of switching speed, which is calculated as

τ =
QON −QOFF

ION
(7)
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where QON and QOFF are the mobile charge Q in the whole device at the ON and OFF state, respectively.
Considering the energy consumption, we calculate the Power-Delay Product (PDP) as

PDP = VDD IONτ = VDD(QON −QOFF) (8)

The PDP denotes the switching energy used in logic devices. During this calculation, the IOFF is
set to 0.1 µA/µm, which is the same as the ITRS requirement for the HP applications. Both the τ and
PDP of the different devices with channel length of 3 nm and 5 nm are functions of the bandgap and
effective masses, as shown in Figure 5. The minimum time delay achievable is about 5.0 ps with respect
to most of the bandgap (Eg). It is a monotonic decrease function of the effective mass as shown in (a)
and (b) in the Figure 5. This gives us the flexibility to choose suitable materials. However, the delay is
several times larger than the requirement of the HP devices in ITRS2.0. Reduction of the delay requires
larger ON-state current, as shown in the above equation, so that the charging process can be faster.
Increasing the current can be realized by a higher doping level or using a multilayer of 2D materials.
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Figure 5. The delay (a,b) and PDP (c,d) of the devices as a function of the bandgap at different channel
length of 3 nm and 5 nm.

The decrease of the delay with respect to the effective mass points to the conclusion that the
gate charge variation from the OFF-state to the ON-state is much reduced when the carriers are
heavier. The contour of PDP shows that it is mainly determined by the effective mass and a smaller
m∗ is preferred in order to decease the PDP. It is obvious that the two FOMs have a contradictory
dependence on the effective mass while a fare tolerance of the bandgap. The shorter channel length
will benefit the power efficiency as expected when we compare the data from the devices with the two
channel length. However, the reduction is only marginal.
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5. Proposal of the Materials

With respect to these results, we next figure out the possible material candidates for channel
materials in logic FETs, MX2 covered a wide range of bandgap and effective carrier masses. We plot a
chart of the electron effective masses versus the bandgap predicted by DFT [30] in Figure 6. For the
anisotropic materials, we use the smaller effective mass, since it determines the SS for the current
transportation in this direction as argued above. The horizontal and vertical dashed line in Figure 6
denote the effective electron mass of 0.4 m0 and bandgap 1.0. With the m∗ above 0.4 m0, the SS can
be reduced to about 70 mV/dec for a 5nm channel length and 80 mV/dec for 3 nm., the ON-OFF
ratio can reach 5 × 104 when the bandgap is above 0.9 eV even when the channel length Lch is only
3 nm. With these material parameters, the delay can be reduced to 7 ps and the PDP is below 18 fJ/µm.
From the consideration above, we can see only three compounds locate at the upper-right corner of the
chart. They are all molybdenum dicholgenides compounds. These compounds are promising when
used in the devices with channel length below 5 nm. For the others, it is difficult to balance the different
devices performances. Although PtSe2 and HfSe2 have ultra-small effective masses [31] that were
promising for devices working in the long channel, they are not ideal to work in the ballistic transport
regions. As the SS in JLFET is limited by the thermionic emission of the electrons in the source, it is
impossible for JLFET to go beyond that. In order to suppress the thermionic limitation of the devices,
a new concept is needed, such as the band-to-band tunneling mechanism in 2D materials [5,31] or
control of the source and channel region separately, as shown very recently [32].
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6. Conclusions

Combining the ab initio calculations and the NEGF equations, we calculated the performances of
JLFET in order to figure out which 2D materials are suitable for next-generation logic devices with
a channel length smaller than 5 nm. Two main material parameters—the bandgap and the effective
mass—are taken into account. We find that MoX2 (X = S, Se, and Te) may be used in the devices to
achieve reasonable performances. However, the intrinsic delay and power-delay products are one
order of magnitude larger than the goal of the ITRS2.0. A novel device concept and design should be
used to make full use of the merits of 2D material in logical devices.

Acknowledgments: Discussions with Qian Xie are gratefully acknowledged. Financial support from the “863”
project (2015AA034202) is gratefully acknowledged.

Author Contributions: Bin Peng, Wanli Zhang, and Wei Zheng conceived and designed the experiments;
Wei Zheng performed the experiments and analyzed the data; Jiantao Qin contributed reagents/materials/analysis
tools; All the authors wrote the paper and approved the final manuscript.



Materials 2018, 11, 430 8 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Franklin, A.D. Nanomaterials in transistors: From high-performance to thin-film applications. Science 2015,
349. [CrossRef] [PubMed]

2. Cao, W.; Kang, J.; Sarkar, D.; Liu, W.; Banerjee, K. 2D semiconductor FETs-projections and design for sub-10
nm VLSI. IEEE Trans. Electron Dev. 2015, 62, 3459–3469. [CrossRef]

3. Agarwal, T.; Yakimets, D.; Raghavan, P.; Radu, I.; Thean, A.; Heyns, M.; Dehaene, W. Benchmarking of MoS2

FETs with multigate Si-FET options for 5 nm and beyond. IEEE Trans. Electron Dev. 2015, 62, 4051–4056.
[CrossRef]

4. Mishra, V.; Smith, S.; Liu, L.; Zahid, F.; Zhu, Y.; Guo, H.; Salahuddin, S. Screening in ultrashort (5 nm) channel
MoS2 transistors: A full-band quantum transport study. IEEE Trans. Electron Dev. 2015, 62, 2457–2463.
[CrossRef]

5. Chau, R.S.; Doyle, B.S.; Datta, S.; Kavalieros, J.; Zhang, K. Integrated nanoelectronics for the future. Nat. Mater.
2007, 6, 810–812. [CrossRef] [PubMed]

6. Mamaluy, D.; Gao, X. The fundamental downscaling limit of field effect transistors. Appl. Phys. Lett. 2015,
106, 193503. [CrossRef]

7. Ghosh, R.K.; Mahapatra, S. Monolayer transition metal dichalcogenide channel-based tunnel transistor.
IEEE J. Electron Dev. Soc. 2013, 1, 175–180. [CrossRef]

8. Zhang, Q.; Iannaccone, G.; Fiori, G. Two-dimensional tunnel transistors based on bi2se3 thin film.
IEEE Electron Dev. Lett. 2014, 35, 129–131. [CrossRef]

9. Dong, Z.; Guo, J. Assessment of 2-d transition metal dichalcogenide FETs at sub-5-nm gate length scale.
IEEE Trans. Electron Devices 2017, 64, 622–628. [CrossRef]

10. Liu, Y.; Guo, J.; Wu, Y.; Zhu, E.; Weiss, N.O.; He, Q.; Wu, H.; Cheng, H.; Xu, Y.; Shakir, I.; et al. Pushing
the performance limit of sub-100 nm molybdenum disulfide transistors. Nano Lett. 2016, 16, 6337–6342.
[CrossRef] [PubMed]

11. Desai, B.; Madhvapathy, S.R.; Sachid, A.B.; Llinas, J.P.; Wang, Q.; Ahn, G.H.; Pitner, G.; Kim, M.J.; Bokor, J.;
Hu, C.; et al. MoS2 transistors with 1-nanometer gate lengths. Science 2016, 354, 99–102. [CrossRef] [PubMed]

12. Lilienfeld, J.E. Method and Apparatus for Controlling Electric Current. U.S. Patent 1,745,175,
22 October 1925.

13. Lee, C.W.; Afzalian, A.; Akhavan, N.D.; Yan, R.; Ferain, I.; Colinge, J.P. Junctionless multigate field-effect
transistor. Appl. Phys. Lett. 2009, 94, 053511. [CrossRef]

14. Lee, C.; Nazarov, A.N.; Ferain, I.; Akhavan, N.D.; Yan, R.; Razavi, P.; Yu, R.; Doria, R.T.; Colinge, J.
Low subthreshold slope in junctionless multigate transistors. Appl. Phys. Lett. 2010, 96, 102106. [CrossRef]

15. Agarwal, T.; Soree, B.; Radu, I.; Raghavan, P.; Fiori, G.; Iannaccone, G.; Thean, A.; Heyns, M.; Dehaene, W.
Comparison of short-channel effects in monolayer MoS2 based junctionless and inversion-mode field-effect
transistors. Appl. Phys. Lett. 2016, 108, 023506. [CrossRef]

16. Agarwal, T.; Radu, I.; Raghavan, P.; Fiori, G.; Thean, A.; Heyns, M.; Dehaene, W. Effect of material
parameters on two-dimensional materials based TFETs: An energy-delay perspective. In Proceedings
of the 2016 46th European Solid-State Device Research Conference (ESSDERC), Lausanne, Switzerland,
12–15 September 2016; pp. 55–58.

17. Liu, L.; Lu, Y.; Guo, J. On monolayer MoS2 field-effect transistors at the scaling limit. IEEE Trans. Electron Dev.
2013, 60, 4133–4139. [CrossRef]

18. Fang, H.; Chuang, S.; Chang, T.C.; Takei, K.; Takahashi, T.; Javey, A. High performance single layered WSe2
p-FETs with chemically doped contacts. Nano Lett. 2012, 12, 3788–3792. [CrossRef] [PubMed]

19. Bruzzone, S.; Iannaccone, G.; Marzari, N.; Fiori, G. An open-source multiscale framework for the simulation
of nanoscale devices. IEEE Trans. Electron Dev. 2014, 61, 48–53. [CrossRef]

20. Zhang, L.; Chan, M. Tunneling Field Effect Transistor Technology; Springer International Publishing: Dordrecht,
Switzerland, 2016.

21. Alam, K.; Lake, R.K. Monolayer MoS2 transistors beyond the technology road map. IEEE Trans. Electron Dev.
2012, 59, 3250–3254. [CrossRef]

http://dx.doi.org/10.1126/science.aab2750
http://www.ncbi.nlm.nih.gov/pubmed/26273059
http://dx.doi.org/10.1109/TED.2015.2443039
http://dx.doi.org/10.1109/TED.2015.2491021
http://dx.doi.org/10.1109/TED.2015.2444353
http://dx.doi.org/10.1038/nmat2014
http://www.ncbi.nlm.nih.gov/pubmed/17972935
http://dx.doi.org/10.1063/1.4919871
http://dx.doi.org/10.1109/JEDS.2013.2292799
http://dx.doi.org/10.1109/LED.2013.2288036
http://dx.doi.org/10.1109/TED.2016.2644719
http://dx.doi.org/10.1021/acs.nanolett.6b02713
http://www.ncbi.nlm.nih.gov/pubmed/27579678
http://dx.doi.org/10.1126/science.aah4698
http://www.ncbi.nlm.nih.gov/pubmed/27846499
http://dx.doi.org/10.1063/1.3079411
http://dx.doi.org/10.1063/1.3358131
http://dx.doi.org/10.1063/1.4939933
http://dx.doi.org/10.1109/TED.2013.2284591
http://dx.doi.org/10.1021/nl301702r
http://www.ncbi.nlm.nih.gov/pubmed/22697053
http://dx.doi.org/10.1109/TED.2013.2291909
http://dx.doi.org/10.1109/TED.2012.2218283


Materials 2018, 11, 430 9 of 9

22. Yoon, Y.; Ganapathi, K.; Salahuddin, S. How good can monolayer MoS2 transistors be. Nano Lett. 2011, 1,
3768–3773. [CrossRef] [PubMed]

23. Fiori, G.; Iannaccone, O.G. Nanotcad Vides. 2013. Available online: http://vides.nanotcad.com (accessed on
17 April 2016).

24. Lake, R.; Klimeck, G.; Bowen, R.C.; Jovanovic, D. Single and multiband modeling of quantum electron
transport through layered semiconductor devices. J. Appl. Phys. 1997, 81, 7845–7869. [CrossRef]

25. Chang, J. Modeling of anisotropic two-dimensional materials monolayer HfS2 and phosphorene metal-oxide
semiconductor field effect transistors. J. Appl. Phys. 2015, 117, 214502. [CrossRef]

26. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.;
Cococcioni, M.; Dabo, I.; et al. Quantum ESPRESSO: A modular and open-source software project for
quantum simulations of materials. J. Phys. Cond. Matter. 2009, 21, 395502. [CrossRef] [PubMed]

27. Perdew, J.P.; Wang, Y. Accurate and simple analytic representation of the electron-gas correlation energy.
Phys. Rev. B 1992, 45, 13244–13249. [CrossRef]

28. Sholl, D.; Steckel, J.A. Density Functional Theory: A Practical Introduction; Wiley: Indianapolis, IN, USA, 2009.
29. Wang, H.; Chang, S.; He, J.; Huang, Q.; Liu, F. The dual effects of gate dielectric constant in tunnel FETs.

IEEE J. Electron Dev. Soc. 2016, 4, 445–450. [CrossRef]
30. Huang, Z.; Zhang, W.; Zhang, W. Computational search for two-dimensional MX2 semiconductors with

possible high electron mobility at room temperature. Materials 2016, 9, 716. [CrossRef] [PubMed]
31. Sarkar, D.; Xie, X.; Liu, W.; Cao, W.; Kang, J.; Gong, Y.; Kraemer, S.; Ajayan, P.M.; Banerjee, K. A subthermionic

tunnel field-effect transistor with an atomically thin channel. Nature 2015, 526, 91–95. [CrossRef] [PubMed]
32. Bhattacharjee, S.; Ganapathi, K.L.; Mohan, S.; Bhat, N. A sub-thermionic MoS2 FET with tunable transport.

Appl. Phys. Lett. 2017, 111, 163501. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/nl2018178
http://www.ncbi.nlm.nih.gov/pubmed/21790188
http://vides.nanotcad.com
http://dx.doi.org/10.1063/1.365394
http://dx.doi.org/10.1063/1.4921806
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://www.ncbi.nlm.nih.gov/pubmed/21832390
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1109/JEDS.2016.2610478
http://dx.doi.org/10.3390/ma9090716
http://www.ncbi.nlm.nih.gov/pubmed/28773835
http://dx.doi.org/10.1038/nature15387
http://www.ncbi.nlm.nih.gov/pubmed/26432247
http://dx.doi.org/10.1063/1.4996953
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Calculation Details 
	Subthreshold Swing 
	Other FOMs of the Devices 
	Proposal of the Materials 
	Conclusions 
	References

