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Abstract: The use of a two-dimensional (2D) van der Waals (vdW) metal-semiconductor (MS) het-
erojunction as an efficient cold source (CS) has recently been proposed as a promising approach in
the development of steep-slope field-effect transistors (FETs). In addition to the selection of source
materials with linearly decreasing density-of-states-energy relations (D(E)s), in this study, we further
verified, by means of a computer simulation, that a 2D semiconductor-semiconductor combination
could also be used as an efficient CS. As a test case, a HfS, /MoTe, FET was studied. It was found
that MoTe; can be spontaneously p-type-doped by interfacing with n-doped HfS,, resulting in a
truncated decaying hot-carrier density with an increasing p-type channel barrier. Compared to the
conventional MoTe; FET, the subthreshold swing (SS) of the HfS, /MoTe, FET can be significantly
reduced to below 60 mV/decade, and the on-state current can be greatly enhanced by more than two
orders of magnitude. It was found that there exists a hybrid transport mechanism involving the cold
injection and the tunneling effect in such a p- and n-type HfS, /MoTe; FET, which provides a new
design insight into future low-power and high-performance 2D electronics from a physical point
of view.

Keywords: cold source; subthreshold swing

1. Introduction

As the scaling of silicon transistors is approaching its physical limits, in accordance
with Moore’s Law (scaling law), the principle that has governed the information-technology
revolution since the 1960s, performance improvements in integrated circuits are being de-
livered at a slower pace. Regarding today’s sub-10 nm technology nodes, scaling is increas-
ingly challenging because the power densities of chips increase significantly and the gate
electrostatics of devices are severely degraded [1]. In a conventional field-effect transistor
(FET), the subthreshold swing (SS) is limited by the thermionic emission above the channel
barrier, so that the lower bound (Boltzmann limit) of SS is 60 mV /decade at room temper-
ature [2,3]. Appropriate semiconductor materials with tunable electronic properties are
crucial to the fabrication of low-power transistors with steep-slope SSs. Two-dimensional
(2D) semiconductor materials, such as transition-metal dichalcogenides (TMDs), are con-
sidered excellent channel-material candidates for electronic devices in the post-silicon
era [4-6]. Two-dimensional materials can form vertical heterostructures through unique
van der Waals (vdW) interactions without Fermi level (FL) pinning effects, providing a
promising solution to overcome the poor contact quality of the metal-semiconductor (MS)
interface in 2D field-effect transistors (FETs) [7-12].

Our previous calculations confirmed that 2D vdW MS interfaces with the desired
density-of-states-energy relations (DOS(E)s) are the general ingredients for steep-slope
cold-source EFTs (CS-FETs) [13]. In a CS-FET, the hot-carrier (HC) density of states (DOS)
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of the CS should decrease with an increasing channel barrier. The function of the CS can be
understood by referring to the Landauer-Biittiker formula:

e [t
[ = e

=% /. T(E)D(E) [f(E—Ex(S)) — f(E — Er(D))] dE 1)

where T (E) is the transmission probability, D (E) is the DOS, f (E) is the Boltzmann
distribution function, and Ef (S) and Ep (D) are the Fermi levels of the source and drain
electrode, respectively. In a conventional n-type FET, in the on state, electrons are injected
from the highly n-type-doped (degenerate) semiconducting region, the conduction band
DOS of which is an increasing function of energy, or from normal metal, the DOS of
which is essentially independent of energy. In the off state, due to the thermal Boltzmann
distribution, electrons in the source have an energy distribution (n (E) = D (E)*f (E)) that
spreads (thermal tail) to a value exceeding the potential barrier (hot electrons) [14]. Due to
the non-decreasing D (E) relationship, the hot-electron density can increase with energy,
which sets a 60 mV/decade limit on SS. However, if injection is from a material whose HC
DOS decreases with an increasing channel barrier, a super-exponentially decreasing HC
density n (E) can be achieved, leading to more localized carrier distributions around the FL
without a long thermal tail above the channel barrier. As a result, the device can be switched
off faster because the thermal tail can be more effectively cut off by D (E), according to the
above formula, thus breaking the SS limit of conventional FETs. Here, a natural question
arises: is it possible to use a doped 2D semiconductor with a band gap below the Fermi
level as a more effective CS to further lower the SS? With regard to the above question, we
investigated the feasibility of using a 2D semiconductor-semiconductor combination as
an efficient CS for a steep-slope FET in this article. MoTe; is an attractive semiconductor
channel material with bipolar carrier-transport characteristics [15-23]. Hence, a monolayer
MoTep-based high-mobility FET with an n-doped 2D HfS, source was studied as a test
case. By analyzing the D (E) relation, n-doped HfS, CS was found to result in SSs below
60 mV /decade, which can be explained by its desired hot-carrier distributions n (E) and
the gate-tunable source-channel barrier heights. This work opens up new opportunities at
the confluence of 2D semiconductors and low-power electronics.

2. Computational Methods

The electronic properties and transport-simulation calculations were carried out using
the first-principle software package Atomistix ToolKit (ATK) [24,25], based on density
functional theory (DFT) in combination with the nonequilibrium Green'’s function (NEGF).
The exchange-correlation energies were processed according to generalized gradient ap-
proximation (GGA) in the form of the Perdew—Burke-Ernzerhof (PBE) functional [26]. The
double-zeta plus polarization (DZP) basis set was employed. Geometry optimization was
performed based on the periodic supercell method. The k-point mesh was sampled at
1 x 7 x 9 for the calculation of structure-relaxation and electronic properties, and the grid
cutoff energy was set at 85 Hartrees. A vacuum region of 18 A was used to avoid spurious
interaction between periodic images. The atomic positions were fully relaxed until the
maximum energy difference and residual forces converged to 107> eV and 0.05 eV/A.
Van der Waals correction was performed according to the Grimme DFT-D2 method. The
calculation of the carrier mobility of MoTe; was performed using the Vienna ab initio simu-
lation package with the same parameter settings [27-33], which were based on deformation
potential theory [34,35].

Quantum transport simulation was performed according to DFT coupled with the
NEGF method. The k-point grids used to calculate the transport characteristics were set
at1 x 11 x 133, and the temperature was set at 300 K. The cutoff of the real-space mesh
was 150 Rydbergs. The drain current at a given gate voltage Vg and bias voltage Vgp
was calculated using the Landauer-Biittiker formula [36]. The transmission coefficient T
(E) is the k-dependent transmission coefficient ™I (E) average over the two-dimensional
Brillouin zone perpendicular to the transport direction. The reciprocal lattice vector k|| is
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vertical to the transport direction. The k-dependent transmission coefficient at energy E is
as follows:

TXI(E) = Tr{l’li (E)G*I (E)Ty(E) (el +} )

f
where G¥I (E) and { [GkH (E)} } represent the retarded (advanced) Green function and

N
Flz‘(‘R) (E) = i{zl&m —(Zi‘(‘R)) } represents the level broadening originating from the left

k
(right) electrode expressed in terms of electrode self-energy ZL‘(‘R) [24,37]. Self-energy was
calculated using an exact diagonalization of the Hamiltonian [38].

3. Results and Discussion

For our simulation, a transistor consisting of an intrinsic MoTe, channel, an n-doped
HIfS, source, and a p-doped MoTe; drain was built, as illustrated in Figure 1. The doping
concentration of the HfS; was 1.78 x 10 cm~2, and the drain region was 3.56 x 10'3 cm~2.
The channel length (or physical gate length) was selected to be 7.8 nm, the equivalent
oxide thickness (EOT) was set to be 0.45 nm, and the corresponding dielectric constant
was 3.9. Here, EOT indicates how thick a silicon oxide film would need to be to produce
the same effect as the high-k material being used. The calculated lattice constant of the
monolayer MoTe; was a = 3.56 A,b=6.17 A, and the band gap was 1.04 eV, which values
are comparable to previous results [21,23]. The obtained hole mobility for the MoTe, was
352.23 cm?-V~1.s71, and the electron mobility was 105.13 cm?-V~1.s~1. Figure 2a shows the
band structure of the n-doped HfS, and the intrinsic MoTe; heterojunction. It was observed
that the MoTe, was spontaneously p-type-doped by interfacing with the n-doped HfS, and
formed a low p-type Schottky barrier, resulting in a truncated decaying hot-carrier density
with an increasing p-type channel barrier. The interfacial interaction of HfS; /MoTe; can be
described by the electron density and the effective potential, as shown in Figure 2b,c. The
average electron density ne perpendicular to the interface was 0.032. The effective tunnel
barrier height @1p o = 3.69 eV is defined as the minimum barrier height that an electron
from the HfS; has to overcome to reach the potential energy of the MoTey, and the barrier
width d = 3.46A is the equilibrium distance between the chalcogenide atoms. The electron
density and effective potential indicate that the interface interaction of HfS, /MoTe; is not
very robust, which implies a weak Fermi-level pinning effect in the HfS,; /MoTe, FET.

In the following, we describe the simulation of the transfer characteristics of the MoTe,
FET with HfS, contact, as shown in Figure 3a. Interestingly, the HfS, /MoTe, FET still
showed excellent ambipolar transfer characteristics, namely, the capability of integrating p-
and n-type electrical performance into a single device by utilizing identical semiconducting
materials. This also indicates that the vdW interaction between the HfS, /MoTe, interface
can significantly reduce the Fermi-level pinning effect in the device. Compared to the
conventional MoTe; FET (with other geometric and electronic parameters kept the same),
both the p- and n-type transport regions of the HfS, /MoTe, FET are effective in reducing
the SS below 60 mV /decade and significantly improving the driving currents. Specifically,
the minimum SS was as low as 33 mV/decade in the p-type branch and 41 mV /decade
in the n-type branch. The p-type branch shows a high on-off current ratio of 108 in the
Vi sweeping region from 0.46 V to 1.2 V at Vgp = 0.74 V, which is an enhancement of
more than two orders of magnitude compared to the conventional case, while the low
off-state current remains unaltered (Vg = 1.2 V). These results indicate that the HfS, cold
source can effectively optimize the performance of the conventional MoTe, FET. Moreover,
the other important analog performance parameters, such as transconductance (gm) and
transconductance efficiency (gm/Ip), are shown in Figure 3b,c. These were visualized using
HIS; as the source electrode, which provided a higher g, resulting in a higher Ip. The
ratio of gm /Ip determines a transistor’s ability to regulate current efficiently. Hence, gm /Ip
increases with gn, which in turn will increase the overall performance of the device.
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Figure 1. Atomic configuration of a monolayer MoTe, FET with HfS, located in the source region.

b () 25 '
e HfS,: MoTe, B sole,
20+ 20+
z | 5
'i(,o 15 ‘ \;‘; 15+ ¢1;!.mi
c > 3.69 eV
10t 10
8 T T 5 Ll hd T
0 02 04 30 20 -10 0
X (A) X (A)

Figure 2. (a) Band structures of the HfS; /MoTe; heterojunction. The electronic states contributed by
HfS, and MoTe, are marked by the red and green curves, respectively. The Fermi level is referenced
to zero. (b) Average electron density, ne. (c) Effective potential, V.
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Figure 3. (a) Current-voltage transfer characteristics, (b) transconductance and (c) transconductance
efficiency of MoTe, FETs with and without HfS, contact at different gate voltages, | Vsp | =0.74 V.

To understand the transmission mechanism described above, we investigated the
device density-of-states and transmission spectra at different gate voltages. For the
HfS, /MoTe; FET, it can be seen in Figure 4a,b that the height of the p-type source-channel
barrier is gate-tunable, with a low barrier height for easy electron injection in the on state
(Vg =0.46 V) and a high barrier height @ to block electron injection in the steepest SS
state of 33 mV /decade (Vg = 1.0 V). The fact that the p-type HfS, /MoTe; FET achieves a
low SS can be explained by reference to Figure 4e. It was found that the hot-carrier density
n (E) (n (E) = DOS (E) X f (E)) below the Fermi level ¢ showed a truncated decreasing
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Energy (eV)

Energy (eV)

(or super-exponentially decreasing) trend for HfS, sources, rather than the exponentially
decreasing trend f(E) observed for traditional metal sources. Here, the band gap of the
HIS, semiconductor acts as an efficient n-type cold-injection source for the p-type MoTe;
transistor, greatly truncating the Boltzmann hot tail and producing the steepest SS values.
Both the truncated n (E) relation and the weak vdW interaction are critical to the device
performance. In addition, in Figure 3, it is worth noting that the on-state current of the
p-type HfS, /MoTe, FET is higher than that of the conventional MoTe, FET. As can be seen
from Figure 4a, as the conduction band of the MoTe; channel and the valence band of the
HIS; source overlapped within the bias window Vgp = er-¢1, an obvious source-to-drain
direct tunneling occurred in the device. The dominant working mechanism at different gate
voltages can be further distinguished from the transmission spectrum. It can be seen in
Figure 4d that when Vg = 0.46 V, the tunneling probability of the HfS, /MoTe, FET reached
74.4%, greatly improving the current. On the other hand, the HfS, /MoTe; FET showed
excellent ambipolar characteristics. Since the source and drain of the HfS, /MoTe, FET are
oppositely doped, for the n-type branch, the conduction band of the MoTe, channel can be
electrostatically tuned to the bias window with the increases in Vg, as shown in Figure 4c.
Thus, the carrier transport directly occurs from the conduction band to the valence band,
that is, the inter-band tunneling through the band gap at the channel-drain interface, just
like the tunneling FET. Consequently, a low SS of 41 mV /decade can be observed in Figure 3,
and a high tunneling probability can be found in Figure 4d at Vg = 1.94 V. Therefore, a
hybrid transport mechanism combined with the cold injection and the tunneling effect can
effectively break through the SS limit and improve the on-state current of a conventional
2D FET.
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Figure 4. Device density of states (DDOS) projected to source, channel, and drain regions of the
HIS, /MoTe, CS-FET. DDOSs at (a) the on-state of the p-type transport (Vg = 0.46 V), (b) the steepest
SS state of the p-type transport (Vg = 1.0 V), and (c) the on-state of the n-type transport (Vg =1.94 V).
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Zero energy is set to be the average Fermi level of the source (¢1 ) and drain (er). (d) Comparison of
the transmission spectrum at different states. (e) Density-of-states-energy relation D (E) and carrier
density n (E) of the n-doped HfS, source. n (E) shows the desired truncated decreasing (or the
super-exponentially decreasing) trend. For comparison, the exponentially decreasing Boltzmann

distribution function f(E) that equals # (E) at the source Fermi level ¢ is shown by the black curve.

4. Conclusions

Our simulation demonstrates the feasibility of using the 2D semiconductor HfS, as
an efficient CS to produce a steep-slope p- and n-type MoTe; transistor. The truncated
decreasing n(E) relation, the weak vdW interaction, and the tunneling effect are critical
to the performance of MoTe; FET. Specifically, the band gap of the HfS, source could
effectively suppress the carrier injection into the MoTe; channel, resulting in a low SS of
33 mV/decade in the p-type HfS, /MoTe, FET. The direct source-to-drain tunneling effect
can increase the on-state current by more than two orders of magnitude. On the other
hand, we found that in n-type HfS; /MoTe; FET, the inter-band tunneling behavior at the
channel-drain interface can reduce SS to 41 mV /decade. Therefore, such a hybrid transport
mechanism in HfS, /MoTe, FET can be used as an efficient strategy to optimize the on-state
current and SS of the next-generation 2D FETs.

Author Contributions: Conceptualization, J.L. and J.G.; software, J.G.; validation, J.G. and J.L,;
formal analysis, J.G. and J.L.; investigation, J.L.; resources, J.L.; data curation, J.L.; writing-original
draft preparation, J.L.; writing-review and editing, J.G.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 11964022.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

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

References

1.

10.

11.

12.

International Roadmap for Devices and Systems (IRDS™) 2020 Edition. 2020. Available online: https:/ /irds.ieee.org/editions/
2020 (accessed on 9 September 2021).

Roy, K.; Mukhopadhyay, S.; Mahmoodi-Meimand, H. Leakage current mechanisms and leakage reduction techniques in deep-
submicrometer CMOS circuits. Proc. IEEE 2003, 91, 305-327. [CrossRef]

Skotnicki, T.; Hutchby, J.A.; King, T.J.; Wong, H.S.P,; Boeuf, F. The end of CMOS scaling: Toward the introduction of new materials
and structural changes to improve MOSFET performance. IEEE Circuits Devices Mag. 2005, 21, 16.

Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, 1.V,; Firsov, A.A. Electric field effect in
atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]

Tan, C.L.; Cao, X.H.; Wu, X.J.; He, Q.Y,; Yang, J.; Zhang, X.; Chen, ].Z.; Zhao, W.; Han, S.K.; Nam, G.H. Recent Advances in
Ultrathin Two-Dimensional Nanomaterials. Chem. Rev. 2017, 117, 6225-6331. [CrossRef]

Zhou, W.H.; Qu, H.; Guo, S.; Cai, B.; Chen, H.; Wu, Z,; Zeng, H.; Zhang, S. Dependence of Tunneling Mechanism on Two-
Dimensional Material Parameters: A High-Throughput Study. Phys. Rev. Appl. 2022, 17, 046053. [CrossRef]

Novoselov, K.S.; Mishchenko, A.; Carvalho, A.; Neto, A.H.C. 2D materials and van der Waals heterostructures. Science 2016,
353, aac9439. [CrossRef] [PubMed]

Jariwala, D.; Marks, T.J.; Hersam, M.C. Mixed-dimensional van der Waals heterostructures. Nat. Mater. 2017, 16, 170-181.
[CrossRef]

Liu, Y,; Duan, X.D.; Shin, H.].; Park, S.; Huang, Y.; Duan, X.F. Promises and prospects of two-dimensional transistors. Nature 2021,
591, 43-53. [CrossRef]

Liu, Y; Guo, J.; Zhu, E.B; Liao, L.; Lee, S.J.; Ding, M.N.; Shakir, I.; Gambin, V.; Huang, Y.; Duan, X.F. Approaching the
Schottky-Mott limit in van der Waals metal-semiconductor junctions. Nature 2018, 557, 696-700. [PubMed]

Liu, Y.; Weiss, N.O.; Duan, X.D.; Cheng, H.C.; Huang, Y.; Duan, X.E. Van der Waals heterostructures and devices. Nat. Rev. Mater.
2016, 1, 17. [CrossRef]

Fiori, G.; Bonaccorso, E; Iannaccone, G.; Palacios, T.; Neumaier, D.; Seabaugh, A.; Banerjee, S.K.; Colombo, L. Electronics based on
two-dimensional materials. Nat. Nanotechnol. 2014, 9, 779. [CrossRef]


https://irds.ieee.org/editions/2020
https://irds.ieee.org/editions/2020
http://doi.org/10.1109/JPROC.2002.808156
http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://doi.org/10.1021/acs.chemrev.6b00558
http://doi.org/10.1103/PhysRevApplied.17.064053
http://doi.org/10.1126/science.aac9439
http://www.ncbi.nlm.nih.gov/pubmed/27471306
http://doi.org/10.1038/nmat4703
http://doi.org/10.1038/s41586-021-03339-z
http://www.ncbi.nlm.nih.gov/pubmed/29769729
http://doi.org/10.1038/natrevmats.2016.42
http://doi.org/10.1038/nnano.2014.207

Nanomaterials 2023, 13, 649 70f7

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

Lyu, J.; Pei, J.; Guo, Y.Z.; Gong, J.; Li, H.L. A New Opportunity for 2D van der Waals Heterostructures: Making Steep—Slope
Transistors. Adv. Mater. 2020, 32, 1906000. [CrossRef] [PubMed]

Qiu, C.G,; Liu, F; Xu, L.; Deng, B.; Xiao, M.M,; Si, J.; Li, L.; Zhang, Z.Y.; Wang, J.; Guo, H.; et al. Dirac-source field-effect transistors
as energy-efficient, high-performance electronic switches. Science 2018, 361, 387. [CrossRef] [PubMed]

Lin, Y.F; Xu, Y.; Wang, S.T,; Li, S.L.; Yamamoto, M.; Aparecido-Ferreira, A.; Li, W.W.; Sun, H.B.; Nakaharai, S.; Jian, W.B.; et al.
Ambipolar MoTe; Transistors and Their Applications in Logic Circuits. Adv. Mater. 2014, 26, 3263-3269. [CrossRef] [PubMed]
Sirota, B.; Glavin, N.; Krylyuk, S.; Davydov, A.V.; Voevodin, A.A. Hexagonal MoTe, with amorphous BN passivation layer for
improved oxidation resistance and endurance of 2D field effect transistors. Sci. Rep. 2018, 8, 8668. [CrossRef]

Li, Q.; Yang, J.; Li, Q.H,; Liu, 5.Q.; Xu, L.Q.; Yang, C.; Xu, L.; Li, Y,; Sun, X.T,; Yang, ].B.; et al. Sub-5 nm Gate Length Monolayer
MoTe, Transistors. J. Phys. Chem. C 2021, 125, 19394. [CrossRef]

Xu, X,; Pan, Y,; Liu, S.; Han, B.; Gu, P; Li, S.; Xu, W.; Peng, Y.; Han, Z.; Chen, ].; et al. Seeded 2D epitaxy of large-area single-crystal
films of the van der Waals semiconductor 2H MoTe,. Science 2021, 372, 195. [CrossRef] [PubMed]

Liu, F; Wang, J.; Guo, H. Atomistic simulations of device physics in monolayer transition metal dichalcogenide tunneling
transistors. IEEE Trans. Electron Devices 2016, 63, 311-317. [CrossRef]

Chang, J.; Register, L.F.; Banerjee, S.K. Ballistic performance comparison of monolayer transition metal dichalcogenide MX,
(M =Mo, W; X =S5, Se, Te) metal-oxide-semiconductor field effect transistors. J. Appl. Phys. 2014, 115, 084506. [CrossRef]

Gong, C.; Zhang, H.].; Wang, W.H.; Colombo, L.; Wallace, R.M.; Cho, K.J. Band alignment of two-dimensional transition metal
dichalcogenides: Application in tunnel field effect transistors. Appl. Phys. Lett. 2013, 103, 053513. [CrossRef]

Lam, K.T.; Cao, X.; Guo, ]J. Device performance of heterojunction tunneling field-effect transistors based on transition metal
dichalcogenide monolayer. IEEE Electron Device Lett. 2013, 34, 1331-1333. [CrossRef]

Larentis, S.; Fallahazad, B.; Movva, H.C.P; Kim, K.; Rai, A.; Taniguchi, T.; Watanabe, K.; Banerjee, S.K.; Tutuc, E. Reconfigurable
complementary monolayer MoTe; field-effect transistors for integrated circuits. ACS Nano 2017, 11, 4832. [CrossRef] [PubMed]
Brandbyge, M.; Mozos, ].L.; Ordejon, P,; Taylor, J.; Stokbro, K. Density-functional method for nonequilibrium electron transport.
Phys. Rev. B 2002, 65, 165401. [CrossRef]

Atomistix ToolKit Version 2021, QuantumWise A/S. Available online: www.quantumwise.com (accessed on 1 January 2020).
Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865.

Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758-1775.
[CrossRef]

Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis
set. Comp. Mater. Sci. 1996, 6, 15. [CrossRef]

Blochl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979. [CrossRef]

Bardeen, ].; Shockley, W. Deformation potentials and mobilities in non-polar crystals. Phys. Rev. 1950, 80, 72-80. [CrossRef]
Chen, J.; Xi, J.; Wang, D.; Shuai, Z. Carrier mobility in graphyne should be even larger than that in graphene: A theoretical
prediction. J. Phys. Chem. lett. 2013, 4, 1443-1448. [CrossRef]

Dai, J.; Zeng, X.C. Titanium trisulfide monolayer: Theoretical prediction of a new directgap semiconductor with high and
anisotropic carrier mobility. Angew. Chem. Int. Edit. 2015, 54, 7572-7576. [CrossRef]

Zhang, S.L.; Xie, M.Q.; Li, FY,; Yan, Z.; Li, Y.F; Kan, E.J.; Liu, W,; Chen, Z.F,; Zeng, H. Semiconducting group 15 monolayers: A
broad range of band gaps and high carrier mobilities. Angew. Chem. Int. Edit. 2016, 55, 1666-1669. [CrossRef] [PubMed]

Hai, FL.; Shu, Q.Z.; Zhi, R.L. Mobility anisotropy of two-dimensional semiconductors. Phys. Rev. B 2016, 94, 235306.

Ashima, R.; Nityasagar, J.; Dimple Abir, D.S. A comprehensive study in carrier mobility and artificial photosynthetic properties in
Group VI B transition metal dichalcogenide monolayers. J. Mater. Chem. A 2018, 6, 8693.

Datta, S. Electronic Transport in Mesoscopic Systems; Cambridge University Press: Cambridge, UK, 1995.

Kim, W.Y,; Kim, K.S. Carbon nanotube, graphene, nanowire, and molecule-based electron and spin transport phenomena using
the nonequilibrium Green’s function method at the level of first principles theory. J. Comput. Chem. 2008, 29, 1073. [CrossRef]
Sanvito, S.; Lambert, C.J.; Jefferson, J.H.; Bratkovsky, A.M. General Green’s-function formalism for transport calculations with spd
Hamiltonians and giant magnetoresistance in Co- and Ni-based magnetic multilayers. Phys. Rev. B 1999, 59, 11936. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/adma.201906000
http://www.ncbi.nlm.nih.gov/pubmed/31777983
http://doi.org/10.1126/science.aap9195
http://www.ncbi.nlm.nih.gov/pubmed/29903885
http://doi.org/10.1002/adma.201305845
http://www.ncbi.nlm.nih.gov/pubmed/24692079
http://doi.org/10.1038/s41598-018-26751-4
http://doi.org/10.1021/acs.jpcc.1c01754
http://doi.org/10.1126/science.abf5825
http://www.ncbi.nlm.nih.gov/pubmed/33833124
http://doi.org/10.1109/TED.2015.2497082
http://doi.org/10.1063/1.4866872
http://doi.org/10.1063/1.4817409
http://doi.org/10.1109/LED.2013.2277918
http://doi.org/10.1021/acsnano.7b01306
http://www.ncbi.nlm.nih.gov/pubmed/28414214
http://doi.org/10.1103/PhysRevB.65.165401
www.quantumwise.com
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1016/0927-0256(96)00008-0
http://doi.org/10.1103/PhysRevB.50.17953
http://doi.org/10.1103/PhysRev.80.72
http://doi.org/10.1021/jz4005587
http://doi.org/10.1002/anie.201502107
http://doi.org/10.1002/anie.201507568
http://www.ncbi.nlm.nih.gov/pubmed/26671733
http://doi.org/10.1002/jcc.20865
http://doi.org/10.1103/PhysRevB.59.11936

	Introduction 
	Computational Methods 
	Results and Discussion 
	Conclusions 
	References

