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Recently, the newly synthesized septuple-atomic layer two-dimensional (2D) material MoSi;N4 (MSN) has attracted
attention worldwide. Our work delves into the effect of vacancies and external electric fields on the electronic properties
of the MSN/graphene (Gr) heterostructure using first-principles calculation. We find that four types of defective structures,
N-in, N-out, Si and Mo vacancy defects of monolayer MSN and MSN/Gr heterostructure are stable in air. Moreover,
vacancy defects can effectively modulate the charge transfer at the interface of the MSN/Gr heterostructure as well as the
work function of the pristine monolayer MSN and MSN/Gr heterostructure. Finally, the application of an external electric
field enables the dynamic switching between n-type and p-type Schottky contacts. Our work may offer the possibility of
exceeding the capabilities of conventional Schottky diodes based on MSN/Gr heterostructures.

Keywords: MoSi;Ny, vacancy defects, external electric field, Schottky contacts
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1. Introduction

In recent years, 2D materials have received much scien-
tific attention due to their novel electronic transport, piezo-
electric, optical and mechanical properties.['=! Among all
2D materials, graphene (Gr),!%] hexagonal boron nitride (h-
BN),[S‘IO] phosphorene,[“’lz] arsenene!!314 and transition-
metal dichalcogenides (TMDs)!">-!7! are the most important
and widely researched. MoS,!'®1°] is a typical representative
of TMDs, which is extensively used as a channel material in
transistors with promising application prospects. In particular,
MoS; has great potential for applications in photocatalysis, 2!
Li-ion batteries,*! field-effect transistors (FETs),[?%! energy
storage, >3 sensors,?¥! etc. Subsequently, the emergence of
2D van der Waals (vdW) heterostructures stacked by two 2D
materials has surprised researchers with some unanticipated
results. For instance, Zhang et al.!>>! proved that MoS,/g-
C3Ny heterojunction enhances the hole separation and transfer
ability of photogenerated electrons by broadening the spec-
tral absorption range, showing excellent photocatalytic perfor-
mance. Huang ef al.!*®! successfully synthesized a MoS,/Gr
heterostructure using the facile hydrothermal method, and
they found that the MoS,/Gr heterostructure exhibits prefer-
able photo-response activity under the irradiation of sunlight.
Mikhaleva er al.?] reported that the combination of VS,
monolayer with Gr has good lithium capacity, remarkable
electronic conductance and high sorption/desorption rates,
making it a promising anode material for Li-ion batteries. Ne-
upane et al.!”®?° investigated the Gr/MoS; heterostructure
systematically using first-principles calculation. They found
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that non-magnetic Gr/MoS, heterostructure changes to mag-
netic material as a result of Mo site vacancy defects. Fur-
thermore, the C vacancy defect also makes the original non-
magnetic water-adsorbed Gr/MoS; heterostructure into a mag-
netic system and the spins of electrons in 2s and 2p orbitals
of C atoms give the principal effect of magnetism in water-
adsorbed Gr/MoS, heterostructure materials with C sites va-
cancy defects.

More recently, two new layered 2D materials, MoSi; Ny
(MSN) and WSipNs (WSN), were successfully synthesized
by Hong et al.,*”1 who used the chemical vapor deposition
(CVD) method. They also predicted an emerging MA,Z, fam-
ily by first-principles calculation, where M is a transition metal
(Mo, W, V, Nb, Ta, Ti, Zr, Hf or Cr), A is Si or Ge, and Z de-
notes N, P or As. Lu et al.®! found that 2D MSN modified
with 3d transition-metal (TM) atoms can be an effective al-
ternative to noble metal-based catalysts for energy conversion
and storage. By constructing a novel Janus MoSH/MSN het-

32

erostructure, Nguyen et al.’?! found that vertical strain and

electric field can achieve n—p type Schottky contact transitions

1.3 systematically in-

and even ohmic contacts. Xiao et a
vestigated the catalytic activity of TM atoms and non-metal
atom-doped MSN monolayer for hydrogen evolution reaction
(HER), and they found that the O, P, Fe and Nb atom-doped
systems can be selected as promising HER electrocatalysts
with relatively good structural stability.

The electronic properties of 2D vdW heterostructures are
sensitive to doping, adsorption, vacancy defect, biaxial strain

and external electric field. In this contribution, we construct an

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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MSN/Gr heterostructure and investigate the effects of vacancy
and external electric field on the electronic properties of the
MSN/Gr heterostructure based on density functional theory
(DFT). First, we compare the band structure of the MSN/Gr
heterostructure with the band structures of MSN and Gr, and
find that it is a simple superposition of two monolayers. The
calculated binding energy is —0.69 eV, and the negative bind-
ing energy proves that the MSN/Gr heterostructure we have
built is stable. Then, we investigate the effect of vacancy de-
fects on the magnetic properties, work function, charge trans-
fer at the interface and electrostatic potential of MSN mono-
layer or MSN/Gr heterostructure, respectively. Finally, we
study the modulation effect of the external electric field on the
MSN/Gr heterostructure.

2. Method

First-principles calculations were performed to obtain the
electronic properties of the intrinsic MSN/Gr heterostructure
and its defective structures using the Vienna ab initio simu-
lation package (VASP)[3*3] based on DFT. The exchange—
correlation potential between the interacted electrons was de-
scribed by the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE)P*®! functional. The
projected augmented wave (PAW) potential 37 was used to de-
scribe the interactions between ionic cores and valence elec-
trons. The plane-wave kinetic cutoff energy was set to be
500 eV and the reciprocal space was sampled witha 9 x 9 x 1
Monkhorst—Pack mesh grid. The convergence criteria for en-
ergy and force were set to be 1x107° eV and 0.01 eV/A,
respectively. A vacuum layer of 15 A was applied to avoid
the interaction between adjacent periodic slabs. Moreover, the
DFT-D3 method proposed by Grimme!*! was considered to
correct the effect of vdW interaction. The Grimme DFT-D3
method is widely used and is thought to better describe the
weak vdW interactions between the monolayer MSN and Gr
than the DFT-D2 method. Instead of using a semi-empirical
dispersion-correlated as in DFT-D2, the dispersion coefficients
are now computed ab initio by time-dependent DFT employ-
ing known recursion relations for the higher-multipole terms.

3. Results and discussion

3.1. Electronic properties of the MSN and MSN/Gr het-
erostructure without defects

The optimized lattice constants of the MSN and Gr are
2.91 A and 2.46 A, respectively, which are in good agreement
with other works.?**!1' As can be seen from the top views
of the MSN and Gr (as shown in Fig. 1(a) and 1(c)), MSN
and Gr are both composed of hexatomic rings. From the side
views, the MSN is built by an N-Si—-N-Mo-N-Si—N septuple-
atomic layer and the Gr is built by a single-atomic layer. Fig-

ures 1(b) and 1(d) show the band structures of the monolayer
MSN and Gr, and the Fermi level is set to zero. The calculated
value of the band gap of the MSN is 1.80 eV, which is slightly
smaller than the experimental results (1.94 eV),% but agrees
with the results calculated by other researchers.[*?! The con-
duction band minimum (CBM) and valence band maximum
(VBM) of the MSN are located at the high-symmetry K and
I' points in the Brillouin zone, respectively. The CBM and
VBM are located at different high-symmetry points in the Bril-
louin zone, so the MSN is an indirect band gap semiconductor.
However, the calculated value of the band gap of the Gr is ap-
proximately equal to zero with the Fermi level just passing
through the Dirac point. The Dirac cone of the Gr is located
at the high-symmetry K point. The energy and momentum of
the electrons both have a linear dispersion relationship, which
makes the effective mass of Gr relativistic electrons approxi-
mately equal to zero.
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Fig. 1. The side and top views of (a) MSN and (c) Gr; band structures
of (b) MSN and (d) Gr. The Fermi level is set to zero.

The cohesive energy (E.qn) is firstly considered to assess
the possibility of experimentally synthesizing the MSN

Etot — nEMO — Q.I’ZESi — 4nEN
T ; ey

where Ei, Emo, Esi and Ey are the energy of the MSN super-

Econ =

cell and the ground state total energy of a single Mo, Si and N
atom, respectively. The n represents the cell expansion multi-
plier of the MSN supercell. In our calculation, the value of n is
equal to 1. The calculated cohesive energy is —8.44 eV/atom,
indicating the possibility of experimentally synthesizing the
MSN structure.

The pristine MSN/Gr heterostructure is prepared using a
V/3 x v/3 x 1 MSN supercell and a 2 x 2 x 1 Gr supercell with
a considerable lattice mismatch of 2.39%. The side and top
views of the MSN/Gr heterostructure are shown in Fig. 2(a).
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After the structural relaxation, the equilibrium interface dis-
tance, which is defined as the distance from the Gr layer to
the lowermost Si layer of the MSN, is 3.35 A. As shown in
Fig. 2(b), the band structure of the MSN/Gr heterostructure is
a simple superposition of the MSN band structure and the Gr
band structure. The yellow and green lines represent the con-
tributions of the MSN and Gr, respectively. However, due to
the band folding of the MSN, the position of the CBM of the
MSN changes from the original K point to the I" point, while
the position of the VBM of the MSN remains unchanged.
The MSN achieves the transition from the original indirect
bandgap semiconductor to the direct bandgap semiconductor.
Then, we plot the plane-averaged differential charge den-
sity along the Z-plane in Fig. 2(c) to investigate the charge
transfer properties at the interface of the MSN/Gr heterostruc-

ture. The plane-averaged differential charge density (Ap) is
defined as follows:

Ap = Pygw — PMSN — PGr; ()

where pyaw, PMsN and pg; are the plane-averaged charge den-
sities of the MSN/ Gr with or without defects, the isolated
MSN single layer and the isolated Gr layer. The pink and blue
areas represent the accumulation and depletion of the charges,
respectively. We find charge transfer behavior at the interface
of the MSN/Gr heterostructure. In addition, the charges are
accumulated in the MSN layer and depleted in the Gr layer,
implying that the charges are transferred from the Gr layer
to the MSN layer. Due to the charge transfer behavior at the
interface, a built-in electric field is generated at the interface
pointing from the Gr layer to the MSN layer.
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Fig. 2. (a) The side and top views of the MSN/Gr heterostructure. (b) The projected band structure of the MSN/Gr heterostructure. The
Fermi level is set to zero and the yellow and green lines represent the contributions of the MSN and Gr, respectively. (c) The plane-averaged
differential charge density between two interfaces along the Z-plane of the MSN/Gr heterostructure. The pink and blue areas represent the
accumulation and depletion of the charges, respectively. (d) The effective electrostatic potential of the MSN/Gr heterostructure. (e) The band
alignments of the Gr and MSN before (left) and after (right) formation of the heterostructure. Ef is the Fermi energy level.

Figure 2(d) shows the effective electrostatic potential of
the MSN/Gr heterostructure. When the MSN/Gr heterostruc-
ture is completely relaxed, the effective electrostatic potential
of the MSN layer is deeper than that of the Gr layer, indi-
cating the existence of a strong electrostatic field between the
two layers. The effective electrostatic potential in the MSN
layer part shows a symmetrical property due to the symmetry

of the MSN structure. The significant potential drop between

the MSN and Gr leads to the generation of a built-in electric
field at the interface of the MSN/Gr heterostructure. The band
alignments of the Gr and MSN before and after the formation
of the heterostructure are depicted in Fig. 2(e). We calculate
the work function Wy of the MSN and Gr, which can be de-
fined as the difference between the vacuum energy level and
the Fermi energy level

WM = Evacuum - EFa (3)
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where Eyacuum and Ep are the energy of the vacuum energy
level and the Fermi energy level, respectively. The calculated
work function Wy of the MSN is 5.20 eV, which is greater
than 4.55 eV of the Gr, as shown in Fig. 2(e). The charge
transfer from the layer with a small work function (Gr) to the
layer with a large work function (MSN) is attributed to the dis-
parity in the work functions between these two layers. As the
amount of charge transfer increases, the Fermi energy levels of
the Gr and MSN keep decreasing and increasing, respectively,
and eventually both reach the same energy level. It is worth
noting that the work function of the MSN/Gr heterostructure
(5.17 eV) lies just between the work functions of the Gr and
MSN, implying that charges are accumulated in the MSN layer
and depleted in the Gr layer. This is also consistent with previ-
ous conclusions on the plane-averaged differential charge den-
sity.

3.2. Electronic properties of the MSN and MSN/Gr het-
erostructure with defects

Before studying the heterostructure with defects, first, we
study four monolayer MSN with defects, namely MSN_Vyn_ip,
MSN_VN_outs MSN_Vg; and MSN_Vyy,, respectively. In prac-
tical experiments, the defect formation energy Er is a key pa-
rameter that can directly reflect the difficulty of the forma-
tion of the vacancy defects and the stability of the defective
structures. It is very necessary to explore the formation energy
Ey of the defective structures, which can be defined by the fol-
lowing equation:

Et = Evacancy — Eintrinsic T M ix, “4)

where Eyacancy and Ejpginsic are the energy of the MSN
(MSN/Gr) with and without defects, while m is the number
of the removed X atoms and py is the chemical potential of
the removed X atom. The chemical potentials of the removed
Si, Mo and N atoms are energy of per atom of their corre-
sponding stable structures. For the removed Si and Mo atoms,
the reference phases used are their bulk structures. For the
removed N atom, the reference phase used is its stable Nj
molecule in the gas phase. The positive (negative) value of the
formation energy denotes the non-spontaneous (spontaneous)
process. The values of the calculated formation energy Er are
listed in Table 1.
ergy for the four defective structures are negative, implying

All obtained values of the formation en-

that the four defective structures are stable in the air. Among
them, the MSN _V; model has the smallest value of the forma-
tion energy (—10.02 eV) and the MSN_Vy_j, model has the
largest value of the formation energy (—3.76 eV). Our results
demonstrate that the MSN_Vg; is the most stable model and
the MSN_Vy_i, is the most unstable one.

Figures 3(a)-3(d) show the side views of the pristine
MSN with vacancies and the positions of the defective atoms

are circled in red. In our calculations, spin polarization was
considered. The band structures of the monolayer MSN with
vacancies are shown in Figs. 3(e)—4(h). It is noteworthy that
when four different vacancy defects are introduced, defec-
tive energy levels are generated near the Fermi energy level
in both the up and down spin channels. It can also be eas-
ily seen that the band structures of both the MSN_Vy_, and
the MSN_Vy1, models show perfect symmetry in both the up
and down spin channels, indicating that N-out and Mo va-
cancies cannot introduce magnetism into the pristine MSN.
However, when N-in and Si vacancies are introduced, the up
and down spin channels show asymmetry, suggesting that the
MSN_Vn_in and MSN_Vg; models are magnetic systems with
magnetic moments of 0.809 ug/cell and 1.966 ig/cell, respec-
tively.

Table 1. Calculated equilibrium interface distance (Deq), binding energy (Ey),
formation energy (Ef), work function (Wr) and total magnetic moment (M).

Deq (A Ep(eV) Ef(V) Wr(eV) M (up/cell)
Gr - - - 4.55 0
MSN - - - 5.20 0
MSN_VN_in - - -3.76 4.60 0.809
MSN_VN_out - - —4.96 4.68 0
MSN_Vg; - - -10.02 7.82 1.966
MSN_Vmo - - -7.24 5.17 0
MSN/Gr 3.35 -0.69 - 5.17 0
MSN/Gr_Vn_in 3.38 -0.43 -3.95 4.56 0.756
MSN/Gr_VN-out 3.36 -0.42 -5.11 4.59 0
MSN/Gr_Vs; 3.41 -1.04 -11.13 7.68 1.828
MSN/Gr_Vuo 3.38 -0.43 -7.79 5.12 0

When N-in vacancy is introduced, the Fermi energy level
passes through the defective energy level in the up-spin chan-
nel. While in the down-spin channel, there is no overlap be-
tween the Fermi energy level and the energy band, so the
MSN_Vy_in model is a half-metal. In contrast, the MSN_Vy,
model is still a semiconductor. Unlike both the MSN_Vy_i,
and MSN_Vy;, models, the MSN_Vy_ oyt and MSN_V§g; mod-
els exhibit metallicity. Furthermore, the work functions of four
defective monolayers are also calculated in our work. Our cal-
culation shows that the work function of the pristine MSN
decreases when N and Mo vacancies are introduced and in-
creases when Si vacancy is introduced.

We then use four defective monolayers to match
Gr to form MSN/Gr heterostructure with vacancies,
namely, MSN/Gr_VN_in, MSN/Gr_VN_out, MSN/Gr_Vg; and
MSN/Gr_Vyy,, respectively. As listed in Table 1, the ob-
tained equilibrium interface distances of the four defective
heterostructures are 3.38 A, 3.36 A, 3.41 A and 3.38 A, re-
spectively, which are quite close to the distance of the pristine
MSN/Gr heterostructure and are all larger than the pristine
MSNY/Gr heterostructure.
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The binding energy (E},) can be used to describe the sta-
bility of the MSN/Gr heterostructure with and without defects

Ey = Evaw — EGr — Emsn,

®)

where Eyqw, Egr and Eysn are the energy of the MSN/Gr
heterostructure with and without defects, the energy of the
isolated Gr and MSN, respectively. A smaller value of
the binding energy Ej} indicates a more stable heterostruc-
ture. For the pristine MSN/Gr heterostructure, the calculated
binding energy E;, is —0.69 eV, indicating that the pristine
MSN/Gr heterostructure is a stable structure. The values of
the binding energy of the MSN/Gr_Vn_in, MSN/Gr_VN_out
and MSN/Gr_Vy;, models are extremely close to each other

and are all greater than the pristine MSN/Gr heterostructure.
While the value of the binding energy of the MSN/Gr_ Vg;
model is smaller than the pristine MSN/Gr heterostructure,
which means that the MSN/Gr_V; model is more stable than
the pristine MSN/Gr heterostructure. Furthermore, the values
of the formation energy Ey of four defective heterostructures
are all negative, indicating that all models are stable. Like
the monolayer MSN with vacancies, the model for Si vacancy
defect is the most stable model and the N-in vacancy defect
is the most unstable one. The work function of the pristine
MSN/Gr decreases when N and Mo vacancies are introduced

and increases when Si vacancy is introduced.
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Fig. 3. The side views of the intrinsic MSN with vacancies: (a) MSN_VN_j,, (b) MSN_VN_out, (¢) MSN_Vg; and (d) MSN_Vy,. Band structures
of the monolayer MSN with vacancies: () MSN_VN_in, (f) MSN_VN_out, () MSN_V§; and (h) MSN_V),. Fermi level is set to zero.
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Fig. 4. The side views of the MSN/Gr heterostructure with vacancies: (a) MSN/Gr_Vn_ip, (b) MSN/Gr_VN_out, (¢) MSN/Gr_V§; and (d) MSN/Gr_Vyy,.

The projected band structures of the MSN/Gr heterostructure with vacancies:

() MSN/Gr_VN_ijn, (f) MSN/Gr_VN_out, (g) MSN/Gr_Vg; and

(h) MSN/Gr_Vy,. The Fermi level is set to zero and the yellow and green lines represent the contributions of MSN and Gr, respectively.
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Figures 4(a)—4(d) show the side views of the MSN/Gr het-
erostructure with vacancies and the positions of the defective
atoms are circled in red. Figures 4(e)—4(h) correspond to the
projected band structures after the introduction of N-in, N-out,
Si and Mo vacancy defects, respectively. Just like the mono-
layer MSN with vacancies, the up and down spin channels of
N-out and Mo vacancy defects are symmetrical and neither
system is magnetic. In contrast, the up and down spin chan-
nels of N-in and Si vacancy defects are asymmetrical and both
are magnetic systems with magnetic moments of 0.756 ug/cell
and 1.828 ug/cell, respectively. We also find that the band
structure of the defective heterostructure is just a simple super-
position of its corresponding defective monolayer MSN and
Gr band structures.

Furthermore, in order to investigate the specific origin of
magnetism, the magnetic moments contributed by the atomic
orbitals of C, N, Si, Mo atoms of four magnetic models
(MSN_Vn_in, MSN_Vs;, MSN/Gr_Vn_i, and MSN/Gr_Vg;)
are listed in Table 2. For the MSN_Vy_j, model, the mag-
netic moments contributed by 2s and 2p atomic orbitals of
N atoms are 0.000 ug/cell and 0.072 ug/cell, respectively.

The magnetic moments contributed by 3s and 3p atomic or-
bitals of Si atoms are both —0.00 ug/cell and the magnetic
moments contributed by 4p, 4d and 5s atomic orbitals of Mo
atoms are 0.020 ug/cell, 0.711 pg/cell and 0.008 ug/cell, re-
spectively. The total magnetic moment of the MSN_Vy_i,
model is 0.809 ug/cell, which is mainly contributed by the
2p atomic orbitals of N atoms and the 4d atomic orbitals of
Mo atoms. For the MSN_Vg; model, the total magnetic mo-
ment is 1.966 ug/cell and it is mainly contributed by the 2s
and 2p atomic orbitals of N atoms. For the MSN/Gr_Vy_i,
and MSN/Gr_Vg; models, the total magnetic moments are
0.756 pg/cell and 1.828 ug/cell, respectively. The magnetic
moments of the MSN/Gr_Vy_;, and MSN/Gr_Vg; models con-
tributed by atomic orbitals of C atoms are both zero, indicating
that vacancies do not affect the magnetic properties of the un-
derlying Gr but only the upper MSN. Like the MSN_Vn_i,
model, for the MSN/Gr_Vy_j, model, the 2p atomic orbitals
of N atoms and the 4d atomic orbitals of Mo atoms are the
main cause of the magnetism. Like the MSN_V§g; model, for
the MSN/Gr_V; model, the magnetic moment is mainly con-
tributed by the 2s and 2p atomic orbitals of N atoms.

Table 2. Magnetic moments contributed by atomic orbitals of C, N, Si and Mo atoms and total magnetic moment (M).

Magnetic moments contributed MSN_VN_in MSN_Vg; MSN/Gr_VN_in MSN/Gr_Vg;
by atomic orbitals (up/cell) (up/cell) (up/cell) (up/cell)
2sof C - - 0.000 0.000
2pof C - - 0.000 0.000
2s of N 0.000 0.086 —-0.001 0.079
2p of N 0.072 1.813 0.079 1.717
3s of Si -0.001 -0.004 0.000 —-0.008
3p of Si -0.001 -0.007 0.000 —-0.008
4p of Mo 0.020 0.009 0.019 0.009
4d of Mo 0.711 0.066 0.652 0.037
5s of Mo 0.008 0.003 0.007 0.002
M 0.809 1.966 0.756 1.828
0.8 (a) Vo | o4l (b) VN_out sities to investigate the charge transfer difference between the
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i@ 0d pristine and defective MSN/Gr heterostructures in Figs. 5(a)—
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2 —0.9 | ’ ’ ! " | 4 —0.4 interface decreases after the introduction of N-in and Si va-
4 . . .
04 —0.8 cancy defects and increases after the introduction of N-out
0 5 0 1 20 0 5 10 15 20 and Mo vacancy defects. However, the charges at the inter-
Vsi .
= 041 (@) “| 1oj@ Vivo face are still depleted at the Gr layer and accumulated at the
~
o0z 0 MSN layer. The direction of the built-in electric field does not
‘ 0 v . . . .
2 \l AR L 4 ! r change with the generation of vacancies. Obviously, N-out
g 02 —10 and Mo vacancy defects have little effect on charge transfer at
—0.4 . . . .
L = 1530205 = TR — the non-interfaces. While N-in and Si vacancy defects have

Z (A) 7 (A)

Fig. 5. The plane-averaged differential charge densities between two
interfaces along the Z-plane of the MSN/Gr heterostructure with vacan-
cies: (@) MSN/Gr_VN_in, (b) MSN/Gr_VN_out, (¢) MSN/Gr_Vg; and (d)
MSN/Gr_Vyj,. The pink and blue areas represent the accumulation and
depletion of the charge, respectively.

We then plot the plane-averaged differential charge den-

a large effect on the charge transfer near the positions of the
corresponding defective atoms.

Figures 6(a)-6(d) show the effective electrostatic poten-
tials of the MSN/Gr heterostructure with vacancies, respec-
tively. The introduction of Si vacancy defect creates an energy
difference (A®) of 3.46 eV in the vacuum region between the
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two sides, while the remaining three defects do not create an
energy difference in the vacuum region. Four vacancy defects
break the symmetry of the MSN layer part. In particular, N-
out, Si and Mo vacancy defects lift the potentials at the posi-
tions of the corresponding defective atoms by 2.47 eV (Ad,),
10.28 eV (Ad3) and 6.21 eV (Ady), respectively.

=
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> VMo
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Fig. 6. The effective electrostatic potentials of the MSN/Gr heterostructure
with vacancies: (a) MSN/Gr_Vn_in, (b) MSN/Gr_Vn_out, (¢) MSN/Gr_Vg;
and (d) MSN/Gr_Vyy,.

3.3. Modulation of the Schottky barrier height

The Schottky barrier height can commonly be effectively
tuned by in-plane axial strain, external electric field and verti-
cal strain engineering. The n-type and p-type Schottky barrier
heights are defined as follows:

P, = Ecgm —Er,  Ppp = EF — Evawm, (6)

where &g, and Pp;, represent the barrier height for electrons
and holes, respectively. Ecgm and Eypym denote the energy of
the CBM and VBM of MSN. Ef is the Fermi energy level,
which is set to zero in this work. When the value of ®Pg,
is smaller than the value of &gy, an n-type Schottky con-
tact is formed at the interface of the MSN/Gr heterostructure,
and vice versa for a p-type Schottky contact. According to
Fig. 2(b), the calculated Pp,, and Py, are 1.03 eV and 0.98 €V,
respectively, and the sum of &g, and Pp;, is equal to 2.01 eV.
The value of ®g,, is larger than Pg,,, indicating a p-type Schot-
tky is formed at the interface of the MSN/Gr heterostructure.
Since MSN/Gr heterostructure has a sizable Schottky bar-
rier height, it is of great significance to achieve a low Schot-
tky barrier height and contact resistance to enhance the de-
vice performance. Experimentally, one can achieve the mod-
ulation of the applied electric field by introducing pulsed ac
fields or gate voltage.l*>**l The Gr and MoS;-based electri-
cal devices have been successfully fabricated based on this

y.[45:46

technolog | Here, we define the positive direction of the

applied external electric field pointing from the Gr layer to the

MSN layer, which is consistent with the direction of the built-
in electric field. Figure 7 shows the projected band structures
of the MSN/Gr heterostructure under different external electric
fields. Compared to the original MSN/Gr heterostructure with-
out an external electric field, we find that the electric field only
shifts the band structure up and down, while the trend of the
band remains largely unchanged. It is noted that the Fermi en-
ergy level shifts towards the VBM of the MSN under the posi-
tive external electric field. Conversely, the Fermi energy level
shifts towards the CBM of the MSN under the negative ex-
ternal electric field. The MSN in the MSN/Gr heterostructure
retains the same characteristics as the direct bandgap semicon-
ductor in the original heterostructure regardless of the positive
or negative applied external electric field.

Furthermore, we plot the variation of the Schottky bar-
rier heights under different external electric fields (Eex) of
the MSN/Gr heterostructure in Fig. 8. It is found that when
the positive external electric field is applied, the value of
®p, gradually increases while the value of Pgj, gradually de-
creases. At the interface of the MSN/Gr heterostructure, the
original p-type Schottky contact is maintained. When the neg-
ative external electric field is applied, the trends of &g, and
®p;, are opposite to those of the positive applied electric field.
As the negative electric field increases, the value of &g, be-
comes smaller than the value of ®gy,, indicating that the n-type
Schottky contact is formed at the interface of the MSN/Gr het-
erostructure. It is worth noting that the sum of ®Pg,, and Pp,, is
almost unchanged and the variation curve is almost a straight
line. We also find that when the applied electric field is large
to a certain extent (0.5 V/A), the Schottky barrier height be-
comes very small (close to zero). A vanishingly small Schot-
tky barrier height and dynamic switching between n-type and
p-type Schottky contacts are of great significance for achieving
energy-efficient and high-performance Schottky barrier diodes
and Schottky devices.

Contact resistance originating from the Schottky barrier
greatly reduces the electrical performance of Schottky devices,
so we design a tunable electrical diode based on MSN/Gr ver-
tical contacts, as shown in Fig. 9. The upward arrow indi-
cates the positive direction of the applied electric field and the
downward arrow indicates the negative direction of the applied
electric field. Due to the ultra-high carrier mobility of the Gr,
it can be used as an electrode to achieve efficient carrier in-
jection. By changing the strength and direction of the exter-
nal electric field, the electrical diode can be reconfigured to
realize a small Schottky barrier height and dynamic switch-
ing between n-type and p-type Schottky contacts. The tunable
electrical diode based on MSN/Gr vertical contacts may pro-
vide the possibility to exceed the capabilities of conventional
Schottky diodes.
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Fig. 7. The projected band structures of the MSN/Gr heterostructure under different external electric fields (ranging from —0.5 V/A to 0.5 V/A).
The Fermi level is set to zero and the yellow and green lines represent the contributions of the MSN and Gr, respectively.
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Fig. 8. The variation of the Schottky barrier heights under different
external electric fields (Eex¢) of the MSN/Gr heterostructure.
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Fig. 9. Schematic diagram of a tunable electrical diode based on
MSN/Gr vertical contacts.

4. Conclusion

In summary, the effects of vacancy and external electric
field on the electronic properties of the MSN/Gr heterostruc-
ture have been systematically investigated in this study based
on first-principles calculation. Our results show the following:

(i) The band structure of the pristine MSN/Gr heterostruc-
ture is a simple superposition of the MSN band structure and
the Gr band structure. We also find a charge transfer phe-
nomenon at the interface between the Gr layer and the MSN
layer, leading to the generation of a built-in electric field point-
ing from the Gr layer to the MSN layer.

(i1) For the pristine monolayer MSN, the introduction of
N-in vacancy defect transforms the pristine MSN from a semi-
conductor to a half-metal. The introduction of N-out and Si
vacancy defects transforms the pristine MSN from a semicon-
ductor to a metal. While the introduction of Mo vacancy defect
maintains the semiconductor nature of pristine MSN. For the
pristine monolayer MSN and MSN/Gr heterostructure, the in-
troduction of N-out and Mo vacancy defects cannot introduce
magnetism into the original non-magnetic system. However,
N-in and Si vacancy defects convert the original non-magnetic
system into a magnetic system.

(iii) The work functions of the pristine monolayer MSN
and MSN/Gr heterostructure decrease when N and Mo va-
cancies are introduced and increase when Si vacancy is intro-
duced. In addition, the charge transfer at the interface of the
MSN/Gr heterostructure decreases after the introduction of N-
in and Si vacancy defects and increases after the introduction
of N-out and Mo vacancy defects. N-out, Si and Mo vacancy
defects raise the potentials at the positions of the correspond-
ing defective atoms.

(iv) External electric field is an effective method to modu-
late the Schottky barrier height of the MSN/Gr heterostructure.
Under the positive external electric field, the p-type Schottky
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contact is maintained. While under the positive external elec-
tric field, the MSN/Gr heterostructure can be modulated to re-
alize the transition from the p-type contact to the n-type Schot-
tky contact. Our results may provide a theoretical basis for the
fabrication of energy-efficient and high-performance Schottky
barrier diodes and Schottky devices.
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