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Reducing the Schottky barrier height (SBH) and even achieving the transition from Schottky contacts to Ohmic
contacts are key challenges of achieving high energy efficiency and high-performance power devices. In this paper, the
modulation effects of biaxial strain on the electronic properties and Schottky barrier of MoSi;N4 (MSN)/graphene and
WSipsNg (WSN)/graphene heterojunctions are examined by using first principles calculations. After the construction of
heterojunctions, the electronic structures of MSN, WSN, and graphene are well preserved. Herein, we show that by applying
suitable external strain to a heterojunction stacked by MSN or WSN — an emerging two-dimensional (2D) semiconductor
family with excellent mechanical properties — and graphene, the heterojunction can be transformed from Schottky p-
type contacts into n-type contacts, even highly efficient Ohmic contacts, making it of critical importance to unleash the
tremendous potentials of graphene-based van der Waals (vdW) heterojunctions. Not only are these findings invaluable
for designing high-performance graphene-based electronic devices, but also they provide an effective route to realizing
dynamic switching either between n-type and p-type Schottky contacts, or between Schottky contacts and Ohmic contacts.

Keywords: MoSi;Ny, Schottky barrier height, heterojunction, biaxial strain

PACS: 71.20.-b, 73.30.+y

1. Introduction

Since the first exfoliation of graphene from graphite,!!]
graphene — a two-dimensional (2D) allotrope of carbon —
has ignited more and more interest from researchers because
of its excellent mechanical properties'?! and ultra-high carrier
mobility (~ 2.5 x 10* cm?/V-s in room temperature).*! Soon
after, a growing body of 2D materials, such as silylene,!
hexagonal boron nitride (h-BN), 151 plack phosphorus (BP), [6.71
and transition metal dichalcogenides (TMDCs),®! have re-
Notably, MoS,,l WS,,[1%" and

WSe, 1112 gre all in a family of TMDCs, whose extraor-
[13,14
C7

ceived much attention.
dinary potentials in electroni 1 optoelectrical,!'> and
valleytronic!'®! applications have been studied. However, the
zero band gap of graphene is the biggest problem, which lim-
Meanwhile, vdW
heterojunctions composed of vertically stacked 2D materials

its its applications in electronic devices.

have been put forward and have provided wide possibilities
in band structure engineering projects. Especially, graphene
can build weak interlayer coupling with other 2D materials be-
cause of unique properties of lacking dangling bonds. Symme-
try breaking of graphene leads to an intrinsic built-in electric
field, bringing many more unparalleled nanoelectronic and op-
toelectronic properties to graphene-based heterojunctions far
beyond those of monolayers. Graphene-based vdW hetero-
junctions were studied not only in theory, but also in experi-
ment all over the world. For example, Si et al.'"1 studied the

fCorresponding author. E-mail: qxie@gzu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac5c3b

electronic structure and interface properties of the vdW het-
erostructure composed of single layers of GaSe and graphene,
leading the Schottky barrier heights (SBHs) to be controlled
by applying an external electric field. A MoS»,/graphene het-
erojunction was successfully synthesized by Huang et al.,!'8]
and it exhibited excellent broad light absorption as well as high
charge separation, hoping to be used as electrodes to fabricate
photoelectrochemical-type photodetectors. In addition, Roy

191 demonstrated that graphene-MoS, hybrids can be

et al.
used as high-sensitive gate-tunable photodetectors and optical
switches.

Very recently, a newly graphene-like 2D material —
MoSi;Ns (MSN) — was synthesized by using chemical va-
por deposition (CVD) method by Hong et al.?"! The MA,Z,
family were also predicted to be dynamically stable in the air,
where M denotes a transition metal (Mo, W, V, Nb, Ta, Ti,
Zr, Hf, or Cr), A is Si or Ge, and Z represents N, P, or As.
MA,Z, family exhibit exceptional piezoelectricity, high ther-
mal conductivity, stiffness and promising photocatalysis.[>!]
Wu et al.'*?! found that by applying biaxial strain and external
electric field, band gaps of MSN and WSipN4 (WSN) can be
tuned by both compress and tensile strain. Compress strain
can even lead to the transition fom indirect bandgap to di-
rect bandgap and external electric field can also give rise to
the transition from semiconductor to metal. Jian ef al.[*}] re-
ported that tensile MSN possesses the best optical absorption

efficiency ever shown in the visible region, which has great

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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potential applications in optoelectronic devices. In addition,
Zang et al.”* and Qian et al.”>! demonstrated that when in-
troducing surface nitrogen vacancy, MSN, and WSN exhibit
the highly desirable hydrogen evolution reaction (HER) cat-
alytic activities, which highlights a family of potential HER
electrocatalysts.

Generally, the electronic properties of graphene and other
2D materials are very sensitive to the external conditions,
such as the induction of doping elements, external electric
field, external strain and substrate interactions. In this work,
given that the modulation of the SBHs of heterojunctions com-
posed of graphene and MSN or WSN by biaxial strain has
not been investigated yet, we construct MSN/graphene and
WSN/graphene two heterojunctions. Firstly, we calculate the
binding energy to ensure the stability of the heterojunctions.
Then we study the electronic properties of two heterojunc-
tions, including band structures and density of states (DOS).
We also further investigate charge transfer between monolayer
MSN or WSN and monolayer graphene. Finally, we modulate
the SBHs of heterojunctions by applying external strain, re-
alizing dynamic switching either between n-type and p-type
Schottky contacts, or between Schottky contacts and Ohmic
contacts.

2. Computational method

The structural optimization and electronic properties of
isolated monolayer MSN, WSN, graphene, and two vdW het-
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erojunctions were investigated by the Vienna ab initio simu-
lation package (VASP)[?*-2"] based on the density functional
theory (DFT). The projector augmented wave (PAW)[?8] pseu-
dopotential was employed to describe the electron—ion inter-
action, and the generalized gradient approximation (GGA)
with Perdew—Burke—Ernzerho (PBE)?*! was used to describe
exchange—correlation energy. The cut-off energy was set to be
500 eV and Monkhorst—Pack k-point grids of 9 x 9 x 1 was
adopted. The DFT-D3 method was also considered to com-
pensate for the effect of vdW interaction.[3”) The energy and
force convergence standards were set to be 1 x 107° eV and
0.01 eV/A. We also added a vacuum layer of 20 A along the z
direction to avoid image interaction.

The values of cohesive energy (Eon) for MSN and WSN
are used to describe their stability, and can be obtained from

the following equations, respectively:

Ecoh = [Etot_EMo_ZESi _4EN]/77 (1)
Ecoh = [Eot — Ew — 2Es; —4EX] /7, ()

where Ei is the total energy of MSN or WSN structure, Eppo,
Ew, Esi, EN represent the ground state total energies of sin-
gle Mo, W, Si, and N atoms, respectively. The values of
the cohesion energy obtained were about —8.44 eV/atom and
—8.50 eV/atom.
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Fig. 1. Phonon spectra of intrinsic (a) MSN and (c) WSN. Curves of energy and temperature fluctuation versus time at 300 K of (b) MSN and (d) WSN.

Phonon spectrum was also considered to confirm the dy-
namic stability, and ab initio molecular dynamics (AIMD)
method of using NVT ensemble was used to optimize MSN

and WSN at room temperature (300 K) to examine their ther-

mal stability. Figures 1(a) and 1(c) show the phonon spec-
tra of intrinsic MSN and WSN. The imaginary frequency is
not found in the phonon spectrum branches of MSN nor of
WSN, indicating the dynamical stability of both structures.
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Figures 1(b) and 1(d) show that in the total 9 ps (3000 steps,
3 fs per step) simulation process, the total energy of MSN and
WSN have not mutated in the process of AIMD, demonstrat-
ing the thermal stability of MSN and WSN at 300 K.

3. Results and discussion

3.1. Electronic properties of monolayer MSN, WSN, and
graphene

The top views of isolated MSN, WSN, and graphene are
shown in Figs. 2(d)-2(f), where red lines represent the prim-
itive cells of MSN, WSN, and graphene, respectively. It can
be seen from the top views of MSN and WSN that the Mo
atoms or W atoms are in the center of the hexatomic rings
which are composed of Si and N atoms. Similarly, graphene
has the same hexatomic rings composed of six same C atoms.
After the lattice relaxation, the optimized lattice constants of
graphene are a = b = 2.46 A and the optimized lattice con-
stants of MSN and WSN are both a = b = 2.91 A, which are

in good agreement with previous results.31-34]

The band structures of the monolayer MSN, WSN, and
pristine graphene are illustrated in Figs. 2(a)-2(c), respec-
tively. Figures 2(a) and 2(b) show the band structures of mono-
layers MSN and WSN and they show many similarities. For
instance, their conduction band minimum (CBM) and valence
band maximum (VBM) are both located at K and I" points,
respectively, indicating that they are both indirect band gap
semiconductors. The trend of band lines of MSN also exhibits
movement similar to that of WSN. After calculation, the band
gap value of MSN and WSN are 1.80 eV and 2.09 eV, re-
spectively, which are consistent with previous results.?%22! As
can be seen from Fig. 2(c), the pristine graphene is a zero-gap
semiconductor and a Dirac cone appears at the high symmetry
K point. The Fermi energy level also passes rightward through
the Dirac point. The energy and momentum of the electrons
both show a linear dispersion relationship, which makes the ef-
fective mass of graphene’s relativistic electrons approximately
equal to zero.
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Fig. 2. Band structures of monolayers (a) MSN, (b) WSN, and (c) pristine graphene, and top view of (d) MSN, (e) WSN, and (f) graphene, with red

lines representing primitive cell.

3.2. Electronic properties of XSi;N4/graphene heterojunc-
tions

To investigate the modulation effects of Schottky barrier
in MSN/graphene and WSN/graphene vdW heterojunctions by
biaxial strain, a 2 x 2 x 1 graphene supercell and v/3 x /3 x 1
MSN and WSN supercells were built to compensate for the
lattice mismatch. Their lattice mismatches are all only about
2.39%, which is lower than 5%, justifying the suitability of our
models for this work. Figures 3(b) and 3(d) show the top view
and side view of MSN/graphene and WSN/graphene hetero-
junctions. Septuple atomic layers N—-Si—-N-Mo(W)-N-Si—-N
of MSN or WSN can be seen from the side view. The cal-

culated optimized interlayer distances of MSN/graphene and
WSN/graphene are 3.35 A and 3.37 A, respectively.

The projected band structures of unstrained heterojunc-
tions are shown in Figs. 3(a) and 3(c), where the red line and
blue line represent the contributions of monolayer graphene
and MSN or WSN. We can easily see that the electronic prop-
erties of MSN, WSN and graphene are all well preserved in
two heterojunctions and only minor changes occur. Dirac cone
of graphene still appears at the high symmetry K point and
graphene remains its Dirac cone linear dispersion properties.
However, we find that MSN and WSN in MSN/graphene and

WSN/graphene configurations undergo a shift from indirect
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bandgap to direct bandgap, with the CBM and VBM both lo-
cated at the same point (I" point), as shown in Figs. 3(a) and
3(c). Moreover, owing to the symmetry breaking of graphene
and the weak interaction between the two layers, we find a
vanishingly small band gap opening in the two heterojunctions
with values of about 5 meV and 1 meV, respectively. However,

because the two values are both less than kg7 at room tem-

-3

(c) 3

perature (kg is the Boltzmann constant and T is temperature)
(26 meV), they are considered to be negligible. Before the for-
mation of the heterojunctions, the Dirac point of graphene is
rightly located at the Fermi energy level. After the formation
of the heterojunctions, the Fermi energy level moves slightly
below the Dirac point, which makes graphene become a p-

doped system.

r r

Fig. 3. Projected band structures of (a) MSN/graphene and (c) WSN/graphene heterojunctions, with Fermi level set to be 0 eV. Top and side views of (b)
MSN/graphene and (d) WSN/graphene heterojunctions, with red and blue lines representing contributions from monolayer graphene and MSN or WSN.

In order to explore the stability of MSN/graphene and
WSN/graphene heterojunctions, we calculate the binding en-
ergy of two heterojunctions. The binding energy E, for MSN
and WSN are defined, respectively, as

Ey, = (Evaw — EGraphene — EMsN), 3)
Ep = (Evaw — EGraphene — EwsN), “4)

where Eyaw, EGraphenes EMsN, and Ewsn denote the energy of
heterojunction, energy of isolated monolayer graphene, MSN,
and WSN, respectively. The calculated binding energy val-
ues of MSN/graphene and WSN/graphene are —4.07 eV and
—4.32 eV, respectively. The negative values of binding energy
thus ensure their stable existence. The calculated binding en-
ergy values are quite close to those from other graphene-based
vdW heterojunctions DFT work. 3! The small binding energy
values suggest that monolayer graphene interacts weakly with
MSN and WSN.

Some specially selected density of states (DOS) diagrams
near the Fermi energy level of unstrained heterojunctions are
plotted in Figs. 4(a) and 4(b). The results show that the elec-
tronic states of the CBM and VBM are mainly contributed
from the Mo atoms or W atoms. They also indicate that the
electronic properties near CBM and VBM of MSN/graphene
and WSN/graphene are determined by inner heavy core atoms
(Mo and W atoms), but two Si-N outermost layers tend to
show inertia. In addition, in both the MSN/graphene con-
figuration and the WSN/graphene configuration, the N atoms

make the second largest contribution, which is the second only

next to the contributions of Mo atoms or W atoms.
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Fig. 4. DOSs of (a) MSN/graphene and (b) WSN/graphene heterojunctions.
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3.3. Charge transfer and modulation of Schottky barrier

When a metal and a semiconductor are joined to form
a metal-semiconductor interface, a significant charge redis-
tribution behavior can be observed as a result of the overlap
of wavefunctions from two layers. To further investigative
the charge transfer between monolayer MSN and monolayer
graphene and between WSN and monolayer graphene, we cal-
culate the plane-averaged differential charge density of hetero-
junctions. And the plane-averaged differential charge density
Ap for MSN and WSN are defined, respectively, as

AP = Pvdw — PMSN — Pgraphene )
AP = PvdW — PWSN — Pgraphene s (6)

where Pyaw, PMSN, PWSN, Pgraphene are the plane-averaged
charge densities of the MSN/graphene or WSN/graphene het-

erojunction, isolated MSN single layer, isolated WSN layer,
and isolated graphene layer. As shown in Figs. 5(a) and 5(b),
it can be obviously observed that two diagrams show that they
are similar to each other to a high degree. In regard to the rea-
sons for this similarity, we can sum them up in three points:
(i) the septuple-layered structures reduce the contact between
the inner heavy atomic layer and the outer graphene layer;
(ii) the electronic states of the CBM and VBM are mainly
from the contributions of inner heavy core atoms (Mo and W
atoms) rather than two outermost Si and N atoms; (iii) we only
study the charge transfer properties between two layers but
not in each monolayer. Hence, the atomic layer that contacts
graphene plays a crucial role in determining the charge transfer
properties and two configurations have almost equal quantity
of charge transferring at the interfaces. We also notice that the
charge densities around the graphene are no longer zero, which
implies that although the interactions at the interface are weak,
there is still charge transferring between graphene and MSN
or between praphene and WSN monolayer. The charges are
accumulated in the MSN monolayer or WSN monolayer, and
the charges are depleted in the graphene monolayer, demon-
strating that there exists charge transferring from the graphene
monolayer to the MSN monolayer or WSN monolayer, which
leads a built-in electric field to point from graphene to MSN
or WSN monolayer.

As is well known, strain is an effective way to modulate
the electronic properties of vdW heterojunctions, especially
SBHs of vdW heterojunctions. In our work, we apply a strain
to the heterojunction along the x direction and a strain along
the y direction simultaneously, and the strain coefficient € can
be obtained from

€= (a—ap)/ap x 100%,

where a and aq are the strained lattice constant and the un-

strained lattice constant, respectively. If € < 1 the strain

is a compressive strain, and if € > 1 the train is a tensile
strain. In our work, we performed 10 groups of experi-
ments per heterojunction, with € values ranging from —10% to
10%. The projected band structures of strained MSN/graphene
and WSN/graphene heterojunctions under different strains are
shown in Figs. 6 and 7. It can be observed that the CBM
and VBM of two heterojunctions will move under compres-

sive strain and tensile strain.

Ap(Z) (e/A)

‘L# Q?, 0
& S?X

o0 o

—-0.2

—-0.4

0 5 10 15 20 25 30
Z (A)

L)
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0 5 10 15 20 25 30
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Fig. 5. Plane-averaged differential charge densities between two inter-
faces along vertical axis of (a) MSN/graphene heterojunction and (b)
'WSN/graphene heterojunction.

As seen from Fig. 6, under compressive strain € = —2%,
the MSN in MSN/graphene heterojunction maintains the same
direct band gap characteristics under no strain. When the com-
pression strain increases to —4%, the CBM is no longer lo-
cated at the previous I point but the VBM is still located at
the previous point, proving that the transition from direct band
gap to indirect band gap occurs with the compression strain
increasing.

It can be observed from Fig. 7 that unlike MSN/graphene
heterojunction, the WSN is always an indirect band gap un-
der the compressive strain in a range from —2% to —10%,
which implies that the transition occurs under compressive
strain € = —2% rather than —4% of MSN. We also found that
under the tensile strain, the MSN or the WSN remains its orig-
inal direct band gap characteristics no matter whether it is the
MSN/graphene heterojunction or the WSN/graphene hetero-

junction.
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Energy (eV)

Energy (eV)

Fig. 6. Projected band structures of MSN/graphene heterojunction with different values of biaxial strain € (—10% to 10%).

The n-type and p-type Schottky barrier heights (SBHs)
are calculated from

Pp, = Ecgm —EF and &g, = EF — EveM,

where &g, and P, are the barrier height for electrons and
holes respectively. Here, Ecgm and Evpym represent the energy
of the conduction band minimum (CBM) and the valence band
maximum (VBM), respectively, and Ef is the Fermi energy.

Figure 8(a) shows the diagrammatic illustration of Schot-
tky contacts and Ohmic contacts at the interface of hetero-
junctions. If g, is smaller than Ppy, it is said that n-type
Schottky contacts are formed at the interface of the hetero-
junction. Similarly, if &g, is larger than Pgp, it is said that
p-type Schottky contacts are formed at the interface of the
vdW heterojunction. When Pg,, or P, decreases to zero or
further to negative, the n-type or p-type Ohmic contacts are
formed. In other words, when the positions of CBM or VBM
of MSN or WSN monolayer overlap with the Fermi energy
level, it is said that Ohmic contacts are formed. The calculated
SBHs of unstrained MSN/graphene are &g, = 1.027 eV and
Py, = 0.979 eV, and the WSN/graphene are P, = 1.557 eV
and Py = 0.776 eV, respectively. Thus, based on the above
definition, the MSN/graphene and WSN/graphene heterojunc-
tions both form p-type Schottky contacts at the interface of
each heterojunction.

Furthermore, we calculated the ®Pg, and ®p;, and plotted
variation curves of barrier heights with strain, which can be
seen in Figs. 8(b) and 8(c). We can draw the conclusion from
Fig. 8(b) that when the compressive strain changes from O to
—2%, the value of &g, increases, and when the compressive
strain increases from —4% to —10%, the value of &g, keeps
decreasing and eventually becomes negative (—22 meV). Fig-
ure 8(b) shows a decreasing trend of Pp, under compressive
strain changing from 0 to —10%, and the minimum value is
also smaller than zero (—15 meV). At this point, we claim that
Ohmic contacts are formed at their interfaces. Ohmic con-
tacts play a significant role in high-sensitively detecting the
biomolecules and neural signals. When it comes to the rea-
sons, we can attribute the transition to the fact that the elec-
tronic structure is controlled by the overlap of electron or-
bitals, which is strongly influenced by the magnitude of tensile
strain or compressive strain. Orbital overlap behavior is found
in the valence electron orbitals that dominate at the CBM and
VBM in MSN/graphene and WSN/graphene heterojunctions
of different atoms. Compressive strain induces the overlap of
the valence electron orbitals to change, which further causes
the electronic states in the conduction and valence bands to
shift. When the compressive strain reaches —10%, the Fermi
energy level crosses the conduction band, implying the forma-
tion of Ohmic contacts.
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Fig. 7. Projected band structures of WSN/graphene heterojunction with different values of biaxial strain € (—10% to 10%).
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Fig. 8. (a) Diagrammatic illustration of Schottky contacts and Ohmic contacts at the interface of heterojunctions. Variations of SBH with
compressive strain and tensile strain in (b) MSN/graphene and (c) WSN/graphene heterojunctions.
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On the contrary, when the tensile strain is applied, the
value of Pp, keeps decreasing from 0 to 10%. When the ap-
plied tensile strain is increased to 10%, the valence band still
lies below the Fermi energy level, proving that the Ohmic con-
tacts have not yet been formed. When it comes to the Pgj, to
be considered, except under the compressive strain € = —10%,
the value of &g, decreases from compressive strain € = —8%
to unstrained € = 0% to tensile strain € = 10%. The sum of
Py, and Pp;, of both MSN/graphene and WSN/graphene het-
erojunctions first increases from —10% to —4% and then de-
creases from —4% to 10%. Moreover, we also notice that for
MSN/graphene heterojunction, under the compressive strain,
the value of ®Pp, becomes smaller than &g, implying that
the Schottky contacts formed at the interface change from p-
type to n-type. We observed the same phenomenon in the
contact between WSN and graphene, except that it occurs at
the compressive strain € = —4%. Under the tensile strain,
both MSN/graphene and WSN/graphene heterojunctions re-
main their original p-type contacts. All these results indi-
cate that the biaxial strain is effective to control not only the

SBH but also the Schottky contacts from the n-type to the p-
type and from Schottky contacts to Ohmic contacts, which are
significant breakthroughs in designing novel Schottky devices
based on MSN/graphene and WSN/graphene vdW heterojunc-
tions, thereby realizing dynamic switching either between n-
type and p-type Schottky contacts, or between Schottky con-
tacts and Ohmic contacts.

Then, we plot the density of states diagrams of strained
MSN/graphene and WSN/graphene heterojunctions under dif-
ferent strains in Fig. 9. Here, for simplicity, we only plot four
groups of DOS diagrams for each heterojunction at strain of
—2%, —6%, 2%, and 6%, respectively. We can clearly see
that under the compressive strain, the peaks around the Fermi
energy level shift leftward and movements become more pro-
nounced with compression strain increasing. Under the tensile
strain, the peaks move towards the Fermi energy level. How-
ever, regardless of the compressive strain or tensile strain, the
electronic states around the Fermi energy level are still mainly
contributed from the Mo atoms or W atoms.
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30 30
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— Si — Si
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o)
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Fig. 9. DOSs of (a) MSN/graphene and (b) WSN/graphene heterojunctions with different values of biaxial strain € (—6% to 6%).

Cr/Au Cr/Au

MSN/WSN

h-BN

Fig. 10. Schematic model of field-effect transistor based on MSN/graphene
and WSN/graphene heterojunctions.

Finally, we design a schematic model of field-effect tran-
sistor as shown in Fig. 10, in which both switching either be-
tween n-type and p-type Schottky contacts, or between Schot-
tky contacts and Ohmic contacts can be realized by an external
strain. In this transistor, MSN or WSN is used as the tran-
sistor channel and graphene as the metal contact. There are
now a variety of practical solutions for how to induce strain in
2D materials nowadays. It has been well reported that flexi-
ble substrates can be used to apply axial tensile strains of up
to 30% to graphene sheets.3®) We can use a flexible film as
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a substrate to induce a strain in the field-effect transistor by
bending the substrate. The strain is then transferred through
the substrate to the heterojunctions, resulting in tensile or com-
pressive strain.

4. Conclusions and perspectives

In summary, we have investigated the electronic proper-
ties of MSN/graphene and WSN/graphene heterojunctions by
using the first principles calculations. We can draw some con-
clusions below.

(i) After stacking heterojunctions, electronic properties of
MSN, WSN and graphene are all well preserved in two hetero-
junctions. We also find a vanishingly small band gap opening
in the two heterojunctions, which can be considered negligi-
ble.

(i1) The p-type Schottky contacts are formed at the inter-
faces of two heterojunctions. The plane-averaged differential
charge density demonstrates that there exists charge transfer
from the graphene monolayer to the MSN monolayer and also
from the graphene monolayer to the WSN monolayer.

(iii) Applying strain is an effective way to modulate the
SBHs of MSN/graphene and WSN/graphene heterojunctions.
In our work, we show that when a compressive strain is ap-
plied to the heterojunction stacked by the MSN or WSN and
graphene, its direct band gap can be converted into an indirect
band gap; when tensile strain is applied to the heterojunction,
its original direct band gap is maintained. For MSN/graphene
heterojunction, when a compressive strain is applied to the
heterojunction, the Schottky contacts formed at the interface
change from p-type to n-type; And for WSN/graphene het-
erojunction, until the compressive strain € = —4%, the n-type
Schottky contacts are formed. However, the application of ten-
sile strain does not induce the transformation. Furthermore,
when the compressive strain increases to —10%, the transition
from Schottky contacts to Ohmic contacts is completed at the
interfaces of both MSN/graphene and WSN/graphene hetero-
junctions.

As far as the study status of MA;Z; monolayers and
MA,Z,/graphene heterojunctions are concerned, it is of criti-
cal importance to understand their internal electronic and con-
tact properties prior to putting those heterojunctions into prac-
tical applications in new Schottky devices. The MA,Z4 family
shall bring more surprises to future electronic and Schottky
devices and mayprovide more freedom for designing MA,Z,-
based Schottky devices with novel functionalities. Only time
will tell, but the more surprises are looming on the horizon.

Acknowledgements

One of the authors, Qian Liang, would like to thank his
supervisor, Professor Quan Xie for guidance, and also his
friends and colleagues for their cooperation. Project supported

by the Industry and Education Combination Innovation Plat-
form of Intelligent Manufacturing and Graduate Joint Training
Base at Guizhou University, China (Grant No. 2020-520000-
83-01-324061), the National Natural Science Foundation of
China (Grant No. 61264004), and the High-level Creative
Talent Training Program in Guizhou Province, China (Grant
No. [2015]4015).

References

[1] Novoselov K S, Geim A K, Morozov S V, Jiang D E, Zhang Y, Dubonos
SV, Grigorieva I V and Firsov A A 2004 Science 306 666
[2] Akinwande D, Brennan C J, Bunch J S, Egberts P, Felts J R, Gao H,
Huang R, KimJ S, Li T and Li Y 2017 Extreme Mechanics Letters 13
42
[3] Mayorov A S, Gorbachev R V, Morozov S V, Britnell L, Jalil R, Pono-
marenko L A, Blake P, Novoselov K S, Watanabe K and Taniguchi T
2011 Nano Lett. 11 2396
[4] Haaf M, Schmiedl A, Schmedake T A, Powell D R, Millevolte A J,
Denk M and West R 1998 J. Am. Chem. Soc. 120 12714
[5] LiuL, Feng Y and Shen Z 2003 Phys. Rev. B 68 104102
[6] Watanabe K, Taniguchi T and Kanda H 2004 Nat. Mater. 3 404
[7]1 Shi Y, Hamsen C, Jia X, Kim K K, Reina A, Hofmann M, Hsu A L,
Zhang K, Li H and Juang Z'Y 2010 Nano Lett. 10 4134
[8] Manzeli S, Ovchinnikov D, Pasquier D, Yazyev O V and Kis A 2017
Nat. Rev. Mater. 2 1
[9] LiY, Wang H, Xie L, Liang Y, Hong G and Dai H 2011 J. Am. Chem.
Soc. 133 7296
[10] Ramakrishna Matte H, Gomathi A, Manna A K, Late D J, Datta R,
Pati S K and Rao C 2010 Angewandte Chemie International Edition 49
4059
[11] LiH, Lu G, Wang Y, Yin Z, Cong C, He Q, Wang L, Ding F, Yu T and
Zhang H 2013 Small 9 1974
[12] Zhao W, Ghorannevis Z, Chu L, Toh M, Kloc C, Tan P H and Eda G
2013 ACS Nano 7 791
[13] Lembke D, Bertolazzi S and Kis A 2015 Acc. Chem. Res. 48 100
[14] Li T and Galli G 2007 J. Phys. Chem. C 111 16192
[15] Pham T, Li G, Bekyarova E, Itkis M E and Mulchandani A 2019 ACS
Nano 13 3196
[16] Liu W, Luo C, Tang X, Peng X and Zhong J 2019 AIP Adv. 9 045222
[17] SiC, Lin Z, Zhou J and Sun Z 2016 2D Mater. 4 015027
[18] Huang Z, Han W, Tang H, Ren L, Chander D S, Qi X and Zhang H
2015 2D Mater. 2 035011
[19] Roy K, Padmanabhan M, Goswami S, Sai T P, Ramalingam G, Ragha-
van S and Ghosh A 2013 Nat. Nanotechnol. 8 826
[20] Hong Y L, Liu Z, Wang L, Zhou T, Ma W, Xu C, Feng S, Chen L, Chen
M L and Sun D M 2020 Science 369 670
[21] Mortazavi B, Javvaji B, Shojaei F, Rabczuk T, Shapeev A V and
Zhuang X 2021 Nano Energy 82 105716
[22] WuQ,CaoL, AngY S and Ang L K 2021 Appl. Phys. Lett. 118 113102
[23] Jian C C, Ma X, Zhang J and Yong X 2021 J. Phys. Chem. C 125
15185
[24] Zang Y, Wu Q, Du W, Dai Y, Huang B and Ma Y 2021 Phys. Rev.
Mater. 5 045801
[25] Qian W, Chen Z, Zhang J and Yin L 2022 J. Mater. Sci. Technol. 99
215
[26] Kresse G and Hafner J 1993 Phys. Rev. B 47 558
[27] Kresse G and Hafner J 1994 Phys. Rev. B 49 14251
[28] Blochl P E 1994 Phys. Rev. B 50 17953
[29] Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
[30] Grimme S, Antony J, Ehrlich S and Krieg H 2010 J. Chem. Phys. 132
154104
[31] Yang C, Song Z, Sun X and Lu J 2021 Phys. Rev. B 103 035308
[32] LiQ, Zhou W, Wan X and Zhou J 2021 Physica E 131 114753
[33] LiH, Zhou Z and Wang H 2020 Nanotechnology 31 335201
[34] Gao X, Shen Y, Ma Y, Wu S and Zhou Z 2019 Comput. Mater. Sci. 170
109200
[35] Liu X, Zhang Z, Luo Z, Lv B and Ding Z 2019 Nanomaterials 9 1674
[36] AhnJH andJeJH 2012 J. Phys. D: Appl. Phys. 45 103001

087101-9


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1016/j.eml.2017.01.008
http://dx.doi.org/10.1016/j.eml.2017.01.008
http://dx.doi.org/10.1021/nl200758b
http://dx.doi.org/10.1021/ja9733999
http://dx.doi.org/10.1103/PhysRevB.68.104102
http://dx.doi.org/10.1038/nmat1134
http://dx.doi.org/10.1021/nl1023707
https://www.nature.com/articles/natrevmats201733
https://www.nature.com/articles/natrevmats201733
http://dx.doi.org/10.1021/ja201269b
http://dx.doi.org/10.1021/ja201269b
http://dx.doi.org/10.1002/anie.201000009
http://dx.doi.org/10.1002/anie.201000009
http://dx.doi.org/10.1002/smll.v9.11
http://dx.doi.org/10.1021/nn305275h
http://dx.doi.org/10.1021/ar500274q
http://dx.doi.org/10.1021/jp075424v
http://dx.doi.org/10.1021/acsnano.8b08778
http://dx.doi.org/10.1021/acsnano.8b08778
http://dx.doi.org/10.1063/1.5090339
https://iopscience.iop.org/article/10.1088/2053-1583/4/1/015027/meta
https://iopscience.iop.org/article/10.1088/2053-1583/2/3/035011/meta
http://dx.doi.org/10.1038/nnano.2013.206
http://dx.doi.org/10.1126/science.abb7023
http://dx.doi.org/10.1016/j.nanoen.2020.105716
http://dx.doi.org/10.1063/5.0044431
http://dx.doi.org/10.1021/acs.jpcc.1c03585
http://dx.doi.org/10.1021/acs.jpcc.1c03585
http://dx.doi.org/10.1103/PhysRevMaterials.5.045801
http://dx.doi.org/10.1103/PhysRevMaterials.5.045801
https://www.sciencedirect.com/science/article/pii/S1005030221005788
https://www.sciencedirect.com/science/article/pii/S1005030221005788
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1103/PhysRevB.103.035308
http://dx.doi.org/10.1016/j.physe.2021.114753
http://dx.doi.org/10.1088/1361-6528/ab8e77
http://dx.doi.org/10.1016/j.commatsci.2019.109200
http://dx.doi.org/10.1016/j.commatsci.2019.109200
http://dx.doi.org/10.3390/nano9121674
http://dx.doi.org/10.1088/0022-3727/45/10/103001

	1. Introduction
	2. Computational method
	3. Results and discussion 
	3.1. Electronic properties of monolayer MSN, WSN, and graphene
	3.2. Electronic properties of XSi2N4/graphene heterojunctions
	3.3. Charge transfer and modulation of Schottky barrier

	4. Conclusions and perspectives
	References

