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The semiconductor industry has been facing obstacles in designing low-power (LP) nanoelectronic
devices due to the lack of accurate theoretical simulations and low-resistance contacts of heterojunc-
tions. Here, based on experimental data, we discover that the generalized gradient approximation using
the Fritz Haber Institute pseudopotential accurately describes the lattice constants and electronic prop-
erties of monolayer MoSi2N4. It is further confirmed that this method is also applicable to characterize
the electrical contact properties and device transport characteristics of metal/MoSi2N4 heterojunctions
(where metal includes Sc, Bi, Ag, Al, Ti, graphene, Cr, Fe, Cu, Co, Au, Pd, Ni, and Pt). Calculations
show that various bulk metal/MoSi2N4 heterojunctions exhibit n-type Schottky barrier contact features,
and it is possible to achieve 100% carrier injection for MoSi2N4 with Sc, Ag, Ti, Pd, and Pt contacts.
Using the Schottky-Mott rule and quantum transport simulation, a strong Fermi-level pinning effect at
the metal/MoSi2N4 interfaces is observed, and Sc is identified as the best metal electrode. The 5.1-nm
p-i-n field-effect transistor (FET) with Sc electrodes can meet the OFF-state current requirement of the
2013 International Technology Roadmap for Semiconductors standard for high-performance and LP FET
devices. By employing a high-k gate, the ON-state current for the undoped LP device can be improved
by 2 orders of magnitude, and its high ON:OFF ratio is up to 3 × 106. These findings provide insights into
the metal/MoSi2N4 interface behaviors and provide a theoretical reference for designing MoSi2N4-based
nanoelectronic devices by selecting suitable electrodes with low contact resistance.

DOI: 10.1103/PhysRevApplied.21.054062

I. INTRODUCTION

In short-channel devices, carrier transport is nearly
ballistic and almost all power dissipation occurs at the
metal-semiconductor interface [1]. Therefore, optimizing
the contact behavior between metal electrodes and channel
semiconductor materials becomes a crucial issue. How-
ever, owing to the susceptibility of atomic-thickness two-
dimensional (2D) semiconductor materials to interface
traps, lattice defects, metal diffusion, and covalent bond-
ing, which are induced by high-energy metal-deposition
processes [2], the Fermi-level pinning (FLP) effect and
significant Schottky barrier at the metal-semiconductor
interface are always present [3,4]. To mitigate the impact
of interface states, various strategies [5–7], such as using
hexagonal boron nitride or graphene interlayers [8–11],
introducing buffer layers [12], organic doping [13], low-
work-function metals [14], phase engineering [15], etc.,
have been proposed. However, the interlayers and buffer
layers introduce additional van der Waals (vdW) gaps that
create more tunneling barriers, hindering effective carrier
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injection [16]. Moreover, these strategies are not yet scal-
able for industrial applications, and are primarily focused
on multilayer MoS2 [17]. Fortunately, direct metal con-
tact has been recently reported as an effective alternative
method for injecting carriers into 2D semiconductor tran-
sistors [18]. Multiple experimental studies have proposed
assembly techniques that preserve the perfect cleanliness
of the contact region without damaging the fine lattice of
the interface [19–23].

In addition to external factors, the semiconductor chan-
nel material itself is a crucial factor determining device
performance. However, a large number of theoretical pre-
dictions and experimental reports on field-effect transistors
(FETs) prove that there are few 2D semiconductor materi-
als that are suitable as their channels. For instance, black
phosphorus [24] and InSe [25] are prone to chemical
degradation and corrosion in the environment. MoS2 [26]
oxidizes in humid air below 373 K. Rarity hinders the
large-scale production of arsenene [27], antimonene [28],
and tellurene [29]. Recently, a 2D monolayer MoSi2N4
with excellent thermal, mechanical, electronic, and metal
contact properties and environmental stability has been
successfully fabricated [30–38]. Its optical band gap is
1.94 eV, and its electron (hole) mobility is 270 cm2 V−1 s−1
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(1200 cm2 V−1 s−1), 3 times (5 times) larger than that
of MoS2 [39]. It holds significant potential for ideal elec-
trical contacts [40–42] and sub-5-nm node transistors
[43–45]. However, to our knowledge, there are currently
no reports on accurate theoretical calculations for the
band gap and lattice constant of the MoSi2N4 monolayer,
and the values of 1.74 eV for the band gap and 2.91 Å
for the lattice constant, which have usually been used
in previous theoretical studies, were obtained using the
Perdew-Burke-Ernzerhof (PBE) functional in the gener-
alized gradient approximation (GGA). Although they are
closer to experimental values than those from the hybrid
functional Heyd-Scuseria-Ernzerhof (HSE06) calculation,
there are still errors of 10.31% and 1.02% in the gap and
lattice constant values. The severe underestimation of the
gap leads to the underestimation of the Schottky barrier
height (SBH) for metal-semiconductor contacts; even real-
istic Schottky contacts are regarded as Ohmic contacts,
giving rise to an overestimation of MoSi2N4-based device
performance in quantum transport simulations. Therefore,
using a theoretical calculation method that can accurately
predict experimental measurements is crucial to in-depth
explorations of the electrical contact and transport features
for the monolayer MoSi2N4/metal interface.

In this work, by checking 15 different combinations of
computing methods, we identify the most suitable one,
the GGA using the Fritz Haber Institute (FHI) pseudopo-
tential, which can accurately describe the band gap and
lattice constant for the MoSi2N4 monolayer. Using such
a method, we investigate the electrical contact properties
of 14 different metal/MoSi2N4 heterojunctions. The result
reveals a strong coupling with a significant FLP effect
occurring at the bulk metal/MoSi2N4 interface. In contrast,
the graphene/MoSi2N4 interface can eliminate FLP due to
the weak vdW force. By calculating the tunneling probabil-
ity, interface SBH, and transport gap, we find that Sc and
Cr are the most suitable electrode materials for MoSi2N4-
based FETs among all bulk metals. Subsequently, based
on the 2013 International Technology Roadmap for Semi-
conductors (ITRS) standards [46], we evaluate the per-
formance of 5.1-nm FETs with Sc and Cr electrodes and
MoSi2N4 as the channel material by using quantum trans-
port simulations, and the main factors influencing device
performance are clarified by the calculated device trans-
mission spectra, projected local density of states (PLDOS),
spectral current, and local density of states (LDOS). These
findings gain theoretical insight into the metal/MoSi2N4
interface behaviors and provide a theoretical reference
for designing 2D MoSi2N4-based high-performance (HP)
nanoelectronic devices.

II. METHODS

All calculations are performed using the first-principles
calculation software package ATOMISTIX TOOLKIT based

on density-functional theory (DFT) combined with the
nonequilibrium Green’s function technique [47,48]. The
PBE GGA is employed to describe exchange-correlation
effects [49], and the electronic wave functions are
expanded by the linear combination of atomic orbitals for
the double zeta polarized (DZP) basis set [50,51], with
the FHI pseudopotential. It is noted that Fe, Co, and Ni
metal contacts are inherently spin-polarized, and their ini-
tial magnetic state is set to ferromagnetic for calculations.
To achieve a balance between computational efficiency
and accuracy, the density grid cutoff is set to 160 hartree.
The Brillouin zone sampling Monkhorst-Pack grids [52]
are set to 27 × 1 × 27 and 27 × 1 × 186 in the x, y, and z
axis directions for the unit cell and device, respectively.
The convergence criteria for the self-consistent field and
atomic Herman-Feynman forces are set to 10−5 eV and
10−2 eV/Å, respectively. A vacuum layer of 3 nm in the
z axis direction is introduced to eliminate interactions
between the model and periodic images. Additionally,
Grimme’s zero-damping DFT-D3 method [53] is applied
to correct vdW interactions, and a dipole correction is used
to eliminate the pseudointeraction caused by the periodic-
ity in the z direction. For simplicity, the Fermi level is set
to zero for calculations.

The Landauer-Büttiker formula is employed to calculate
the drain-source current (I ds) under a given bias voltage
(Vb) and gate voltage (Vg) as follows:

Ids(Vb, Vg) = 2e
h

∫ +∞

−∞
T(E, Vb, Vg)[fd(E − μd)

− fs(E − μs)]dE, (1)

where T(E, Vb, Vg) is the transmission probability at
the given bias and gate voltages, and fs(d) and µs(d) are
the Fermi-Dirac distribution function and electrochemical
potential for the source (drain) electrode.

The transmission coefficient T(E,kx) for a given kx and
energy E is calculated by

T(E, kx) = Tr[Gr(E, kx) · �s(E, kx) · Ga(E, kx) · �d(E, kx)],
(2)

where Gr(a)(E, kx) represents the retarded (advanced)
Green’s function, �s(d)(E, kx) = i

[∑r
s(d) (E, kx) − ∑a

s(d)

(E, kx)] is the source (drain) electrode-induced level
broadening described by the electrode self-energy

∑r(a)

s(d)

(E, kx), reflecting the influence of the electrodes on the
scattering region [54].

III. RESULTS AND DISCUSSION

A. Electronic properties of monolayer MoSi2N4

The atomic structure of MoSi2N4 and its side and top
views are illustrated in Figs. 1(a)–1(c), respectively. It
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FIG. 1. (a) The atomic structure of the MoSi2N4 monolayer, (b) side view, and (c) top view. (d) Lattice constant and band gap
of fully relaxed MoSi2N4 crystal obtained by employing 15 different computational methods. (e) Phonon spectrum, and (f) phonon
density of states. Band structure of MoSi2N4 monolayer after full relaxation of the crystal structure: (g) generalized gradient approx-
imation (GGA) with the Fritz Haber Institute pseudopotential method, and (h) GGA with the optimized norm-conserving Vanderbilt
pseudopotential method.

belongs to the P6m1 space group. Monolayer MoSi2N4 is
composed of seven layers of N-Si-N-Mo-N-Si-N, which
can be viewed as a MoN2 layer sandwiched by two
Si-N bilayers, with N atoms surround the Si atom, forming
a polyhedral linkage between Si-N tetrahedra and Mo-
N trigonal prisms. Each unit cell contains one Mo atom,
two Si atoms, and four N atoms. As we know, the band
structure is a crucial theoretical basis of intrinsic material
properties and potential applications. Therefore, accurately
describing the band structure of semiconductor materials
is essential for predicting their potential applications in
devices. To precisely predict MoSi2N4 device behaviors,
here we first use experimental data to screen for accurate
calculation methods. A recent experimental study showed
that the lattice constant and band gap for MoSi2N4 are
2.94 Å and 1.94 eV, respectively [30]. Previous investi-
gations found that the GGA-PBE-optimized MoSi2N4 unit
cell is a semiconductor with a lattice constant of 2.909 Å
and an indirect band gap of 1.744 eV (PBE) or 2.297 eV
(HSE) [30]. Obviously, there is a difference between cal-
culated and experimental results. To obtain highly con-
sistent results for calculation, we consider three different
exchange-correlation functions—local density approxima-
tion (LDA) Perdew-Zunge (PZ) [55], GGA PBE [49],
and HSE06 [56]—combined with five different pseudopo-
tentials—FHI [57], Hartwigsen-Goedecker-Hutter [58],
OpenOMX (OMX) [59], PseudoDojo [60], and optimized
norm-conserving Vanderbilt (SG15) [61]. These form 15

different calculation methods that are used to compute the
lattice constant and band gap of MoSi2N4, as shown in
Fig. 1(d). From Fig. 1(d), it is observed that the lattice con-
stant and band gap calculated by the GGA-SG15 method
are 2.908 Å and 1.738 eV, respectively, highly consis-
tent with the previous theoretical report [30]. However,
compared to experimental results [30], the GGA-SG15 cal-
culation underestimates the lattice constant of MoSi2N4
and severely underestimates the band gap.

Considering that the GGA-SG15 method cannot provide
accurate theoretical support for experiments, we must find
the most suitable theoretical calculation that is closest to
the experiment among the other 14 methods. As shown in
Fig. 1(d), the GGA-OMX-calculated result is closest to the
experimental lattice constant, while the GGA-FHI result is
closest to the experimental band gap. However, using dif-
ferent calculation methods to study different characteristics
of MoSi2N4 is highly unacceptable. Therefore, by detailed
comparison, we find the GGA-FHI calculation method is
the preferred one for accurately describing both lattice con-
stant and band gap for MoSi2N4. How can we understand
why the GGA-FHI calculation is the most suitable one
for MoSi2N4? Previous studies have shown that the band-
edge states of MoSi2N4 have excellent robustness and are
mainly contributed by the d orbitals of the inner Mo atoms
[62]. Therefore, its electronic structure may be affected
by strong electron-electron interactions and spin-orbit cou-
pling (SOC). To address these issues, Figs. S1 and S2 in
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the Supplemental Material [63] show the strong correla-
tion effect of d electrons of the Mo atom and the SOC effect
on the band structure of MoSi2N4. It can be observed that
considering the Hubbard U effect would produce results
contrary to experimental data, while the introduction of the
SOC effect has almost no effect on its electronic properties.
As a result, the electronic structure of MoSi2N4 is strongly
affected by quantum confinement, which causes significant
changes in the electron density between its interior and sur-
face, resulting in the GGA functional being closer to the
experimental values than the LDA and HSE06 functional.
In addition, the FHI functional is better able to capture the
large variation of the electron density of the d orbital of Mo
atoms, while the PBE functional is more likely to ignore
this effect. Therefore, the GGA-FHI method has a signif-
icant advantage in describing the electronic properties of
MoSi2N4.

The phonon spectrum and phonon density of states cal-
culated by the GGA-FHI method are shown in Figs. 1(e)
and 1(f). The absence of imaginary frequencies across
the entire Brillouin zone confirms the dynamic stability
of the MoSi2N4 monolayer. Additionally, to ensure the
accurate prediction of the MoSi2N4 band gap and the cor-
rect description of its E-k dispersion relationship by the
GGA-FHI method, we calculate the band structure using
both GGA-FHI and GGA-SG15 methods, as depicted in
Figs. 1(g) and 1(h), respectively. Notably, besides the
difference in the band gap, the overall E-k dispersion rela-
tionships are highly consistent between the two calculation
methods. As metallic states around the Fermi level are
continuously distributed, accurately calculating the
MoSi2N4 band gap can reasonably reflect the character-
istics of the metal/MoSi2N4 contact. To further identify
whether the GGA-FHI method can also better describe the
electronic features of metal/MoSi2N4 heterojunctions, we
make comparative calculations using the GGA-FHI, GGA-
SG15, and higher-precision HSE-FHI methods, respec-
tively, as shown in Figs. S3–S5 in the Supplemental
Material [63]. Only slight differences can be found in the
band gap of the projected band structure of the MoSi2N4
monolayer among the three methods, and the dispersion
relationship of the GGA-FHI calculation is similar to those
of the other two methods. However, as stated previously,
the GGA-FHI method has the advantage in describing
MoSi2N4, and has the lowest computational cost for inves-
tigating metal/MoSi2N4 heterojunctions. Consequently, in
the subsequent investigation, we only employ the GGA-
FHI method for calculations.

B. Construction and electronic structure of
metal/MoSi2N4 heterojunctions

In nanoelectronic devices, it is highly desirable to
choose an appropriate metal for the electrodes to inject
carriers into semiconducting channel materials. To design

MoSi2N4-based nanoelectronic devices, here we consider
13 different bulk metals (Sc, Bi, Ag, Al, Ti, Cr, Fe, Cu,
Co, Au, Pd, Ni, and Pt) with work functions (WFs) falling
in the range of 3.5–5.65 eV, giving a work function inter-
val �WF = 2.15 eV, and 2D semimetallic graphene (Gr)
as candidate electrodes and explore the contact charac-
teristics of the metal/MoSi2N4 interfaces. The wide WF
range is selected because the continuous variation of metal
WFs within the MoSi2N4 band gap is valuable for dis-
covering contact trends. Previous studies have shown that
using six layers of metal atoms is sufficient to characterize
a real metal substrate [64]. Therefore, we simulate metal
electrodes by using this number of layers.

To avoid the impact of strain on the electronic proper-
ties of the semiconductor MoSi2N4, we apply strain only
to the metal by using the generalized lattice match (GLM)
method [65], which automatically searches for all possible
interface supercells based on their overall crystal struc-
tures. As shown in Figs. 2(a) and 2(b), the vectors µ1 and
µ2 are used to define the surface cell of the bulk metal,
with µ1(2) = [µ1x(2x), µ1y(2y)]T, and the vectors v1 and v2 are
used to define the surface cell of the MoSi2N4 monolayer,
with v1(2) = [v1x(2x), v1y(2y)]T. The linear equations between
[µ1, µ2] and [v1, v2] are written as follows:

[
A11 A12
A21 A22

] [
u1x u2x
u1y u2y

]
=

[
v1x v2x
v1y v2y

]
, (3)

where A = PU is the affine transformation matrix, P is a
positive definite symmetric matrix defining the 2D strain
tensor that deforms one cell into another, and U is the

(a)

(b)

(c)

(d) (e)

FIG. 2. The surface supercells chosen for constructing the
Sc/MoSi2N4 heterojunction: (a) Sc, (b) MoSi2N4. (c) The aver-
age absolute strain versus the total number of atoms in different
matching unit cells when constructing the Sc/MoSi2N4 hetero-
junction using the generalized lattice match method. (d) Top and
side views of the Sc/MoSi2N4 heterojunction. (e) Top and side
views of the Cr/MoSi2N4 heterojunction.
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rotation matrix.

U =
[

cos(θ) − sin(θ)

sin(θ) cos(θ)

]
, (4)

P =
[

1 + εxx εxy
εxy 1 + εyy

]
, (5)

θ = |θ1 − θ2|/2, (6)

P = UTA, (7)

where θ1 (θ2) is the angle between vectors µ1 and µ2
(v1 and v2). To achieve structural stability and minimize
computational costs, an appropriate matching method is
sought to balance the average absolute strain (εav) and the
total number of atoms in the metal/MoSi2N4 heterojunc-
tion unit cell. εav = (ε11 + ε22 + ε12)/3 can be obtained
from the strain tensor calculation [65], where ε11, ε22, and
ε12 are the components of the strain tensor. As stated pre-
viously, we apply a small strain on metals to construct
heterojunction unit cells. To further find the strain influ-
ence on their electronic structures, we calculate the band
structures of various metals with and without strain, as
shown in Figs. S6 and S7 in the Supplemental Material
[63], respectively. It is evident that their band structures are
almost the same for strained and unstrained metals. That
is, the electronic properties of metals used for constructing
the heterojunctions are perfectly preserved even if a small
strain is applied.

When using the GLM method to construct metal/
MoSi2N4 heterojunctions, the metal crystal orientation,
two-monolayer adaptation supercell, and metal WF used
are given in Table I. The interface models of Sc/MoSi2N4
and Cr/MoSi2N4 heterojunctions after sufficient relax-
ation are presented in Figs. 2(d) and 2(e). The equilibrium
average interlayer distances for these two heterojunctions
are 2.109 and 2.400 Å, respectively, indicating strong
interlayer hybridization, which is favorable for the for-
mation of a low Schottky barrier, or even the occurrence
of Ohmic contact. The stacking configurations of the
other metal/MoSi2N4 heterojunctions are shown in Fig.
S8 in the Supplemental Material [63]. Figures 3(a)–3(i)
exhibit the lattice constants, angles between two basis

vectors, interlayer twist angles, total number of atoms per
unit cell, interface area, sum of covalent radii of near-
est interface atoms, average interlayer distance, average
absolute strain, and binding energy for all metal/MoSi2N4
heterojunctions. In particular, Figs. 3(a)–3(g) provide the
matching information for the heterojunction constructions,
and Fig. 3(h) shows the sum of covalent radii (dR) and
equilibrium interlayer distance (dM) after full relaxation
of the heterojunctions. Generally, this quantity can char-
acterize the degree of interface hybridization: if dR is
close to dM, then there is a strong hybridization. Clearly,
Sc, Ti, Cr, Fe, Co, Pd, and Pt/MoSi2N4 heterojunctions
have similar values for dR and dM, suggesting a strong
hybridization at their interfaces.

To assess the structural stability of the constructed
metal/MoSi2N4 heterojunctions, we calculate the interface
binding energy using

Eb = (EH − EM − EMoSi2N4)/nMoSi2N4 , (8)

where EH, EM, and EMoSi2N4 are the total energies of the
metal/MoSi2N4 heterojunction, isolated metal layer, and
MoSi2N4 monolayer, respectively. nMoSi2N4 is the total
number of atoms in the MoSi2N4 layer of the hetero-
junction. From Fig. 3(i), it can be seen that the binding
energies for all metal/MoSi2N4 heterojunctions are neg-
ative, indicating the energy lowers during the formation
of the heterojunctions, thus they are energetically stable.
The differences among these binding energies are mainly
related to the dM and the intrinsic physical properties of
the metals. For instance, Gr/MoSi2N4 has the largest inter-
layer distance (3.27 Å) due to the dominance of van der
Waals forces, resulting in the smallest absolute value of
binding energy. On the other hand, Pt/MoSi2N4, which has
a smaller interlayer distance and two unpaired electrons
[Pt (5d96s1)], exhibits a strong interface interaction, mak-
ing it the heterojunction with the largest absolute value of
binding energy. Similar trends have been detected in other
metal-semiconductor heterojunctions [66–70] (Table I).

Figures 4(a) and 4(f) show the projected band struc-
tures for Sc/MoSi2N4 and Cr/MoSi2N4 heterojunctions,
where the red and blue denote the band structures

TABLE I. The metal crystal orientations, matched crystal lattices, and metal work functions for the construction of metal/MoSi2N4
heterojunctions.

Sc(100) Bi(111) Ag(100) Al(100) Ti(100) Graphene Cr(100)

Metal
√

2 × √
2

√
3 × √

3 2 × 1 2 × 1 3 × 1 2 × 2 2 × 1
MoSi2N4

√
3 × 2

√
7 × √

7
√

3 × 1
√

3 × 1 2
√

3 × 1
√

3 × √
3

√
3 × 1

WF (eV) 3.5 4.22 4.26 4.28 4.33 4.45 4.5

Fe(100) Cu(110) Co(100) Au(100) Pd(100) Ni(100) Pt(100)

Metal 4 × 2 2 × 1
√

3 × √
3

√
3 × 1 2 × 1

√
5 × √

5 2 × 1
MoSi2N4 4 × √

3
√

3 × 1 2 × √
3

√
3 × 1

√
3 × 1 2 × √

3
√

3 × 1
WF (eV) 4.5 4.65 5 5.1 5.12 5.15 5.65
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(e)

(h)(g)
(i)

(f)(d)

(a) (b) (c)

FIG. 3. Using the generalized lattice match method to construct the metal/MoSi2N4 heterojunction: (a) lattice constant in the a
direction, (b) lattice constant in the b direction, (c) angle between lattice vectors, (d) interlayer rotation angle, (e) total number of
atoms, (f) interface area, (g) average absolute strain, (h) the sum of covalent radii of interface atoms (dR) and equilibrium interlayer
distance (dM), and (i) binding energy.

projected onto MoSi2N4, and the line width represents
the weight. Compared with the isolated monolayer, the
MoSi2N4 band structure in the metal/MoSi2N4 system
possesses a significant hybridization with the metal band
structure. In the Sc/MoSi2N4 heterojunction, the pro-
jected MoSi2N4 bands cross the Fermi level, indicat-
ing the formation of chemical bonds at the interface,
resulting in the metallization of MoSi2N4. Similar phe-
nomena are found in other metal/MoSi2N4 systems, as
shown in Fig. S3 in the Supplemental Material [63].
Ti/MoSi2N4, Fe/MoSi2N4, and Co/MoSi2N4 exhibit a
strongest hybridization, while Bi/MoSi2N4, Al/MoSi2N4,
Gr/MoSi2N4, and Cu/MoSi2N4 show a weaker hybridiza-
tion, and others fall in between. In short, the degree of band
hybridization is closely related to the equilibrium inter-
layer distance in the metal/MoSi2N4 system: a smaller
interlayer distance corresponds to a larger orbital over-
lap and greater hybridization. In strongly bonded systems,
d-orbital electrons dominate most of the bands, while
s- and p-orbital electrons contribute mainly in weakly
bonded systems [69].

As stated previously, the disruption of the MoSi2N4
band structure suggests the presence of chemical bonds

between MoSi2N4 and the metals. To further confirm
this point, we calculate the density of states projected
onto the MoSi2N4 layer for metal/MoSi2N4 heterojunc-
tions, as shown in Figs. 4(b) and 4(g). Clearly, the
metallized Sc/MoSi2N4 has a higher density of states
near the Fermi level compared with the nonmetallized
Cr/MoSi2N4. Figure S9 in the Supplemental Material
[63] also shows that the strongly bonded systems have
a large density of states within the MoSi2N4 band gap,
a typical signature of metallization, indicating the pres-
ence of metal-induced gap states (MIGS). Additionally, the
carrier-doping capability of the metal can be measured by
calculating the lowest valence electron density (LVED) at
the metal/MoSi2N4 interface. From Figs. 4(c) and 4(h),
it can be seen that Cr/MoSi2N4 has a higher LVED than
Sc/MoSi2N4, suggesting that the former can form a lower
contact resistance. The LVEDs for the remaining contact
systems are provided in Fig. S10 in the Supplemental
Material [63]. Generally, strongly bonded systems corre-
spond to a high absolute value of binding energy, band
hybridization, density of states, and LVED. Most of the
systems in our study can fit well to this trend. However, the
LVEDs of Cr/MoSi2N4 and Sc/MoSi2N4 are exceptions.
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

FIG. 4. For the Sc/MoSi2N4 heterojunction: (a) the projected band structure, (b) the projected density of states (PDOS) of the
MoSi2N4 layer, (c) the valence electron density, (d) the planar average charge density difference, and (e) the effective potential. For
the Cr/MoSi2N4 heterojunction: (f) the projected band structure, (g) the PDOS of the MoSi2N4 layer, (h) the valence electron density,
(i) the planar average charge density difference, and (j) the effective potential. MSN in figure (b) and figure (g) is the abbreviation of
MoSi2N4.

This is because Sc (3d14s2) lacks electrons in the d orbital,
resulting in minimal orbital overlap, while Cr (3d54s1) is
rich in electrons in the d orbital, allowing more extensive
orbital overlap at the interface.

Owing to interlayer binding, charge redistribution
occurs, leading to the flow of electrons from one layer with
a higher work function to another layer with a lower work
function. This process results in the accumulation of two
opposite-polarity net charges at the interface, establish-
ing a built-in electric field. To visually present the charge
transfer characteristics at the metal/MoSi2N4 interface, we
calculate the space-charge-density difference using

�ρ(x, y, z) = ρmetal/MSN(x, y, z) − ρmetal(x, y, z)

− ρMSN(x, y, z), (9)

and we calculate the average charge-density difference
along the z-direction, defined by

�ρ(z) =
∫

ρmetal/MSN(x, y, z)dxdy −
∫

ρmetal(x, y, z)dxdy

−
∫

ρMSN(x, y, z)dxdy, (10)

where ρMetal/MSN, ρMetal, and ρMSN are the charge den-
sities of the metal/MoSi2N4 system, isolated metal, and
MoSi2N4 at the (x,y,z) point. The positive and negative
values in the one-dimensional charge density difference
denote electron accumulation and depletion, while the pink
and cyan colors in the three-dimensional charge density
difference similarly indicate electron accumulation and
depletion. As shown in Figs. 4(d), 4(i), and S11 in the
Supplemental Material [63], the charge redistribution at all
metal/MoSi2N4 interfaces is asymmetric, indicating that
interlayer charge transfer leads to the generation of an
interface electric dipole moment. The local built-in elec-
tric field caused by this interface dipole moment penetrates
into the MoSi2N4, resulting in an overall shift of its band
structure and alteration of the interface potential distribu-
tion, ultimately lowering the dependence of the interface
SBH on the metal work function [71].

To determine the position and shape of the tunneling
barrier (TB) and to quantify the efficiency of charge injec-
tion in metal/MoSi2N4 systems, we calculate the effective
potential for each metal/MoSi2N4 system, as shown in
Fig. S12(a) in the Supplemental Material [63]. The size
of the TB can be characterized by its height (�TB) and
width (WTB). A high and wide TB makes it difficult for
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electrons to cross the interface vacuum gap, thus reducing
the electron tunneling probability. However, a small and
narrow TB often corresponds to a stronger orbital overlap,
enhancing carrier tunneling. From Figs. 4(e) and 4(j), it can
be seen that the Sc/MoSi2N4 system has no TB due to the
metallization of MoSi2N4, while the Cr/MoSi2N4 system
forms a very small TB owing to a strong interlayer cou-
pling. The effective potentials for other metal/MoSi2N4
systems are given in Fig. S12 in the Supplemental Material
[63], and the interlayer tunneling probability (PTB) can be
computed as follows:

PTB = exp
(

−2
√

2m�TB

�
WTB

)
, (11)

where m and � are the effective mass of free elec-
trons and the reduced Planck constant, respectively. From
Figs. 5(a)–5(c), it can be seen that 100% carrier injec-
tion from Sc, Ag, Ti, Pd, and Pt into MoSi2N4 can
be achieved, while it is almost completely blocked by
the vacuum gap for Bi-, Al-, Gr-, and Ni-based sys-
tems, because the efficiency of carrier injection is closely
related to the system’s lattice coherence and orbital
overlap [72].

C. Interface electrical contact property of
metal/MoSi2N4 heterojunctions

To obtain metal electrodes with a low contact resistance
for 2D nanoelectronic devices, we must consider not only
the injection efficiency of charge carriers (PTB) but also
the combined effects of interface contact barrier and chan-
nel transport barrier (�C

n,p). As shown in Fig. 6(a), the
interface contact barriers can be further divided into verti-
cal Schottky barrier (�V

n,p) and horizontal Schottky barrier
(�h

n,p). Here, �V
n,p represents the barrier between the metal

electrode region A and the semiconductor region B, which
can be evaluated by the difference between the Fermi level
and the conduction band minimum (CBM) or valence band
maximum (VBM) of the MoSi2N4 projected band structure
in the metal/MoSi2N4 system (Schottky-Mott rule [73]),
as illustrated in Figs. 4(f) and S3(f) in the Supplemental
Material [63]. �h

n,p is the barrier occurring at the cou-
pling interface between the electrode region (A + B) and
the channel region C to lower the efficiency of carrier trans-
port, which can be quantified by transmission gaps above
or below the Fermi level (the positive or negative energy
region) in the transmission spectra, as shown in Figs. 6(b)
and 6(e). �C

n,p is the carrier transport barrier in the chan-
nel material, which can be determined by projecting the

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 5. The (a) width and (b) height of the tunneling barrier, and the (c) tunneling probability. Schematic representations of contact
types: (d) n-type Ohmic contact, (e) Schottky contact, and (f) p-type Ohmic contact.
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(a)

(d) (e) (f)

(c)(b)

FIG. 6. (a) Illustration for the various interface contact barrier. For the Sc/MoSi2N4 field-effect transistor (FET): (b) transmission
spectra, and (c) projected local density of states (PLDOS). (d) A schematic diagram of the 5.1-nm FET. For the Cr/MoSi2N4 FET: (e)
transmission spectra and (f) PLDOS.

CBM and VBM of the channel material into real space
visually by the PLDOS, as shown in Figs. 6(c) and 6(f),
where the absolute values of positive and negative barriers
are referred to as the n- and p-type barriers, respectively. In
short, n-type barriers in a device can be classified as n-type
vertical Schottky barriers (�V

n ), n-type horizontal Schottky
barriers (�h

n), and n-type channel transport barriers (�C
n ).

Similarly, three types of p-type barriers occur in a device,
which are abbreviated as �V

p , �h
p , and �C

p .
As is well known, the construction of HP FETs is

closely related to the SBH. A lower SBH can significantly
reduce carrier scattering, thereby improving transistor per-
formance and benefiting a high ON-state current and high-
frequency operation of FETs. Therefore, investigating the
SBH of FETs is of great significance. The presence of FLP
hinders the adjustment of the SBH by changing the work
function, making all metal/MoSi2N4 contacts ultimately
form one of the contact types shown in Figs. 5(d)–5(f).
The strong interlayer charge transfer and orbital hybridiza-
tion lead to metallization of the MoSi2N4 in the electrode
coverage area, as shown in Figs. 5(d) and 5(f), resulting
in the disappearance of n- and p-type barriers and the for-
mation of n- and p-type Ohmic contacts. The formation of
Ohmic contacts implies the disappearance of barriers dur-
ing carrier transport, giving rise to a linear current-voltage
relationship, which is ideal for device transport. However,
due to the presence of surface states [73], MIGS [74], and
other factors, it is difficult to achieve true Ohmic con-
tacts in practical electronic devices. Obviously, the SBH
is the main factor limiting contact resistance, and Schottky

contacts, as shown in Fig. 5(e), are generally the norm for
all kinds of electronic devices.

As mentioned earlier, the bulk metal/MoSi2N4 interface
will undergo strong FLP due to the influence of inter-
face chemical bonds, charge transfer, interface dipoles,
and MIGS. This will cause the SBH predicted by the
Schottky-Mott rule [73] to deviate from experimental mea-
surements significantly. Fortunately, the SBH obtained by
quantum transport simulation shows a good consistency
with already-existing experimental results. This is because
the FET is considered as a whole; that is, this method
fully accounts for the coupling between the metal and
the semiconductor (characterized by �V

n,p ) as well as the
interface coupling between the entire device electrode and
the channel material section (characterized by �h

n,p ). On
the other hand, the projected band structure calculation
treats the electrode and channel materials separately, mak-
ing them less reliable due to excluding �h

n,p . To obtain a
more accurate SBH, possibly agreeing with experiments,
we construct a quantum transport simulation device model,
as shown in Fig. 6(d). The electrode and channel parts of
the device are composed of metal/MoSi2N4 heterojunc-
tions and an intrinsic MoSi2N4 monolayer, respectively.
According to the 2013 ITRS requirements [46] for a
5.1-nm HP transistor in 2028, the gate length, equiva-
lent oxide thickness, and relative dielectric constant of
the device should be 5.1 nm, 0.41 nm, and 3.9, respec-
tively. It is noted that the electron mobility of the MoSi2N4
monolayer along the zigzag (287.79 cm2 V−1 s−1) and
armchair (261.96 cm2 V−1 s−1) directions is basically
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similar [30]. However, our calculations show that, com-
pared with the zigzag direction, the device transport
along the armchair direction can lower computational cost
significantly. Therefore, we choose the armchair-type FET
for the quantum transport simulation. Using the calculated
transmission spectra and PLDOS at zero bias and zero gate
bias, as displayed in Figs. 6(b), 6(e), and S13 in the Sup-
plemental Material [63], and Figs. 6(c), 6(f), and S14 in the
Supplemental Material [63], respectively, we can extract
the SBH values for all metal/MoSi2N4 systems, and these
SBHs are labeled in the corresponding figures.

In order to compare these SBHs obtained from the
Schottky-Mott rule [73] and quantum transport simulation
visually, we summarize various Schottky barriers (�V

n,p ,
�h

n,p , and �C
n,p ) derived from the projected band structure

(PBS), transmission spectra (TS), and PLDOS in Figs. 7(a)
and 7(b). From the SBH obtained by the transport simu-
lation, it can be seen that, except for Gr/MoSi2N4 form-
ing a p-type Schottky contact, all other metal/MoSi2N4
systems exhibit n-type Schottky contacts. This result indi-
cates that FETs constructed from the 13 types of bulk
metal/MoSi2N4 heterojunctions are all n-type FETs. As
shown in Fig. 7(a), for the SBHs in most of the systems,
�V

n are smaller than �h
n and �C

n , but �h
n are similar to

�C
n . A similar conclusion has also been drawn in other

theoretical studies [64,75]. It should be noted that exper-
imental measurements have shown that the theoretically

calculated values of �V
n and �h

n always underestimate the
actual SBH, and may even mistakenly classify the contact
type as Ohmic. In contrast, the quantum transport sim-
ulation can not only accurately predict the contact type,
but also provide SBH values very close to experimental
results [76]. Therefore, in the subsequent part for the selec-
tion of suitable metal electrodes, we tend to focus on the
�C

n value. Additionally, the strength of the FLP can be
quantitatively described by the pinning factor S, defined
as S = d�SB/dM WF, where �SB and M WF are the Schot-
tky barrier height and metal work function, respectively. If
S = 0, it indicates a complete FLP, and S = 1, it means the
absence of FLP, completely following the Schottky-Mott
rule [73]. The corresponding S values obtained by linearly
fitting the n-type SBH as a function of metal work func-
tion are shown in Figs. 7(c)−7(e). It is worth mentioning
that, for Gr/MoSi2N4, no dangling bonds exist on the 2D
material surfaces and the presence of vdW gaps signifi-
cantly weakens the FLP, and that the Gr/MoSi2N4 forms
a p-type Schottky contact, as stated previously; there-
fore, Gr/MoSi2N4 is not included in the fitting calculation.
The fitting result shows that the order of FLP strength is
PBS(0.37) > TS(0.23) > PLDOS(0.17). Considering that
the quantum transport simulations are closer to experi-
ments, such a result implies that there is a stronger FLP
at the bulk metal/MoSi2N4 interface, which is consistent
with the previous analysis.

(a)

(b)

(c) (d) (e)

FIG. 7. Based on three different methods including projected band structure, transmission spectra, and projected density of states,
two types of Schottky barrier height (SBH) are obtained: (a) n-type SBH and (b) p-type SBH. The pinning factors for the three different
types of n-type SBH are determined by linear fitting of (c) �V

n , (d) �h
n, and (e) �C

n .
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D. Quantum transport simulation for MoSi2N4-based
5.1-nm field-effect transistors

The presence of Schottky barriers generally leads to
a larger contact resistance at the metal/MoSi2N4 inter-
face, thereby reducing the charge transport in the device,
increasing the power consumption of integrated devices,
and shortening the device lifespan. Obviously, achieving a
lower SBH or Ohmic contacts is crucial for designing HP
MoSi2N4 devices. By comparing the SBH values obtained
from quantum transport simulations, it is found that
Sc/MoSi2N4, Cr/MoSi2N4, and Fe/MoSi2N4 all exhibit
the lowest n-type SBH, 0.12 eV [see Fig. 7(a)]. However,
the significant tunneling barrier at the Fe/MoSi2N4 inter-
face (see Fig. 5) hinders the efficiency of electron injection
from Fe to MoSi2N4. Thus, we only explore the perfor-
mance of 5.1-nm FET devices consisting of MoSi2N4 as a
channel material combined with Sc and Cr as electrodes.
Figure 6(d) shows the structural model of the device,
which is a dual-probe dual-gate device, with equal gate
voltages for both gates, and its source and drain electrode
temperatures are set to 300 K.

When doping the MoSi2N4 in the electrode region, the
compensation charge method is used by changing the den-
sity of individual atoms to introduce additional charges
[77]. The Poisson equation for the device is solved with
periodic, Neumann, and Dirichlet boundary conditions
applied in the x (horizontal), y (vertical), and z (trans-
port) directions, respectively. For simplicity, the devices
with Sc and Cr electrodes are referred to as D1 and
D2, respectively. The ON-state current (ION) in nanoelec-
tronic devices is an important parameter reflecting the
operation speed of device. ION is defined as the current
corresponding to the ON-state gate voltage Vg(ON), rep-
resenting the switching capability of the device. Here,
Vg(ON) = Vg(OFF) + Vdd, where Vg(OFF) is the OFF-state
gate voltage corresponding to the OFF-state current IOFF,
and the power supply voltage Vdd is taken to be equal to
the bias voltage Vb. According to the 2013 ITRS stan-
dard [46] for devices with nodes of 5.1 nm and below
in 2028, taking Vb = 0.64 V, namely Vdd = Vb = 0.64 V,
the required IOFF and ION for HP [low-power (LP)]
FETs are 0.1 μA/μm (5 × 10−5 μA/μm) and 900 μA/μm
(295 μA/μm), respectively.

As shown in Fig. 8(a), when we use the same concentra-
tion for n-type or p-type doping for the electrode part, the
transfer characteristics curves of the three types of FETs
(n-i-n, p-i-p, and p-i-n) almost overlap under the same dop-
ing conditions, indicating similar performance under the
same doping conditions. As a comparison, we also cal-
culate the I-V characteristics of p-i-n junction D1 devices
below 5.1 nm, with the same parameters and requirements
(effective oxide layer thickness, bias voltage, and switch-
ing state criteria) as shown in Fig. S15 in the Supplemental
Material [63]. We can see that, owing to the influence of

the short-channel effect, only the 5.1-nm device is capable
of simultaneously meeting the OFF-state requirements for
both HP and LP FETs. Therefore, we choose only the 5.1-
nm p-i-n FET including n-type and p-type doping cases
for further study. From Figs. 8(b) and 8(c), it can be seen
that the intrinsic state (0 doping) of D1 and D2 can meet
the OFF-state requirements of HP FETs, and D1 can meet
the OFF-state requirements of LP devices but still fails to
reach the ON-state standards for both HP and LP devices.
Therefore, we attempt to improve the device performance
by using different doping concentrations and a high-k (H-k)
gate dielectric layer.

As shown in Figs. 8(b) and 8(c), the MoSi2N4 part
of the device’s electrode is doped with concentrations of
1016, 1018, 1019, 1020, and 1021 e/cm3 to study the effect
of doping concentration on the performance of D1 and
D2 (p-i-n FET) devices. To present these results more
clearly, the VOFF, VON, and ION extracted from the trans-
mission characteristic curves are summarized and plotted
in Figs. 8(d)–8(i). Prominently, all doped devices can meet
the OFF-state requirement of HP FETs, but none of them
can reach the ON-state standard. As shown in Fig. 8(d),
compared to HP D1, HP D2 appears more robust upon
VOFF. Moreover, at a doping concentration of 1021 e/cm3,
the direction of VOFF for HP D1 is reversed, indicating that
the direction of VOFF for HP D1 can be switched by using
different doping concentrations. Unfortunately, the device
performance for all doped devices is worst at the doping
concentration of 1021 e/cm3 [see Figs. 8(b) and 8(c)]. The
possible reason for this result is that the excessive doping
leads to the localization of electronic states, introducing a
large number of impurity scattering centers, and increasing
the scattering of electrons in the lattice. Figure 8(e) shows
that, influenced by VOFF, the VON of HP D1 is always
higher than that of D2 in the entire doping range, indicat-
ing that HP D1 will have a larger ION with a larger VON,
which is confirmed in Fig. 8(f).

ION is a key parameter reflecting the operation speed of
the device. If traditional Si is used as the dielectric layer,
the doping would reduce the ION of HP D1. When the dop-
ing concentration is taken as 1016 and 1018 e/cm3, the ION
of HP D2 is almost unaffected. Although ION increases
slightly as doping concentration increases further, this
effect is weak. Therefore, we consider replacing the low-k
(L-k) Si (ε = 3.9) dielectric layer with a H-k HfO2 (ε = 25)
dielectric layer to improve device performance. It is found
that for the undoped HP D1 and HP D2 devices, VOFF
(VON) decreases (increases) by using H-k. For the HP
D1 device with a doping concentration of 1020 e/cm3,
VOFF (VON) increases (decreases), but the opposite change
occurs for the HP D2 device [i.e., VOFF (VON) decreases
(increases)]. As shown in Fig. 8(f), for undoped HP D1
(HP D2) devices, using H-k directly reduces (increases)
ION, but under the doping concentration of 1020 e/cm3
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(a)

(d) (e) (f)

(i)(h)(g)

(b) (c)

FIG. 8. (a) Under same doping conditions (1010 e/cm3), transfer characteristics curves for n-i-n, p-i-p, and p-i-n junction FETs. For
p-i-n FETs, transfer characteristic curves are illustrated under various doping concentrations or high-k gate effects for (b) D1 and (c)
D2. Under different doping concentrations or the high-k gate effects: (d),(g) OFF-state voltage (VOFF); (e),(h) ON-state voltage (VON);
and (f),(i) ON-state current (ION) for high-performance (HP) D1, low power (LP) D1, HP D2, and LP D2 devices.

combining with H-k, the ION of HP D1 (HP D2) can
be increased by 48.4% (132.2%). Although the improve-
ment in ION is more significant for the HP D2 device, it
still lags HP D1 after enhancement. In addition, for the
application of FETs, the ON:OFF current ratio (ION/IOFF)
is another important quality factor. From Fig. 8(f), it can
be seen that under the combination of a doping concen-
tration of 1020 e/cm3 and H-k, both devices achieve the
maximum ON:OFF ratio (approximately 1.4 × 103). Com-
pared to undoped devices, the ON:OFF ratio of HP D1 is
increased by one order of magnitude.

Now, we study the performance of D1 and D2 in LP
FETs. From Figs. 8(b) and 8(c), as can be seen, all doped
or H-k conditions of LP D1 can meet the OFF-state require-
ments in the studied gate voltage range (−1.0 to 1.0 V),
but only the undoped H-k device of LP D2 can meet the
OFF-state requirements. As shown in Fig. 8(g), the OFF-
state voltage of LP D1 without doping and with doping
concentrations ranging from 1018 to 1020 e/cm3 is too high
for the OFF-state criterion, and the introduction of an H-k
gate helps to reduce the OFF-state voltage of LP D1. By

definition, VON changes inversely with VOFF, as shown
in Fig. 8(h). From Fig. 8(i), it can be seen that using
H-k can significantly improve the ION and ON:OFF ratio of
LP D1. For example, the undoped and 1020-e/cm3-doped
LP D1 devices increase ION by 2 orders of magnitude and
achieve an ON:OFF ratio as high as 3 × 106 under the com-
bination of 1020-e/cm3 doping and H-k. The undoped LP
D1 device, after using H-k, can meet 52.33% of the ITRS
requirement for the LP FET ON-state current. It is worth
noting that, without using H-k, the ON-state current of the
LP D1 device with a doping concentration of 1016 e/cm3 is
24 times larger than that of the undoped device. Unfor-
tunately, as shown in Fig. S16(b) in the Supplemental
Material [63], although the device using H-k can improve
HP D1 to some extent, it significantly increases (decreases)
the OFF-state (ON-state) voltage of LP D1, directly leading
to the weakening of ION.

In short, under different doping concentrations and/or
H-k conditions, device performance is significantly
changed. All doped HP devices can meet the OFF-
state standards of ITRS, and under the combination of
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1020-e/cm3 doping and H-k, the ION of HP D1 and HP D2
is increased by 48.4% and 132.2%, respectively. LP D1
can meet the OFF-state requirement under different dop-
ing conditions. However, for LP D2, only the undoped
H-k device can meet the OFF-state requirement. Using H-k
can significantly improve the ION and ON:OFF ratio for LP
D1, where undoped and 1020-e/cm3-doped LP D1 devices
achieve ION increasing by 2 orders of magnitude, with
an ON:OFF ratio as high as 3 × 106. Considering the 13
kinds of bulk metals under study, the bulk metal Sc is
the most suitable as the electrodes for MoSi2N4 FETs.
Therefore, the optimization strategy proposed in this work
provides an alternative avenue for designing HP and LP
MoSi2N4-based devices.

To explain the physical origin of doping concentra-
tion and H-k gate effects on the current of devices,
in Fig. 9, we take HP D1 as an example and display
the transmission spectra, PLDOS, and the transmission

eigenstates at E = 1.0 eV at the � point for doping
concentrations of 0 and 1020 e/cm3, and the correspond-
ing H-k device under the conditions of Vb = 0.64 V and
Vg = 0.0 V. From the transmission spectrum, it can be
seen that devices with high current density often corre-
spond to larger transmission coefficients and transmission
spectra closer to the Fermi level of the left electrode
(EL) [see Figs. 9(a) and 9(g)]. Similarly, for higher cur-
rent densities, there are more electronic states occurring
in the conduction and valence bands of the PLDOS [see
Figs. 9(b) and 9(h)]. In Figs. 9(i)–9(l), we also present
the transmission eigenstates of the device at E = 1.0 eV
at the � point, representing the scattering states of elec-
trons from the source electrode (left electrode) to the drain
electrode (right electrode). Transmission eigenstates with
larger amplitudes distributed in the scattering region reflect
a higher transmission probability of the incident states
from the source electrode through the channel region to the

(a) (b) (c) (d)

(e) (f) (g) (h)

(i)

(k)

(j)

(l)

FIG. 9. (a),(c) [(e),(g)] Transmission spectrum; (b),(d) [(f),(h)] projected local density of states (PLDOS); and (i),(j) [(k),(l)] the
transmission eigenstates at E = 1.0 eV at the � point with an isosurface of 0.4 for the undoped (doping concentration 1020 e/cm3)
high-performance (HP) D1 device by using low-k (L-k) and high-k (H-k) at Vb = 0.64 V and Vg = 0.0 V. EL and ER represent the
Fermi levels of the left and right electrodes, respectively.

054062-13



ZHANHAI LI et al. PHYS. REV. APPLIED 21, 054062 (2024)

(a) (c) (d)(b) (e) (f)

(l)(k)(j)(i)(h)(g)

(m) (n)

FIG. 10. For the high-performance (HP) D1 device under doping conditions of 1020 e/cm3: (a),(d) transmission spectra, (b),(e)
projected local density of states (PLDOS), (c),(f) spectral current (SC), and (m) local density of states (LDOS) for the ON and OFF
states. The combination of 1020 e/cm3 doping and a high-k gate effects: (g),(j) transmission spectra, (h),(k) PLDOS, (i),(l) spectral
current, and (n) LDOS for the ON and OFF states. EL and ER represent the Fermi levels of the left and right electrodes, respectively.

drain electrode. In particular, we can see that the H-k gate
device with a doping concentration of 1020 e/cm3 exhibits
transmission eigenstates with a broader distribution range
and larger amplitudes than the undoped high-k gate device
or the device with a doping concentration of 1020 e/cm3,
corresponding to their different current densities.

Furthermore, we analyze the transmission spectra,
PLDOS, spectral current, and LDOS of the HP D1 device
with a doping concentration of 1020 e/cm3 and the H-k gate
device in the ON and OFF state. As mentioned earlier, when
HP D1 is in the ON state with a high current density, its
transmission spectrum is larger and closer to EL. From the
PLDOS, it can be observed that the transport gap is larger
in the OFF state compared to the ON state, which is man-
ifested in the different �C

n [see Figs. 10(b) and 10(e) or
Figs. 10(h) and 10(k)]. Additionally, the high-k gate effect
can increase the ON-state current, caused by the higher
electronic density in the channel region, facilitating car-
rier transport. The spectral current calculations reveal that
the ON-state current is contributed by thermionic emission,
while the OFF-state current is primarily attributed to the
tunneling current. The ON-state spectral current of the HP
D1 device with a doping concentration of 1020 e/cm3 and
the H-k device is higher by 5 and 3 orders of magnitude,

respectively, as shown in Figs. 10(c), 10(f), 10(i), and
10(l). As exhibited in Figs. 10(b) and 10(e) or Figs. 10(h)
and 10(k), the ON and OFF state of devices can be switched
by the gate-voltage-induced bending of the energy bands
of the channel region. Additionally, we calculate the LDOS
of the device, as shown in Figs. 10(m) and 10(n). Clearly,
the density of states on the right side of the device in the
ON state is always higher than that in the OFF state. There-
fore, whether the device conducts depends on the positive
gate voltage corresponding to the ON-state current, similar
to electron doping, leading to a decrease in the barrier �C

n
and, in turn, an increase in the transmission coefficient, and
thus the injection of more electrons. Additionally, owing
to the occurrence of a high electronic density of states
near EL, even with a slight reduction in the channel bar-
rier under H-k or gate voltage control, a sudden increase
in current can be achieved, in contrast with the situation of
the OFF state for devices.

IV. CONCLUSIONS

In summary, based on the experimental data, we deter-
mine the most suitable calculation method among 15
different combinations of computational methods and
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identify the GGA-FHI calculation to be the most accu-
rate approach to describe the band gap and lattice con-
stant for the MoSi2N4 monolayer. The interface charac-
teristics for 13 different bulk metals and 2D-semimetal
graphene in contact with the semiconductor MoSi2N4
monolayer are investigated systematically by calculating
binding energy, projected band structure, MoSi2N4 pro-
jected density of states, valence electron density, plane-
averaged charge density difference, effective potential,
and SBH. It is found that there exists the significant
MIGS at the bulk metal/MoSi2N4 interfaces, thus lead-
ing to different degrees of metallization for MoSi2N4.
The Sc, Ag, Ti, Pd, and Pt electrodes can achieve
100% carrier injection, and the n-type Schottky contact
occurs for all bulk metal/MoSi2N4 interfaces, while the
graphene/MoSi2N4 interface exhibits the p-type Schottky
contact.

By quantum transport simulations, which can accurately
predict experimental results, a pinning factor of 0.17 for
the bulk metal/MoSi2N4 interface is obtained, showing a
strong FLP effect at the metal/MoSi2N4 interface. Com-
pared with quantum transport simulations, the SBH is
generally underestimated by Schottky-Mott rule. Calcula-
tions for the transport characteristics of D1 and D2 devices
indicate that the application of optimization strategies by
doping or using a H-k gate can substantially enhance
device performance. In particular, HP D1, HP D2, and LP
D1 can meet ITRS standards of the related FET in the OFF
state. However, in the studied gate voltage range, only the
LP D2 with the H-k strategy for the undoped device can
meet ITRS requirement of the LP FET in the OFF state.
For HP D1 with an electrode with doping concentration of
1020 e/cm3, the ON-state current is increased by an order of
magnitude when the H-k gate is used, achieving an ON:OFF
ratio of 1.4 × 103. Similarly, the undoped LP D1 with
H-k optimization exhibits a 2-order-of-magnitude increase
in ON-state current, reaching an ON:OFF ratio of 3 × 106.
These results suggest that Sc is the best bulk metal to serve
as the electrodes with MoSi2N4 as a channel material to
construct FETs. Additionally, we elucidate the physical
origins influencing device performance by the calculated
transmission spectra, PLDOS, spectral current, and LDOS.
Our study not only increases the understanding of the inter-
action mechanisms of metal/MoSi2N4 interfaces, but also
provides a theoretical reference for selecting suitable met-
als for the electrodes of MoSi2N4-based nanoelectronic
devices, and opening an alternative avenue to optimize
device performance.
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