
rsc.li/nanoscale-advances

Nanoscale
 Advances

rsc.li/nanoscale-advances

ISSN 2516-0230

Volume 1
Number 1
January 2018
Pages 1-200Nanoscale

 Advances

Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  N. Cuong, L. P.

Phuong Long, H. V. Phuc and N. D. Hien, Nanoscale Adv., 2026, DOI: 10.1039/D6NA00108D.

http://rsc.li/nanoscale-advances
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6na00108d
https://pubs.rsc.org/en/journals/journal/NA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6NA00108D&domain=pdf&date_stamp=2026-04-29


Journal Name

An n-Type Schottky Contact with Low Tunneling Re-
sistance in 2D FeB2/SiC Heterostructure

Nguyen Q. Cuong
1,2

, Le Phuong Long
3
, Huynh V. Phuc

4,†
, Nguyen D. Hien

5

The design of low-resistance metal–semiconductor contacts remains a critical challenge for the
development of high-performance two-dimensional (2D) electronic devices. In this work, we
design and systematically investigate the structural stability, electronic properties, and interfa-
cial contact characteristics of a 2D FeB2/SiC metal–semiconductor heterostructure using first-
principles calculations. The FeB2/SiC heterostructure is found to be energetically stable with weak
van der Waals (vdW) interlayer interaction, thereby preserving the intrinsic electronic properties
of the individual monolayers. Owing to the larger work function of FeB2 compared to that of SiC,
charge transfer occurs from the SiC layer to the FeB2 layer, resulting in interfacial charge redistri-
bution and downward band bending in the SiC layer. Consequently, an n-type Schottky contact is
formed at the interface with a Schottky barrier height of about 0.70 eV. Projected density-of-states
analysis indicates negligible metal-induced gap states (MIGS) at the interface, implying weak
Fermi-level pinning. Moreover, the FeB2/SiC heterostructure exhibits a low tunneling resistance
of 1.40×10−9 Ω ·cm2, confirming the formation of a low-resistance contact. These results demon-
strate that the FeB2/SiC heterostructure is a promising two-dimensional metal–semiconductor
contact for high-performance and low-power electronic devices.

1 Introduction

The rapid progress of nanoelectronics and next-generation
electronic devices has stimulated extensive research on two-
dimensional (2D) materials1–3 and their van der Waals (vdW)
heterostructures4–6. By vertically stacking atomically thin lay-
ers with distinct electronic characteristics, vdW heterostructures
enable unprecedented flexibility in materials integration without
the constraint of lattice matching7–9. This unique feature al-
lows for precise tuning of electronic, optical, and transport prop-
erties at the atomic scale, making 2D heterostructures promis-
ing building blocks for high-performance electronic and optoelec-
tronic applications10–14. For example, 2D metallic MBenes have
been demonstrated to serve as promising electrodes, enabling the
formation of p-type Ohmic contacts when integrated with MoS2
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semiconductors13,14.

In semiconductor-based devices, the nature of the
metal–semiconductor contact plays a decisive role in determining
carrier injection efficiency and overall device performance15. For
2D semiconductors, contact characteristics are strongly governed
by interfacial phenomena, including Fermi level pinning, interfa-
cial charge transfer, and interface-induced dipoles16–18. These
effects frequently result in the formation of Schottky barriers,
which can severely hinder carrier transport and lead to increased
contact resistance. Consequently, identifying suitable 2D metallic
electrodes capable of forming low-barrier Schottky contacts or
ideally Ohmic contacts with 2D semiconductors remains a critical
challenge in the development of high-performance 2D electronic
devices19–24.

2D silicon carbide (SiC) nanosheets have emerged as promis-
ing 2D materials owing to their outstanding physical properties,
including a wide band gap, high saturated carrier mobility, ex-
cellent thermal conductivity, and environmental benignity25–27.
Notably, monolayer 2D SiC was first theoretically predicted based
on first-principles calculations26, and has subsequently been ex-
perimentally realized via bottom-up epitaxial growth methods28.
Furthermore, compared to bulk wurtzite or zinc-blende SiC29, the
2D planar SiC possesses a dangling-bond-free surface and is par-
ticularly suitable for forming van der Waals (vdW) heterostruc-
tures, thereby avoiding lattice mismatch constraints typically en-
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countered in conventional bulk heterostructures. Owing to these
advantageous characteristics, 2D SiC represents a highly promis-
ing semiconducting platform for integration with metallic ma-
terials, facilitating the realization of metal–semiconductor het-
erostructures and efficient electrical contacts in next-generation
2D electronic devices. Previously, Huang et al.30 systematically
investigated the interfacial properties of conventional bulk met-
als, such as Ag, Al, Ni, Pt, and Ti, in contact with a SiC mono-
layer using first-principles calculations. Their results revealed
that these 3D metals generally form strong chemisorbed inter-
faces with SiC, leading to Fermi-level pinning effects and metal-
induced gap states (MIGS). In addition, the strong interaction at
the interface may induce structural distortion or degrade the in-
trinsic electronic characteristics of the SiC layer. In contrast, 2D
metallic materials provide an alternative route for contact engi-
neering. Owing to their atomically thin nature, 2D metals can
form vdW interfaces with SiC semiconductor, which helps pre-
serve the intrinsic electronic structure, suppress metal-induced
gap states, and enable more flexible tuning of the Schottky bar-
rier. To date, numerous experimental and theoretical efforts have
been devoted to the fabrication and characterization of Ohmic
contacts to 2D SiC material, achieving extremely low specific con-
tact resistance and excellent thermal and chemical stability31,32.
For instance, Si et al.31 predicted that 2D SiC, when integrated
with a 2D metallic MoSH monolayer, can form a p-type quasi-
Ohmic contact, highlighting the potential of 2D SiC for contact
engineering in metal–semiconductor vdW heterostructures.

Recently, by introducing commonly utilized Fe atoms into a 2D
honeycomb boron network, a novel FeB2 monolayer has been the-
oretically designed and predicted to be a Dirac material, exhibit-
ing linear band dispersion near the Fermi level and a Fermi ve-
locity on the same order of magnitude as that of graphene33.
It has been demonstrated that the FeB2 monolayer is dynami-
cally, mechanically and thermodynamically stable34,35, and dis-
plays pronounced metallic characteristics with a high density
of states at the Fermi level and high carrier mobility of 5.8 ×
104 cm2V−1s−1 36. These features suggest that FeB2 is a promis-
ing candidate for use as a 2D metallic electrode in nanoelectronic
applications. Despite these promising properties, the potential of
FeB2 in vdW heterostructures, particularly for contact engineer-
ing applications, has not yet been systematically explored. In
particular, it remains unclear how its Dirac metallic nature influ-
ences key interfacial phenomena such as charge transfer, band
alignment, and Schottky barrier formation when coupled with
2D semiconductors. A detailed investigation of these aspects is
therefore essential to determine whether FeB2 can offer distinct
advantages over conventional metallic contacts and to reveal the
underlying physical mechanisms governing contact behavior in
Dirac metal–semiconductor systems.

Therefore, a comprehensive investigation of the FeB2/SiC 2D
metal-semiconductor heterostructure is highly desirable to elu-
cidate the interfacial electronic properties, band alignment, and
contact behavior. Such a study is expected to provide fundamen-
tal insights into metal–semiconductor contacts in the 2D limit and
to assess the feasibility of employing FeB2 as a low-resistance elec-
trode for SiC-based 2D electronic and optoelectronic devices.

2 Computational Details
All first-principles calculations in this work were performed
within the framework of density functional theory (DFT), as im-
plemented in the Quantum Espresso (PWscf)37,38. The inter-
action between the valence electrons and ionic cores was de-
scribed using the projector augmented-wave (PAW) method39.
The electronic exchange–correlation energy was treated us-
ing the generalized gradient approximation (GGA) in the
Perdew–Burke–Ernzerhof (PBE) functional40. A plane-wave basis
set with a kinetic energy cutoff of 510 eV was employed to ensure
good convergence of total energies and electronic structures. The
Brillouin zone was sampled using a Monkhorst–Pack k-point mesh
of 15 × 15 × 1 for geometry optimization and electronic struc-
ture calculations. All atomic positions were fully relaxed until the
residual forces on each atom were less than 0.01 eV/Å, and the to-
tal energy convergence criterion was set to 10−6 eV. To eliminate
spurious interactions between periodic images along the out-of-
plane direction, a vacuum layer of 30 Å was introduced perpen-
dicular to the 2D plane. The weak vdW interactions between the
FeB2 and SiC layers were taken into account using the DFT-D3
method of Grimme41.

3 Results and Discussion
We first investigate the intrinsic properties of the constituent FeB2

and SiC monolayers by analyzing their atomic structures and elec-
tronic characteristics. The optimized atomic structures of the FeB2

and SiC monolayers are shown in Fig. 1(a). The FeB2 monolayer
crystallizes in the hexagonal P6/3m space group, featuring a hon-
eycomb boron network with Fe atoms embedded at the centers of
six-membered boron rings. Consequently, the FeB2 monolayer ex-
hibits a quasi-planar geometry. Each Fe atom is positioned at a
vertical distance of 0.63 Å above the hexagonal plane, which is
in good agreement with previous reports33,42. The primitive unit
cell of the FeB2 monolayer contains two B atoms and one Fe atom.
In addition, the lattice parameter of the FeB2 monolayer is pre-
dicted to be a = b = 3.18 Å, which is very close to the previously
reported value of a = b = 3.177 Å33. Similarly, the SiC mono-
layer exhibits a planar hexagonal honeycomb structure, with all
constituent atoms lying in the same plane. The optimized lattice
parameters of the SiC monolayer are a = b = 3.10 Å, which are in
good agreement with the experimental value (a = b = 3.08 Å)43

and previous theoretical studies44.

The electronic band structures of the FeB2 and SiC monolay-
ers are presented in Fig. 1(b). The FeB2 monolayer exhibits a
Dirac cone with linear band dispersion near the Fermi level at
the K point, analogous to that observed in graphene45, indicat-
ing its Dirac metallic character. In contrast, the SiC monolayer
is a semiconductor with an indirect band gap. The valence band
maximum is located at the K point, while the conduction band
minimum occurs at the M point. The calculated band gaps of
the SiC monolayer are 2.55 eV and 3.37 eV at the PBE and HSE
levels, respectively, which are consistent with previous theoreti-
cal results44,46. Importantly, despite quantitative differences in
the band-gap values, both the conventional PBE and hybrid HSE
functionals reliably reproduce the intrinsic electronic characteris-

2 | 1–11Journal Name, [year], [vol.],

Page 2 of 12Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

9:
47

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6NA00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6na00108d


Fig. 1 (a) Optimized atomic structures (b) band structures and (c) phonon spectra of the constituent Fe2B and SiC monolayers. Purple and orange
balls represent the Fe and B atoms, respectively, while green and blue balls indicate the Si and C atoms, respectively.

Fig. 2 Top and side views of the optimized atomic structures of the FeB2/SiC heterostructure for different stacking configurations: (a) S1, (b) S2, (c)
S3, and (d) S4. Fe and B atoms are represented by purple and orange spheres, respectively, while Si and C atoms are shown in green and blue,
respectively. (e) Calculated binding energies corresponding to the four stacking configurations.

tics of FeB2 and SiC, validating their use for the subsequent elec-
tronic and interfacial property analyses.

To further assess the dynamical stability of the constituent
monolayers, we analyze their phonon spectra, as presented in
Fig. 1(c). For both FeB2 and SiC monolayers, no imaginary
phonon modes are observed throughout the entire Brillouin zone,
indicating their dynamical stability. The phonon spectrum of

the FeB2 monolayer exhibits well-defined acoustic and optical
branches, with the acoustic modes displaying the expected lin-
ear dispersion near the Γ point. In contrast, the SiC monolayer
shows a wider phonon frequency range. These results confirm
that both monolayers are dynamically stable and can serve as re-
liable building blocks for constructing vdW heterostructures.

We now construct the FeB2/SiC heterostructure by vertically
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Fig. 3 Projected band structures of the FeB2/SiC heterostructure for different stacking configurations obtained by (a) PBE and (b) HSE functional. Blue
and purple lines represent the band projections of the FeB2 and SiC layers, respectively. The Fermi level is set to be zero.

stacking the metallic FeB2 monolayer on top of the semiconduct-
ing SiC monolayer. The FeB2/SiC heterostructure is built by
placing a unit cell of the FeB2 layer onto a (1 × 1) unit cell of the
SiC layer. The optimized lattice constant of the heterostructure
is 3.14 Å, which is taken as the average of the lattice constants
of FeB2 (3.18 Å) and SiC (3.10 Å). This lattice matching induces
a slight compressive strain in the FeB2 layer, while the SiC layer
experiences a small tensile strain. The lattice mismatch in the het-
erostructure is estimated to be approximately 2 %, which is suffi-
ciently small to ensure structural stability and to minimize strain-
induced perturbations to the electronic properties. Four represen-
tative high-symmetry stacking configurations, denoted as S1, S2,
S3, and S4, are considered, as illustrated in Fig. 2. These stacking
configurations are selected based on high-symmetry atomic reg-
istries between the two monolayers, corresponding to different
relative positions of Fe and B atoms with respect to the Si and C
sublattices. After full structural relaxation, the equilibrium inter-
layer spacing d between the FeB2 and SiC layers is found to be
3.18, 3.17, 3.58, and 3.58 Å for the S1, S2, S3, and S4 stacking
configurations, respectively. Notably, the interlayer distances in
the S1 and S2 configurations are smaller than those in S3 and
S4, indicating relatively stronger interlayer interactions. This dif-
ference can be attributed to the distinct atomic registries at the
interface: in the S1 and S2 configurations, Fe atoms are posi-
tioned directly above Si atoms, whereas in the S3 and S4 con-
figurations, Fe atoms are located above C atoms. Consequently,
the stronger interaction between Fe and Si atoms associated with
the larger atomic radius of Si compared to C, leading to a re-
duced equilibrium interlayer spacing in the S1 and S2 stacking

configurations. Moreover, the obtained interlayer spacings d are
consistent with those of previously reported metal/semiconductor
vdW heterostructures, such as MoSSe/SiC47, ZnO/GaN48, ger-
manene/SiC49, MoS2/SiC50 and C3N/phosphorene51, where the
spacings typically range from 2.5 to 3.6 Å, further confirming the
vdW nature of the interfacial interaction.

To quantitatively evaluate the interfacial stability of the
FeB2/SiC heterostructure, we calculate the binding energy for all
considered stacking configurations. The binding energy Eb is de-
fined as

Eb =
EFeB2/SiC −EFeB2 −ESiC

A
(1)

where EFeB2/SiC is the total energy of the heterostructure, and
EFeB2 and ESiC are the total energies of the isolated FeB2 and SiC
monolayers in their optimized geometries, respectively. Here, A
denotes the interfacial area of the heterostructure. The calculated
binding energies for the FeB2/SiC heterostructure under different
stacking configurations are summarized in Fig. 2(e). A negative
binding energy indicates that the formation of the FeB2/SiC het-
erostructure is energetically favorable, confirming its thermody-
namic stability. The relatively small magnitude of Eb suggests
that the interaction between the FeB2 and SiC layers is domi-
nated by weak vdW forces rather than strong covalent or ionic
bonding. This vdW-type interlayer coupling preserves the intrin-
sic electronic properties of the individual monolayers, which is
beneficial for constructing high-quality heterostructures without
introducing significant lattice distortion or chemical hybridiza-
tion. Among all the considered stacking configurations, the S2
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stacking is identified as the most energetically favorable, as it ex-
hibits the most negative binding energy together with the shortest
equilibrium interlayer distance.

Next, we analyze the electronic band structure of the FeB2/SiC
heterostructure to elucidate its interfacial electronic properties,
as illustrated in Fig. 3. The results indicate that the intrinsic
electronic characteristics of the constituent FeB2 and SiC mono-
layers are largely preserved upon heterostructure formation. In
particular, the FeB2 monolayer retains its Dirac cone with linear
band dispersion near the Fermi level at the K point, confirming
its Dirac metallic nature. Meanwhile, the SiC monolayer con-
tinues to exhibit an indirect semiconducting character, with the
valence band maximum and conduction band minimum located
at the K and M points, respectively. This preservation of the in-
trinsic band features can be attributed to the weak vdW inter-
layer coupling between FeB2 and SiC. Furthermore, the combi-
nation between FeB2 and SiC monolayer leads to a decrease in
the band gap of the SiC semiconductor as compared to the pris-
tine one. More interestingly, due to the contact between metal-
lic FeB2 and semiconducting SiC, the FeB2/SiC system naturally
forms a metal-semiconductor heterostructure, in which the na-
ture of the interfacial contact is governed by band alignment and
charge redistribution. As a consequence, a Schottky contact is
formed at the FeB2/SiC interface, as shown in Fig. 4(a). The
Schottky barrier height is determined by the relative position of
the Fermi level (EF) of FeB2 with respect to the conduction band
minimum (ECBM) and valence band maximum (EVBM) of the SiC
layer as follows:

ΦB,n = ECBM −EF (2)

and
ΦB,p = EF −ECBM (3)

The calculated Schottky barriers at the interface of the
metal–semiconductor FeB2/SiC heterostructure are depicted in
Fig. 4(b). The Schottky barrier heights for electrons (ΦB,n)
and holes (ΦB,p) are calculated to be 0.71 and 1.31 eV for the
S1 stacking configuration, 0.70 and 1.32 eV for S2, 0.55 and
0.89 eV for S3, and 0.54 and 0.89 eV for S4, respectively. It
is clearly observed that the electron Schottky barrier ΦB,n is
consistently smaller than the hole barrier ΦB,p for all stacking
configurations. This behavior indicates that the FeB2/SiC het-
erostructure forms an n-type Schottky contact irrespective of the
stacking arrangement. One can find that the observed dif-
ference in SBH values among the stacking configurations origi-
nates from the variation in interfacial interaction and charge re-
distribution between the FeB2 and MoS2 layers. Moreover, these
Schottky barrier values are lower than those reported for other
representative 2D metal/semiconductor heterostructures, such as
graphene/Mo(W)Si2N4 (0.98 (0.78 eV))52 and MXene/MoSi2N4

(0.97 eV)53. To further validate the reliability of the results, the
Schottky barriers are also evaluated using the HSE hybrid func-
tional, which provides a more accurate description of the band
gap of the SiC layer. As expected, the HSE functional yields larger
absolute Schottky barrier heights compared to PBE. Specifically,
the calculated ΦB,n and ΦB,p values are 1.09 and 1.81 eV for S1,

1.08 and 1.82 eV for S2, 0.99 and 1.44 eV for S3, and 0.98 and
1.44 eV for S4, respectively. Notably, despite the quantitative in-
crease in barrier heights, the n-type Schottky contact nature re-
mains unchanged, demonstrating that the contact characteristics
are robust against the choice of exchange-correlation functional.

To gain deeper insight into the physical origin of the elec-
tronic properties and the formation of the Schottky contact in
the FeB2/SiC heterostructure, we further analyze the projected
density of states (PDOS), as shown in Fig. 5. The PDOS results
reveal that the electronic states near the Fermi level are predomi-
nantly contributed by the Fe-d orbitals of the FeB2 layer, confirm-
ing its metallic character. In contrast, the SiC layer exhibits a clear
band gap around the Fermi level, with the valence band mainly
composed of C-p states and the conduction band dominated by
Si-p states. Importantly, no significant orbital hybridization be-
tween the electronic states of FeB2 and SiC is observed near the
Fermi level, indicating weak interlayer coupling at the interface.
Moreover, the absence of pronounced interface-induced mid-gap
states in the PDOS suggests that Fermi-level pinning is effectively
suppressed, allowing the Schottky barrier height to be primar-
ily governed by the intrinsic band alignment between the FeB2

and SiC layers rather than by defect-related interface states. Fur-
thermore, it should be noted that in metal–semiconductor hetero-
junctions, Ohmic contacts are generally preferred for minimizing
contact resistance, whereas the presence of a Schottky barrier in
Schottky contacts may impede carrier injection. However, Schot-
tky contacts also play a crucial role in functional devices such as
rectifiers, sensors, and photodetectors, where controlled carrier
transport is required. In the vdW FeB2/SiC heterostructure, the
formation of a Schottky contact originates from weak interfacial
interactions, which helps preserve the intrinsic electronic proper-
ties of the SiC layer and suppress metal-induced gap states. More-
over, the Schottky barrier enables effective regulation of carrier
injection and leakage current, which is particularly important for
low-power device applications.

We now further evaluate the stability of the FeB2/SiC het-
erostructure by evaluating the mechanical properties, AIMD sim-
ulation and phonon spectra. The mechanical stability of the most
favorable S2-stacked FeB2/SiC heterostructure is systematically
evaluated by calculating its elastic constants and Young’s mod-
ulus. The elastic constants Ci j are obtained using the strain–
energy method within the harmonic elastic regime. In this ap-
proach, a series of small in-plane strains are applied to the fully
relaxed structure, and the resulting total energies are fitted to the
quadratic strain–energy relationship54:

E = E0 +
1
2 ∑

i, j
Ci jεiε j, (4)

where E0 is the total energy of the equilibrium structure, Ci j are
the elastic constants, and εi and ε j denote the strain components.
For a 2D hexagonal lattice, the in-plane elastic behavior is char-
acterized by two independent elastic constants, C11 and C12, with
the symmetry relations C11 = C22 and C66 = (C11 −C12)/2. The
calculated elastic constants of the FeB2/SiC heterostructure, to-
gether with those of the constituent FeB2 and SiC monolayers, are
presented in Fig. 6(a). The elastic constants C11, C12, and C66 of
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Fig. 4 (a) Schematic illustration of the formation of the Schottky contact with Schottky barriers and (b) calculated Schottky barriers at the interface of
the FeB2/SiC metal-semiconductor heterostructure given by PBE and HSE functional.

Fig. 5 Projected density of states (PDOS) of all atoms in the metal-semiconductor FeB2/SiC heterostructure for the different stacking configurations of
(a) S1, (b) S2, (c) S3 and (d) S4. The Fermi level is set to be zero.

the FeB2/SiC heterostructure are obtained to be 128.34, 329.58,
and 100.61 N/m, respectively. These elastic constants satisfy the
Born–Huang stability criteria for 2D hexagonal crystals, namely
C11 > 0 and C11 −C12 > 0, confirming that the FeB2/SiC het-
erostructure is mechanically stable. In addition, the elastic con-
stants Ci j of the FeB2/SiC heterostructure are larger than those of
the individual FeB2 and SiC monolayers, indicating an enhanced
in-plane stiffness upon heterostructure formation. This improve-
ment can be attributed to the synergistic mechanical coupling be-
tween the two constituent layers, which effectively reinforces the
structural rigidity while maintaining the vdW nature of the inter-
layer interaction.

We further evaluate the in-plane Young’s modulus to gain
deeper insight into the directional mechanical stiffness of the

FeB2/SiC heterostructure. Based on the calculated elastic con-
stants, the angle-dependent Young’s modulus Y (θ) for a 2D
hexagonal system can be expressed as:

Y (θ) =
C11C22 −C2

12

C11 sin4
θ +C22 cos4 θ +

(
C11C22−C2

12
C66

−2C12

)
sin2

θ cos2 θ

,

(5)

As shown in Fig. 6(b), the Young’s modulus of the FeB2/SiC het-
erostructure exhibits circular symmetry, confirming its mechani-
cal isotropy in the basal plane. The calculated Young’s modulus
of the FeB2/SiC heterostructure is 279.60 N/m, which is signifi-
cantly larger than those of the constituent FeB2 (104.34 N/m) and
SiC (164.10 N/m) monolayers. This enhancement indicates that
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Fig. 6 (a) Elastic constants, (b) Young’s modulus, (c) AIMD simulations of the total energy and temperature as a function of simulation times and (d)
phonon spectra of the FeB2/SiC heterostructure.

the formation of the heterostructure leads to improved in-plane
stiffness, arising from the synergistic mechanical coupling be-
tween the two layers. Such enhanced mechanical rigidity is ben-
eficial for maintaining structural stability under external strain,
further supporting the robustness of the FeB2/SiC heterostructure
for practical applications in flexible and high-performance nano-
electronic devices.

To further assess the stability of the FeB2/SiC heterostructure
beyond the mechanical response, we next investigate its thermal
stability using ab initio molecular dynamics (AIMD) simulations,
as shown in Fig. 6(c). The AIMD simulations are performed at an
elevated temperature to examine the structural robustness of the
system under thermal fluctuations. As illustrated in Fig. 6(c), the
total energy of the FeB2/SiC heterostructure exhibits only small
oscillations around an equilibrium value throughout the simu-
lation, while the temperature remains well controlled without
abrupt deviations. Importantly, no noticeable structural recon-
struction, bond breaking, or layer separation is observed during
the simulation process, indicating that the heterostructure main-
tains its structural integrity under thermal perturbations. These
results demonstrate that the FeB2/SiC heterostructure possesses
excellent thermal stability, further confirming its feasibility for
experimental realization and reliable operation in practical de-
vice environments. Furthermore, the phonon spectrum of the
FeB2/SiC heterostructure exhibits no imaginary phonon modes
throughout the entire Brillouin zone, indicating that the structure
is dynamically stable against lattice vibrations. The absence of

soft modes near the Γ point further confirms that the heterostruc-
ture corresponds to a true minimum on the potential energy sur-
face.

To further elucidate the interfacial charge transfer of the
FeB2/SiC heterostructure, the planar-averaged charge density dif-
ference ∆ρ(z), the total amount of charge transfer ∆Q, and the
electrostatic potential are presented in Fig. 7(a). The charge den-
sity difference is defined as:

∆ρ(r) = ρFeB2/SiC(r)−ρFeB2(r)−ρSiC(r) (6)

where ρFeB2/SiC(r) is the total charge density of the heterostruc-
ture, and ρFeB2(r) and ρSiC(r) represent the charge densities of the
isolated FeB2 and SiC monolayers, respectively. The total amount
of charge transfer ∆Q across the interface is then evaluated by in-
tegrating the planar-averaged charge density difference along the
out-of-plane direction as:

∆Q =
∫ z

−∞

∆ρ(z′)dz (7)

As illustrated in Fig. 7(a), charge accumulation is predomi-
nantly observed on the FeB2 side of the interface, whereas charge
depletion mainly occurs on the SiC layer. Consistently, the planar-
averaged charge density difference shows positive values of ∆ρ(z)
on the FeB2 side and negative values on the SiC side. Accord-
ing to the adopted convention, positive and negative ∆ρ(z) cor-
respond to electron accumulation and electron depletion, respec-
tively. This observation clearly indicates that electrons are trans-
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Fig. 7 (a) Planar-averaged charge density difference ∆ρ(z) and total charge transfer ∆Q of the FeB2/SiC heterostructure. The inset shows the 3D
charge density difference isosurface, where yellow and cyan regions represent electron accumulation and electron depletion, respectively. (b) Plane-
averaged electrostatic potential along the out-of-plane direction for the FeB2/SiC heterostructure.

ferred from the SiC monolayer to the FeB2 monolayer upon het-
erostructure formation. In addition, by analyzing the obtained to-
tal charge transfer ∆Q, it is found that ∆Q < 0, further confirming
that the SiC layer experiences electron depletion while the FeB2

layer gains electrons. Consequently, the SiC monolayer acts as an
electron donor, while the FeB2 monolayer serves as an electron
acceptor at the interface. This donor–acceptor charge transfer
leads to the formation of an interfacial dipole, which modifies the
electrostatic potential profile and induces band bending in the SiC
layer near the interface. The resulting interfacial dipole and band
bending reduce the electron Schottky barrier relative to the hole
barrier, thereby describing the formation of an n-type Schottky
contact in the FeB2/SiC heterostructure.

Furthermore, the electrostatic potential profile of the FeB2/SiC
heterostructure is plotted in Fig. 7(b) to gain deeper insight into
the charge injection efficiency. Owing to the larger work function
of FeB2 compared to that of SiC, electrons tend to transfer from
the SiC layer to the FeB2 layer upon contact, leading to charge
redistribution at the interface when the two materials are stacked.
In addition, from the planar-averaged electrostatic potential, a
noticeable potential drop across the interface can be observed,
indicating the formation of an interfacial built-in electric field.
This built-in electric field facilitates electron injection from SiC
into FeB2, which is beneficial for efficient charge separation and
transport. Such favorable band alignment and interfacial charge
transfer suggest that the FeB2/SiC heterostructure is promising
for electronic and optoelectronic device applications.

To evaluate the quality of the interfacial electrical contact and
to quantitatively assess carrier transport across the FeB2/SiC in-
terface, it is essential to determine the electron tunneling proba-
bility and the corresponding tunneling specific contact resistivity.
These two quantities directly characterize the efficiency of charge
injection through the interfacial potential barrier and serve as key
figures of merit for contact performance in nanoscale electronic
devices. Within the framework of a simplified one-dimensional
rectangular tunneling barrier model, the electron tunneling prob-
ability TTB can be estimated using the Wentzel–Kramers–Brillouin
(WKB) approximation. In this model, the interfacial potential bar-

rier is characterized by an effective barrier height ΦTB and the
barrier width dTB, both of which are extracted from the planar-
averaged electrostatic potential profile along the out-of-plane di-
rection. Accordingly, the tunneling probability is given by:

T = exp
(
−2dTB

h̄

√
2meΦTB

)
(8)

Based on the calculated tunneling probability, the tunneling
specific contact resistivity ρt can be further evaluated as:

ρt =
π2h̄2d2

TB
e2√2meΦTB

T−1 (9)

The effective tunneling barrier height ΦTB and barrier width
dTB of the FeB2/SiC heterostructure are extracted from the
planar-averaged electrostatic potential profile and are found
to be 2.89 eV and 1.38 Å, respectively. Based on Eq. 8, the
tunneling probability across the vdW gap is estimated to be
approximately 9 %, indicating a relatively transparent interfacial
barrier. The tunneling resistance is strongly dependent on
the tunneling probability and the barrier width and height of
the heterostructure. Furthermore, the corresponding tunneling
specific contact resistivity is evaluated to be on the order of
1.4 × 10−9 Ωcm2. It is interesting to note that the obtained
value of ρt is comparable to those reported for other ultra-low
contact resistance interfaces between semimetals or metals and
semiconductors, such as Bi/MoS2

55, 3D metals/MoS2
56,

semimetals/TMDs57,58, 3D metals/Mo(W)Si2N4
16,59,

MBenes/MoS2
13,14, MXenes/MoSi2N4

53,60 and graphene-
based heterostructures61–63. This comparison indicates that the
FeB2/SiC heterostructure can form an efficient electrical contact
with highly favorable charge injection characteristics, making it a
promising candidate for high-performance 2D electronic devices.
Moreover, the FeB2/SiC heterostructure is composed of earth-
abundant and low-risk elements, indicating good compatibility
with sustainability criteria for next-generation electronics64.

In order to further evaluate the contact performance of the
FeB2/SiC heterostructure, we estimate the contact resistance
based on the Landauer formalism as follows65,66:
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RCW =
π h̄

2e2kF
· 1

T
(10)

where e and h̄ are the elementary charge and reduced Planck
constant, respectively, and T is the tunneling probability. The
Fermi wave vector is defined as kF =

√
2πn2D, where n2D is the

2D carrier concentration of semiconductor, which can be esti-
mated from the effective mass and the relative position of the
Fermi level with respect to the band edges 13,66. Our calculations
show that the contact resistance of the FeB2/SiC heterostructure
is high as 2.73 × 103 Ω µm, which can be attributed to the rela-
tively large Schottky barriers. This value of the contact resistance
is still higher than those reported for semimetal/semiconductor
contacts55 and MBene/MoS2 heterostructures66. However, the
contact resistance can be effectively reduced through external
modulation strategies, such as doping66 or interface polariza-
tion67. These results suggest that the FeB2/SiC heterostructure
provides a viable platform for tuning contact characteristics and
holds promise for future applications in 2D Schottky electronic
devices.

4 Conclusion
In summary, we have systematically investigated the structural
stability, electronic properties, and interfacial contact character-
istics of the two-dimensional FeB2/SiC metal-semiconductor het-
erostructure by means of first-principles calculations. The opti-
mized heterostructure is found to be energetically stable, with a
weak vdW interaction at the interface, which preserves the intrin-
sic electronic properties of the constituent FeB2 and SiC monolay-
ers. Due to the larger work function of metallic FeB2 compared
with that of the SiC monolayer, electrons transfer from the SiC
layer to the FeB2 layer upon contact. This charge redistribution
induces an internal electric field and results in downward band
bending in the SiC layer, leading to the formation of an n-type
Schottky contact at the FeB2/SiC interface. The calculated n-type
Schottky barrier height is ΦBn = 0.70 eV, indicating a relatively
low energy barrier for electron injection across the interface.
Further analysis of the projected density of states indicates that
metal-induced gap states (MIGS) are negligible at the FeB2/SiC
interface, with no pronounced states emerging within the band
gap of the SiC layer. Moreover, the FeB2/SiC heterostructure ex-
hibits a small tunneling resistance of ρt = 1.40×10−9 Ω ·cm2, con-
firming the formation of a low-resistance metal–semiconductor
contact. Such a reduced contact resistance is highly beneficial
for efficient carrier injection and low-power device operation.
Our findings provide fundamental insights into the interfacial
physics of 2D metal–semiconductor heterostructures and high-
light the FeB2/SiC heterostructure as a promising candidate for
next-generation 2D electronic and optoelectronic devices.
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