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Forming ohmic contacts between metals and semiconductors is critical to achieving high-performance and
energy-efficient electronics. Here we investigate the interface properties of WSi,N, contacted by Mo,B,
O-moaodified Mo,B (Mo,BO,) and OH-maodified Mo,B (Mo,B(OH),) nanosheets using density functional theory
simulations. We show that WSi;N4 and Mo,B form n-type Schottky contacts with barrier heights that are robust
against external electric fields. In contrast, functionalizing Mo,B with O and OH causes the work function to
energetically down- and up-shift significantly, thus forming both n-type and p-type ohmic contacts with
WSi>Ng, respectively. The possibility of achieving both p-type and n-type ohmic contacts immediately suggests
the role of surface-engineered Mo,B as a key enabler towards WSi;N4-based complementary metal—oxide—
semiconductor (CMOS) device technology in which both n-type and p-type devices are needed. We further
demonstrate the emergence of quasi-ohmic contact with ultralow lateral Schottky barrier and zero vertical
interfacial tunneling barriers in Mo,B(OH),-contacted WSi;N, — a feature rarely found in other 2D/2D metal/
semiconductor contacts, thus demonstrating surface-engineered Mo,B as a promising electrode to WSi;N4 with
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high charge injection efficiency. These results offer design insights useful for the development of high-
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1. Introduction

As silicon-based field effect transistors are approaching their physi-
cal scaling limits, the development of semiconductor technologies
with advanced nanomaterials has become a topic of tremendous
interest in both scientific and industry research." Two-dimensional
(2D) materials are considered a promising candidate to complement
the silicon technology for extending Moore’s Law, owing to their
ultrathin body, excellent electronic properties, dangling bond free
surface and unique atomically layered structure.>™ Since the suc-
cessful preparation of graphene, a large variety of 2D materials have
emerged, including transition metal dichalcogenides (TMDs),>®
MXenes,® black phosphorene’™ and MA,Z,,"> many of which
are promising for device applications, such as field effect transistors,
spintronics, photovoltaic cells, photodetectors, and so on.’*™ 2D
materials thus provide a platform for designing novel functional
devices beyond conventional silicon technology.
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performance 2D semiconductor CMOS device technology.

Although 2D materials exhibit competitive performance, the
contact resistance arising at the metal/2D-semiconductor inter-
face remains a challenging issue to tame. Contact resistance
governs the charge carrier injection efficiency from the metal
electrode into the 2D channel,”’° and dictates the perfor-
mance as well as energy efficiency of 2D semiconductor devices.
Major research efforts have thus been devoted to reducing the
contact resistance in 2D semiconductor devices. To achieve
this, a suitable combination of metal and semiconductor
materials to form an ohmic contact, in which the Fermi level
of the metal lies within the bands rather than in the band
gap,>? is a critical first step. For most 3D metals, it is often
difficult to achieve ideal ohmic contact with 2D semiconduc-
tors due to the strong interfacial interactions, such as orbital
hybridization, metal-induced gap states (MIGS) and Fermi level
pinning effect, which can compromise the functionality and
tunability of a 3D-metal/2D-semiconductor contact. Semime-
tals, such as Bi and Sb,>*>’ have recently emerged as a pro-
mising metal contact candidate to 2D semiconductors due to
the low MIGS and appropriate band alighment with archetypal
2D semiconductor species, such as MoS, and WS,. Beyond 3D
metals, metallic 2D layered materials, such as graphene, NbS,>®
and transition metal borides,”® provide an alternative strategy
for achieving high-quality ohmic contacts. Due to the weak van
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der Waals (vdW) interactions and 2D/2D metal/semiconductor
(MS) contact, MIGS is strongly suppressed, leading to nearly
ideal contacts that approach the Schottky-Mott limit.*® The
atomic thickness of 2D metals is also beneficial in achieving
MS contact with adjustable Schottky barriers®'® due to the
weak screening effect.

WSi,N, monolayer, an experimentally synthesized member
of the MA,Z, family, is a promising electronic material for
semiconductor nanodevices due to its exceptional electrical
properties.>’ > As metal/semiconductor contact is nearly
always present in semiconductor devices, the search for suita-
ble electrode materials is a critical first step towards high-
performance WSi,Ny-based devices that have yet to be
addressed thus far. In this work, the interfacial properties of
monolayer WSi,N, and MoB, contacts are systematically stu-
died based on density functional theory (DFT) calculations. The
results show that, although MoB, forms an n-type Schottky
contact with WSi,N,, surface-engineered Mo,B, namely the O-
modified Mo,BO, and OH-modified Mo,B(OH),, forms p-type
and n-type ohmic contact with WSi,N,, respectively. The pos-
sibility of achieving both p-and n-type ohmic contacts suggests
that surface-engineered Mo,B may pave a way towards WSi,N -
based complementary metal-oxide-semiconductor (CMOS)
device technology.*’

2. Computational methods

All calculations are based on the DFT scheme implemented in
the Vienna ab initio simulation package (VASP) code.*™*> We
employ the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional to describe the
exchange correlation interactions, together with the DFT-D3
method to correct the effect of weak vdW interaction.*® The
projector-augmented wave (PAW) method is used to describe
the electron-ion interactions.** The k-mesh 15 x 15 x 1 and an
energy cutoff of 500 eV are adopted. The convergence
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thresholds of force and energy are set to 0.01 eV A™' and
10° eV, respectively. A vacuum space (> 15 A) between periodic
images is used to suppress the interactions in the non-periodic
directions. The dipole correction is taken into account in the
calculation.

3 Results and discussion

3.1. Structural and electronic properties of WSi,N,/Mo,B
contact: influence of stacking configurations

We examine the structural parameters of pristine WSi,N, and
Mo,B before investigating the WSi,N,/Mo,B heterostructures.
The optimized lattice constants of WSi,N, and Mo,B are 2.91 A
and 2.87 A, respectively, which are in agreement with previous
studies.”™” A lattice mismatch of around 1.38% is obtained
when WSi,N, (1 x 1) and Mo,B (1 x 1) are vertically stacked.
Three possible vertical stacking patterns are investigated,
which are denoted as WSi,N,/Mo0,B-N-B, WSi,N,/Mo,B-Si-B
and WSi,N,/Mo,B-W-B [see Fig. 1(b)-(d)] in which the B atoms
of Mo,B are directly aligned with the N, Si and W atoms of
WSi,N,, respectively. To further characterize the interfacial
stability and to determine the most energetically stable
stacking configurations, the binding energy is calculated as
Ey, = (En — Em — Ey)/A, where the Ey, E,, and E,, are the total
energies of the heterostructures, isolated WSi,N, and isolated
Mo,B, respectively, and A is the surface area of the hetero-
structure supercell. The calculated binding energies are listed
in Table 1. Here, the negative-valued Ey, suggests that all three
stacking configurations of WSi,N,/Mo,B are energetically
stable and may be realized experimentally. Among the three
stacking patterns, WSi,N,/Mo,B-Si-B stacking has the lowest
Eq,, thus suggesting its energetic stability. The interlayer spa-
cing of the WSi,N,/Mo,B-Si-B stacking configuration is 2.32 A,
which is significantly lower than that of the other two stacking
configurations.

OMo CB @w Csi @N -3

Fig. 1 (a) and (b)-(d) Top view and side view of the structures of WSi,N4/Mo,B heterostructures. (e)—(g) Projected band structures of WSiN4/Mo,B
heterostructures in three different stacking models. The red and blue lines denote the contributions from Mo,B and WSi,Ny, respectively. The green lines

represent the band structures with SOC.
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Table1l Calculated parameters of the WSi,N4 contact with MoB,, MoB,O, and MoB, (OH),. d, E, and ®sg are the interlayer distance, binding energy and
Schottky barrier height, respectively. @, and w; are the height and the full width at half-maximum of the potential barrier, respectively. P, is the electron
transmission probability. p, is the tunneling-specific resistivity in the unit of 107° Q cm?

WSi,N,/MoB, WSi,N*/MoB,0, WSi,N,/MoB, (OH),
N-B Si-B W-B N-O Si-O W-0 N-H Si-H W-H
d@A) 3.344 2.32 3.538 3.023 2.491 2.615 1.785 2.081 1.969
E, (eV A7?) —0.407 —0.492 —0.406 —0.458 —0.472 —0.466 —0.526 —0.502 —0.505
bgp (eV) 0.684, n 0.443, n 0.660, n Ohmic contact, p Ohmic contact, n
P (eV) 3.079 0.168 3.291 6.013 5.486 5.676 0 0.812 0.43
o (A) 1.156 0.08 1.4 1.63 1.13 1.27 0 0.54 0.37
Py (%) 12.5 96.7 7.4 1.66 6.64 4.5 100 24.1 77.9
pe (107° Q ecm?) 4.42 4.26 x 1073 1.424 2.471 0.876 1.056 0 2.083 x 102 1.527 x 102

In Fig. 1(e)-(g), we show the projected band structure for the
WSi,N,/Mo,B heterostructures. As the monolayers are coupled
via weak van der Waals force, the absence of strong interlayer
interactions enables the band structures of WSi,N, and Mo,B
to be well-preserved, with well-defined band edges of the
semiconductor bands. The contact type and barrier height
can usually be determined by the energy difference between
the Fermi level and the semiconductor band edge in the
heterostructure: @, = Ecgpm — Er, ®p = Er — Eypm, where the
Ecgm and Eygy are the energy of the conduction band mini-
mum and the valence band maximum of the semiconductor in
the heterostructure, respectively. E is the Fermi energy. Here,
for all three stacking configurations of WSi,N,/Mo,B, the
conduction bands are closer to the Fermi level, leading to an
n-type Schottky contact with the Schottky barrier height (SBH)
ranging from 0.443 eV to 0.684 eV (see Table 1). It is worth
noting that the band structures of WSi,N,/Mo,B-N-B and
WSi,N,/Mo0,B-W-B are similar, giving rise to comparable SBH
of 0.684 eV and 0.660 eV, respectively. However, the projected
band structure of Mo,B in WSi,N,/Mo,B-Si-B near the Fermi level
is obviously different from the other two stacking configurations,
which arises from the closer interlayer distance and hence the

WSi,N,/Mo,B-N-B

30 30

WSi,N,/Mo,B-Si-B

slightly stronger interlayer interaction. Correspondingly, the SBH
of the WSi,N,/MoB,-SiB stacking configuration is about 0.2 eV
lower than that of the other two. In addition, using
WSi,N,/Mo,B-Si-B as an example, we found that spin-orbit
coupling (SOC) has little effect on the results [see Fig. 1(f)].

3.2. Interfacial properties of WSi,N,/Mo,B contact: interfacial
charge transfer and tunneling barrier

To confirm the stacking-dependent interlayer interaction
observed above, we calculate the electrostatic potentials along
the vertical direction of the heterostructures and the charge
density differences according to Ap = p, — pw — P, as displayed
in Fig. 2(a)-(d). Here the pp,, pw and py are the charge densities of
the heterostructures, isolated WSi,N, and Mo,B, respectively. The
blue and red regions represent the charge depletion and accumu-
lation. The stacking of different materials to form heterostruc-
tures breaks the original symmetry of the material, which causes
charge redistribution across the interface. It can be clearly seen
from Fig. 2(a)-(d) that there are significant differences in the
amount of electron transfer between the two stacking configura-
tions. There is only a small amount of charge transfer between
WSi,N,; and Mo,B in WSi,N,/M0,B-N-B, while a significantly

WSi,N,/Mo,B-Si-B
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Fig. 2 Electrostatic potential and plane-averaged differential charge density Ap for WSi;N4/MoB,-N-B (a) and (b) and WSi;N4/MoB,-Si-B (c) and (d). The
insets in panels (a) and (c) are the 3D isosurface of the electron charge density difference of WSi;N4/MoB,-N-B and WSi,N4/MoB,-Si-B, respectively. (e)
The Schottky barrier height as a function of the external electric field for WSiN4/MoB,-Si-B.
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larger amount of charge transfer occurs between WSi,N, and Mo,B
in the WSi,N,/Mo0,B-Si-B configuration. The transfer of a sizable
amount of electrons from WSi,N, to Mo,B causes the Fermi
level of Mo,B to energetically upshift, resulting in a smaller n-
type SBH of the WSi,N,/Mo,B-Si-B configuration as compared
to that of the WSi,N,/Mo,B-N-B configuration. The work func-
tion of isolated Mo,B is 4.897 eV, which changes to 4.624 eV in
WSi,N,/Mo,B-Si-B, and 4.784 eV in WSi,N,/Mo,B-N-B, respec-
tively, after forming a heterostructure with WSi,N,. It is worth
noting that in addition to the Schottky barrier, the tunneling
barrier at the interface of the semiconductor and metal also
impedes the charge injection efficiency.*®*° The tunneling
barrier height @, and width w, of the heterostructures with
different stacking configurations are summarized in Table 1, which
are drastically different for the three configurations since the
tunneling potential barrier is sensitively influenced by the spatial
location and alignment of the atoms at the contacting interface.
The tunneling barrier of WSi,N,/Mo0,B-Si-B is extremely low, which
means that the electron tunneling probability will be high. The
tunneling probability (P;) across the interface can be estimated as

2
P, =exp (—% 2m(1>t) 8750 where the w, is the full width at half-

maximum of the potential barrier; 72 and m are the reduced Planck
constant and the free electron mass, respectively; @, represents the
tunneling barrier height. The tunneling probability of WSi,N,/
Mo,B-Si-B is calculated to be 96.7%, which is close to 100% as
the Fermi level nearly crosses the tunneling potential barrier top.
Such a high transparency suggests that the charge injection across
the WSi,N,/Mo,B contact under the WSi,N,/Mo,B-Si-B stacking
configuration is predominantly limited by the SBH instead of the
interfacial tunneling barrier. The tunneling-specific resistivity (o)
can also be estimated based on Simmons tunneling injection

Arlhad (V2m® -
model: p, = %(%wt — 1) P! under intermediate
82l
bias voltages and =———p ' when the w, is too
2 Pt 32 /——Mlpl t

small.*>* The calculated p; is listed in Table 1.

We further find that the SBH under the WSi,N,/Mo,B-Si-B
stacking configuration is robust against an external electric field,
as shown in Fig. 2(e), which is in stark contrast to many hetero-
structures studied previously.*>***'>* An external electric field is
thus ineffective in driving a Schottky-to-ohmic transition in the
WSi,N,/Mo,B contact. Nevertheless, the robustness of the SBH of
WSi,N,/Mo,B may be beneficial for achieving a stable Schottky diode
operation. We further note that reducing the distance between the
semiconducting and the metallic monolayers can also reduce the
SBH. However, as the distance between Mo and N atoms is only
2.32 A in WSi,N,/Mo,B-Si-B, which is close to the sum of their
covalent radii, we do not expect further reducing the interlayer
distance of WSi,N,/Mo,B to be a feasible way of contact-type tuning.

3.3. n-Type and p-type ohmic contact design via Mo,B surface
engineering*

Modulating the metal work function provides an alternative
way to tune the SBH. Since the outermost atoms of Mo,B are

This journal is © The Royal Society of Chemistry 2024
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the Mo atom, there is an abundance of free electrons on its
surface, which can stably adsorb other atoms or small mole-
cules. Previous studies have demonstrated that Mo,B can be
surface-engineered with O(Mo,BO,) or OH(Mo,B(OH),) while
still retaining its metallic nature, as well as its dynamic and
thermal stability.” Importantly, the work functions of the
surface-engineered Mo,BO, and Mo,B(OH), are significantly
modulated to the high value of 7.39 eV and the low value of
3.14 eV, respectively, which is in stark contrast to the work
function of 4.89 eV in the pristine Mo,B monolayer. Such
significantly modulated work function immediately suggests
surface engineering as a feasible approach to achieve n- and
p-type ohmic contact to WSi,N,.

To verify whether surface-engineered Mo,B can form ohmic
contacts with WSi,N,, we reconstruct the WSi,N, contact
heterostructure using Mo,BO, and Mo,B(OH), as the metal
electrodes under the same set of stacking configurations (see
Fig. 3 for the lattice structure and Table 1 for a summary of
various contact parameters). Here we denote the stacking
configurations as WSi,N,/M0,BO,-(N, Si, W)-O and WSi,N,/
Mo,B(OH),-(N, Si, W)-H to denote the cases where (N, Si, W)
is directly above the O or H atom. The E}, values of both WSi,N,/
Mo,BO, and WSi,N,/M0,B(OH), contacts are negative, thus
suggesting their energetic stability. The E;, of all stacking
configurations of WSi,N,/Mo,B(OH), is generally lower than
that of WSi,N,/Mo,B. The electronic structure characteristics
of WSi,N,/Mo0,BO, and WSi,N,/Mo0,B(OH), contacts are
shown in Fig. 4. Intriguingly, the valence band of WSi,N, in
WSi,N,/M0,BO, and the conduction band of WSi,N,
in WSi,N,/Mo,B(OH), cross the Fermi level, which means that
WSi,N,/Mo0,BO, and WSi,N,/M0,B(OH), form p-type and n-
type ohmic contacts, respectively, under all three different
stacking configurations. The surface engineering of Mo, with
O or OH is thus an effective method to transform Mo,B into an
ohmic electrode for WSi,N,.

We now examine how the interfacial charge redistribution
can shift the Fermi level upon forming a contact. To under-
stand the role of Mo,BO, and Mo,B(OH), in the charge trans-
fer, using WSi,N,/M0,B0,-Si-O and WSi,N,/Mo,B(OH),-N-H as
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Fig. 3 Top view and side view of the heterostructures of WSi,N, contact
with Mo,BO, (a)-(d) and Mo,B(OH), (e)—(h), respectively.
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Fig. 4 The projected electronic band structures of (a)—(c) WSi>N4/Mo,BO, and (d)—(f) WSi>N4/Mo,B(OH), with different stack patterns. Blue, orange and
olive symbols denote the contributions from WSi;N4, Mo,BO, and Mo,B(OH),, respectively.
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Fig. 5 Electrostatic potential and plane-averaged differential charge den-
sity Ap for WSi;N4/Mo,BO,-Si-O (a) and (b) and WSi>N4/Mo,B(OH),-N-H
(c) and (d). The insets in panels (a) and (c) are the 3D isosurface of the
electron charge density difference of WSi;N4/Mo,BO,-Si-O and WSi,N4/
Mo,B(OH),-N-H, respectively.

the respective examples, we calculate the plane-averaged elec-
tron density difference Ap and the three dimensional isosur-
faces, as depicted in Fig. 5. The electron accumulation region
and depletion region are marked in red and blue, respectively.
One can see that the charges are mainly accumulated in the
Mo,BO, layer, whereas they are depleted in the WSi,N, layer for
WSi,N,/Mo0,BO,-Si-O (see Fig. 5(a) and (b)). However, the situa-
tion is reversed in WSi,N,/Mo,B(OH),-N-H (see Fig. 5(c) and
(d)). Thus, an opposite contact type is formed when WSi,N, is
in contact with Mo,BO, and Mo,B(OH),. Compared with
WSi,N,/Mo,B-Si-B (see Fig. 2), we find that although the charge
is depleted around the WSi,N, layer, the electron activity area is
mainly in the metal layer in WSi,N,/Mo,B-Si-B. However, the
charge of the WSi,N, layer is more affected. Surprisingly, the
effective electrostatic potential of WSi,N,/Mo,B(OH),-N-H exhi-
bits zero interfacial tunneling barrier height, thus indicating
that the WSi,N,/Mo0,B(OH), ohmic contacts are compatible
with high charge injection efficiency. This aspect is in contrast
to WSi,N,/Mo0,BO, ohmic contact in which the interfacial
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Fig. 6 (a) Schematic diagram of WSi,N4/Mo,B contacts. The black arrow

represents the carrier injection direction. (b)—(d) Schematic diagram of the
band arrangement and carrier injection mechanism from electrode to
channel for WSi;N4/Mo,B, WSi;N4/Mo,BO, and WSi;N4/Mo,B(OH),.

tunneling barriers are significantly higher, with the best per-
forming contact exhibiting a transmission probability of only
P, = 6.64% with the WSi,N,/M0,BO,-Si-O stacking configu-
ration, thus suggesting interfacial tunneling as a key factor
that limits the charge injection across such a contact.

In addition to the Schottky barrier at the vertical contact
interface between the semiconductor and the metal, the trans-
port barrier between the lateral source/drain and the two-
dimensional semiconductor channel interface is also another
key factor that may influence the device performance. Fig. 6
shows a schematic drawing of the Mo,B-WSi,N, interface out-
lining the charge transport pathway across the interface. The
lateral SBH is calculated as: @, 1, = Ecgm — Er and @, 1, = Ep —
Eygm, where the Ecgy and Eygyy are the energies of the CBM and
VBM of pure WSi,N,. E is the Fermi level of the heterostruc-
ture. The band edges of WSi,N, and work functions of
the heterostructures are summarized in Fig. 7. We present a
schematic of the band alignments and electron injection

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Work function alignment of WSioN4, WSioN4/Mo,B, WSioN4/
Mo,BO, and WSi;N4/Mo,B(OH),. The blue, cyan and wine solid lines
represent the CBM, Fermi level and VBM of pure WSi;N4. The red, orange
and olive short horizontal lines represent the Fermi level positions of
WSi,N4/Mo,B, WSioN4/Mos,BO, and WSioN4/Mo,B(OH), in different stack-
ing patterns, respectively.

mechanism in Fig. 6(b-d). For WSi,N,/Mo,B-Si-B, there are
high barriers in both the vertical (0.443 eV) and lateral
(0.619 eV) directions [see Fig. 6(b)]. The Fermi level of
WSIi,N,/M0,B0O,-Si-O is slightly lower than the VBM of pure
WSIi,N,, suggesting that lateral p-type ohmic contact can be
formed in WSi,N,/M0,BO,-Si-O, as shown in Fig. 6(c). Unfortu-
nately, it has a very high tunneling barrier (5.486 eV). Similarly,
the Fermi level of the WSi,N,/M0,B(OH),-N-H contact aligns
nearly with the CBM energy of the WSi,N, channel, giving rise
to n-type quasi-ohmic contact with ultra-low SBH (0.026 eV), as
is demonstrated in Fig. 6(d). The WSi,N,/Mo,B(OH), thus
represents an exceptional ohmic contact with simultaneous n-
type ohmic or quasi-ohmic behaviors along both vertical and
lateral transport directions. The zero interfacial tunneling
WSi,N,/Mo,B(OH), represents another practically useful fea-
ture that rarely occurs in other 2D/2D metal/semiconductor
contacts.

4. Conclusion

In conclusion, we study the contact properties of WSi,N, with
Mo,B and Mo,B whose surface is fully saturated by O and OH
groups using DFT calculations. WSi,N, and Mo,B form n-type
Schottky contacts in both the vertical and lateral directions,
and the Schottky barrier in the vertical direction is robust to the
electric field. p-Type ohmic contact is formed when WSi,N, is
in contact with Mo,BO,. Importantly, n-type ohmic contact
with zero tunneling barrier in the vertical direction of the
transistor and quasi-ohmic contact with ultra-low SBH in the
lateral direction can be obtained in WSi,N,/Mo,B(OH),, sug-
gesting the potential role of WSi,N,/Mo,B(OH), in achieving an
energy-efficient transistor device. Furthermore, the WSi,N,/
Mo,BO, contact, despite having a sizable interfacial tunneling
barrier, similarly exhibits excellent p-type ohmic contact along
the lateral direction. The simultaneous presence of n- and

This journal is © The Royal Society of Chemistry 2024
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p-type contacts immediately suggests the potential of surface-
engineered Mo,B metallic monolayers as an electrode materials
to achieve WSi,N,-based CMOS device technology. Our results
reveal surface engineering of 2D metallic monolayers as a
feasible route towards energy-efficient 2D semiconductor elec-
tronic devices.
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