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ABSTRACT

Developing high-performance electronics with two-dimensional (2D) semiconductors is often hindered by high contact resistance
at metal/semiconductor interfaces, which arises from the Schottky barrier for carrier injection and tunneling barrier for carrier
transport. Conventional contact engineering faces a fundamental compromise: strong interfacial coupling induces Fermi-level
pinning (FLP), while weak van der Waals interactions mitigate FLP but introduces a large tunneling barrier. Here, we overcome
this compromise by employing MXene electrodes on Janus MGeSiN, (M = Mo, W) semiconductors and modulating the interfacial
interaction strength. Through selective surface termination of MXenes, Schottky, n-type Ohmic, or p-type Ohmic contacts
can be achieved. Notably, medium-strength interfacial coupling driven by hydrogen bonding in OH-terminated MXene (OH-
MXene)/MGeSiN, contacts enables simultaneous Ohmic behavior and high tunneling probability. Specifically, the tunneling
probability of OH-MXene contacts ranges from 37.91% to 61.92%, with the maximum for Ti;C,(OH),/WGeSiN, on the Si-N side,
significantly higher than F/O-terminated MXene contacts (1.87% - 6.19%). Quantum transport simulations confirm superior
current transport and charge injection efficiency in OH-MXene/MGeSiN, devices. Furthermore, the Sure Independence Screening
and Sparsifying Operator method identifies key descriptors governing both Schottky and tunneling barriers. Our results provide
an efficient strategy for designing high-performance contacts in 2D electronic devices.

1 | Introduction resistance primarily originates from two intrinsic energy barriers:
the Schottky barrier, which impedes carrier injection, and the
tunneling barrier, which limits carrier transport across the inter-

face. Therefore, the simultaneous achievement of Ohmic contact

As the scaling of silicon transistors is approaching its physi-
cal limit, two-dimensional (2D) semiconductors have emerged

as potential channel materials in future electronics owing to
atomically thin thickness and dangling-bond-free surfaces [1-11].
Nevertheless, the performance of 2D semiconductor-based field-
effect transistors (FETs) is severely hampered by high contact
resistance at metal/semiconductor interfaces [8, 12-14]. This

and low tunneling barrier is essential for realizing ultralow
contact resistance in 2D semiconductor electronic devices.

Conventional strategies for contact engineering often face a fun-
damental trade-off problem governed by interfacial interaction
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strength. In traditional bulk metal/semiconductor contacts,
strong covalent bonding at the interface induces significant
Fermi-level pinning (FLP), severely restricting the tunability of
Schottky barrier height (SBH). To achieve tunable SBH and
Ohmic contact, several approaches have been proposed, includ-
ing the insertion of buffer layers [15-17], semi-metal contacts [12,
13], 3D metal van der Waals (vdW) contacts [18-22], and 2D metal
electrodes [23-31]. While these approaches effectively suppress
FLP through weak vdW coupling and enable efficient SBH mod-
ulation, they inevitably introduce a sizable vdW gap. This vdW
gap is responsible for an additional tunneling barrier, ultimately
increasing the interfacial barrier and contact resistance. As a
result, due to this inherent trade-off between interface interaction
strength and tunneling barrier, it remains a significant challenge
to simultaneously achieve Ohmic contact and low tunneling
barrier in metal/semiconductor contacts.

The recent synthesis of the MoSi,N, monolayers has drawn
significant research interest due to its high carrier mobility and
outstanding environmental stability [32]. Among this material
family, Janus MGeSiN, (M = Mo, W) monolayers exhibit an
asymmetric structure with out-of-plane polarization [33-35], tun-
able bandgaps, and high carrier mobility, making them attractive
channel materials for advanced electronics [36, 37]. Although
Janus MGeSiN, monolayers have not yet been experimentally
realized, the parent material MoSi,N, has been successfully syn-
thesized via chemical vapor deposition [32], demonstrating the
experimental viability of the MA,N, family. The Janus MGeSiN,
derivatives have been predicted to be dynamically and thermally
stable [33-35], suggesting that they are promising targets for
future experimental synthesis. Concurrently, 2D metallic MXenes
present a unique combination of high electrical conductivity,
widely tunable work functions, and diverse surface terminations
[38-43], which render them ideal electrode candidates [44-46].

The concept of hydrogen-bonding contacts has been recently
demonstrated in 2D semiconductor contacts, where ultra-low
contact resistance can be achieved in hydrogen-bonded hetero-
junctions [44]. Yan et al. performed high-throughput screening
of all-MXene junctions and identified six Schottky-barrier-free
metal-semiconductor junctions with weak FLP and high carrier
tunneling [47]. Gong et al. revealed that the interfacial coupling
strength dictates a competition between FLP and carrier tunnel-
ing efficiency in metal/TMD contacts [48]. These studies have
focused primarily on non-polar or symmetric semiconductors. In
contrast, the intrinsic out-of-plane dipole of Janus MGeSiN, gives
rise to distinct surface properties on the Ge-N and Si-N sides,
providing additional degrees of freedom for tuning interfacial
characteristics when contacting with MXene electrodes.

In this work, we propose a novel strategy to break the aforemen-
tioned trade-off by employing MXenes as electrodes for Janus
MGeSiN, semiconductors. Using density functional theory (DFT)
and the non-equilibrium Green’s function (NEGF) calculations,
we demonstrate that the contact type (Schottky, n-type Ohmic, or
p-type Ohmic) can be selectively engineered by choosing MXenes
with appropriate surface terminations. More importantly, Ohmic
contact and high tunneling probability can be simultaneously
achieved in OH-terminated MXene (OH-MXene)/MGeSiN, con-
tacts through hydrogen-bond-induced medium-strength inter-
facial coupling. The tunneling probability reaches 37.91% -

61.92% for OH-MXene contacts, with the maximum of 61.92%
for Ti;C,(OH),/WGeSiN, on the Si-N side, far exceeding that of
F/O-terminated MXene (F/O-MXene) contacts (1.87% — 6.19%).
Furthermore, by employing Sure Independence Screening and
Sparsifying Operator (SISSO) machine learning method, we
develop accurate descriptors for the SBH and tunneling barrier,
which reveal the fundamental structure-property relationships
and provide guidance for designing highly efficient contacts in
2D semiconductor devices.

2 | Computational Methods

We performed density functional theory (DFT) calculations using
the Vienna Ab initio Simulation Package (VASP) within the
projector-augmented wave (PAW) method [49-52]. The gener-
alized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional was used to describe the exchange-
correlation interactions [53]. Grimme’s DFT-D3 approach is
adopted to correct the vdW interaction between MXene and
MGeSiN, [54]. The plane-wave cutoff energy was set to 500 eV,
and a 11 x 11 x 1 Monkhorst-Pack k-point mesh was used for
geometry optimization. The convergence criteria of energy and
force are 10~° eV and 0.01 eV/A, respectively. A dipole correction
was applied in all calculations. A vacuum region of 20 A is
employed along the out-of-plane z direction to eliminate the inter-
action between periodic slabs. The electronic transport properties
were studied using the non-equilibrium Green’s function (NEGF)
method within the TRANSIESTA package [55-57]. The SISSO
machine learning method was employed to predict the SBH and
tunneling barrier of MXene/MGeSiN, contacts [58-60].

3 | Results and Discussion

3.1 | Geometric Structure and Interfacial
Interaction of MXene/MGeSiN,

The Janus MGeSiN, (M = Mo, W) monolayer is formed by
MN, layer sandwiched between Ge-N and Si-N layers on both
sides, as displayed in Figure la. The structural stability of Janus
MGeSiN, monolayers was verified by phonon spectra and ab
initio molecular dynamics (AIMD) simulations at 300 K (Figure
S1). The absence of imaginary frequencies in the phonon dis-
persion and the stable energy evolution over 10 ps at 300 K
confirm the dynamical and thermal stability of both MoGeSiN,
and WGeSiN, monolayers. The optimized lattice constants of
MoGeSiN, and WGeSiN, monolayers are 2.96 A. It is evident
from Figure 1c,d that both MoGeSiN, and WGeSiN, monolayers
are the indirect bandgap semiconductor, with PBE-level bandgap
of 1.36 and 1.61 eV, respectively. We also calculate the band
structures of MoGeSiN, and WGeSiN, monolayers by the HSE06
functional (Figure S2). To validate these results, we performed
HSEO06 calculations, which yield larger bandgaps while preserv-
ing the indirect bandgap character and the relative band-edge
positions. Since our contact-type analysis depends primarily
on the relative alignment of band edges with the Fermi level
rather than the absolute bandgap values, the PBE functional is
adopted for the contact properties calculations. Based on the
electrostatic potential calculations, the intrinsic dipole moments
(Dy) of MoGeSiN, and WGeSiN, monolayers are 0.022 and
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FIGURE 1 | Top and side views for (a) MGeSiN, monolayer, (b) MXenes. The band structure and electrostatic potential for (c) MoGeSiN, and
(d) WGeSiN, monolayers. (e) The band alignments between MGeSiN, and work functions of MXenes. Ega, Ec, By, and Eg represent the electronic
affinity, conduction band minimum (CBM), valence band maximum (VBM), and bandgap for MGeSiN, monolayer.

0.021 e A, respectively. The electrostatic potential differences (V)
between two sides are 0.59 eV for MoGeSiN, and 0.54 eV for
WGeSiN, monolayers. These results are in a good agreement with
the previous reports [33, 35-37].

Twelve kinds of metallic MXenes are used as electrodes in our
simulations, including Ti;C,(OH),, Ti;N,(OH),, Hf,N(OH),
with the -OH terminations, Ti;C,F,, Ti;N,F,, Hf,NF,, Hf,CF,,
Zr,NF,, Zr,CF, with the -F terminations, Ti;N,0,, Ti;C,0,,
Hf,NO, with the -O terminations. The structures of these
MXenes are illustrated in Figure 1b and their band structures
are displayed in Figure S3. For a comprehensive study, the work
functions of the selected MXenes range from 1.95 to 6.17 eV
(Figure le), and their optimized lattice constants range from 3.01
to 3.31 A (Table S1). MXene/MGeSiN, contacts are constructed by
straining the lattice constant of MXene to match that of MGeSiN,
monolayer. The supercell matches between MGeSiN, and MXene
are (1x1) MGeSiN, /(1x1) Ti;C,F, (Ti;C,0,, Ti;C,(OH),, TisN,F,,

Ti;N,0,, and Ti;N,(OH),), and (2x2) MGeSiN,/(1/3x4/3)
Hf,CF, (Hf,NF,, Hf,NO,, Hf,N(OH),, Zr,CF,, and Zr,NF,). The
lattice mismatches are from 1.69% to 5.79%, which are listed in
Table S1.

Due to the asymmetric Janus structure of MGeSiN,, the
MZXene can contact with two distinct surfaces: the Ge-N side
and the Si-N side. For MoGeSiN,, we denote MXene con-
tacting the Ge-N side as MXene/MGSN and the Si-N side
as MXene/MSGN. For WGeSiN,, the corresponding notations
are MXene/WGSN (Ge-N side) and MXene/WSGN (Si-N side).
For simplicity, MXene/MoGeSiN, (WGeSiN,) is used to denote
both MXene/MGSN and MXene/MSGN (MXene/WGSN and
MXene/WSGN). For MXene/MGeSiN,, there are six types of
stacking configurations, respectively, as illustrated in Figure S4.
To obtain the most stable interfacial configuration, we calculated
their binding energy (E,), which is defined as E,= (E. —
Evosy — Em)/A, where E¢, Eyggn, and Ey are the total energies
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FIGURE 2 | The binding energies and interlayer distances of (a) MXene/MoGeSiN, and (b) MXene/WGeSiN, contacts. The electron localization
function (ELF) of (c) Ti3C,X,/MGSN and (d) Ti3C,X,/MSGN contacts. The plane-averaged charge density Ap (z) of (e) Ti3C,X,/MGSN and
(f) TizC,X,/MSGN contacts. Independent gradient model (IGM) map of interlayer and intralayer interactions for (g) Tiz;C,F,/MGSN,
(h) Ti3C,0,/MGSN, (i) Ti;C,(OH),/MGSN contacts. The gray and colored regions represent the intralayer and interlayer interactions, respectively.
The green and blue regions correspond to vdW forces and hydrogen bonding (H-bond), respectively.

of the MXene/MGeSiN, contact, MGeSiN, and MXene monolay-
ers, respectively, and A is the interface area. The binding energies
of different stacking configurations for MXene/MoGeSiN, and
MXene/WGeSiN, contacts are listed in Tables S2 and S3, respec-
tively. According to the binding energy calculations, the most
stable stacking configurations are AB* for Ti;C,F,, Ti;C,0,,
Ti;N,F, and Ti;N,0,, AA* for Ti;C,(OH), and Ti;N,(OH),, AA
for Hf,CF,, Hf,NF,, Hf,NO,, Hf,N(OH),, Zr,CF, and Zr,NF,,
which are illustrated in Figure S5 and used in the following study.

The binding energies and interlayer distances of
MXene/MoGeSiN, and MXene/WGeSiN, contacts are displayed
in Figure 2a,b, which are also summarized in Tables S4 and
S5, respectively. The interlayer distance d of MXene/MGeSiN,
is defined as the distance between the N atoms of MGeSiN,
and the atoms of MXene close to the interfaces, as illustrated
in Figure S5. It can be observed from Figure 2a,b that for F-
and O-MXenes, the interlayer distances of MXene/MoGeSiN,
and MXene/WGeSiN, are in the range of 2.58 - 3.11 and 2.59 -
2.95 A, respectively. The binding energies span —32.03 -—56.74
meVA~2 for MXene/MoGeSiN, and —23.46 ——46.79 meVA~2 for
MXene/WGeSiN,, which is comparable to the typical binding
energies governed by the vdW interactions [61]. At the same

time, for OH-MXenes, such as Ti;C,(OH),, Ti;N,(OH), and
Hf,N(OH),, the E, values vary between —80.39 and —121.51
meVA~2 in MXene/MoGeSiN, and —72.56 -—84.48 meVA~2
in MXene/WGeSiN,, which belong to the range of hydrogen
bonding [62]. The corresponding interlayer distances are ranged
from 1.75 to 1.93 A for OH-MXene/MoGeSiN, and from 1.80 to
1.99 A for OH-MXene/WGeSiN,, in agreement with the bond
length of hydrogen bond between O—H and N.

Following, we calculated the electron localization function (ELF)
of MXene/MGeSiN, contacts to analyze the interfacial bond
strength [63, 64], as illustrated in Figure 2c,d and Figures S6 and
S7. Taking Ti;C,X,/MoGeSiN, (X=F, O, OH) as examples, it can
be seen from Figure 2c,d that Ti;C,(OH),/MoGeSiN, exhibits the
large electron density at the interface, suggesting the relatively
strong orbital overlap, which is consistent with the small d and
the large E, due to its hydrogen bonding. In contrast, no electron
density is found at the interfaces of Ti;C,F,/MoGeSiN, and
Ti;C,0,/MoGeSiN,, indicating the weak interfacial interactions,
corresponding to the large d and the small E, owing to its vdW
interaction. The interfacial bond strength of MXene/MGeSiN,
can be further assessed from the plane-averaged charge density
difference, which are displayed in Figure 2e,f and Figure S8 and
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S9. The plane-averaged charge density difference is defined as
the difference between MXene/MGeSiN, contacts and the sum of
MGeSiN, and MXene, i.e, Ap = 0c — Pugesin, = Pumxene It CAN
be seen from Figure 2e,f that the larger charge transfer is observed
in Ti;C,(OH),/MoGeSiN, than that of Ti;C,F,/MoGeSiN, and
Ti;C,0,/MoGeSiN,, indicating the relatively strong interfacial
interaction in Ti;C,(OH),/MoGeSiN,. The same phenomenon
is also observed in MXene/WGeSiN, contacts, as evident from
Figures S7 and S9.

To further identify the nature of the interfacial interaction, we
performed independent gradient model (IGM) analyses [65, 66],
as illustrated in Figure 2g-i. The results indicate that for
Ti;C,F,/MGSN and Ti;C,0,/MGSN contacts, the interlayer inter-
actions are governed by typical vdW interactions. In contrast,
Ti;C,(OH),/MGSN contact exhibits the characteristic of hydro-
gen bonding. This assignment is further supported by Crystal
Orbital Hamilton Population (COHP) analysis [67, 68], as shown
in Figure S10. For Ti;C,F,/MoGeSiN, and Ti;C,0,/MoGeSiN,,
the bonding states below the Fermi level are nearly negligible,
indicating extremely weak interfacial interactions, character-
istic of typical vdW interactions. Whereas Ti;C,(OH),/MGSN
(MSGN) exhibits pronounced bonding states below the Fermi
level, with a substantially larger integrated COHP (ICOHP)
values of —0.883 (—0.811) eV, consistent with hydrogen-bonding
interactions. These IGM and COHP findings, together with the
binding energy, ELF, and charge density difference, consistently
support our classification of interfacial interactions.

To further evaluate the thermodynamic stability of the OH-
MZXene/MGeSiN, contacts at finite temperatures, we performed
AIMD simulations on the representative Ti;C,(OH),/MGSN con-
tact at 300 K over 10 ps. As shown in Figure S11, the total energy
remains stable throughout the simulation, and the interfacial
hydrogen-bond remains intact without any bond dissociation or
structural reconstruction. This confirms the thermal stability of
the hydrogen-bonded interface at room temperature. Moreover,
previous machine-learning molecular dynamics studies on sim-
ilar hydrogen-bonded heterojunctions have demonstrated their
stability up to 350 K [44], supporting the robustness of our
proposed contact scheme under practical operating conditions.

3.2 | Contact type, Schottky barrier and FLP of
MXene/MGeSiN,

The SBH is important for achieving the low contact resistance in
metal-semiconductor contacts. Based on the Schottky-Mott rule
[69, 70], the SBH value is defined as @, = E¢ - Er and @, = Ep -
Ey. Where @, and @, denote the SBH of the electrons and holes,
respectively, and Ey is the Fermi level of MXene/MGeSiN,. E. and
Ey, are the energies of the conduction band minimum (CBM) and
valence band maximum (VBM) of MGeSiN,, respectively. When
the Ey, is close to the CBM/VBM of MGeSiN4, it is an n-type/p-
type Schottky contact. If @, <0 or @, <0, it is an n-type or p-type
Ohmic contact.

The projected band structures of MXene/MGeSiN, contacts are
shown in Figures S12-S15. The obtained @, and &, values are
summarized in Tables S4 and S5. Based on &, and @, values,
the contact types of MXene/MGeSiN, are classified into three

types: Schottky contact, n-type Ohmic contact, and p-type Ohmic
contact, as shown in Figure 3a. For MXene with low Wg,
MZXene/MGeSiN, tends to form n-type Ohmic contact, such as
Ti;C,(OH),, Ti;N,(OH), and Hf,N(OH),. For example, it can be
seen from the projected band structure of Ti;C,(OH),/MGeSiN,
(Figure 3b,c) that the CBM of MGeSiN, crosses the Fermi level
and forms the n-type Ohmic contact, suggesting that electrons
are freely injected from Ti;C,(OH), to MGeSiN,. On the contrary,
for MXene with the high W, for instance Ti;C,0, (W = 6.17eV),
the E; of Ti;C,0,/MGeSiN, is lower than the VBM of MGeSiN,
(Figure 3d,e), indicating the formation of the p-type Ohmic
contact. Thus, there is a barrier-free hole injection from Ti,;C,0,
to MGeSiN,. For both the n-type and p-type Ohmic contact, no
Schottky barrier exists at the interface of MXene/MGeSiN,, which
can achieve the spontaneous electron/hole transfer between
MZXene and MGeSiN,.

As for MXene with the medium Wy, such as Ti;N,F, and Ti;C,F,,
Schottky contact is easily formed. Taking Ti;C,F,/MGeSiN, as
an example, the Ep of Ti;C,F,/MGeSiN, is located between the
CBM and VBM of MGeSiN, (Figure 3f,g). Due to the existence
of Schottky barriers, the electron/hole transfer will be hindered
at the interface of Ti;C,F,/MGeSiN,. Due to the Janus structure
of MGeSiN,, the Wy of the Ge-N side is larger than Si-N side in
the MGeSiN, monolayer. Therefore, for some MXene, the contact
types will depend on the contact side of MGeSiN,. For instance,
it can be seen from Figure S8 that Zr,NF,, Zr,CF, and Hf,NO,
contacting with Ge-N side tend to form the n-type Ohmic contact,
while Zr,NF,, Zr,CF, and Hf,NO, contacting with Si-N side
easily form Schottky contact.

Due to the existence of interface dipole, it is difficult to achieve the
Schottky-Mott limit in MXene/MGeSiN, contacts. The dipole at
the interface of metal and semiconductor will induce a potential
difference (AV), which leads to the FLP effect and thus a deviation
of SBH from the Schottky-Mott limit [22, 25]. The FLP strength
can be described using the pinning factor S, which is defined
as S,, = ld®, ,/dWyl, where S, and S, are the pinning factor
of the electron and hole, W), is work function of MXene. The
pinning factor S =1 denotes no FLP effect, corresponding to the
Schottky-Mott limit. Whereas S = 0 indicates a strong FLP effect.
Taking MXene/MoGeSiN, as an example, it can be found from
Figure 4 that the pinning factor S, and S, of MXene/MGSN are
0.36 and 0.42, smaller than that of MXene/MSGN (S, = 0.46
and S, = 0.48), indicating that MXene/MSGN have a weaker
FLP than MXene/MGSN. The plane-averaged charge density
difference (Ap) demonstrates that the Ap of MXene/MGSN is
larger than that of MXene/MSGN (see Figure S6), suggesting a
smaller interface dipole and thus a weaker FLP in MXene/MSGN.

Since the deviation of SBH from the ideal Schottky—Mott limit
mainly originates from the interfacial potential difference AV
(i.e., the interface dipole), the corrected SBH values can be
obtained by removing this dipole contribution: ®cn = &n — AV
and &cp = Pp + AV. The potential difference AV can be defined
as AV=V; — V,,, where Vs and V), are the electrostatic potentials
of MGeSiN, side and MXene side at the contact interfaces. The
corrected pinning factor of MXene/MGSN are S, = 1.02 and
S, =1.06, and S,, =1.03 and S, =1.05 for MXene/MSGN, respec-
tively. We note that the corrected pinning factor slightly exceeds
the ideal Schottky-Mott limit of S = 1. The slight overcorrection
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FIGURE 3 | (a) Schematic diagram of n-type Ohmic contact, p-type Ohmic contact, and Schottky contact. The projected band structures of
(b) Ti3C2(OH)2/MOGeSiN4, (C) T13C2(OH)2/WGeSlN4, (d) Ti3C202/MOGeSiN4, (e) TingOz/WGeSiN4, (f) TingFz/MOGeSiN4, (g) T13C2F2/WGeSIN4
The blue and gray dots represent the contributions from MGeSiN, and MXene, respectively.

arises from the strain effect induced by lattice mismatch upon
interface formation, which modifies the semiconductor band
edge positions and the metal work function. A similar observation
was reported for MSi,N,-based vdW contacts [71], where S > 1
appeared after dipole correction but returned to close to 1
when strain was also included. Therefore, our observed S > 1
originates from the residual strain effect after dipole removal,
while the interface dipole remains the dominant factor governing
the deviation of the SBH from the Schottky-Mott limit. We
also observe similar results for the MXene/WGeSiN, contacts
(Figure S16).

3.3 | Tunneling Barrier, Tunneling Probability
and Transport Property

Besides a Schottky-barrier-free injection, the low tunneling bar-
rier is also important for achieving the low contact resistance.
The tunnel barrier can be estimated using the tunnel barrier
height (&) and width (Wqg). As indicated in Figure 5a, @y is
defined as the potential difference between @, and Ey [13, 72].
Wiy is also illustrated in Figure 5a. The values of @1y and Wiy
are extracted from the electrostatic potential of MXene/MGeSiN,

contacts (Figures S17-S20), which are summarized in Tables S6
and S7. Figure 5b,c shows @13 and Wyy of MXene/MGeSiN,
contacts. We observe that for F- and O-MXenes, the @5 values
range from 3.05 to 5.48 eV (2.88 - 5.36 eV) and the Wy spans 1.51
to1.72 A (1.46 - 1.75 A) in MXene/MoGeSiN, (MXene/WGeSiN,).
In the case of OH-MXenes, the & values of 0.76 - 1.28 eV
for MXene/MoGeSiN, and 0.65 - 1.28 eV for MXene/WGeSiN,,
with corresponding Wy of 0.72 - 0.82 A and 0.58 - 0.89 A,
respectively. As compared with the case of F- and O-MXenes, OH-
MXene/MGeSiN, systems have much lower @ and smaller W,
due to hydrogen-bond-mediated medium-strength interfacial
interaction, which are also much lower than the ultralow values
recently reported for Bi-MoS, (3.6 eV, 1.66 A) [13] and Sb(0112)-
MoS, (3.05 eV, 1.35 A) [12]. Furthermore, we analyzed the
relationship between Wi and Ey in MXene/MGeSiN, contacts.
As follows from Figure 5d,e, an obviously negative correlation
exists between Wy and E,. Specifically, F-MXene/MGeSiN, and
O-MXene/MGeSiN, have the weak interfacial binding strength
due to the vdW interaction, which corresponds to the larger
Wig. Whereas OH-MXene/MGeSiN, have the relatively strong
interfacial binding strength due to hydrogen-bond-mediated
medium-strength interfacial interaction, which result in the
smaller Woy.
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FIGURE 4 | The variation of @, and @, as the MXene work function for (a, ¢c) MXene/MGSN and (b, d) MXene/MSGN contacts. The blue and red
lines denote the fitted FLP factor without and with AV correction, respectively. The black dashed line denotes the Schottky-Mott limit (S=1).

The carrier injection efficiency can quantitatively be estimated
using the tunneling probability (Prg) [73, 74]. The high Py
values can improve the efficiency of carrier injection. The Py is
calculated as follows [75]:

2w
Prp =exp <_ hTB V 2me‘bTB)

where # is the reduced Planck’s constant, m, denotes the mass
of a free electron. The Pry values of MXene/MGeSiN, contacts
are listed in Tables S6 and S7, which are also displayed in
Figure 5f,g. It can be seen that for OH-MXenes, the Pry values
can reach 39.10-52.56% for MXene/MoGeSiN, and 37.91-61.92%
for MXene/WGeSiN, due to the low &z and small Wiz, which
are higher than those of F- and O-MXene/MoGeSiN, (1.87-5.61%)
and F- and O-MXene/WGeSiN, (2.25-6.19%).

Further, we calculated the tunneling-specific resistivity (o,) of
MXene/MGeSiN, contacts based on the values of @ and Wy,
which can be given by the Simmons tunneling injection model as
follows [76, 77]:

22my) 1/2
exp Wip®
25112 TB
o = AT AW 3,
t 2 1/2
€ (2me) 1/2
" Wrp®@p — 1

where # is the reduced Planck constant, m, is the mass of
a free electron. The value of a equals 1 at the square-barrier

approximation. The p, values of MXene/MGeSiN, contacts
are summarized in Tables S6 and S7 and also illustrated in
Figure 5(h,i). We found that the p, values of the F- and
O-MXene/MoGeSiN, (MXene/WGeSiN,) are in the range of
3.46 x 107 - 8.00 x 107° Q-cm? (2.68 x 107 - 7.11 x 107
Q-cm?). While for OH-MXenes, the p, values span 0.33 — 0.40 X
107° Q.cm? for MXene/MoGeSiN, and 0.25-0.47 x 1071
Q-cm? for MXene/WGeSiN,, smaller than that of F- and O-
MXene/MGeSiN,. The p, of OH-MXene/MGeSiN, are two orders
of magnitude lower than the ultralow values previously reported
in Bi/MoS, (1.81 x 10~° Q-cm?) and Sb/MoS, (1.59 x 10~° Q-cm?)
[12, 13]. The results indicate that benefiting from hydrogen-
bond-mediated medium-strength interfacial interaction, the low
& and small Wy can be achieved in OH-MXene/MGeSiN,,
which leads to the high P and low p,. Therefore, hydrogen-
bond-dominated MXene/MGeSiN, could significantly enhance
the carrier injection at contact interfaces.

Based on the above findings, we conclude that the Ohmic
contacts, the high tunneling probability, and the low
tunneling-specific resistivity can be achieved simultaneously
in OH-MXene/MGeSiN, contacts, which would result in
the high carrier injection efficiency. To further confirm
the enhanced transport performance by hydrogen-bonding
contacts, taking Ti;C,X,/MoGeSiN, (X = F, O, OH) contacts
as examples, a double-probe FET model is constructed, as
shown in Figure 6a,b. It can be seen from the transmission
spectra that Ti;C,F,/MoGeSiN, exhibits Schottky contacts,
whereas  Ti;C,(OH),/MoGeSiN, and Ti;C,0,/MoGeSiN,
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FIGURE 5 | (a) The schematic diagram of tunneling barrier height (&r5) and width (Wyg). The relationship between &y and Wiy for

(b) MXene/MoGeSiN, and (c) MXene/WGeSiN,. The relationship between E;, on Wqg for (d) MXene/MoGeSiN, and (e) MXene/WGeSiN,. The
tunneling probability (Prg) and tunneling specific resistivity (o;) for (f, h) MXene/MoGeSiN, and (g, i) MXene/WGeSiN,.

present the Ohmic contacts (Figure 6c,d). The contact types
are consistent with the analysis from the projected band
structures (Figure 2(b-d)). In addition, the transmission
coefficient of Ti;C,(OH),/MoGeSiN, is larger than those of
Ti;C,0,/MoGeSiN, and Ti;C,F,/MoGeSiN, (Figure 6c,d), which
coincides with larger charge transfer in Ti;C,(OH),/MoGeSiN,
due to hydrogen bonding at the interfaces (Figure 2e,f).

The current-voltage (I-V) curves of Ti;C,X,/MoGeSiN,
contacts are calculated and illustrated in Figure 6e,f. For
Ti,C,F,/MoGeSiN, contacts, the current is insignificantly small
and changes negligibly with the increasing bias voltage. The
current density of Ti;C,F,/MGSN and Ti;C,F,/MSGN at a bias
voltage of 0.2V is only 0.17 mA/um and 0.07 mA/um, respectively,
owing to Schottky barrier-induced carrier injection suppression.
In contrast, Ti;C,(OH),/MoGeSiN, and Ti;C,0,/MoGeSiN,
contacts exhibit linear I-V characteristics with increasing bias
voltage, indicative of Ohmic contact behavior. At 0.2 V bias,
the current densities of Ti;C,0,/MGSN and Ti;C,0,/MSGN
reach 15.60 mA/pm and 10.84 mA/um, respectively, while
those of Ti;C,(OH),/MGSN and Ti;C,(OH),/MSGN rise
up to 51.04 mA/pm and 28.41 mA/um, substantially higher

than those of Ti;C,0,/MoGeSiN,. The significant current
enhancement in Ti;C,(OH),/MoGeSiN, contacts can be
attributed to the suppression of tunneling barrier induced by
hydrogen bonding. We further perform NEGF simulations for
Ti;N,(OH),/MGSN, Hf,N(OH),/MGSN and Ti,C,(OH),/WGSN
contacts, with their I-V curves shown in Figure S21. Each of
these contacts exhibit current densities significantly higher
than those of Ti;C,F,/MGSN and Ti;C,0,/MGSN, confirming
the superior transport performance of OH-MXene contacts.
Therefore, hydrogen-bonding contact simultaneously achieves
Ohmic behavior and suppressed tunneling barriers, which can
significantly improve the transport performance and lead to the
better device performance.

Finally, we briefly discuss the practical stability of OH-MXenes,
a well-known concern in the MXene community. Recent
experimental advances have demonstrated that OH-MXenes can
be successfully integrated into electronic devices through low-
temperature solution-based processing. For example, Liu et al.
fabricated hydrogen-bond-integrated flexible transistors using
Ti;C,(OH), as electrodes via an all-solution process below 100°C
[45], effectively avoiding high-temperature-induced OH—O
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FIGURE 6 | Structure illustration of MoGeSiN,-based field-effect transistor for (a) Ti;C,X,/MGSN and (b) Ti;C,X,/MSGN contacts. Zero-bias
transmission spectra for (c) TizC,X,/MGSN and (d) Ti;C,X,/MSGN contacts. I-V curves for (e) TizC,X,/MGSN and (f) TizC,X,/MSGN contacts.

conversion. Therefore, by adopting dry transfer or low-
temperature solution processing strategies, the degradation
concerns of OH-MXenes can be effectively mitigated, confirming
the experimental feasibility of our proposed hydrogen-bonding
contact scheme.

3.4 | Machine Learning Predicts Schottky and
Tunneling Barriers

As discussed, both the SBH and tunneling barrier govern the
carrier injection efficiency at MXene/MGeSiN, contacts. There-
fore, it is essential to have a fundamental understanding of the

parameters influencing these barriers. The machine learning
model SISSO is used to explore the relationships between the
complex factors and the interfacial electronic properties [58-
60]. The SISSO method can establish the mathematical formula
to predict the materials’ property using the relevant character-
istics descriptors. The relevant characteristics are selected as
the feature descriptors: MXene work function (W), interfa-
cial potential difference (AV), intrinsic potential difference of
MGeSiN, (V,), MGeSiN, work function (W;), intrinsic dipole
moment of MGeSiN, (D,), interfacial dipole moment (D;,), total
dipole moment (D), interlayer distance (d), and binding energy
(Ey). These data are obtained from the first-principles calculation
results and listed in Tables S8-S11. The mathematical operators
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+, —, X, /, exp, exp~, 7, 2, 3, sqrt, cbrt, log, and |- | are employed

to explore the potential relationships between the factors and
interfacial electronic properties. In order to obtain the accurate
result from SISSO, we consider the different complexity of the
descriptors (from 0 to 7) to predict the SBH (&,, @,) and the
tunneling barrier (@, Wrg).

To ensure the statistical reliability of the SISSO models, we have
expanded the dataset by including three additional OH-MXene
contacts (V;C,(OH),, Nb;C,(OH),, and Mo,C,(OH),) with both
Ge-N and Si-N sides of MoGeSiN, and WGeSiN,. This yields
a total of 60 interfaces for each target property, with the OH-
MZXenes increase from 3 to 6, significantly improving the data
balance. With this expanded dataset, we trained the SISSO models
for @,, ®,, @r, and Wyy. The SISSO descriptor formulas are
presented in Tables S12 and S13. We further performed leave-
one-out cross-validation (LOOCV) to assess the predictive power
and generalizability of the identified descriptors. As summarized
in Tables S14 and S15, the LOOCV R? values closely match
the training R? values for all target properties, confirming that
the descriptors are robust against overfitting and possess good
generalizability.

The SISSO descriptor formulas for the SBH (&,, ®,) and the
tunneling barrier (®r5, Wrg) across complexities 0-7 are sum-
marized in Tables S12 and S13. The Pareto charts of R* under
the different complexity are illustrated in Figure 7a,b (for @,
@,) and Figure 8a,b (for @rp, Wrp). It can be seen that as
the complexity increases, the RMSE gradually decreases while
R? increases, demonstrating progressively improving descriptor
accuracy. A suitable descriptor requires balancing between low
complexity and high accuracy. Following the Pareto optimality
principle and the LOOCYV results, complexity 2 achieves the
best balance between accuracy and generalizability, with further
increases in complexity yielding negligible R? improvements. The
corresponding descriptor formulas are 0.02(Wy/V,)*~— 0.61 for
D,, — 0.06Wy x (Vo + W) + 2.18 for @,, 1.96 (Wy—Ws)/d +
4.60 for @, and — 0.98 Wg/d* + 2.32 for Wy, respectively. As
shown in Figures 7c,d and 8c,d, the SISSO-predicted values are in
good agreement with the DFT-calculated results. The descriptors
reveal that Wy, and V; are the dominant factors governing the
SBH, while @y is primarily determined by Wy, Ws, and d, and
Wi is mainly influenced by Wy and d. These insights provide
clear guidance for designing MXene/MGeSiN, contacts with
tailored Schottky and tunneling barriers.

4 | Conclusion

In conclusion, we have demonstrated a potential strategy to
overcome the trade-off in metal/semiconductor contacts through
rational design of MXene electrodes for Janus MGeSiN, semi-
conductors. Our DFT and NEGF calculations reveal that the
work function of MXenes governs the SBH, enabling selective
formation of Schottky, n-type Ohmic, or p-type Ohmic contacts,
while the surface termination directly modulates the tunnel-
ing barrier through tailored interfacial coupling strength. Most
significantly, we find that OH-MXenes form hydrogen-bond-
mediated medium-strength interfacial coupling that simultane-
ously enables Ohmic contact and high tunneling probability,
ranging from 37.91% to 61.92% and substantially surpassing those

of F/O-MXene contacts. The superiority of this hydrogen-bonding
strategy is further confirmed by quantum transport simulations,
showing significantly enhanced current transport in OH-MXene
devices compared to their F- and O-terminated counterparts.
In addition, using SISSO machine learning, we identify key
descriptors for the Schottky barrier, tunneling barrier height, and
tunneling barrier width. Our findings provide valuable guideline
for achieving Ohmic contacts with low tunneling barriers and
may facilitate the development of highly efficient electrical
contacts in 2D electronic devices.
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