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MXenes offer a unique platform for designing high-performance electronic devices due to their diverse
properties and chemical tunability. This study focuses on engineering low-resistance metal-
semiconductor contacts using MXenes for future field-effect transistor applications. Through a
comprehensive approach combining first-principles calculations, transport simulations, and alloy
phase engineering, we demonstrate the feasibility of achieving low-resistance contacts with high
current-carrying capacity. Through first-principles calculations, we identify promising MXene
heterojunctions based on lattice matching and Schottky barrier height. Notably, the Ta,CO,-TioCO,
contact exhibits a remarkably low Schottky barrier height. Using non-equilibrium Green’s function
calculations, we demonstrate high output current in this contact, indicating low resistance. Further
analysis reveals the critical role of carrier density and detrimental impact of metal-induced gap states.
To suppress metal-induced gap states, we propose an interfacial alloying strategy using a Tap,Tig(1-
»COz2 solid solution, which reduces interfacial charge transfer and promotes smoother electronic
coupling. This, inturn, reduces the Fermi-level pinning effect and contributes to a substantial reduction
in contact resistance across the MXene interface. This study highlights the potential of MXenes as
building blocks for advanced electronics and provides a pathway for engineering high-performance

contacts through a combined computational and design approach.

The miniaturization in electronics has pushed silicon-based metal-oxide-
semiconductor field-effect transistors (MOSFETs) to their physical limits,
leading to the exploration of alternative materials'. Two-dimensional (2D)
semiconductors have emerged as promising candidates due to their unique
electronic properties, atomic-scale thickness, and potential for ultimate
scalability’™. These materials can overcome the limitations of conventional
silicon technology, including enhanced electrostatic control, high carrier
mobility, and tunable bandgaps. However, a major obstacle in developing
high-performance electronic devices with 2D semiconductors is the diffi-
culty in forming efficient electrical contacts with metal electrodes. This
interface presents unique challenges stemming from the atomic-scale
thickness of 2D materials, which can lead to considerable performance
limitations. Firstly, the limited contact area inherent to 2D materials results
in high contact resistance, impeding efficient charge carrier injection and
extraction. This resistance directly affects the device’s on-current, trans-
conductance, and overall switching speed. Secondly, Fermi-level pinning at
the metal-semiconductor interface can create a Schottky barrier, further
hindering charge transport.

Minimizing these detrimental effects requires a multi-pronged
approach. Edge contact engineering, where contacts are formed at the
edges of the 2D material, can effectively increase the contact area and reduce
resistance. Phase engineering of the 2D material in the contact region can
favourably modify its electronic properties and promote better energy level
alignment with the metal, reducing the Schottky barrier height. Furthermore,
judicious selection of contact metals with appropriate work functions is
crucial to minimize Fermi level pinning and achieve ohmic contact behavior.
Recent efforts in advancing FET technology have focused on utilizing 2D
materials, such as germanane, GeSe, phosphorene, and transition metal
dichalcogenides (TMDs), as semiconducting channels™. However, the
integration of these 2D semiconductors with conventional 3D metal contacts
often results in high contact resistance, primarily due to large Schottky bar-
riers and Fermi level pinning induced by interface dangling bonds, which
hinders their performance in high-efficiency FET applications'’™. While
phase engineering of TMDs, such as MoS,, offers a potential route to mitigate
these issues by creating 2D-2D metal-semiconductor edge contacts, the long-
term stability of the metallic phase remains a challenge".
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In this context, MXenes, a diverse family of 2D transition metal car-
bides, nitrides, and carbonitrides, present a compelling alternative. Their
high electronic conductivity, diverse compositions, and tunable electronic
properties make them promising candidates for realizing low-resistive
contacts in 2D FETs"™. For example, MXenes based on Group IV tran-
sition metals (Ti, Zr, Hf) are metallic in their pristine form but convert to
semiconductors when terminated with oxygenﬂ. Furthermore, the work
function of metallic MXenes demonstrates a strong sensitivity to the specific
surface termination elements'®*”. For example, oxygen-terminated
metallic MXenes exhibit a higher work function compared to their coun-
terparts terminated with fluorine or hydroxyl groups. This tunability of the
work function through surface modification provides a powerful tool for
engineering the electronic properties of MXenes and optimizing their per-
formance in device applications. The tunable electronic properties of
MXenes, ranging from metallic to semiconducting via surface termination,
allow for the realization of 2D-2D metal-semiconductor junctions within
the same material framework’"**”.

Furthermore, the solid-solution approach in MXenes offers a pro-
mising pathway for designing alloy-phase-based metal-semiconductor lat-
eral heterointerfaces with intrinsically low contact resistance. Numerous
studies have explored 2D lateral contacts between TMD-based metals and
semiconductors; however, large lattice mismatch, high Schottky barrier
heights, and poor electronic conductivity have limited their suitability for
high-performance FET applications””. An alternative strategy involves
phase engineering of MoS, by converting the semiconducting 2H phase into
the metallic 1T phase to form seamless lateral contacts without changing the
material’s composition. However, such phase transitions inevitably intro-
duce interface defects and dangling bonds, which hinder complete sup-
pression of MIGS™. In contrast, our alloy phase engineering approach
preserves the same crystal structure across both metallic and semi-
conducting regions. This strategy, uniquely feasible in MXenes due to their
versatile chemical tunability, enables the formation of a coherent and
continuous interface. The resulting valency compatibility and minimized
electronic discontinuities considerably reduce the formation of MIGS,
thereby improving charge injection and interface performance.

This study investigates the potential of M,CT, MXenes for con-
structing high-performance 2D-2D metal-semiconductor contacts. We
propose an approach leveraging the stability of MXene alloy phases to
engineer lateral contacts with low resistivity. By controlling alloy compo-
sition, we aim to achieve a seamless transition from metallic to semi-
conducting behavior within the MXene structure, minimizing the Schottky
barrier. We screened 21 M,CT, MXene compositions using DFT simula-
tions and identified six semiconductors and 15 metals. For each composi-
tion, two distinct structural configurations were considered, namely the TT
phase with octahedral coordination and the HH phase with trigonal pris-
matic coordination for transition-metal atoms in both layers. A systematic
screening process for optimum semiconductor-metal pair, considering
Schottky barrier height and lattice mismatch, identified three promising
candidates: Ta,CO,-Ti,CO,, Nb,CO,-Ti,CO,, and Zr,CF,-Sc,CF,. To
further assess their potential, we conduct a detailed investigation of the
current-voltage (I-V) characteristics of lateral contacts formed with these
combinations using the non-equilibrium Green’s function (NEGF) method.
We further investigated Tay, Ti(j.5CO,-Ti,CO, (where x = 0.25, 0.5, and
0.75) contacts and demonstrated tunability of contact properties through
alloying. This study provides a theoretical foundation for designing MXene-
based 2D-2D metal-semiconductor contacts with low contact resistance,
highlighting their potential to advance nanoelectronics.

Methods

The structural and electronic properties of MXenes were studied using
density functional theory (DFT) with the Vienna ab initio simulation
package (VASP)*. The electron exchange-correlation interaction was
approximated using the Perdew-Burke-Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA)”. To account for the strong
on-site Coulombic repulsion effects in transition metals, GGA + U

calculations were employed™. A Uvalue of 4 eV was applied for all transition
metals, in accordance with typical literature values™. The plane wave energy
cutoff was set to 400 eV to ensure an accurate depiction of the ground state.
The Brillouin zone was sampled with 12 x 12 x 1 k-grid. These parameters
were chosen based on a systematic convergence study to ensure an accurate
and reliable description of the ground-state properties (Figure. SI). A
vacuum layer of 20 A was introduced to prevent interlayer interactions. All
structures were optimized until the changes in total energy and Hellmann-
Feynman forces were less than 10™°eV and 0.01 eV/A, respectively. Bader
charge analysis is employed to quantify the charge transfer from the metal to
the semiconductor at the interface™.

Quantum transport calculations were performed using the NEGF
technique within the TranSIESTA code, employing a Double-Zeta Polar-
ized (DZP) basis set™ . An energy cutoff of 200 Ry was set for the real-space
grid to accurately evaluate the total energy. The electronic temperature was
set to 300 K, and the Brillouin zone was sampled with a dense 100 x 12 x 1
Monkhorst-Pack k-grid for transport calculations.

Results and discussion

To engineer low-resistive MXene-based metal-semiconductor edge con-
tacts, a comprehensive investigation of the electronic properties of M,X
MXenes was undertaken. This study focused on 21 M,C MXenes (M = Sc,
Ti, Zr, Hf, V, Nb, Ta) with O, F, and OH terminations. Both possible phases
were considered for each MXene composition based on crystal field sym-
metries: the TT phase, where both transition metals have octahedral coor-
dination symmetry, and the HH phase, where both transition metals have
trigonal prismatic coordination symmetry (Fig. la, b). As detailed in
Table. S1, only four out of the 21 compositions are stable in the HH phase,
while the remaining compositions favor the TT phase, consistent with
previous reports™”. Electronic band structure calculations for the most
stable phase of each composition revealed that 15 of the 21 MXenes exhibit
metallic behavior, characterized by the absence of a band gap near the Fermi
level. The remaining six MXenes (Sc;CO,, Sc;,CF,, Sc,C(OH),, Ti,CO,,
Zr,CO,, and Hf,CO,) demonstrate semiconducting properties with band
gaps ranging from 0.23 to 2.13 eV. Furthermore, the work function, a critical
parameter for determining the Schottky barrier height in metal-
semiconductor junctions, was found to be strongly dependent on the sur-
face termination. Specifically, the work function decreases as the termina-
tion changes from O to OH, followed by F, indicating the relative ease of
electron access from OH-terminated surfaces (Fig. 2a). Finally, the positions
of the conduction band minimum (CBM) and valence band maximum
(VBM) were determined (Fig. 2b) as these are crucial in dictating charge
carrier injection efficiency in metal-semiconductor contacts.

To achieve low-resistive MXene-based FETs, the identification of
suitable metal-semiconductor contacts with minimal Schottky barriers and
lattice mismatch is needed. The Schottky barrier height, which characterizes
the energy barrier for charge carrier injection between a metal and semi-
conductor, plays a critical role in determining the contact resistance
(Fig. 3a). Efficient charge injection requires a low Schottky barrier height,
ideally approaching zero for ohmic contact formation. According to the
Schottky-Mott rule, the Schottky barrier height is defined as:

9PN = 9P — AW and g p = E, - 9($,, — X): 1

Where ¢gp v and ¢g; , represent, n-type and p-type Schottky barrier
heights, respectively, ¢,, is the work function of the metal, q denotes the
charge of the electron, Ej is the band gap of the semiconductor, and ; is the
electron affinity of the semiconductor.

Given the 15 identified metallic and six semiconducting MXenes, a
total of 90 possible metal-semiconductor combinations were considered. A
systematic screening pipeline (Fig. 3b) was employed to identify promising
candidates. Initially, combinations with a lattice mismatch exceeding 3%
were excluded. Subsequently, a stringent criterion of a Schottky barrier
height below 0.3 eV, suitable for Schottky barrier field-effect transistor (SB-
FET) applications, was imposed. This rigorous selection process yielded
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three potential combinations: Ta,CO,-Ti,CO,, Zr,CF,-Sc,CF,, and
Nb,CO,-Ti,CO, exhibiting n-type Schottky barrier heights of 0.04, 0.21,
and 0.28 eV, respectively (Fig. 3¢).

Recognizing that contact resistance is influenced by multiple factors
beyond the Schottky barrier height, including carrier density, carrier
transmission probability, and depletion region width, further analysis was
conducted. To gain a comprehensive understanding of the electrical char-
acteristics, -V characteristics were investigated using the NEGF method. A
device model was constructed with a scattering region composed of metallic
and semiconducting MXenes to study electron transmission at the metal-
semiconductor interface (Fig. 4). Here, the left electrode is made of metallic
MXene, and the right electrode is made of semiconducting MXene. The
transport direction was set along the x-axis, with both the electrodes and
scattering regions exhibiting periodicity along the y- and z-axes.
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Fig. 1 | Possible phases of M,CT, MXenes based on metal coordination. Sche-
matic representation of metal coordination, top and side views of a TT and b HH
phases in M,CT, MXenes. The black quadrilateral indicates a unit cell.

Importantly, the electrodes were modeled as semi-infinite along the trans-
port direction, while the scattering region remained finite (non-periodic)
along the same axis. This model enables a detailed analysis of charge
transport across the metal-semiconductor interface.

For the device simulation, a bias voltage ranging from —0.5 to 0.5V
was applied to analyze both n-type and p-type characteristics. To calculate
the current (I) we have used the Landaur-Buttiker formula as follows™:

+o00
1) =% [ CTEVFE- ) ~fiE-w)lE @

where e is the electronic charge,  is the plank constant, T(E, V) is the
transmission function, and y;, and py are the chemical potential at the left
and right electrodes, respectively. The transmission function is determined
through the NEGF method, where the system is modeled as a scattering
region coupled to two semi-infinite electrodes, and the electron wavefunc-
tions are solved under an applied bias.

The I-V characteristics of the three MXene-based metal-semi-
conductor lateral contacts, presented in Fig. 5, reveal a non-linear rela-
tionship between current and voltage, indicative of Schottky contact
behavior. The high ON current in positive biasing religion indicates that all
of them are n-type contact. Notably, the Ta,CO,-Ti,CO, contact exhibits a
considerably higher current compared to the Nb,CO,-Ti,CO, and Zr,CF,-
Sc,CF, contacts. Specifically, the current at 0.5V for Ta,CO,-Ti,CO,
contact is 2.2 and 9.37 times higher than Nb,CO,-Ti,CO, and Zr,CF,-
Sc,CF, contacts, respectively. Furthermore, the observed current for all
contacts is in the pA range, which is approximately 10’ times greater than
that reported for metal-MoS, contact™*.

Interestingly, the I-V characteristics of the investigated contacts
deviate from the expected Schottky barrier height dependency, suggesting
that additional factors contribute to the overall contact resistance. To
understand this, the projected local density of states (PLDOS) was calculated
for each metal-semiconductor contact, because it provides a real-space
representation of the energy alignment between metal and semiconductor
states at the interface. As shown in Fig. 6a—c, the Schottky barrier heights
after contact formation were determined to be 0.12 eV, 0.24 eV, and 0.29 eV
for Ta,CO,-Ti,CO,, Zr,CF,-Sc,CF,, and Nb,CO,-Ti,CO, respectively.
This increase in Schottky barrier height is higher than the value estimated
from pristine calculations without contact formation. It arises due to the
Fermi-level pinning effect caused by MIGS at the metal-semiconductor
interface. All three MXene-based lateral contacts examined in this study
exhibit MIGS at the interface (Fig. S2). Furthermore, the carrier density near

a) T T T T T T T T T T T T T T b)
O-terminated

> 6 B F-terminated 7
@ f ! —
= >
S, v 2
9] . >
:CS OH-terminated o -4
“ I 1 q)
i 1 5
g -6

OV L0V OV (7 (X7 4V (4T Y 4T A A Y A
Q’LC $0$ £V (\'19 ,l/(’lgl \e\K’SJ Q'S/ $‘0’9 (0’1? C@?‘C\O\)‘C\O\)‘ O\e\ O‘<\
A\ /l/(’L \'\“ N $\0¢ ,@’L

oY N

" -
0 O LA c0r 0r O
Xep> gmslc,ko W7 107 Wi

Fig. 2 | Electronic properties of MXenes. a Work function of metallic MXenes. b Band alignment of semiconducting MXenes, where E, E,, and E, represent conduction
band minimum (CBM), valence band maximum (VBM), and bandgap energy, respectively.
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Fig. 3 | Screening metal-semiconductor contacts based on Schottky barrier
height and lattice mismatch. a Schematic view of a Schottky junction between a
metal and a semiconductor. b Schematic representation of computational pipeline to

find out the metal-semiconductor combinations with low lattice mismatch and
small Schottky barrier height. ¢ Calculated n-type Schottky barriers for three
metal-semiconductor pairs with lattice mismatch below 3%.
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Fig. 4 | Device model for current-voltage characteristics. Top and side views of the M’,CT,-M,CT, metal-semiconductor lateral contact device model to study the current-
voltage characteristics. In the device structure, the transport direction is set along the x-axis.

the Fermi level for the Zr,CF,-Sc,CF, contact is lower compared to
Ta,CO,-Ti,CO, and Nb,CO,-Ti,CO,, as shown in the PLDOS plot
(Fig. S2). This behavior arises from the stronger hybridization between O
p-orbitals (oxidation state —2) and metal d-orbitals than that between F
p-orbitals (oxidation state —1) and metal d-orbitals. Consequently,
F-terminated MXenes exhibit a lower density of states near the Fermi level
than O-terminated MXenes, resulting in a lower carrier density near the
Fermi energy. This reduced carrier density contributes to the lower current
observed for the Zr,CF,-Sc,CF, contact, despite its lower Schottky barrier
height relative to Nb,CO,-Ti,CO,. Therefore, the overall contact resistance
in these MXene-based lateral contacts is governed by two primary factors:
the Fermi-level pinning effect induced by MIGS and the charge carrier
density near the Fermi level. As carrier density is an intrinsic property of the
material, the focus of further optimization lies in mitigating the Fermi-level
pinning effect by eliminating MIGS to enhance contact properties. Miti-
gation of MIGS can be achieved by reducing the electrostatic potential
gradient across the metal-semiconductor interface. This objective can be
accomplished through the design of alloy phases of metallic MXenes"'.

To this end, alloy phase-engineered metallic MXenes were utilized
instead of pristine metallic MXenes in the MXene-based metal-semi-
conductor contacts. This approach takes advantage of the intrinsic ability of

2 T T T T T T T
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0 o= ;
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Fig. 5 | Electronic transport in MXene-based lateral contacts. Current-voltage
(I-V) characteristic of the model device for three metal-semiconductor lateral
contacts with lattice mismatch less than 3% and Schottky barrier height less
than 0.3 eV.
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Fig. 6 | Projected local density of states (PLDOS) of MXene metal-semiconductor contacts. PLDOS plots for a Ta,CO,-Ti;CO,, b Zr,CF,-Sc,CF,, and ¢ Nb,CO,-Ti,CO.
The Fermi level is set to zero. The black and grey dotted lines represent the Fermi energy (Er) and conduction band minimum (CBM), respectively.
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Fig. 7 | Metal-induced gap states (MIGS) and electronic transport in alloyed
MZXene-based lateral contacts. a Projected density of states (PDOS) plot for

Tay, Tip(1.CO,-Ti,CO, (x = 1, 0.75, 0.5, and 0.25) contacts, showing only the
contribution of Ti,CO, to the total density of states (DOS) to identify the MIGS at
the interface. Sharp peaks near the Fermi level highlighted in the inset PDOS plot
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indicate the presence of MIGS at the interface. The Fermi level (Eg) is indicated
through dashed lines. b Current-voltage (I-V) characteristics of Ta,,Tiy(1.xCO,-
Ti,CO, contacts for varying Ta composition (x =1, 0.75, 0.5, and 0.25). The inset
illustrates the schematic representation of the alloy-based metal-semiconductor
contact interface used for device modeling.

MXenes to form stable solid solutions, enabling fine-tuning of electronic
properties through structural modification. Specifically, for the Ta,CO,-
Ti,CO, contact, which demonstrated the most efficient I-V characteristics
among the shortlisted candidates, an alloy phase with the chemical formula
Tap,Tis(1.9CO, was introduced. The selection of Ti and Ta for alloying was
driven by the objective of minimizing both lattice mismatch and electrostatic
potential gradient at the interface, thereby effectively reducing the overall
contact resistance by mitigating the formation of MIGS. Additionally, the
synthesis of the Ta,,Tiy;.CO,-Ti,CO, lateral heterostructure has been
recently done by alloying Ti,CO, with varying concentrations of Ta™™*.
Furthermore, the thermodynamic stability of the three alloy phases con-
sidered in this study was evaluated by calculating their formation energies. The
results indicate that all alloy phases are thermodynamically stable, with sta-
bility increasing progressively as the Ti concentration increases (Table S2).
Subsequently, a device model was constructed with a scattering region
composed of alloy phase-engineered metallic and pristine semiconducting
MZXenes. The I-V characteristics of three alloy MXene-based lateral

contacts, TayTiy(;.xCO,-Ti,CO, (for x =0.25, 0.5, and 0.75), were inves-
tigated. As shown in Fig. 7a, the density of MIGS decreases with decreasing x
in Tay, Tip; xCO,-Ti,CO, and becomes negligible for the Tag5Ti; s5CO,-
Ti,CO, contact. Furthermore, Bader charge analysis shows that the amount
of charge transferred from the Tay, i1 CO,-Ti,CO, metal contact to the
Ti,CO, semiconductor decreases as the Ti content in the alloy increases
(Table S3). This decreasing trend suggests that the interfacial dipole
becomes weaker with higher Ti concentration. A weaker dipole reduces the
extent to which metal wavefunctions penetrate into the semiconductor
bandgap, which leads to the suppression of MIGS at the interface. As a
result, the Fermi-level pinning effect is reduced, which helps lower the
Schottky barrier height and contact resistance. These findings suggest that
alloy phase engineering effectively reduces the Fermi-level pinning effect by
suppressing MIGS at the metal-semiconductor interface, which is critical for
minimizing contact resistance.

The I-V characteristic analysis reveals that all alloy phase-engineered
contacts exhibit n-type behavior with considerably higher ON currents
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compared to the Ta,CO,-Ti,CO, contact (Fig. 7b). For example, the output
current at 0.5V is nearly 7 times higher for Ta5Ti; 5CO,-Ti,CO, than for
Ta,CO,-Ti,CO,. Additionally, the slope of the I-V curve within the bias
range of 0 to 0.5 V increases with a decrease in x and reaches its maximum
for the Tag5Ti; sCO,-Ti,CO, contact, further corroborating the reduction
in Schottky barrier height. Overall, these results highlight alloy phase
engineering as an effective strategy to reduce the contact resistance of FET
devices with MXene-based 2D-2D lateral metal-semiconductor contacts. By
suppressing detrimental MIGS and optimizing charge transport across the
interface, alloy phase engineering enables the realization of high-
performance MXene-based electronics, thereby paving the way for
advancements in next-generation FET devices.

Although our results demonstrate a notable enhancement in the I-V
characteristics of MXene-based metal-semiconductor contacts via alloy
phase engineering, the performance of 2D lateral metal-semiconductor
heterocontacts is highly sensitive to interface quality. In experimental set-
tings, interface defects frequently induce metal-induced gap states (MIGS),
which pin the Fermi level and result in elevated contact resistance. For
instance, the experimentally measured output current in 1T-MoS,/2H-
MosS; contacts has been reported to be more than an order of magnitude
lower than predictions from NEGF simulations”. However, no experi-
mental studies are currently available for direct comparison with our
simulation results. Taking into account the influence of interface imper-
fections, we acknowledge that our theoretical predictions may not quanti-
tatively match future experimental data. Nonetheless, we believe our
theoretical framework provides valuable insights and a predictive founda-
tion for the rational design of MXene-based contact architectures, which can
guide and inform future experimental efforts.

In addition to interface defects, surface terminations present another
critical factor that can influence contact performance in experimental rea-
lizations of MXene-based devices. While our simulations predict low con-
tact resistance, the presence of mixed terminations in experimentally
synthesized MXenes can considerably alter the contact properties. Given
that the work function of MXenes is highly sensitive to the type and dis-
tribution of surface terminations, these mixed terminations can increase the
Schottky barrier height, thereby contributing to higher contact resistance.
To address this challenge, considerable advances have been made in con-
trolling surface chemistry through refined synthesis techniques. For
example, low-pressure flash annealing promotes O-rich surface formation,
while  low-temperature  anhydrous etching facilitates  F-rich
terminations'*"’. Both methods offer atomic-level precision and reprodu-
cibility in surface functionalization. These developments open up new
opportunities for tailoring MXene surfaces to meet the specific demands of
electronic applications, establishing termination engineering as a powerful
strategy for optimizing device performance.

Furthermore, the synthesis of stable MXene alloy phases with specific
transition metal ratios is a key requirement for fabricating the proposed
alloy-based contact interfaces. Although previous studies have demon-
strated the successful synthesis of Ti, V(15 AlC solid solution MAX phases,
the phase stability for a particular Ti/V ratio has been shown to be highly
sensitive to the growth temperature®, Additionally, Monte Carlo simula-
tions by Wong et al. revealed that the stability of Ta,, Ti,(; xCO, MXenes is
strongly dependent on both composition and temperature, indicating a
narrow processing window where the alloy remains stable*. Based on these
findings, it can be inferred that the synthesis of MXene alloy phases with
specific Ti/Ta ratios is feasible through careful optimization of growth
conditions, particularly temperature.

Moreover, integrating these MXene-based contacts into com-
plementary metal-oxide-semiconductor (CMOS) technology also pre-
sents challenges, especially in terms of fabrication processes. Still, the
proposed MXene-based lateral heterocontacts offer several advantages
for CMOS scaling, such as their ultra-thin structure, tunable work
function, and reduced Fermi-level pinning, features that align well with
the requirements set by the International Roadmap for Devices and
Systems (IDRS). Recent studies have also shown that Ti;C,T, MXenes

can be patterned directly onto MoS, channels for building 2D FETs". In
related work, Jeon et al. demonstrated very low contact resistance in
Mo,C/MoS; lateral heterocontacts and provided a detailed analysis of the
resulting transistor behavior™. These findings support the feasibility of
using alloy-engineered MXene contacts in CMOS-compatible electronic
devices.

Conclusions

This study presents a comprehensive investigation of MXene-based metal-
semiconductor contacts for the development of high-performance FETs,
aligning with the increasing demand for downscaling of transistors as
outlined in the IDRS requirements. MXenes, with their unique combination
of metallic conductivity and tunable electronic properties, hold immense
promise for next-generation electronics. This study leverages these attri-
butes to engineer high-performance metal-semiconductor contacts for
future MXene-based FETs. By employing a comprehensive design approach
encompassing first-principles calculations, transport simulations, and alloy
phase engineering, we demonstrate the feasibility of achieving low-
resistance contacts with high current-carrying capacity.

We exploit the diverse chemistry of MXenes to screen for optimal
metal-semiconductor combinations based on criteria of minimal lattice
mismatch and low Schottky barrier height. This strategy, coupled with a
detailed analysis of the electronic structure and charge transport, led to the
identification of the Ta,CO,-Ti,CO, heterojunction as a promising can-
didate. Notably, this contact exhibits a remarkably low Schottky barrier
height of 0.04 eV and high current density. Subsequent analysis of the I-V/
characteristics, obtained using NEGF formalism, revealed the critical role of
carrier density near the Fermi level and the detrimental impact of MIGS. To
mitigate these effects, we introduce an alloying strategy, forming a Ta,, Ti(;-
9C0,-Ti,CO, solid solution at the interface. This approach effectively
suppresses MIGS formation and enhances charge transport, further
improving the electrical characteristics.

This research underscores the potential of MXenes as building blocks
for next-generation electronic devices. The combination of their unique
electronic properties, diverse chemical compositions, and amenability to
alloying provides a versatile platform for tailoring metal-semiconductor
contacts. The findings presented here not only advance the fundamental
understanding of charge transport in MXene heterojunctions but also offer a
practical pathway for engineering low-resistance contacts in future MXene-
based FETs, ultimately contributing to the downscaling of transistors.
Future research directions include exploring the performance of these
MXene-based contacts in actual device architectures, investigating the
influence of different dielectric environments, and extending the alloying
strategy to other MXene combinations. Moreover, the insights gained from
this study can inform the design and optimization of MXene-based het-
erojunctions for a broader range of electronic applications, including sen-
sors and optoelectronics.

Data availability

All relevant data have been included in the manuscript and supplementary
information. Any additional data that support the findings of this study are
available from the corresponding author upon reasonable request.
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