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Two-dimensional material-based transistors are being extensively investigated for CMOS (complementary metal oxide
semiconductor) technology extension; nevertheless, downscaling appears to be challenging owing to high metal-semiconductor
contact resistance. Here, we propose a functional group-engineered monolayer transistor architecture that takes advantage of
MXenes' natural material chemistry to offer low-resistive contacts. We design an automated, high-throughput computational
pipeline that first performs hybrid density functional theory-based calculations to find 16 sets of complementary transistor
configurations by screening more than 23,000 materials from an MXene database and then conducts self-consistent quantum
transport calculations to simulate their current-voltage characteristics for channel lengths ranging from 10 nm to 3 nm.
Performance of these devices has been found to meet the requirements of the international roadmap for devices and systems
(IRDS) for several benchmark metrics (on current, power dissipation, delay, and subthreshold swing). The proposed balanced-mode,
functional-engineered MXene transistors may lead to a realistic solution for the sub-decananometer technology scaling by enabling

doping-free intrinsically low contact resistance.
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INTRODUCTION

In pursuit of the ever-growing need for high-speed integrated
circuits with tight power budgets, the exploration of two-
dimensional (2D) materials as a replacement for conventional
semiconductors has become necessary in the semiconductor
industry’. The international roadmap for devices and systems
(https://irds.ieee.org/) anticipates that the 2D materials will be
introduced in the mainstream manufacturing process around
2028. After the first revelation of monolayer molybdenum
disulfide (MoS,) based metal-oxide-field-effect transistors (MOS-
FET) in 20112, integrated circuits built upon 2D transistors have
been demonstrated for diverse applications: simple logic inverter?,
1-bit microprocessor®, operational amplifier’, and neuromorphic
computation®. Meanwhile, various transition-metal dichalcogen-
ides”® and dozens of other 2D materials (e.g., phosphorene’®,
tellurene'’, germanane'?, B-Te0,'3, GeSe'*, etc.) are also investi-
gated as transistor channels. Despite such intense efforts, the high
contact resistance at the interface between the 2D material and
the external metallic circuits has appeared as the key obstacle for
realizing high-performance transistors with sub-decananometer
channel lengths. The presence of the Schottky barrier (SB) at this
metal-2D interface poses the fundamental challenge in achieving
low contact resistance. Approaches like metal work-function
engineering, 2D/2D interfacing, graphene/hBN interlayer insertion,
and surface charge transfer doping have been attempted to
mitigate this effect; however, most of them lack scalability’.
Unlike a bulk semiconductor, the charge carrier transport in a 2D
semiconductor is strongly affected by dopant atoms as the carriers
are intrinsically localized to its atomically thin body. Local phase-
engineering of MoS, crystal'® is probably the most radical yet
scalable solution'” ever proposed for this problem, which
intrinsically eliminates the SB by offering metal-metal contact at
the source and drain terminal. Although the concept has recently
been extended to borophene crystal'®, finding a stable and

synthesizable metallic phase for any 2D semiconductor is highly
challenging. The possibility of reverse phase-change due to Joule
heating during circuit operation may also be a reliability concern.
Complementary (both p and n-type) operation of such phase-
engineered devices has also not been demonstrated yet. In
passing, we also note that the edge engineering technique may
help to tune the work function and to induce metallicity into the
MoS,-H phase'®2°,

Meantime, a new group of non-Van der Waals 2D materials,
named MXenes, has gathered tremendous attention since the first
report in 20112 due to their fascinating mechanical and electronic
properties??~2*, MXenes are transition-metal carbides, nitrides, and
carbonitrides with the general formula M, ,X,T, in which a
transition metal (M: Ti, Nb, V, Cr, Mo, Ta, etc.) is interleaved with
layers of C or N (X), and T indicates surface termination functional
groups like OH, =0, and F. Ti;N, TizCy, V4C5 and Mo,VC, are few
examples of MXenes*=25, which have been synthesized and
characterized. MXene possesses a unique electronic property: its
bare structure (M, ;. 1X,,) is usually metallic; however, with the right
functional termination (M, ;X,T), it can become a semiconductor
or a metal with a different work function. In this work, we exploit
this unique property of MXene to propose an analog of the phase-
engineered 2D transistor, which is more versatile than the original.
To validate our concept, we develop an automated, high-
throughput computational pipeline that performs hybrid density
functional theory-based calculations to find 16 complementary (n
and p-type) combinations of such transistors by mixing and
matching >23,000 materials from an MXene database?’. It then
performs self-consistent quantum transport calculations to simu-
late their current-voltage characteristics for channel lengths
ranging from 10 to 3 nm. The performances of these devices are
then assessed against the IRDS requirements, and they are found
to meet the benchmark criteria (on current, power dissipation,
delay, etc.). The proposed functional-engineered MXene transistor
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Fig. 1 Variation of work function and band gap of MXene with suitable functionalization. Along with these two quantities, HSE
(Heyd-Scuseria-Ernzerhof) hybrid functional-calculated Bader charges for the metal and nitrogen atoms are mentioned for bare metal,
functionalized semiconductor, and functionalized metal MXenes with low and high work functions. The yellow and blue clouds represent the
HSE-calculated charge densities. The isosurface level is set at 0.17 e A=3. The dashed lines represent the unit cells. The sky blue, blue, purple,

red, brown, and yellow balls represent Ti, N, Sc, O, C, and S atoms.

may lead to a realistic solution for the downscaling of 2D
transistors by providing doping-free, intrinsically low-resistive
contact and near-balanced-mode complementary operations.

RESULTS

Functionalization of bare MXene

We first allude to how the basic electronic properties, such as
band gap and work function, of an MXene, i.e.,, a material with a
fixed bare structure, can be tuned using suitable functional
groups. To be consistent with the MXene database, throughout
this paper, we are going to identify the single-X (n = 1) MXenes in
the generalized format M1-M2-X-T1-T2, where M1 and M2 are the
metals at the top and bottom, X is C or N, T1 and T2 are the
functional groups on the top and bottom side. In Fig. 1, we
illustrate the concept of tuning of electronic properties of MXene
with suitable functionalization using the example of Ti-Sc-N and its
functionalized forms. The bare MXenes are usually metallic and are
usually very reactive due to the metal surface terminations?®. Ti-
Sc-N is indeed metallic with an HSE work function ¢,, =4.79 eV.
However, when it is functionalized with NO on the top surface and
SCN on the bottom surface (i.e.,, The NO group on the Ti side and
the SCN group on the Sc side), the material becomes semicon-
ducting with an HSE band gap of 1.68 eV. The work function also
gets modulated to ¢,, =4.29 eV, i.e., the electron affinity becomes
X =3.45 eV. The HSE-calculated Bader charges and charge density
plots reveal a severe, though expected redistribution of charge
upon functionalization that reduces negative charge in the N
atom and increases positive charge on the metal sites. When Ti-Sc-
N is functionalized with O and OCN, we observe a disbalance of
charge in the metal atoms compared to Ti-Sc-N and Ti-Sc-N-NO-
SCN, i.e., the Ti atom holds significantly more charge than the Sc
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atom in Ti-Sc-N-O-OCN. The charge in the N site also significantly
increases compared to the semiconducting counterpart. This
results in a metallic nature in Ti-Sc-N-O-OCN, and the work
function significantly reduces to ¢,, = 3.52 eV, making this metal
suitable for an n-type Schottky contact with the semiconductor
with a barrier of ¢g, = 0.13 eV. On the other hand, when Ti-Sc-N is
functionalized with SCN and OCN groups, a converse effect is
observed. The material becomes metallic again, and the charge at
the N site remains at par with that of Ti-Sc-N-O-OCN. However, the
charge asymmetry of the metal atoms reverses, i.e,, the Sc atom of
Ti-Sc-N-SCN-OCN holds significantly more charge than its Ti atom.
This results in a significantly high work function of ¢,, =5.02 eV,
making this metal suitable for a p-type Schottky contact with the
semiconductor with a barrier of ¢g,=0.16eV. This example
demonstrates how the work function and conductivity of the
MXenes can be modulated using strategic functionalization that
results in p-type or n-type Schottky contacts among materials with
the same bare structure with barrier heights in the desired range.

Functional engineered MOSFET architecture

The basic concept of functional engineered double gate MOSFET
architecture is shown in Fig. 2a. In a conventional transistor,
channel, source, and drain regions are made up of semiconductors
so that it acts as gate-controlled electrical switch. The source and
drain regions are heavily doped (n for n-type and p for p-type),
while the channel region remains lightly doped or undoped. The
high doping in source/drain makes them reservoir of charge
carriers, ready to be injected into the channel. High doping also
helps to reduce the contact resistance between semiconducting
film and the external metallic circuits. In phase-engineered
MOSFET, by lithography-assisted chemical treatment, the semi-
conducting H phase of MoS, is converted to the metallic T phase.
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Fig. 2 Concept of functional-engineered MOSFET. a an analogy with phase-engineered MoS, transistor b complementary p and n-type
transistor with source and drain functionalization with their schematic band diagram. Here, E,¢, Efm, Ecam and Eygy represent energy levels for
vacuum, Fermi, conduction band minima, and valence band maxima, respectively.

Such technique naturally offers a metal-metal, low-resistive
interface with outside metal wirings while creating a Schottky
junction with the channel interface (instead of a homojunction as
happens in the case of a conventional transistor). We propose to
implement the same concept with a bare MXene by converting it
to a semiconductor in the channel region with strategic
functionalization. However, the major drawback of both these
approaches is the SB height between source/drain and channel,
which is dictated by the work-function difference between the
metal-semiconductor (T/H or bare/functionalized) phases and
cannot be modulated by the external voltage. Due to the absence
of practical, scalable doping technology, these devices either act
as p-type or n-type transistors. However, once again, taking
advantage of the natural chemistry of MXene, we propose a
complementary architecture of MOSFETSs, as shown in Fig. 2b. As
mentioned earlier, it is possible to tune the work function of bare-
MXene with appropriate functionalization while keeping its
metallic property intact. For balanced mode complementary
operations, a device designer needs to satisfy two conditions: (i)
threshold voltages for both p and n-type transistors should be the
same (ii) electron and hole mobilities for the channel material
need to be equal. In all MXenes studied in this work, we observe
light and heavy hole branches in their energy dispersions, and
hence it is challenging to satisfy the second criteria. However, the
first condition can be met by the appropriate choice of the
functional group. Nevertheless, such mixing-matching is a
daunting task. In the following section, we discuss how a high-
throughput computational pipeline could be designed so that
desired complementary combination can be mined from an
enormous material space.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

High-throughput computational pipeline

A detailed schematic of our high-throughput computational
workflow is shown in Fig. 3. In the recent past, the aNANt MXene
database (http://anant.mrc.iisc.ac.in/) was introduced, which hosts
>23000 2D MXene structures with their PBE (Perdew-Burke-
Ernzerhof) level band gaps?’. The materials hosted here are in the
form M1-M2-X-T1-T2, where M1, M2 ¢ {Sc, Ti, V, Cr, Y, Zr, Nb, Mo,
Hf, Ta, W}, X € {C, N}, and T1, T2 € {H, O, F, Cl, Br, OH, NO, CN, PO,
OBr, OCl, SCN, NCS, OCN}. With recent advances in the synthesis of
ordered double transition-metal MXenes?®, the likelihood of
realization of the above-mentioned materials has increased
significantly. We take the information of the aNANt database as
the starting point and screen materials with a PBE bandgap in the
range of 0.5-1.0 eV for the semiconducting channel materials. It is
well-known that local and semi-local DFT such as PBE severely
underestimates a material’s band gap compared to experimental
findings. On the other hand, hybrid functionals, especially HSEO06,
have been demonstrated to predict band gaps accurately, albeit
being computationally extremely expensive°. For our purpose,
accurate prediction of electronic properties like band gap and
work function is essential as these ultimately decide the Schottky
barrier and, in turn, the electrical properties of the potential
transistors. From extensive previous experience with PBE and HSE,
we chose the above-mentioned specific band gap range in the
hope that it would translate to an HSE band gap of 0.8-2.0 eV, the
ideal band gap for a transistor channel, in our opinion. Moreover,
we only choose MXenes with non-magnetic metal atoms, i.e., M1,
M2 € {Sc, Ti, Y, Zr, Hf}. This criterion ensures that the chosen
MXenes have an extremely low probability of being magnetic.
Determining the magnetic ground state of a material, especially
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Fig. 3 High-throughput computational pipeline to screen suitable
properties.

with two different kinds of magnetic species, can be highly
challenging®', and almost impossible to achieve in a high-
throughput study involving thousands of materials. We find
203 semiconductors that satisfy this initial screening criterion.

It appears that most of the structures in the aNANt database
might not be optimized?’. Furthermore, it seems the plane-wave
density functional theory (DFT) calculations have been performed
without dipole correction, which is essential for accurate electro-
nic property predictions of janus or asymmetric 2D structures.
Therefore, we start with PBE structure optimization of the
203 shortlisted semiconductors. After the lattice and ionic
relaxation process, the structures are checked for integrity. It
was found that several optimized structures, mainly containing
the OCl or OBr group, violate the five-level structure of the MXene,
and some atom(s) of the functional termination group move
between the metal and the X atom. These structures are
discarded. To minimize the computational burden (see Methods),
we do not include van der Waals (vdW) corrections since its effect
is expected to be negligible in monolayer non-vdW materials. We
have verified this for two important semiconducting materials (Ti-
Sc-N-NO-SCN and Zr-Sc-C-O-OCN) and found the reduction of
lattice parameters (0.79% and 0.53%) and change of the ionic
positions to be insignificant due to the vdW correction. The crystal
structures are provided in Supplementary Data 1.
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A PBE-level full band structure is then calculated for the
remaining materials. The effective masses are calculated by
performing a parabolic fitting of the E-k dispersion. Then the
materials with an effective mass (m") >1.5 mg (mg is the mass of a
free electron) are also discarded since they would result in poor
transistor performance. In the cases of anisotropic electron
effective masses and heavy and light holes, it was ensured that
the lighter electron and the heavy hole effective masses satisfy the
above criteria. As discussed later, only the lighter electron effective
mass dominates the transport, whereas both hole effective masses
remain equally relevant. Judging from the band structure, we also
screen out materials with a second local energy minimum/
maximum positioned 0.1 eV within the conduction band mini-
mum (CBM)/valence band maximum (VBM) as our quantum
transport model relies on low-energy Hamiltonians. After all these
screenings, we end up with 38 semiconducting MXenes. A
computationally expensive PBE-level linear response-based calcu-
lation is performed on these materials to obtain their in-plane
static dielectric constant (e). A more expensive HSE run is then
performed to get the band gaps and work functions of these
materials. Note that here we adopt a combined PBE-HSE workflow
to strike a reasonable balance between accuracy and computa-
tional efficiency. Properties like structural parameters and
dielectric functions require extensive calculations, which simply
cannot be done at the HSE level for a vast number of materials.
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Usually, the PBE prediction is considered accurate enough for
these properties®2. The same can also be said about band
curvatures or effective masses. We note that except for the band
gap, the PBE and HSE-calculated band structures, including the
curvatures at CBM/VBM, are almost identical for MXenes in
another widely used database (C2DB)**3*. For two materials
representing the two different types of band dispersions, we
explicitly test out the similarity between the HSE and PBE effective
masses and expectedly find these quantities to be very close for
most cases. For Ti-Sc-N-NO-SCN, we find, mg,_pge, mg,_pge = (0.90,
090) mo and My _pges My pge = (038, 1.22) mg, while
Mey_ser Mey—pse = (082, 0.82) mo and mlh pee> Mhn—pee = (035,
1.15) mo. For Zr-Sc-C-0-OCN, we obtain mg,_pge, myg,_pge = (0.36,
345) mo and my_pge, Miy_ppe = (0.34, 0.84) mg, whereas
Mg _nses Mey_nse = (034, 2.52) mo and my,_pge, My, pge = (0.31,
0.82) my. We note that the prediction error of PBE in the case of
m;, component of Zr-Sc-C-O-OCN is relatively higher compared to
HSE; however, as discussed in the following sections, the mj,
component, ie, effective mass in the transport direction
dominates the carrier transport in the devices, making this
prediction error insignificant.

In the next step, we find all the metallic MXenes from the aNANt
database, which share the same bare structure with these
38 semiconductor MXenes. A total of 1281 such metal-
semiconductor combinations are identified. All the shortlisted
metallic structures are then optimized and checked for structural
integrity as described before. After this, the work function of the
structurally stable metallic materials and, in turn, the p and n-type
Schottky barrier heights when contacted with the corresponding
semiconductors are determined using HSE calculations. Only the
metals are kept whose contact barrier heights lie in the range ¢z,
¢sp € (0.05, 0.3) eV, which is the ideal barrier height for Schottky
Barrier Field-Effect Transistors (SBFET). After this step, a total of
16 x 2 complementary metal-semiconductor combinations are
identified, which in addition to satisfying the above criteria, show
closely matched p and n-type barrier heights. The calculated
important material properties for these 16 semiconductors and
16 X 2 metals are tabulated in Table 1. It is worth noting that all
these 48 metals and semiconductors exhibit negative formation
energy (Esormation) Which indicates good thermodynamical stability.
Crystal structure information for all these materials in POSCAR
format may be found in Supplementary Data 1.

From the band gap and effective mass information of the
shortlisted semiconductors, a simple Hamiltonian is then con-
structed and fed to a self-consistent loop of a Poisson solver and
Non-equilibrium Green'’s Function (NEGF) calculator that calculates
the ballistic transport properties of these transistors. From this
engine, the electrical characteristics of the SBFETs are obtained,
and the results are compared with IRDS specifications. Fine details
about the GPU-accelerated high-throughput methodology can be
found in the Methods section.

Quantum transport modeling

The essential part of quantum transport modeling is to choose an
appropriate Hamiltonian that fits the relevant energy dispersion of
the material. The MXene materials inherit a 2D hexagonal first
Brillouin Zone (BZ) from their bulk MAX phase, as shown in Fig. 4a.
We also observe that the band structure of the 16 shortlisted
materials can broadly be categorized into two types, shown in
Fig. 4b, c. The VBM is always located at the I' point with doubly
degenerated isotropic light and heavy hole branches for all
materials under study. In contrast, the CBM is located either at the
I or M point with no degeneracy and can exhibit isotropic or
anisotropic dispersion. All the semiconducting MXenes show a
sizable band gap, and there is no interaction between conduction
and valence bands for carrier transport through n- or p-type
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MOSFETs. Armed with this knowledge, we have chosen separate
Hamiltonians for conduction and valence bands that cover all the
features of the energy dispersions mentioned above.
For an n-type SBFET, we have chosen a single band effective
mass Hamiltonian
2 k2
Ky —y} M

Mex  Mey

h2
Ecam + 5

E (k. ky) =

where mg, and m,, are effective masses (mMec<mey) of the
electron along the x and y-direction of the device, respectively. We
have considered x as the transport direction, which is always
aligned to the lower electron effective mass. In contrast, for a
p-type SBFET, we have adopted a two-band k.p Hamiltonian®®

b (k2 + k)

% (ke — iky)”

% (ke + iky)2

H(kx,ky) = V71 (kf . k}g)

)

L —) where m_ and my are

my

with y; =1 (iL-F

- ) andy, =
light hole and heavy hole effectlve masses, respectively.

A schematic of the cross-sectional view of the simulated device
is shown in Fig. 4d. The Hamiltonians (1) and (2) are first
discretized and then fed to the NEGF transport equations, which
are solved along with Poisson’s equations in a self-consistent loop.
The calculations are performed according to the methodology
explained in Ref. 3°. However, a Dirichlet boundary condition is
enforced at the source/drain-channel junction since we deal with
Schottky barrier MOSFET?S. The value of the Schottky barrier is
obtained through DFT calculations as discussed above. We first
calculate the electron (or hole) correlation function G"P (ky, E) as

G"®) (ky:E> = G("WE)zn(p)@ (kaE) (3)

where G (ky, E) is the retarded Green’s function calculated using
the discretized Hamiltonian and X,y is obtained from in-
scattering self-energies due to source and drain contacts. Next,
the carrier density is calculated as,

1 +00 .
)a: 2M, Zkyg/fo
with S=L,x Ax, where Ax is the discretization step along the

direction x and L, is the length of the device in the direction y. The
current density ﬂowing along the x-direction is calculated as,

JP = 2M, Zk / [quﬂG()qH,q(ky,E)

dE

- q+1,an(p>q,q+1 (ky7 E)] % (5)

dE
(p>a>q (ky. E) o ()

The carrier transport is assumed to be ballistic, and spin
degeneracy is incorporated by multiplying the whole quantity
with a factor of two. In (4) and (5), valley degeneracy (M,) is equal
to 1 for valence band edge and 1 or 3 for conduction band edge,
depending on its location in the BZ. The self-consistent NEGF
solver has been implemented with GPU acceleration (see
Methods), enabling high-throughput transport simulation even
in a workstation-grade machine hosting GPUs.

Device simulation and insight into quantum transport

For all the simulations, the parameters are chosen based on the
HP (high performance) specifications from the 2020 edition of the
International Roadmap for Devices and Systems (IRDS) for the year
2028. To investigate the scaling behavior of the devices, primarily,
we have considered the channel length (L) to be 10, 7.5, and
5nm where ballistic transport is predominant. Effective oxide
thickness (EOT) and the supply bias (Vpp) are set to 0.5 nm and
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Fig. 4 Electronic properties and device schematic. a 2D hexagonal first Brillouin Zone (BZ) of MXene semiconducting materials. I', M, and K
are the high symmetry points of the BZ. b The HSE band structure of Ti-Sc-N-NO-SCN. VBM and CBM are located at I and exhibit isotropic
dispersion. ¢ The HSE band structure of Zr-Sc-C-O-OCN. VBM is located at I" and has isotropic dispersion, while CBM is located at M, and the
dispersion is anisotropic. d Schematic of the cross-sectional (x-z plane) view of the proposed SB transistor.

0.65 V. The thickness of the channel (tcy) is assumed to be equal to
the thickness of the monolayer MXene semiconductor (5-9 A). The
gate work function is adjusted so that the OFF-state current (lorf)
at zero gate bias (V) becomes 100 nA um~'.

Transfer characteristics for both n- and p-type devices for each
of these 16 MXene semiconductors have been simulated, details
of which can be found in Supplementary Data 2. The important
figures of merit, such as ON-state current (lon), Subthreshold
swing (SS), intrinsic switching delay time (1) and power delay
product (PDP) are reported in Table 2. Ioy is defined as the drain
current (Ip) evaluated at Vg = Vp = Vpp, where Vp, represents the
drain bias. SS is a key figure of merit, which indicates how fast the
transistor can be switched on from the OFF-state with the change
of the gate bias. SS has a theoretical minimum value of 60 mV
decade™'. For M11 (Zr-Sc-C-O-OCN) and M13 (Ti-Sc-N-NO-SCN),
we observe remarkable scalability (minimal degradation of SS till
Lcy=5nm) and thus, we have investigated their characteristics
further down to Lcy =3 nm. Though our investigation is mainly
focused for lopr =100 NA um~', we have also calculated ON
current for more optimistic OFF current criteria (10 nA um~") and
presented in Table 2.

To gain insight into the quantum transport process, we have
studied the energy-resolved current spectrum superimposed on
the band edge profile of device M13 at OFF (Fig. 5b) and ON states
(Supplementary Fig. 1). At the ON state, the charge carriers are
injected from the source to the conduction/valance band of the
channel by quantum mechanical tunneling through a triangular
potential barrier. The gate bias controls the drain current by
modulating the thickness of this barrier. Supplementary Fig. 1
shows that the current peak occurs at the Fermi level and the
tunneling width is a fraction of the channel length. At the OFF
state, the thickness of the barrier is too high to enable quantum
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mechanical tunneling, and carriers are thermionically emitted
from the source to the channel over the Schottky barrier. Such
over-the-barrier transport limits the subthreshold slope (SS) to
60 mV decade™'. However, as the channel length is scaled-down,
a significant component of drain current flows under the barrier,
which originates from quantum mechanical tunneling directly
from the source to the drain. This under-the-barrier transport
component of the OFF current (Supplementary Fig. 2) leads to the
degradation of SS and Ioy for ultra-short channel devices. From
Fig. 5b, we see that the peak of the current spectrum is aligned
with the top-of-the barrier for Ly = 5 nm, which is then gets split
into two for Lcy =4 nm. For a 3 nm p-type device, the source-to-
drain tunneling is so severe that we see the peak aligned with the
Fermi level at the source, far below the top-of-the barrier. The
subthreshold and strong inversion regions become somewhat
indistinguishable from the Ip — Vi characteristics (Fig. 5a).

An intuitive understanding of all these numerical results could
be developed based on the effective masses of the semiconduct-
ing channel material. From the basic theory of quantum
mechanical tunneling, we know that when an electron/hole
tunnels through a barrier, its wave function decays as exp(—px)
within the barrier, where the wave vector 8 is proportional to the
square root of the effective mass of electron/hole. The higher the
effective mass, the faster the decay of the wave function. For
MXene transistor, the conductivity effective mass me, is mainly
responsible for electron tunneling. However, it is not so
straightforward for holes since the bands are degenerate at
VBM. When the tunneling width is small (in the case of the ON
state), both the light and heavy holes contribute to it and hence
the density-of-state effective mass (which is m_+ my for 2D
systems) should be considered. However, in the case of the OFF
state, when the tunneling width is as large as the channel length,

npj Computational Materials (2022) 202



npj

S. Guha et al.

Table 2. Figure of merits of 16 complementary transistors. Triplets are in the order of descending channel length.
Device name Pg(eV) lorr = 100 NA um™! lorr = 10 NA um™’

Ion(mA pm~1) (fs) PDP (aJ um™) SS (mV decade™) lon(mMA pm~1)
M1p 0.17 (1.42,1.36,1.16) (32,25,20) (30,22,15) (74,75,87) (1.09,1.05,0.77)
M1n 0.27 (0.64,0.63,0.59) (34,26,17) (14,11,7) (79,80,83) (0.49,0.48,0.44)
M2p 0.11 (1.42,1.36,1.14) (35,28,22) (32,24,16) (76,77,88) (1.04,1.01,0.76)
M2n 0.07 (1.56,1.51,1.31) (34,27,22) (34,27,19) (80,81,85) (1.14,1.10,0.92)
M3p 0.17 (1.51,1.46,1.14) (30,24,18) (29,22,13) (73,75,96) (1.17,1.09,0.67)
M3n 0.17 (1.93,1.84,1.48) (27,21,17) (34,26,17) (75,76,92) (1.44,1.36,0.88)
M4p 0.21 (1.097,1.07,0.94) (43,33,25) (31,23,15) (74,75,81) (0.85,0.81,0.69)
M4n 0.23 (1.78,1.69,1.42) (27,21,17) (31,23,16) (76,78,88) (1.27,1.26,0.93)
M5p 0.17 (1.21,1.18,1.04) (41,33,24) (33,25,16) (73.7,74,81) (0.94,0.88,0.73)
M5n 0.09 (2.07,1.98,1.41) (26,21,18) (35,27,17) (74,75,102) (1.59,1.47,0.71)
Mép 0.16 (1.21,1.17,1.02) (44,35,26) (35,26,17) (70,71,80) (0.94,0.88,0.7)
Mén 0.14 (2.08,1.98,1.40) (25,20,18) (34,26,16) (73,75,104) (1.54,1.47,0.68)
M7p 0.11 (1.22,1.17,1.01) (45,35,26) (36,27,17) (70,72,83) (0.95,0.88,0.74)
M7n 0.09 (2.19,2.07,1.16) (24,19.4,19) (34,26,14) (73,75127) (1.62,1.48,0.38)
M8p 0.07 (1.57,1.51,1.17) (32,25,19) (32,25,15) (73,75,97) (1.22,1.13,0.69)
M8n 0.07 (1.87,1.80,1.46) (29,23,19) (36,27,18) (76,77,89) (1.39,1.29,0.86)
M9p 0.24 (1.56,1.51,1.27) (29,23,17) (30,22,14) (71,73,89) (1.16,1.13,0.80)
M9n 0.22 (1.91,1.86,1.62) (28,22,17) (34,26,18) (74,75,83) (1.42,1.38,1.18)
M10p 0.11 (1.96,1.88,1.11) (23,18,15) (29,22,11) (69,72,134) (1.51,1.45,0.34)
M10n 0.061 (1.71,1.66,1.46) (33,26,20) (37,29,19) (76,77,83) (1.27,1.24,1.02)
M11p 0.29 (1.23,1.19,1.08) (32,25,19) (26,19,13) (75,76,82) (0.92,0.89,0.76)
M11n 0.29 (1.78,1.73,1.50) (26,21,16) (31,23,15) (75,76,84) (1.33,1.29,1.02)
M12p 0.09 (1.47,1.42,1.16) (34,27,21) (33,25,16) (74,76,90) (1.14,1.06,0.74)
M12n 0.096 (1.71,1.66,1.41) (31,25,20) (35,27,18) (77,78,85) (1.28,1.19,0.96)
M13p 0.16 (1.20,1.17,1.03) (42,33,25) (33,25,16) (72,73,80) (0.97,0.88,0.72)
M13n 0.13 (0.79,0.77,0.71) (42,32,23) (22,16,11) (81,82,86) (0.59,0.56,0.51)
M14p 0.08 (1.97,1.88,1.15) (24,18,15) (30,23,12) (69,72,127) (1.52,1.40,0.38)
M14n 0.07 (1.63,1.59,1.39) (36,29,23) (38,30,20) (80,81,84) (1.22,1.15,0.97)
M15p 0.15 (1.82,1.75,1.28) (26,21,16) (31,23,13) (70,72,107) (1.40,1.30,0.62)
M15n 0.13 (2.05,1.98,1.66) (27,22,17) (36,28,19) (73,75,86) (1.58,1.53,1.06)
M16p 0.14 (1.44,1.39,1.14) (34,27,20) (32,24,15) (74,76,90) (1.08,1.00,0.68)
M16n 0.12 (1.80,1.74,1.45) (29,23,19) (35,27,18) (76,77,86) (1.34,1.30,0.95)

the wave function of the heavy hole dies within the barrier, and
only the light hole is responsible for tunneling. From this
understanding, we can say that for a given complementary
configuration, the ON current of the p-type device will be higher
than that of the n-type if m_ + my <mex and vice versa. For 5 nm
or lower channel length devices, this condition might not be
applicable if there is significant degradation of SS due to source-
to-drain tunneling at the OFF state. Similarly, it can also be said
that, for a given complementary configuration, the p-type device
will be more susceptible to source-to-drain tunneling if m < me,
and vice versa. The numbers in Table 2 follow this simple rule
with a soft violation (M10), where the ON currents are almost
balanced.

Benchmarking against IRDS

We benchmark the performance of all 2 x 16 devices against the
IRDS HP requirements. It can be seen in Fig. 6a that for higher
channel lengths Ioy is comparable to the IRDS target value
(1.979 mA um™") at lorr = 100 A um~" for most of the MXene
devices. One can correlate the higher oy with the lower effective
masses (mex for n-type and m_+my for p-type) of the
semiconducting channel material. Among all, M15 and M10 are
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closest to the IRDS target. They also offer near-balanced currents
for p and n-type devices. As mentioned earlier, by the appropriate
functional-group selection, we can match the barrier heights of
the complementary configurations, which leads to almost equal
threshold voltages (see Supplementary Fig. 3). However, it is
difficult to exactly match the ON currents due to the difference in
effective masses. SS is one of the critical figures of merit, which
evaluates the gate electrostatic controllability of transistors. It is
defined as the change in gate bias required to change the
subthreshold drain current by one decade. From Fig. 6b, we can
see that for the 10 nm and 7.5 nm channel lengths, many devices
exhibit better SS than the IRDS requirements (75 mV decade™). As
discussed before, the leakage current increases for 5 nm channel
length, and therefore, the SS and Ioy fail to meet the HP
requirements, which indicates the degradation of switching
behavior of the transistors. The switching speed of transistors is
evaluated by intrinsic switching delay time, T = (Qon — Qorf)/lon,
where Qon and Qofr indicate the overall mobile charge in the
device at ON and OFF states, respectively. The power delay
product (PDP), defined as PDP = Vp(Qon — Qorr), represents the
energy required to switch the transistor. The calculated T and PDP
are shown in Fig. 6c and d. The T and PDP gradually decrease as
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the channel length shortens. Once again, from Supplementary Fig.
4, we can see that T and PDP for n- and p-type devices turn out to
be nicely balanced for most of the devices.

However, the ON currents for these devices are relatively away
from the target with tighter OFF current criteria (10 nA um~") as
shown in Table 2. While comparing with a recent study?’, we
observed that the performance of the proposed functional-
engineered MXene transistor is commensurate with most of the
2D materials, while few candidates (P, AS, etc) are out-
performers due to their lower effective masses (<0.2my).
However, those materials show inferior performance for 5nm
channel length devices for the same reason. It should be noted
that those devices are based on conventional MOSFET architec-
ture with highly doped source-drain regions, whereas our
proposed device is doping-free and offers intrinsically low contact
resistance.
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DISCUSSION

The high-throughput methodology developed in this work to
design and assess functional-engineered MXene transistors does
have some limitations. For example, the Schottky barrier heights
are calculated using the simple Schottky—-Mott rule, i.e.,

Pen = Py — X, and g, = Eg — ¢bg,. However, it is well known that
the barrier height is usually affected by local chemical effects for
most real systems®®3°, In the case of functional-engineered
MXene transistor, we expect the interface region to be rather
‘seamless,’” as the metal and semiconductors both possess the
same bare backbone, and therefore chemical changes in the
interface region are expected to be minimal. However, functional
engineered metal and semiconductor MXenes sharing the same
bare structure exhibit a mild to moderate difference in their lattice
parameters. The DFT calculated lattice parameters for all relevant
metals and semiconductors are given in Table 1. The higher the
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mismatch between the lattice parameters of the metal and
semiconductor, the higher the interfacial strain would be. High
interfacial strain might lead to the violation of the Schottky—-Mott
rule as it can alter the basic material properties such as work
function and band gap. Therefore, we expect our predictions to be
more reliable in the cases where the lattice mismatch between the
metal and semiconductor is mild. Although we have eliminated
materials containing magnetic elements through our screening
process, heavy elements such as Hf, Ti, and Zr are present in our
shortlisted materials. These heavy elements exhibit non-negligible
spin-orbital coupling (SOC) effects which may slightly alter the
values of material parameters such as bandstructure and work
function. This effect is not included in our work since DFT with
SOC calculation is computationally highly expensive, especially
with the hybrid HSE functional, and unsuitable for a high-
throughput study. The effect of SOC may be included in future
works for more accurate predictions.

In our transport model, we have adopted simple low-energy
parabolic k.p Hamiltonian, which immensely helped us to
automate the high-throughput computational pipeline. However,
it may introduce some inaccuracy since the high-energy energy
bands are generally steep, and electrons may have lower effective
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mass when these are populated. The more rigorous approaches,
eg. DFT-NEGF*° or MLWF (maximally localized Wannier function)-
NEGF?*’-based formalisms capture the entire Brillouin zone and
accurately transfer the material chemistry information to the
transport model. However, these methodologies are computa-
tionally costly, require an extensive computing infrastructure, and
usually are not fit for a high-throughput study such as ours.
Electron-phonon interaction is another important factor that
significantly influences the carrier transport in 2D materials*'~*3,
Inclusion of electron-phonon coupling in NEGF formalism not only
substantially increases the computational budget but also requires
additional DFT-based calculations of deformation potentials.
Therefore, this exercise can only be conducted for a few selected
devices. Also, our results do not incorporate the effects of parasitic
(source/drain contact resistances, interconnect wire capacitances
and resistances, etc), which are evolving with 2D transistor
technology. Thus, our estimated figures of merit are optimistically
close to the upper limit of the achievable performance. However,
using the benchmarking guidelines***> parasitic effects can be
included, and even an estimation of performance at the circuit
level could be made.
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In summary, we propose a doping-free transistor architecture,
which exploits an inherent chemical property of MXene to provide
intrinsically low-resistive contact at the source and drain terminal.
The concept is validated by high-throughput screening of
appropriate functional groups and self-consistent quantum
transport calculations. Comparison with technology roadmap
specifications hints that such a functional-engineered MXene
device may provide a technology downscaling solution for 2D
transistors. The high-throughput methodology could be extended
to multi-metal-layer MXenes, to discover suitable semiconductor-
metal combinations for superior performance.

METHODS

DFT setup for high-throughput pipeline

Primary DFT calculations of this work are carried out using the
generalized gradient approximation (GGA) as implemented in the
code Vienna Ab initio Simulation Package (VASP)*6~*° with the
Projector-Augmented-Wave (PAW)*° method using the PBE®'
exchange-correlation functional. As discussed before, to address
the band gap problem?®?, the band gaps and work functions of all
materials are determined using the hybrid HSE06 functional®2. The
Materials Project recommended pseudopotentials (https://
docs.materialsproject.org/methodology/mof-methodology/calcula
tion-parameters/psuedopotentials) have been used throughout.
Sufficiently large cutoff energy of 520eV is used to avoid any
Pulay stress. For all structural relaxations, a Gamma-centered k-
points grid with reciprocal density 150 A~3 is used to sample the
Brillouin zone (BZ). A similar k-mesh with reciprocal density
750 A=3 is employed for all static runs, including the HSE ones.
Electronic convergence is set to be attained when the difference
in energy of successive electronic steps becomes <10 %eV,
whereas the structural geometry is optimized until the maximum
Hellmann-Feynman force on every atom falls below 0.02eVA~". A
large vacuum space of 25 A in the vertical direction is applied to
avoid any spurious interaction between periodically repeated
layers. Dipole correction has been applied for all calculations. The
work function of all the materials is calculated as the average of
the work function of both sides of the material. This is especially
relevant for the cases where the materials possess finite dipole
moment, ie., janus materials*33%  All crystal structures are
visualized using the tool VESTA>3. The python libraries pymatgen
(Python Materials Genomics) and custodian® have been used
extensively in the high-throughput pipeline code to achieve full
automation. The library Atomic Simulation Environment (ASE)>®
has also been used for some operations. The Sumo toolkit>® has
been used to generate the band structure plots automatically and
perform a parabolic fitting of the curvatures of CBM/VBM using
five k-points to extract the effective masses.

We verified the effect of vdW corrections on the structural
parameters of two important semiconductor materials, Ti-Sc-N-
NO-SCN and Zr-Sc-C-O-OCN. Various semi-empirical vdW correc-
tion schemes, namely the DFT-D3 method of Grimme et al.*’,
DFT-D3  with  Becke-Johnson  (BJ) damping®®, the
Tkatchenko-Scheffler method with iterative Hirshfeld partition-
ing (TS+H)*°7%2, and the density-dependent energy correction
(dDsC)®*%4, have been tried while performing the structural
optimizations. Unfortunately, with the majority of these schemes
(DFT-D3, DFT-D3+BJ, and dDsC), we fail to achieve ionic
convergence despite trying with all the available VASP built-in
optimizers and the optimizers developed by the Henkelman
group®, perhaps because of the MXenes' complex geometry.
The TS+H scheme, though costly due to the iterating charge
partitioning after every ionic step, is generally well-behaved®s,
and we could fully optimize the structures with it.
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The elemental reference bulk or molecular structures for
calculating the formation energies are taken from the C2DB3334,
which in turn follows the OQMD for this purpose®”:%8,

GPU implementation of transport calculation

The code for NEGF-Poisson calculations has been implemented
using Python. In order to incorporate GPU-accelerated computa-
tions, the library CuPy®® has been extensively used. In the case of
p-type devices, the carrier and current densities are computed by
recursive Green’s function algorithm’®, which is a sequential
process. We have set L, to a finite value of 150 nm and primarily,
n uniformly spaced transversal wave vectors k, , = 2rin/L, have
been included in the computation to satisfy the Born-von
Karman periodic boundary condition in the y-direction of the
device. As a result, the Hamiltonian and the retarded Green'’s
function are parameterized in terms of k, and hence, the entire
NEGF-Poisson calculation can be computed parallelly for n
transversal wave vectors. To achieve this parallelization, the
Joblib library (https://github.com/joblib/joblib) is used to write
parallel ‘for’ loops using a multi-processing approach. However,
this scheme is not applicable for recursive Green’s function
algorithm. In a machine comprising an Intel Xeon W-2195,
2.30 GHz processor with 18 cores, 188 GB RAM, and three NVIDIA
Quadro RTX 5000 (Turing) 16 GB GPUs, ~1096 s and 3611 s time is
required to simulate Ip — Vi characteristic of a 10 nm n- and
p-type device, respectively.
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