Open Access Article. Published on 13 October 2025. Downloaded on 12/9/2025 3:39:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 38082

Ab initio quantum transport investigation of
Sub-3 nm B-InSe transistors for future

high-performance nanoelectronics

Mughira Ghafoor,? Rajwali Khan,*® Salah Ud Din, © *© Akif Safeen,® Quihui Li,?

Xingyue Yang,® Zongmeng Yang® and Jing Lu

*aefghi

Recently, field-effect transistors (FETs) based on triple-layer InSe have been experimentally fabricated with

a channel length of 10-20 nm. They show better performance than Si FETs in terms of transconductance

and room-temperature ballistic ratio. Their device performance limits at shorter physical lengths remain to

explore. We used the ab initio quantum transport simulation method to study monolayer (ML) and bilayer
(BL) n-type B-InSe FETs with gate lengths (Lg) of 2 and 3 nm. The on-state current (/o) values of the ML
and BL n-type B-InSe FETs at both 2 and 3 nm Ly can achieve the International Roadmap Technology for
Semiconductors (ITRS) high-performance (HP) device standards. Specifically, the devices achieve /g,
values of 1236 and 648 pA pm™! at Ly = 2 nm for the ML and BL n-type B-InSe FETs, respectively,
surpassing the standard on-state current (528 pA um™) defined in the 2013 ITRS edition for HP

Received 20th August 2025
Accepted 29th September 2025

applications. The power-delay product (power consumption), delay time, and energy-delay product

(energy consumption) of ML and BL n-type B-InSe also meet the ITRS requirements for HP applications.

DOI: 10.1039/d5ra06179b

rsc.li/rsc-advances physical nodes.

1 Introduction

Current silicon-based traditional field-effect transistors (FETS)
have approached a critical point due to short-channel effects
(SCEs).! SCEs appear drastically in logic switches with ultra-
short channel lengths (L) because of poor gate electrostatic
control.” As the L, decreases, the lateral electric field created by
the drain and source electrodes begins to lower the potential
barrier for carrier injection at the source electrode (a phenom-
enon known as drain-induced barrier lowering [DIBL]).>* This
results in a large gate voltage swing (subthreshold swing (SS)),
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The ML and BL n-type B-InSe FETs can be potential candidates for future electronics at sub-3 nm

which makes it difficult to turn off the transistor and leads to
high power consumption and excessive heat dissipation. These
SCEs are a bottleneck for the further development of Si-based
devices.® So, it is pressing to find alternative channel mate-
rials to alleviate SCEs that could promote ultrasmall FETs at the
commercial level.® Among two-dimensional (2D) layered semi-
conductor materials, the III-VI semiconductor indium selenide
(InSe)” has garnered great attention due to its atomic-scale
thickness, which provides excellent electrostatic gate control,
and its dangling-bond-free and smooth surface, which produces
high charge carrier mobility.** 2D InSe has a suitable direct
bandgap of 1.26 eV and a high carrier mobility of 10*> ecm® v*
s~ 1.1 These advantages make InSe superior to other 2D channel
materials for next-generation electronic applications."*?
Recently, Jiang et al.** fabricated three-layered 2D InSe
ultrashort ballistic transistors with L., values of 10 and 20 nm,
using yttrium-doped InSe (Y-InSe) as electrodes to achieve an
ohmic contact with a negligible Schottky barrier, and an effec-
tive HfO, oxide thickness of 2.6 nm, operated at a bias voltage of
0.5 V. The 10-nm InSe FET exhibited effectively suppressed
short-channel effects, with an on-state current of over 1 mA
um ', a low SS of 75 mV per decade, a DIBL of 22 mV per V, and
a current on/off ratio (Ion/Iog) of >107. This FET has the best on-
state current of 1.43 mA pm™ * with Ly = 20 nm at Vi = 0.7 V.
So, one interesting question arises: what is the device perfor-
mance limit of few-layered InSe FETs with a gate-length below

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5 nm if an ohmic contact and an ultrathin effective oxide
thickness of high-k dielectric are achieved?

The relationship between device performance and the
number of layers is a research direction of great concern in 2D
FETs. Device performance depends on the number of layers: on
one hand, the increase in the number of layers of channel
material provides additional conduction channels, leading to
a high on-state current; on the other hand, an increase in the
number of layers results in weak electrostatic gate controlla-
bility, thereby degrading the performance of the device. For
example, recently, quantum transport simulation of sub-1 nm
ML and BL WSe, FETs by Yang in 2025 reported that the device
performance of the BL WSe, FET decreases in terms of on-state
current (435 pA um™ ') compared to the ML WSe, FET (712 pA
um™").* The performance degraded due to the degradation of
gate controllability and changes in the band structure. Experi-
mentally, few-layer MoS, FETs with sub-10 nm gate lengths have
exhibited good device performance against SCEs with an on/off
ratio of 10°-107, excellent switching with near-ideal
subthreshold swing (SS) of 67-140 mV dec ', and leakage
currents of lower than 10~° pA pm™".**# Significantly, Qi Zhang
et al. fabricated cutting-edge 1T'-2H hetero-phase BL MoTe,
field-effect transistors featuring a gate length of 4 nm, which
exhibit remarkable switching performance characterized by
a subthreshold swing of approximately 73 mV per decade and
an on/off current ratio of >10°.*

Our research plans to explore the theoretical performance
limits of monolayer and bilayer B-phase InSe transistors.
Herein, we investigated 5-nm-L., double-gated (DG), layer-
dependent n-type B-InSe metal-oxide-semiconductor FETSs
(MOSFETSs) by minimizing the L, to 2 and 3 nm via ab initio
quantum transport simulations. Excellent gate controllability
was attained in the n-type ML B-InSe FETs. Notably, the on-state
currents of 1236 and 1291 pA pum ' at L, = 2 and 3 nm,
respectively, meet the HP device requirement of the 2028 ITRS
standard, as outlined in the 2013 edition.?® The best device
performance results, such as I, delay time (), and power-delay
product (PDP), were obtained when L, was scaled down to 2 nm
for the optimized layer-dependent n-type B-InSe FETs at a fixed
bias voltage of V4q = 0.57 V. The on-state currents of the n-type
ML and BL B-InSe FETs were 1236 and 648 pA um™ ', respec-
tively, at L, = 2 nm, both surpassing the required HP ITRS
criteria (528 pA pm ™). Therefore, our theoretical prediction for
InSe in the B-phase confirms it as an excellent channel material
candidate for sub-3 nm physical node transistors in high-
performance applications.***?

2 Computational details

The structural optimization of few-layer B-InSe was conducted
using density functional theory (DFT) as implemented in the
CASTEP code.”®** The exchange-correlation functional was
based on the generalized gradient approximation (GGA) in the
form of the Perdew-Burke-Ernzerhof (PBE).> The plane-wave
basis set with an energy cut off of 450 eV was selected at
a temperature of 300 K. The structure was relaxed using norm-
conserving pseudopotentials, with a stress tolerance of 0.001 eV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A~" and a force tolerance of 0.01 GPa between two points. The k-
point mesh for structure relaxation was set to 11 x 11 x 1. The
Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation func-
tional was adopted for band structure calculations.”® The spin-
orbit interaction was excluded. A dense Monkhorst-Pack k-
point mesh of 31 x 31 x 1 was used for band structure calcu-
lations. To eliminate artificial interactions in supercells due to
periodic boundary conditions and to account for van der Waals
(vdW) interactions, two corrections are considered: the DFT-D2
correction and the dipole correction.?”* A 15 A vacuum buffer
space was considered along the z-direction to weaken interac-
tions between the adjacent slabs in the 2D layered structure.
After optimizing the primitive cell, a rectangular supercell was
formed according to the transport orientation.

The transport properties of the FET device configurations
were simulated with the density functional theory (DFT)
combined with the nonequilibrium Green's function (NEGF), as
employed in QuantumATK 2022.> The exchange-correlation
potential in the form of GGA-PBE was applied in all the device
transport calculations. DFT-GGA is good for the single-electron
approximation and tends to underestimate the band gap of
intrinsic semiconductors. However, the channel is surrounded
by a gate and dielectric, which strongly screens the electron-
electron interaction.* The double-zeta ({) polarized (DZP) basis
set was employed to accurately capture the shape of the
molecular orbitals. The temperature was fixed at 300 K, and the
real-space density mesh cut-off energy was set to 80 hartree. The
DFT-GGA implementation was rigorous enough to determine
the carrier transport in the FET configuration. The periodic,
Neumann, and Dirichlet-type boundary conditions were used
on the boundaries along the transverse, vertical, and transport
directions, respectively.** The B-InSe channel is located in the
xz-plane, while transport is along the z-direction (Fig. 2(a)). To
guarantee that the electrostatic potential in the central region is
adequately screened, we prolonged the electrodes at the inter-
face by extending their unit cell two times (11.5 A) in the z-
direction.*” The periodicity of the channel in the x-direction (the
plane of the B-InSe sheet, perpendicular to the transport
direction z) was set to 32 k, points, and y was the confinement
direction. We choose a dense k-point mesh along the periodic
direction because electronic states with periodic boundaries are
characterized precisely by selecting a fine sampling number of
the k-points.®® The injection of electrons/holes was set as a 32 x
1 x 175 Monkhorst-Pack k-point mesh in the x, y, and z direc-
tions, respectively, within the irreducible Brillouin zone.

In the two-probe MOSFET model, the device consists of
a central region (including the scattering region) and the elec-
trode region; the left and right electrodes are semi-infinite. The
impact of the electrodes on the surface of the scattering region
is taken into account in the form of self-energies 31 ,** which
are calculated from the electrode Hamiltonians and coupling
Hamiltonians. The reciprocal lattice vector & points along the
surface-parallel direction (orthogonal to the transmission
direction) in the irreducible Brillouin zone (IBZ).** The Hamil-
tonian matrix H of the central region, together with the overlap
matrix S, generates the retarded Green's function matrix that
includes the self-energies from the electrodes:
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Gi(E) = [(E + i6:)Sk, — Hi, = Y, — Doei] (1)

where d.is an infinitesimal positive number. The transmission
coefficient Ty (E) is the average of the k-dependent transmission
coefficient over the IBZ, defined as follows:

Ty, (E) = Tr [T}, (E) Gy, (E)T, (E)G, (E)|. @)
Here, the gamma function I’ ;4 "(E) stands for the energy-level
broadening (2 — EIMH) of the right and left electrodes,
expressed as self-energies, and the retarded Gy (E) and advanced
GZH (E) Green's functions are obtained from the NEGF method.
Using the Landauer-Biittiker formula,*® the drain current I at
a given gate voltage V, and bias voltage V;, is calculated as
follows:

Ids(be Vg) = % Jjw {T(E7 Vo, Vg)[fS(E - IU'S)

—Jo(E — up)] }dE, ®3)

where fs/p is the Fermi-Dirac distribution function, and ug/p is
the electrochemical potential of the source and drain
electrodes.

The DFT method based on the single-electron approxima-
tion is used to model electron behavior in the FET configura-
tion. The reliability of the ab initio quantum transport
simulation is validated by comparing the calculated band gap of
ML MoSe,, which is 1.52 eV at the DFT-GGA level, with an
experimentally obtained value of 1.58 eV from angle-resolved
photoemission spectroscopy.”” It is also verified by a predicted
high on-state current of 1.5 mA pum " for the ML InSe FET with
L, = 7 nm, which well matches the observed value of 1.5 mA
um™ " for the trilayer B-InSe FET with L, = 20 nm.***

3 Results

The ML B-phase InSe has a honeycomb lattice composed of
a quadruple atomic sheet arranged in the order Se-In-In-Se.
The structure exhibits strong covalent bonding within each
layer, while weak van der Waals (vdW) forces exist between
adjacent layers.*>** The hexagonal primitive cell is labeled with
a black-colored frame, as shown in Fig. 1(a), and shows the AB
stacking sequence® in Fig. 1(b). The optimized lattice parame-
ters of ML B-InSe are as follows: @ = 4.08 and ¢ = 25.85 A, which
are consistent with previous experimental® and theoretical
results.”* Fig. 1(c) exhibits the Se-Se height (%) of the ML B-
InSe and the layer distance of 5.31 (ref. 42) and 3.19 A2
respectively. The layered B-InSe structure shows a decrease in
bandgap due to the quantum confinement effect. With the
increase in the number of layers, the valence and conduction
bands split into sub-bands, resulting in a reduced bandgap. The
results illustrated in Fig. 1(d) indicate that the bandgap of B-
InSe decreases from monolayer to bulk.?

In the p-InSe band structures, the conduction band
minimum (CBM) is at the I'-point, while the valence band
maximum (VBM) is at the I'-K direction, resulting in an indirect
bandgap. It is noteworthy that the electronic band structure of
B-InSe has a conversion from direct to indirect bandgap with
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Fig.1 (a) Top and side views of the bulk 2H-phase B-InSe structure. (b)

The Layer stacking and layer distance. (c) The thickness of the ML InSe
and the lattice vector along the c-direction. (d) The electronic band
structures of ML and BL B-InSe at high-symmetric points in the irre-
ducible Brillouin zone. The positions of the valence band maxima,
conduction band minima, and the band gap (£,) are indicated.

a decrease in the number of layers.** The band structures of the
ML and BL hexagonal pB-InSe, calculated with DFT-HSE
approaches, are 2.0 and 1.5 eV, respectively, which is consis-
tent with a previous report.>® The band near the conduction
band maxima is steeper than the valence band minima. It
identifies a lighter electron-effective mass than that of the hole,
which is clear evidence of high electron carrier current in the n-
type B-InSe MOSFETs. In Fig. 1(d), from the band dispersion
spectrum point of view, the electron effective mass
(m, =0.23 my) is smaller than the hole effective mass
(m;, = 2.5 my). The effective mass is the reciprocal of the
curvature of the band dispersion spectrum. A small effective
1dE &k

mass increases carrier velocity v= -~ — = —
VY=L me

and thus the
current.

A schematic view of our double-gated (DG) B-InSe device with
a 5 nm channel is illustrated in Fig. 2(a). In a FET, the potential
generated by the source and drain consistently competes with
the potential induced by the gate. The lesser the influence of the
source and drain on the gate, the more effectively it can be
controlled and adjusted by the gate.*>*¢ The length to which the
electrical potential from the source and drain penetrates the
channel is defined as the natural length A:

Ten T
A= o ch oxsch7 (4)

SOX
where « is the gate coefficient, while e.n/eox and Ten/Tox is the
dielectric constant and thickness of the gate oxide and channel,
respectively. The A is calculated to be 0.41 and 0.67 nm for ML
and BL B-InSe, respectively, using ¢., = 8.15. The increase in 2
specifies a reduction in gate controllability over the channel due
to the increasing number of layers. The drain and source elec-
trodes are heavily doped with an n-type doping concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic of the double gate (DG) InSe MOSFET with the underlap length on both sides of the gate as an extension region of the

channel. The source and drain are symmetrically n-type doped. (b) Transfer characteristic and (c) /,, at different underlap lengths of Ly, =0, 1,

and 1.5 nm for the n-type ML DG B-InSe MOSFETSs.

(Ngp) of 1 x 10" em ™. A high dielectric material (high-k),
HfO,, with a dielectric constant of 20 and an effective oxide
thickness (EOT) of 1.5 and 1.7 nm for L, = 2 and 3 nm,
respectively, is employed. To further enhance the performance
of devices, the device structure with underlap length (Lyy), i.e.,
an ungated section, is considered in the n-type few-layer B-InSe
MOSFETs. The optimal Ly, of 1.5 and 1 nm is symmetrically
selected on both sides of the metal gate for Ly = 2 and 3 nm,
respectively. However, the whole length of the channel is
equivalent to the sum of the underlap lengths and gate length,
formulated as (Lcy = Lg + 2Lyy), and does not exceed 5-nm. The
supply voltages (Vaa = Vbias) are fixed to 0.57 and 0.59 V,
according to the HP ITRS 2013 standard for L, = 2 and 3 nm,
respectively. In transfer curves, the off-state voltage (Vo) is the
gate voltage at which the off-state current (I,g) is just 0.1 pA
um ™" for the HP-ITRS devices (2013 version) for the target year
2028. However, I, can be evaluated at the specific on-state gate
voltage (Vyion) = Ve(orp) + Vaa) for n-type devices, where V, is the
gate voltage.

3.1 Current

The conventional FET works on the operational principle of
controlling the drain current (I45) by changing the gate voltage
(Vys) between the gate and the source. High switching speed
demands a quick response from the FET to change in V,. This
requires strong gate controllability in the FET devices. In this

© 2025 The Author(s). Published by the Royal Society of Chemistry

study, we begin our investigation of n-type doping (1 x 10"
cm %) in ML B-InSe with L, = 2 nm to get the transfer charac-
teristics under Ly, = 0, 1, and 1.5 nm, as shown in Fig. 2(b). It
can be observed that the on-state current increases sharply with
an increase in the UL region, reaching 4, 166, and 1236 pA pum ™"
for the n-type ML B-InSe, as illustrated in Fig. 2(c). We selected
the optimal UL length of 1.5 nm for different L, values of 2 and
3 nm. The current (I45) transfer characteristics for the n-type ML
B-InSe MOSFET devices at L, = 2 and 3 nm are shown in
Fig. 3(a). The on-state currents for the gate lengths of 2 and
3 nm are nearly comparable, at 1236 and 1291 pA pm %,
respectively, and outperforms the HP ITRS device requirement
of I, (528 and 650 pA pum™ '), as shown in Fig. 3(b). The
evidential best-performing transfer characteristics (I,) at
different gate lengths encourage us to choose InSe MOSFETs
with L, = 2 nm for layer-dependent device performance.

The schematic view of the layered DG pB-InSe channel
configuration is shown in Fig. 4(a). The crucial figure of merit
for logic devices, Iy, is obtained for ML and BL n-type B-InSe
MOSFETs, as presented in the layer-dependent transfer char-
acteristics in Fig. 4(b). All the calculated transfer curves for the
n-type PB-InSe MOSFETs could easily reach the HP off-state
current (0.1 pA um’1) for devices with L, = 2 nm, and the on-
state current values of the ML and BL B-InSe devices surpass
the HP ITRS device requirements (528 pA pm ™). Specifically, Io,
for ML and BL n-type B-InSe FETs are 1236 and 648 pA um ™',

RSC Adv, 2025, 15, 38082-38094 | 38085
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respectively, compared to the HP ITRS target for 2028. The
gradual decrease in on-state currents of the layer-dependent n-
type B-InSe FETs with increasing layer number is illustrated in
Fig. 4(c). The relationship between the number of layers often
leads to more conductive channels as the number of layers
increases. On the other hand, an increase in channel thickness
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f Ly =2 and 3 nm for the n-type ML B-InSe MOSFETs.

may lead to a reduction in the gate control ability. Based on the
figure of merit, I,,, the performance of layer-dependent n-type
B-InSe MOSFETs is predicted to degrade with an increasing
number of layers, which may be attributed to the weakened gate
control ability associated with the increase in the number of
layers of the channel material.

ML - BL
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] I
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(a) Schematic of the layered InSe channel MOSFET. (b) Transfer characteristics at different layers with a fixed Ly of 2 nm. (c) Figure of merit,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra06179b

Open Access Article. Published on 13 October 2025. Downloaded on 12/9/2025 3:39:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
2000
1500 Silicane
This work v
£ ASnSez
= 1000 |
E
= GeS @
9
500 <M°SZ
M ReS,
0
1z 3 a4 s
Lg (nm)
Fig. 5 Ion versus Ly of the ML DG MOSFETs at sub-5 nm Ly and

different UL structures for HP devices.

Notably, the performance decline when moving from ML to
BL B-InSe can be explained by several fundamental physical
mechanisms. These mechanisms pertain to alterations in the
electronic structure, carrier mobility, and interlayer interactions
that take place during the transition from ML to a BL material.
ML B-InSe features a direct bandgap. However, upon trans-
itioning to BL B-InSe, the system frequently shifts to an indirect
bandgap. This transition renders ML B-InSe more advantageous
for certain applications in comparison to BL B-InSe. In BL f-
InSe, the electronic structure is influenced by interlayer

View Article Online
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interactions, leading to energy level splitting and a transition to
an indirect bandgap. Typically, carrier mobility diminishes as
the number of layers increases in 2D materials. This reduction
is primarily due to interlayer coupling that occurs in BL
configurations. Specifically, in the BL, carriers encounter addi-
tional scattering from interlayer interactions, which are not
present in the ML scenario. Consequently, the electrical
conductivity and carrier mobility in BL B-InSe are generally
lower than those in ML B-InSe, thereby constraining its
performance in transistor applications or high-speed elec-
tronics. Our calculated I, for n-type ML and BL B-InSe FETs
with Ly = 2 nm is comparable to that of other ML 2D-material
MOSFETs with longer Lg, for example, MoS,,"”” ReS,,* GeS,"
SnSe,,* InSe,"** and silicane,*® as shown in Fig. 5.

The gate modulation and current variation mechanisms are
unveiled by the position-fixed local density of states (LDOS) and
the current spectrum of 2-nm-L, n-MOSFETs for ML and BL j-
InSe at a bias of V44 = 0.57 V, as shown in Fig. 6. We investigated
the layered structure of B-InSe by simulating device perfor-
mance at different gate voltages to analyze the on- and off-state
currents. The high value of @ leads to a sharp decrease in
current with increasing gate voltage. The energy difference
between the Fermi level of the source and the conduction band
minima (CBM) of the channel is referred to as the electron
activation energy (®g). Under a gate modulation of 0.57 V, @3
decreases gradually from off-state values of 0.19 and 0.41 eV to
on-state values of 0.01 and 0.12 eV, respectively, corresponding
to gate voltages ranging from off-state —0.59 and —0.91 V to on-

ML off-state BL off-state
s
O,
)
E Itunnel Itunnel
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state —0.02 and —0.34 eV, in increasing order from the ML to BL
n-type B-InSe, respectively. The CBM within the channel region
increases with an increasing number of layers in the B-InSe
channel material. This leads to a reduction in off-state current
from ML to BL, recorded as 3.34 x 107'° and 2.75 x 107'° A
eV!, respectively (0.1 pA pum™' for the ITRS HP goal).
Conversely, the on-state currents decrease from ML to BL n-type
B-InSe, recorded as 6.14 x 107 ° and 4.47 x 10°° A eV 1,
respectively. Usually, I,, is composed of both thermionic
current and tunnelling current; however, in our investigation of
layer-dependent n-type B-InSe, the transport characteristics are
primarily influenced by tunneling current (Zeynne), €xcept for the
on-state n-type ML B-InSe device. The lack of thermal current
indicates a significant barrier height in the source-to-drain
region, resulting in minimal contribution from thermal
current to the overall current. This evidence is verified by the
current spectra shown in Fig. 6. For the on-state LDOS of the ML
B-InSe MOSFET, the barrier height is reduced to zero. Therefore,
the current saturates, and the thermal current I, em, becomes
dominant.

The local density of states and spectral current are illustrated
in Fig. 7 to assess the performance of transistors across various
UL structures. As Ly;, increases from 0 to 1 and 1.5 nm, the
effective channel length of the device increases, tunneling
leakage current reduces (Fig. 7(a-c)), and the on-state current
increases (Fig. 7(d-f)). The improvement in gate control due to
longer Lyy, is reflected in the enhanced modulation of the band
edge locations at smaller V, values. Therefore, the short-

@) UL = 0 off-state ()

Energy (eV)

UL =1 off-state (©

V,=-0.89

@5 =0.70 eV

View Article Online

Paper

channel effects are suppressed significantly. In this investiga-
tion, we take n-type ML B-InSe DG MOSFETSs with L, = 2 nm and
varying UL lengths as an example. By keeping the off-state
current fixed at 0.1 pA pm ', the energy barrier is high at
0.74, 0.70, and 0.19 eV for Ly, = 0, 1, and 1.5 nm, respectively,
and the three spectral currents are of the same order of
magnitude. The CBMs of the n-type ML B-InSe MOSFETs move
downward in the channel region under gate modulation of
0.57 eV, and hence the devices turn into the on-state. The @5 for
Ly, = 0 nm is 0.36 €V, which decreases significantly to 0.15 and
0.01 eV for Ly;, = 1 and 1.5 nm, respectively. It can be predicted
that enhanced electrostatics induced by increasing UL length
favor a high on-state current. The magnitude of the spectral
current indicates the increase in current with long Lyy: 1.59 x
1078, 9.80 x 1077, and 6.14 x 10~ ° for Ly;, = 0, 1, and 1.5 nm,
respectively. The current mainly comes from transmissions
above the source chemical potential (us) in terms of spectral
current. The on-state current enhances rapidly to 4, 166, and
1236 pA um ™" for Ly, = 0, 1, and 1.5 nm, respectively.

3.2 Subthreshold swing

Subthreshold swing (SS) is an important index for assessing
gate controllability in MOSFETs within the subthreshold
region. It can be described as the change in gate voltage
necessary to change the drain current by one order of magni-

Vs
5 __ The lowest limit of SS is

tude. It is formulated as SS = —=—
d log I4s

UL = 1.5 off-state

V, =-0.59
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Fig.7 Local device density of states and spectral currents of the ML n-type B-InSe MOSFETSs at different UL structures with Ly = 2 nm at the (a—c)
off- and (d—f) on-states. Vgq = ug — pus = 0.57 eV.
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60 mV dec ' according to the “Boltzmann tyranny”.** We
extracted SS from the transfer characteristics of ML and few-
layered n-type DG B-InSe MOSFETs with different UL values,
as shown in Fig. 8(a and b). SS decreases rapidly as Ly, increases
from 0 to 1 and 1.5 nm. SS at UL = 0 and 1 nm is calculated as
192 and 156 mV dec ', respectively, while SS decreases rapidly
to 96 mV dec ! when Ly, is further increased to 1.5 nm at the
same gate length, as shown in Fig. 8(a). By implementing
a longer UL length, SS experiences a significant reduction. The
reason for adopting an elongated UL structure lies in its ability
to enhance the effective channel length, thereby mitigating
leakage through the source-to-drain electrode and improving
the efficiency of gate electrostatics. Notably, to achieve a small
value of SS, we suggest a long UL structure, particularly for L,
2 nm in the fabrication of layered f-InSe MOSFETs. For n-type
DG B-InSe MOSFETS, SS is 96 for ML B-InSe FET devices. As
the number of layers increases to BL, SS increases rapidly to
129 mV dec™' due to short-channel effects, as shown in
Fig. 8(b). Large variations in gate voltage are required to switch
the transistor between the off- and on-states. It also predicts
that the source-to-drain leakage current is more effectively
suppressed in ML than in BL B-InSe MOSFETS. Increasing the
number of layers inhibits tunnelling between the source and
the drain, as it leads to an increase in channel thickness and
reduction in electrostatic control. Thereby, a smaller SS pres-
ents better gate controllability of the channel. SS is expressed as
-1

dlg I\~ . 4
SS = - (rlunnelsslunnel + (1 + rtunnel)sslherm ) 3
v,
(5)

ad lg Itunnel) - (6 lg Ids) -
where  SSwunnel = (7 sy SStherm = | —5— and
IV, IV,

. In ultrasmall-channel MOSFETSs, tunnelling

o Trunnel
T'tunnel = ———
ds

current is a major contributor. So, rwunnet # 0, and SS is less
likely to approach the thermal limit of 60 mV dec . In case of

(a)

200
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long channel lengths, the current comes from thermionic
injection, SO Twunnet = 0, and SS reaches the lower thermionic
limit (60 mV dec™ ™).

We evaluate device performance using another critical
parameter: transconductance (gy,). In the subthreshold region,
Zm is to estimate gate control for different layers of n-type B-InSe
FETs. It is defined as the change in current per unit change in
gate voltage, which can be formulated as gp = 3—2. The gm
values for n-type ML and BL DG B-InSe MOSFETs are plotted in
Fig. 9(a). For the n-type ML and BL B-InSe FET devices, g,,, values
are 6.09 and 4.03 mS um ™', respectively. In layered B-InSe, g,
gradually decreases as the number of layers increases. A large
value of g, indicates excellent gate control and explains the
large I,,,, observed for the n-type ML and BL B-InSe FETs, which
is larger than the HP ITRS on-state current standard. The
gradual decrease in g, from ML to BL B-InSe FETs reflects weak
gate control in the channel.

3.3 Intrinsic delay time and power consumption

To measure the performance limits of few-layer n-type B-InSe
FETs, the other figures of merit, such as delay time, total
capacitance C,, and power dissipation (PDP), are listed in
Table 1. These figures of merit are shown in Fig. 9(b). The

CiVaa . . .
t7dd s a valid metric to evaluate

intrinsic delay time(z) =
on
device switching speed. The total capacitance C; is the sum of

the gate capacitance (C,) and the fringing capacitance (C; =
2Cy). So, the total capacitance is three times the gate capaci-
anh
WV,
charge in the central region of the device, where V., = Vo —
Votr, and W is the width of the 2D B-InSe sheet. The C; of n-type
ML and BL B-InSe FETs are calculated as 0.41 and 0.39 fF um ™ *,
respectively. C, values for the n-type ML and BL B-InSe FETs can

tance, C; = 3 X

, where 0Q.n = Qon — Qofr is the total

(b)
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Fig. 8 Subthreshold swing for n-type DG B-InSe MOSFETSs with different UL structures (a) and for the layers of the n-type DG B-InSe MOSFETs

(b).
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satisfy the ITRS requirement of 0.38 fF um " for HP devices, as
outlined in the 2013 version standard. The C; values of n-type -
InSe FETs decrease with increasing number of layers, as shown
in Fig. 9(c). Additionally, 7 is proportional to C; and inversely
proportional to I,,. The ML and BL n-type B-InSe FETs with L, =
2 nm show 7 values of 0.190 and 0.350 ps, corresponding to
currents of 1236 and 648 pA um ™', respectively, and can meet
the set standard for the HP ITRS (0.410 ps) devices. The small
values of 7 indicate superior performance in terms of switching
capability. However, large values of the delay time result in low
switching speeds for the transistor applied in a digital circuit.
Our calculated 7 for ML n-type B-InSe FETs shows a switching
rate comparable to sub-5 nm L, ML 2D-material FETs with long
channel lengths, as illustrated in Fig. 10.

Power dissipation serves as a crucial metric for assessing
energy consumption during a single on-off switching event. PDP
can be determined using the equation PDP = VaalonT = CcVaa’
Fig. 11(a) illustrates the relationship between PDP and the
number of layers against the ITRS 2013 standard for high-
performance applications. According to the ITRS, PDP is
proportional to C; at a fixed Vg4 = 0.57 V. In Fig. 11(a), PDP
decreases from ML to BL n-type B-InSe FETs. Owing to the

Layers

Layers

(a) Transconductance, (b) total capacitance (c) and intrinsic delay time of the ML and BL n-type DG B-InSe MOSFETs at Ly = 2 nm.

monotonic decline in C; the n-type B-InSe FETs exhibit
a symmetry reduction in PDP for the ML and BL n-type B-InSe
FET configurations, with calculated values of 0.13 and 0.12 {]
um ™', respectively. The calculated PDP for the ML n-type B-InSe
FET is 0.1 points higher than the HP ITRS standard value of 0.12
f] um " for the target year 2028. PDP values for the BL n-type B-
InSe FETs align with the standard value of 0.12 f] um ™. PDPs
are close to the HP IRDS standard, which suggests a low power
consumption and fast switching compared to the ML MoS,
MOSFET (0.195 f] um ™ *).% For transistors, fast-switching speed
and low power dissipation are preferred. However, these two
goals frequently present a conflict, making it difficult to
accomplish both at the same time. A high I,, improves
switching speed and power consumption, as reflected in the
data shown in Table 1.

By taking switching speed and power dissipation into
consideration, the energy-delay product (EDP) can be calculated

EDP
by the following formula: PDP = ——. The smaller the EDP, the
T

better the device performance. EDPs for the layered structure
configuration of the n-type B-InSe FETs are shown in Fig. 11(b).
In this figure, the ITRS 2013 standard for the 2028 target is
represented by a red star. The red line represents the equation

Table 1 Ballistic performance of n-type B-InSe DGFETs against the ITRS 2013 requirements for HP transistors of the next decades. L4: gate
length. UL: underlap length. /,,: on-state current. SS: subthreshold swing. g.,: transconductance. C;: total capacitance. 1: delay time. PDP:

power-delay product. EDP: energy-delay product

UL Doping
g

Parameters (nm) (nm) (em™®) ILgpApm™ ' I, pApm™' SSmVdec ' C fFum™' g, mSum ' tps PDPfJum ™' EDPJspum '
ITRS 2 0.1 650/528 0.38 0.410 0.12 0.49 x 10728
ML n-type 2 0 1x 10" 0.1 4 192

ML n-type 2 1 1x 10" 0.1 166 156

ML n-type 2 1.5 1x10” 0.1 1236 96 0.41 6.09 0.190 0.13 2.4 x 107%°

BL n-type 2 1.5  1x10% 0.1 648 129 0.39 4.03 0.350 0.12 4.2 x 107

ML n-type 3 1.5 1x10" 0.1 1291 82 0.60 7.26 0.272  0.20 4.9 x 107*°
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EDP . .
PDP = ——, where the EDP value is the requirement of the HP
T

ITRS (0.492 x 107%% Js um™") for the target year 2028. The EDPs
of ML and BL n-type B-InSe FETs are 2.4 x 10 >° and 4.2 x
107%° Js um ™, respectively, fulfilling the HP ITRS standard
(0.492 x 1072® Js um™>). EDP falls below the ITRS 2013
requirements, suggesting a promising future for n-type pB-InSe
FETs. To assess the performance of ML and BL n-type B-InSe
MOSFETs, device performance metrics, especially I,,, 7, and
PDP, are analyzed and compared with those of ML FETs based
on other 2D heterostructure materials. All comparative data are
derived from theoretical calculations using ballistic transport
theory. The I, of the ML n-type B-InSe FET (1236 pA um ') is
higher than that of the BL n-type B-InSe FET (648 pA um ') and
relatively higher than a few other 2D-material FETs with long L,
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values, as shown in Fig. 4(b).” Notably, t calculated for ML n-
type B-InSe FETs shows a much smaller value, at 0.190 ps,
which is lower than the ITRS HP standard, while the switching
speed of the ML n-type -InSe FET is comparable to that of other
2D-material FETs with long L, values, as shown in Fig. 10. The
PDP of ML n-type B-InSe FET is 0.13 f] pm ", which is high and
has a direct relation to the on-state current, while BL n-type B-
InSe FETs own a low PDP value of 0.12 f] um ™! because of their
reduced on-state current. PDP of 2D heterostructure is 0.018 fJ
pum ™" for HP applications.”-*>>* The EDP for the ML n-type f-
InSe FET (2.4 x 10~>° Js um ") is observed to be lower than the
ITRS HP standard, as well as certain few-layer n-type B-InSe
FETs. The high value of EDP is observed in the MoS, FET with
a channel length of 10 nm, while the best performance is
attributed to the black phosphorus (BP) FET.”* The EDP values
of the few-layer n-type B-InSe FETs are the average of the above
devices, demonstrating excellent performance.

4 Discussion

In the search for 2D-material FETs that can replace conven-
tional Si FETs, no 2D semiconductor-based experimental FETs
have exhibited performance that could exceed that of Si FETs,
while few-layer InSe has emerged as an interesting option. In 2D
material FETs, achieving both low-resistance ohmic contacts
and ultrathin effective oxide thicknesses simultaneously
present significant challenges. Recently, Jiang et al. in 2023 (ref.
13 and 56) fabricated an ohmic-contact ballistic InSe FET with
a channel length ranging from 10 to 20 nm. Yttrium doping (Y-
doping) was applied at the top layer of the few-layered InSe to
improve the contact between the 2D channel and the electrode,
which induces a phase transition from semiconductor to
semimetal. The Y-doped InSe and the top layer of pristine InSe
have no Fermi Level Pinning effect, so the ohmic contact is
formed, having a small resistance of 64 Q um. An ultrathin high-

(b)

1F
HP ITRS 2013
g requirement
% 0.49x10%)s/pum
-
g 6]
Py 4.2x10)s/um
[=)
w
n
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A
a 2.4x10% Js/um
® BL
A ML
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Fig. 11 (a) Power-delay product (PDP) of the n-type ML and BL B-InSe FETs at Ly = 2 nm and UL = 1.5 nm and (b) benchmarks of power
dissipation (PDP = EDP/1) vs. the effective delay time (7) of the n-type ML and BL B-InSe FETs against the ITRS 2013 edition (represented by red

star) for HP applications.
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k dielectric material, HfO, with an EOT of 2.6 nm, was utilized
as the gate oxide. It is quite challenging to grow an ultrathin
high-k dielectric layer on the dangling-bond-free surface of 2D
materials. The best on-state current and transconductance are
achieved for the triple-layer (TL) InSe FET with L, = 20 nm, at
1.20 and 1.43 mA pm™~* and 6.0 and 7.2 mS pum™" at Vyq of 0.5
and 0.7 V, respectively. The triple-layer 2D InSe I,, attains
a theoretically predicted I,, of 1.5 mA pm ™" at L, = 7 nm."> The
significantly high on-state current is due to reduced carrier
scattering because of small surface roughness and the dangling-
bond-free surface. On the other hand, the high on-state current
in multilayer devices is attributed to the availability of a large
density of states. Notably, the on-state current of 2D InSe FETs
decreases monotonically from TL to ML. The poor performance
of ML 2D InSe FETs is ascribed to direct Y-doping on the ML
InSe to form electrodes. Covalent interactions occur in the
lateral direction between Y-InSe and the semiconductor InSe,
creating metal-induced gap states and resulting in a Schottky
barrier. Another reason for the poor performance of low-current
ML 2D InSe is the structural instability. An improved approach
is utilizing BL InSe as electrodes, with doping applied only on
the top layer. This method facilitates the formation of an Ohmic
contact between the doped and undoped InSe layers.

Our theoretical simulation study predicts that, by realizing
an ultrathin high-k dielectric of 1.5 nm and by realizing ohmic
contact electrodes, ML and BL n-type B-InSe FETs outperform at
I, values of 1236 and 648 pA um™ ', respectively. The thicker
channel experiences a decline in the degradation of the elec-
trostatic control exerted by the gate.

5 Conclusion

In this work, we studied the ballistic limit of sub-3 nm ML and
BL DG n-type B-InSe FETs by employing ab initio quantum
transport simulations. The optimized ML n-type B-InSe FET was
used at Ly = 2 and 3 nm to explore the performance of devices
for high I,, of 1236 and 1291 pA pm ™, respectively. Thus, to
further study few-layer n-type B-InSe FETs, the best device
configuration was selected with L, = 2 nm and an optimal Ly;, of
1.5 nm to keep a L., of 5 nm, and employing a high-k dielectric
HfO, gate dielectric with a thickness of 1.5 nm. It is predicted
that ML and BL n-type B-InSe FETs can easily fulfill the HP ITRS
device requirements. Other crucial figures of merit, such as ,
PDP, and EDP, for ML and BL n-type B-InSe FETs are well
matched with HP ITRS requirements of the 2013 version for the
2028 target. Thus, ML and BL n-type B-InSe FETs outperform
several other 2D-material FETs, demonstrating strong potential
for future nanoelectronics applications.
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