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Abstract

In this work, ballistic performance of two-dimensional
(2D) InSe n-type FETs as a function of layer number is
investigated based on first-principles calculation using
density functional theory (DFT) and top-of-the-barrier
(ToB) transport model. DFT calculation suggests that the
band structure, effective mass, and bandgap strongly
depend on the layer number. Ballistic simulation reveals
that the InSe FETs with reduced layer provide better
performance, showing great potential for future high-
performance CMOS application.

1. Introduction

Recently, 2D layered semiconductors have gained great
attention to push further the limits of CMOS downscaling,
due to their atomically thin structure and weak surface
roughness scattering [1]. Among these 2D materials, few-
layer InSe has recently exhibited attractive electronic
properties with electron mobility of ~103%cm?/Vs at 300K [2].
The high mobility and bandgap of 1.4eV make InSe a perfect
candidate for ultra-thin body FETs, offering similar gap as
silicon, high mobility and 2D nature as graphene. However,
theoretical study on transport performance of few-layer InSe
FET are still highly required.

In this work, we present a DFT calculation and ballistic
transport simulation of monolayer and few-layer InSe-based
FETs, revealing the dependence of electronic structure and
device performance on layer number or thickness.

2. Simulation Methods

The approach combines different levels of physical
modeling. i) Band structure of few-layer InSe with atomic
structure as shown in Fig.1 is calculated based on DFT using
the VASP simulation package [3]. The Generalized Gradient
Approximation is adopted for the exchange correlation
potential, and spin-orbit interaction is excluded. The energy
cutoff for the plane-wave basis is set to be 500eV. k-mesh for
monolayer is 9 X9 X 1. Geometric optimization is completed
until the maximum force is less than 0.001eV/A. ii) Effective
mass m" is determined by the second derivative of a particular
band dispersion: 1/mz"=(1/42)(0*E/dk.0kg) at the band edge,
and then the nonparabolicity coefficient a is extracted by
fitting the E-k curves with a relation E(1+aE)=m*k*/2m"[4].
iii) Electrostatic characteristic under quantum confinement is
obtained by self-consistent calculation of the Schrédinger and
Poisson equations based on effective mass approximation
(EMA) for the double-gate (DG) InSe FETs, as shown in
Fig.1. iii7) Electrical characteristic of InSe under the ballistic
limits is simulated based on the ToB model [5], which is
efficient and particularly useful to provide significant
physical insight into the ballistic performance. To clarify the
band structure effect, any scattering mechanisms and
tunneling effects at the OFF-state bias are neglected, and the
perfect electrostatic gate control over the channel is assumed.

3. Results and Discussions

Crystal structure For the monolayer (1L) InSe shown in Fig.1,
the lattice constant, In-In distance, and Se-In-In-Se distance
are 3.97, 2.94, and 5.29A, respectively, which are in good
agreement with the previous reports [6-9]. As thickness is
necessary for the electrostatic calculation of 2D-based
devices, we use 8.23A as the thickness of 1L InSe, which
corresponds to experimentally interlayer distance of InSe [10].
Band structure Fig.2 shows the electronic band structure in
the Brillouin zone for 2D InSe with layer number L ranging
from 1 to 16, as derived from DFT. It reveals that as L
decreases, the conduction band minimum always locates at I"
point and shifts upwards to high energy; in contrast, the
valence band maximum slightly shifts from the I' point
towards the K point. Thus a direct-to-indirect band transition
occurs with decreasing L. Fig.3 shows the calculated bandgap
of InSe versus the layer number. The bandgap decreases
significantly from 1.64eV of the monolayer to 0.38eV of the
16-layer InSe. Furthermore, dependence of bandgap on layer
number is consistent with previous reports [6-9, 11,12].
Electron effective mass Fig.4 shows the extracted electron
effective mass m," of monolayer and few-layer InSe along I'-
K and I'-M directions. It reveals that m," of InSe shows an
isotropic feature, i.e., there is little difference between the I'-
K and I'-M directions in contrast to MoS, and black
phosphorus [11]. As L increase, m." significantly decreases.
Particularly, m." of monolayer InSe is 0.18my, which is
consistent with previous calculations [6-9,11,12]. Then when
InSe thickness is more than 6-layer, m." gradually approaches
the saturated value of 0.13my, showing a good agreement with
the experimental m." value for 2DEG in InSe [13,14]. Fig.5
shows the lowest band dispersion of 1L InSe obtained from
the DFT calculation and analytical EMA band without and
with the nonparabolicity correction. Since the m,.” is quite
small and the parabolic dispersion persists up less than
200meV, which may cause serious inaccuracy of carrier
density calculation in strong inversion due to the carrier
occupation of higher energy band. Thus it is necessary to
extract the nonparabolicity coefficients a. For InSe,
0=0.45eV"! is obtained, which is nearly a constant regardless
of the layer number. Particularly, the nonparabolicity band
matches well with DFT calculation up to 500meV.

Ballistic transport For DG InSe-based FETs shown in Fig.1,
EOT=0.5nm and Vpp=0.5V are used. The gate work function
is adjusted to obtain the same OFF-current Iorr (0.1pA/pm)
at V=0 and Vp=0.5V. Fig.6 shows the Ip-Vg characteristics,
carrier injection velocity Viny and inversion sheet density Ng
of few-layer InSe FETs, respectively. As the L decreases, the
drain current significantly increases due to the change of m.".
Within the ballistic regime, the larger m.” implies a smaller
Vi and a larger density-of-states (DOS). Therefore, the
influence of larger m.” with reduced layer on DOS dominates
and contributes to a larger Ns and then an increased current.
In addition, simulation of MoS, FETs is also shown in Fig.6
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as a benchmark. The ballistic performance of InSe-based
FETs is significantly superior to that of MoS,-based FETs.
Particularly, Ion= 2460uA/um, and Ion/lore>10% at Vpp=0.5V
for monolayer InSe FETs, satisfies the ITRS requirements for
2026 node for high-performance technology [15]. These
results indicates that InSe FETs show great potential for
future CMOS application.
4. Conclusions

This work reveals that the band structure, effective mass
and ballistic performance of InSe FETs strongly depend on
the layer number. Simulation results suggest that the layered
InSe exhibits great potential for future CMOS applications by
taking advantage of small effective mass and moderate
bandgap.
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Fig.1 (a) Crystal structure of
InSe. (b) Device structure of DG
InSe FETs in the simulation.
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Fig.2 Band structure in the Brillouin zone for InSe with layer number L ranging from 1 to 16 derived
from DFT. As L decreases, the conduction band minimum always locates at I point and shifts to high
energy; in contrast, the valence band maximum slightly shifts from the I" point towards the K point.
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Fig.3 Bandgap of InSe versus layer number.
Dependence of bandgap on layer number
shows an excellent agreement with previous
calculations [6-9,11,12].

Fig.4 Electron effective mass m." of few-
layer InSe along I'-K and I'-M directions.
Results from previous calculations and
experiments are also shown [6-9,11-14].

Fig.5 Lowest band dispersion of 1L InSe
obtained from DFT calculation and
analytical EM A band without and with the
nonparabolicity correction.
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Fig.6 Characteristics of InSe FETs with layer number ranging from 1L to 16L. Simulation of MoS2 FETs is also shown for a benchmark.
(a) Ballistic Ip-Vg curves, (b) average injection velocity Viny, and (c) inversion sheet density Ns as a function of gate voltage V. It can
be seen that as the L decreases, the drain current significantly increases, and InSe-based FETs is superior to MoS»2-based FETs.
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