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Abstract—Negative capacitance field effect transistors
(NCFETs) based on ferroelectric materials have been the
focus of intensive research activities because of their relatively
small sub-threshold swing. This work proposes and presents a
comprehensive study of a NCFET based on few-layer a-In2Ses
as the ferroelectric in order to reduce the sub-threshold swing
through voltage amplification effect. By employing first princi-
ples electronic structure calculations, the Landau constants of
mono and few-layer a-InsSes are extracted which were utilized
for analyzing the characteristics of a NCFET with a monolayer
MoS, as the channel material. Sub-threshold swings in the
range of ~27-59 mV /dec were achieved for few-layer a-InsSes
that can be further improved by increasing the thickness of
the ferroelectric layer and by using a thinner or high-x insulate
layer.

Index Terms—Negative capacitance,
threshold swing, Ferroelectric, InaSes

Transistor, Sub-

I. Introduction

The scaling of metal-oxide-semiconductor field-effect
transistors (MOS-FETS) is being limited by the inability
to remove the heat generated during the switching process
that originates from the poor scaling of the operating
voltage (Vpp). A key factor that hinders the scaling of
Vop is the subthreshold swing (S.S) which is thermally
limited to ~60 mV/dec at room temperature because of
the Boltzmann statistic. The (SS)of a FET is generally
given by [1]:
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where Vg is the gate voltage, Ip is the drain current, g
is the surface potential of the semiconducting channel,
Cs is the substrate capacitance, Crys is the gate insulator
capacitance and kg is the Boltzmann constant, 7T is the
temperature, and ¢ is the electron unit charge. At room
temperature, a sub-threshold swing of approximately 60
mV /dec can be obtained if the body factor becomes close
to 1. This happens if a relatively thin high-x insulator
material is used (Cs/Crs < 1). A sub-60 mV/dec for
SS can be achieved if the device body factor becomes

SS =
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smaller than 1, where C1,s can be negative while the Cyg
remains positive [2], [3]. This can be reached by using
the recently proposed negative capacitance field effect
transistor (NCFET), in which a ferroelectric material
is added to the gate stack of conventional MOSFETs
[3], [4]. Because of a negative voltage drop through the
ferroelectric layer, which is due to the combination of the
external electric field and polarization in the ferroelectric
material, the gate voltage is amplified which in turn
reduces the SS.

Two main structures are commonly studied for
NCFETs: the metal-ferroelectric-metal-insulator-
semiconductor (MFMIS) [5] and metal-ferroelectric-
insulator-semiconductor  (MFIS) [6]. It is more
straightforward to realize MFMIS structures, where
the inserted metal layer provides a uniform surface
potential for simultaneous polarization and makes it
easy to detect the internal voltage in the experiment.
To obtain stabilized NC hysteretic behavior, which is
the characteristic for ferroelectric materials, should be
eliminated. The requirement of a hysteresis-free NC is
related to the maximum critical ferroelectric thickness
which can be reduced by the background permittivity.

The application of conventional ferroelectric materials
for 2D channels is not optimal; therefore, this work investi-
gates the potential of 2D ferroelectrics in NCFETs. A few
2D van der Waals (vdW) materials exhibit ferroelectricity,
where for NC those with out-of-plane polarizability are of
interest. An appropriate selection of a 2D ferroelectric
insulator for integrating with 2D semiconductors is essen-
tial for achieving high performance NCFETs. Ferroelectric
polarization switching and hysteresis loop have been
recently observed down to the bilayer and monolayer (1L)
a-IngSes [7] which demonstrates that the thinnest layered
ferroelectrics can be realized with 2D materials.

This work proposes and presents a comprehensive study
on a NCFET based on the MFMIS structure, where a
monolayer MoSs serves as the channel material and few-
layer a-InsSez acts as the ferroelectric material. As shown
in Fig.1(a), compared to the conventional MOSFETS, the
NCFETs have an additional ferroelectric layer deposited
on the metal gate. Recent experiments indicate that in the
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employed structure the metal gate provides the same gate
charge density to both the internal gate and ferroelectric
surfaces [5], [8]. The NCFETs can be described by the
capacitor divider model of Fig.1(b), where Cre, Crys and
Cs are the capacitors due to the ferroelectric layer, the
dielectric layer and the semiconductor, respectively. The
total gate capacitance of a NCFET (Cg) consists of a
series combination of Ct,s and Cre.

In this paper, we focus on the a-In;Ses as the ferroelec-
tric material shown in Fig.1(c). First principle calculations
based on density functional theory (DFT) are applied
to systematically study the electronic properties of a-
InySes through layer-dependent cleavage energy, Gibbs
free energy, polarization, averaged electrostatic potential
energy and bandgap. Using the electronic structure cal-
culations we determine the Landau constants of a-InsSes
and quantitatively investigate the device properties of the
NCFET.
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Fig. 1: The schematic of a NCFET with monolayer MoSz as the
channel material and a-InaSes as the ferroelectric. (b) The equivalent
capacitor model for the combination of the gate, ferroelectric and
insulator in the MFMIS structure. (¢) The atomistic structure of
layered a-IngSes ferroelectric. a-InaSes switching from the upward
polarization (top) to the downward polarization (bottom).

II. Approach

To model the current-voltage characteristic of nanoscale
transistors, the top-of-the barrier model proposed in Ref.
[9] has been utilized. The drain-source current can be
obtained by:

+oo
Ips = / J(E = Ust) [fs (B) - f2(E)dE,  (2)

where f1, fo are the Fermi-Dirac distribution functions
of the contacts and J is the current density, and Ugc
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is the self-consistent potential at the top of the barrier
along the channel. To model the dynamics of ferroelectric
polarization, the Landau-Khalatnikov (LK) equation can
be used [3]:

—

dP

Prat

where p and P are the resistivity and polarization,

respectively. Here, F' represents the Gibbs free energy

of the ferroelectric material and is a function of a series
expansion of the polarization as:

F = aP? 4+ bP* + cP% — E...P, (4)

+ VG =0, (3)

where a, b and ¢ are Landau coefficients and Eext is the
external electric field. The gate voltage of the NCFET can
be written as

Ve = Vins + [2aQc + 40Q%] tre, (5)

where Vi, is the internal voltage the second term is the
voltage drop across the ferroelectric. Also, tp, and Qg
are the ferroelectric thickness and gate charge density,
respectively.

DFT calculations have been carried out within the
framework of the projector augmented-wave (PAW) for-
malism [10], [11] as implemented in the Vienna Ab
initio Simulation Package (VASP). Structural relaxations
and calculation of the electronic properties were carried
using the generalized gradient approximation (GGA) as
parameterized by Perdew-Burke-Ernzerhof functional for
solids (PBEsol) [12] with a convergence criterion that
forces on the atoms become smaller than 0.001 eV/A.
For the bandgap calculations, we also used the hybrid
functional of Hyed-Scuseria-Ernzerhof (HSE06) [13] The
plane wave cutoff energy is 500 eV and a 12x12x1 grid
points were used in k-space to sample the Brillouin zone.
The dispersion interaction was accounted for layered a-
InySes by using the Grimme’s DFT-D3 method [14]. The
Gibbs free energy under mild conditions of temperature,
T=300 K can be expressed as

F=H"+TS +ZPE, (6)

where H?, S and ZPE are the enthalpy at absolute zero,
the entropy and intrinsic zero point energy.

III. Results and Discussion

Cleavage energies of a-InySes 1L and 2L from a five-
layer (5L) slab were calculated to confirm feasibility of
getting a 1L and 2L a-InsSesz by exfoliation. As shown in
Fig.2(a), the cleavage energies required to slice the 1Land
2L a-InsSes along c plane are 0.60 J/m? and 0.66 J/m?,
respectively. It should be noted that the cleavage energy
of slicing bulk a-InsSes into 1L and 2L is close to that
of slicing graphite into graphene (0.36 J/m?) [15]. This
indicates that slicing the a-InySes into 2D monolayers
along a specific plane is highly feasible.

Fig.2(b) shows the Gibbs free energy for 1L to 5L a-
InySes at room temperature. It is found that, thicker a-
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Fig. 2: The cleavage energies estimation regarding the slicing of a-InaSes along c plane the structure of a-InaSes, (b) the polarization
and Gibbs free energies at T=300 K, (c) the planar-averaged electrostatic potential energy along c plane for 5L a-InaSes. (d) Evolution of
bandgap as a function of the number of layers with the GGA-PBEsol and HSE06 methods, respectively.

InySes is more stable than monolayer of this materials.
The difference in stability between monolayer and few-
layer a-IngSes is related to the vdW coupling between
the a-IngSes layers. In addition, Fig.2(b) indicates that
the average out-of-plane polarization of the 2L is over
two times larger than that of the monolayer and the
magnitude of the electric dipole saturates beyond two
layers. The absence of the energy band gap and overlaying
of the conduction and valence bands above 2L lead to
charge transfer induced by the depolarization field on both
surfaces of the film which in turn hinders further increase
of the polarization.

The average electrostatic potential energy in the c plane
for 5L a-InsSes is shown in Fig.2(c). Also, the depolar-
ization field F4op, was calculated from the electrostatic
potential energy. The depolarization fields of the 5L are
not completely compensated, and the values decrease as
the number of layers increases and will disappear in
thick films. Fig.2(d) indicates the bandgap evolution as
a function of the number of layers. Due to the existence
of bandgap underestimation in GGA-PBEsol functional,
we also employed the hybrid functional approximation
using HSE06 exchange-correlation term. It was obvious
that there was a bandgap shortening from the monolayer
to bilayer by both methods. Bandgaps of a-InpSes are
extracted as 1.46 ¢V (1L), 0.11 eV (2L) and 1.48 ¢V (bulk).

To analyze a-InySes as the ferroelectric in NCFET, the

Landau constants are extracted (Table.I) from the Gibbs
free energy at T=300 K versus polarization during the
phase transition.

TABLE I: Landau constants extracted by fitting param-
eters in Eq. (4).

a-InsSes a (V/eh?) b (V/e3AT)

1L -28.65 14.575e+-2
2L -6.96 116.27
Bulk -2.75 48.40

In an NCFET, the external gate voltage Vg induces
polarization within the ferroelectric. The net charge
density inside the ferroelectric capacitor, defined as the
difference between the polarization-induced surface charge
and the screening charge density, determines the voltage
drop across a ferroelectric Vg.. The negative capacitance
appears appears when the polarized charges are not
completely screened during the switching of polariza-
tion [4]. This implies that the voltage drop across the
ferroelectric is a negative quantity and Vpgr > Vg
(fromVg = VrrT + Vo), where Vrgr is the voltage across
the MOS-FET. Therefore, the same charge density can be
achieved in the channel with a smaller gate voltage which
leads to a SS steeper than 60 mV/dec [16].

As shown in Fig.3(a) SS=67 mV/dec for MoS,-FET,
while the NCFET with a 5 nm (5L) a-InpSes achieved
the SS of 59 mV /dec that is reduced to 27 mV /dec for 25
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nm. By increasing the thickness of the ferroelectric layer,
the performance enhancement increases because of the
reduction of Cre, (| Cre | ~ Crrr), which in turn results
in larger amplification of the gate voltage. In addition
a more direct way to improve the device performance
is the increasing the capacitance of the insulator layer.
The dependence of the Cr,s on the EOT suggests that
thinner gate insulators result in smaller SS Also, the
SS of NCFET can be further improved by using high-
k insulate layer. In Fig.3(b) different EOT and gate
insulator layer materials are applied in the NCFET with
a 5 nm ferroelectric layer. It can be seen that the SS can
reach smaller than 60 mV/dec by using thinner or high-x
insulate layer.
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Fig. 3: (a) Ip-Vg for a MoSz-based FET and NCFETs at V=0.6
V with a 3 nm SiOg insulator layer for various thicknesses of a-
IngSes. (b) The SSS at various thicknesses of insulator layer and gate
insulator materials for NCFET with 5 nm a-InsSes.

IV. Conclusion

This work presents a comprehensive study of NCFETs
with monolayer MoS, as the channel material and few-
layer a-InsSeg as the ferroelectric material. First principles
calculations were employed for determining the electronic
properties and extracting Landau constants of the a-
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In;Ses. Monolayer a-InySes as the thinnest layered fer-
roelectric reveals the out-of-plane polarization. The SS
in the range of ~27-59 mV/dec were achieved for 25
nm to 5 nm of a-InsSes which can be further reduced
by using thicker a-InySes and thinner or high-x insulate
layer. The presented results pave the way for realizing high
performance 2D NCFETs.
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