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Abstract

In this paper, we discuss the possibility of obtaining
steep subthreshold swing using negative capacitance in a
fully depleted silicon-on-insulator field-effect transistor
(SOI-FET) and FinFET based on technology computer-
aided design simulation. Ultrathin buried oxide SOI-
FETs are considered as more preferable because they can
effectively enable a voltage drop in the ferroelectric layer,
which is crucial to attain steep subthreshold swing,
through the back electrode.

1. Introduction

The demand for operating energy-efficient large-scale in-
tegrated circuits under extremely low voltages has been rap-
idly increasing. However, the future of downscaling of the
supply voltage in conventional MOSFETSs seems to be bleak
because of the physical limitations of subthreshold swing
(SS; 60 mV/decade at a room temperature) [1]. Therefore,
steep slope transistors, which offer subthermal switching (SS
< 60 mV/decade) have been extensively investigated. In par-
ticular, ferroelectric gate MOSFETSs [2-4] have been gaining
considerable attention because a steeper SS has been pre-
dicted by harnessing the negative capacitance (NC) state,
which was theoretically deduced in an ideal ferroelectric ma-
terial [2].

So far, several studies have reported successful demon-
strations of steep slope-switching in FETs embedding a fer-
roelectric material such as HfZrOx [5, 6]. With experimental
demonstrations, it is important to design a device to reduce
SS effectively.

In this paper, we compare the switching performances of
fully depleted silicon-on-insulator FETs (SOI-FETs) and Fin-
FETs based on technology computer-aided design (TCAD)
simulation. In general, FiInFETs with a paraelectric insulator
have reduced SS values than that of SOI-FETs because of bet-
ter electrostatic control. However, we report, for the first time,
that SOI-FETs with an NC gate can attain steeper switching
than FinFETs with an NC gate.

2. Device Simulation
Device structure

Figure 1 shows schematic of the device structures. In this
study, planar SOI-FET and FinFET were fabricated on bur-
ied oxide (BOX) of various thicknesses.

Stability of the NC

NC states in isolated ferroelectric materials are energeti-
cally unstable. Therefore, they should be stabilized by stack-
ing the ferroelectric and paraelectric layers [2,7]. According
to the Landau—Khalatnikov theory, the Helmholtz free energy
Fr per unit volume of a ferroelectric material can be ex-
pressed as

Fz = aD? + BD* + yDS, (D

where D is the electric flux density [8]. a, f, and y are the
ferroelectric material parameters. In this study, a, f, and y
were chosen so that the remnant polarization and coercive
electric field can be 3 pC/cm? and 1 MV/cm respectively,
which are typical values of the ferroelectric HfZrOx [9, 10].
To stabilize the NC, the total Helmholtz free energy of the
gate stack Fiowr should satisfy 02Foq/0D? > 0. This leads
to the following constraint on the thickness of the ferroelec-
tric layer df:

dep > 2[(38%/57) — alesidy, @)

where drp is the thickness of SOI (half the thickness of the
Fin-channel), and &s; is the permittivity of silicon. Figure 2
shows the conditions for drp and dr to stabilize the NC-states.
In addition, SS conditions estimated through (kgT/q)[1 +
(Cp/Cg)], where kg is the Boltzmann constant, ¢ is the ele-
mentary charge, Cp is the depletion capacitance, Cr is the fer-
roelectric gate capacitance and 7 is the temperature, were su-
perimposed. For SOI-FETs, dr and drp were chosen as 30 and
20 nm respectively, whereas for FInFETs, dr = 15 nm and drp
= 10 nm (the width of Fin is 20 nm). TCAD simulation was
carried out using Silvaco ATLAS™[11]. The simulation pro-
cedure is described in detail in [12].

2. Results and Discussion

Figures 3(a) and 3(b) respectively show the drain current
Ip as a function of the gate voltage Vgs for SOI-FETs and Fin-
FETs on various BOX thicknesses. As shown in Figs. 3(a)
and 4, SS of less than 60 mV/decade can be seen in five orders
of Ip under the threshold voltages of SOI-FETs, especially in
the case of the ultrathin BOX (UT-BOX). Contrastively, SS
values of FinFETs are approximately 60 mV/decade, irre-
spective of the BOX thickness [Fig. 3(b)].

To elucidate the impact of BOX thickness, potential pro-
files along the line A-A’ (Fig. 1) in SOI-FETs with 100 nm
thick and 2 nm ultrathin BOXs are compared, as shown in Fig.
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5(a) (Vgs = 200 mV, Vaack = 0 V). It should be noted that a
voltage drop in the ferroelectric layer in the subthreshold re-
gion is indispensable for attaining a subthermal SS. However,
a gate voltage drop is observed to predominantly occur in a
thick BOX layer.

Figure 5(b) shows a potential profile along the line of B-
B’ in the FinFETs with a 2-nm-thick BOX. Figure 3(b)
shows that the BOX thickness has negligible impact on SS
values of FinFETs. Moreover, as shown in Fig. 5(b), the volt-
age drops in the ferroelectric layer (in an NC-state) are con-
siderably smaller than those in the ferroelectric layer of SOI-
FETs because the ferroelectric layer and the Fin channel are
surrounded by the equipotential of the gate electrode in Fin-
FETs. This equipotential suppresses the voltage drop inside
the NC layer, and thus hinders reduction of SS.

3. Conclusions
In this paper, the switching performances of SOI-FETs

Fig. 1 Schematic of the device structures of (a) SOI-FETs and (b) Fin-
FETs on buried oxide with various thicknesses. The SOI thickness
(the Fin width) is 20 nm, and the thickness of the ferroelectric layer
for (a) and (b) are 15 and 30 nm, respectively. The height of Fin is 50
nm in (b). The doping concentration of the channel is 1 x 10'° cm™
(p-type). The work function of the gate electrode is 4.6 eV.
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Fig. 3 Simulated transfer characteristics for (a) SOI-FETs (the gate
length Lg = 500 nm) and (b) FinFETs (Lg= 100 nm). The thickness of
BOX is the parameter. “Ref-SiO2” indicates simulated transfer char-
acteristics for SOI-FETs and FinFETs with a SiO2 gate insulator (the
thiclgness was 1.0 nm).
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and FinFETs with NC gate insulators based on TCAD simu-
lation were discussed. UT-BOX SOI-FETs were determined
to be more preferable for attaining steeper SS than FinFETs.
Equipping an electrode to effectively enable a voltage drop in
the ferroelectric layer is critical for attaining steep SS in SOI-
FETs and FinFETs.
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Fig. 2 Thickness of SOI (half
the thickness of the Fin) as a
function of thickness of the
ferroelectric layer to attain
steep subthreshold swings.
The condition where NC-
states are unstable is demar-
cated in green [see Eq. (2)].
The circular and rectangular
markers indicate the condi-
tions of TCAD simulation for
SOI-FETs and FinFETs, re-
spectively.
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Fig. 4 SS values extracted from
Ip-Ves curves shown in Figs.
3(a) and 3(b). SS shown in
those figures is defined as an
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i 1 Fig. 5 Potential profiles in a subthreshold condition (Vgs= 200 mV, V'bs
=300 mV) extracted along the lines of A-A’ in SOI-FETs and B-B’ in
FinFETs. (a) Potential profiles of SOI-FETs with the UT-BOX (2 nm)
and the thick BOX (100 nm) are overlaid. The back-bias under the BOX
is 0 V. (b) A potential profile of FinFET. This surrounded equipotential
suppresses the voltage drop inside the NC-layer.
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