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Abstract

In this work, the impact of device parameters on the
switching time and subthreshold swing of negative capacitance
ultra-thin-body (UTB) Germanium-On-Insulator (NC-GeOl)
MOSFETs is analyzed. NC-GeOl MOSFETs with smaller gate
length (Lg), EOT, and buried oxide thickness(Thox) and thicker
ferroelectric layer thickness (Tre) exhibit larger subthreshold
swing improvements over GeOl MOSFETs. Compared with GeOl
MOSFETs, NC-GeOI MOSFETs exhibit better switching time due
to improvements in effective drive current (lesf) and subthreshold
swing. NC-GeOI MOSFET exhibits larger ST improvements at
Vdd = 0.3V (-82.9%) than at Vdd = 0.86V (-9.7%), because NC-
GeOlI MOSFET shows 18.2 times higher Ier than the GeOl
MOSFET at Vdd = 0.3V, while 2.5 times higher It at Vdd = 0.86V.
Therefore, NC-GeOl MOSFETs have more benefits when
operating at low supply voltage for ultra-low power applications.

Introduction

The design of ultra-low power integrated circuits is important for
portable electronics, implantable bio-medical devices, and energy
harvesting system. Device with higher lon/Ioff ratio is essential in
order to achieve energy-efficient switching at given supply voltage.
Negative capacitance FET (NCFET) [1] has been attracting interests
because it reduces subthreshold swing below classical limit of
~60mV/dec, and therefore shows higher lon/loff ratio. Negative
capacitance ultra-thin-body MOSFETs (NC-UTB MOSFETs) have
been analyzed for capacitance tuning and antiferroelectric operation
[2-3]. The hysteresis-free design space for NC-UTB GeOl MOSFETs
has been studied compared with Si counterparts [4]. However,
switching time (ST) analysis of NC-GeOl MOSFET has rarely been
discussed. In this work, the impact of device parameters (including Lg,
EOT and Twox) and thickness of ferroelectric layer (Tre) on the
subthreshold swing (SS) and ST of the hysteresis-free NC-GeOl
MOSFETs are analyzed and compared with the GeOl MOSFETs.
Mobility and band-to-band tunneling model of UTB GeOl MOSFET
are calibrated [6] in the TCAD simulations. Results show that
compared with the GeOI MOSFETs at Vdd = 0.86V, the NC-GeOl
MOSFETs exhibit significant improvements in SS while fewer
improvements in ST due to the increased transition charge (AQ).
However, as Vdd scales down to 0.3V, NC-GeOI MOSFETs show
larger improvements in ST due to much higher leff improvements.

Subthreshold Swing of NC-GeOI MOSFETs

Fig. 1(a) illustrates the 2D NC-GeOl structure used in this work.
Fig. 1(b) shows the Id-Vg characteristics of the baseline GeOI and NC-
GeOI MOSFETs. The ferroelectric parameters of Hfo.5Zro.502
ferroelectric layer, such as coercive electric field Ec = 1 MV/cm,
remnant polarization Po = 17 pC/cm? [8] and Tre = 8 nm, are used for
NC-GeOl MOSFETs with hysteresis-free design. Fig. 2 shows the
simulation flow of 2D TCAD coupled with 1D Landau-Khalatnikov
(LK) ferroelectric equation for modeling the NC-GeOI MOSFETs [5].
Fig. 3 describes the simple capacitance model of NC-GeOIl MOSFET
and equations for analyzing the internal voltage amplification (Av),
subthreshold swing (SS) and switching time (ST). According to the
definition of internal voltage amplification (Av), capacitance
underneath the ferroelectric layer (Cmos) should be closer to the
capacitance of ferroelectric layer |Crg| in order to achieve higher Av
and smaller SS of NC-GeOI MOSFETs. However, |Crg| cannot be
smaller than Cmos to avoid hysteresis phenomenon. At external gate
voltage of NC-GeOI MOSFET (Vgext) =0V, |Crg| can be described as
Crg = dQg/dVre = 1/(2a - Tgg).

The gate charge (Qg) at Vgext = 0 V is too small that the second
term of Vre shown in Fig. 2 can be ignored. The simplified equation
of Crr indicates that |Cr| is only related to ferroelectric parameters at
low Vgext. Therefore, the Cmos is the key of capacitance matching for
achieving better SS. Fig. 4 shows the impact of device parameters on

the Cmos, |Cre| and SS for GeOI and NC-GeOI MOSFETs at Vds =0.05
V. The inset of Fig. 4(a) shows that Cmos increases as Lg decreases
from 100 nm to 20.2 nm. Therefore, the SS improvements of NC-GeOl
MOSFETs over GeOI MOSFETs increase as Lg decreases. Compared
with the GeOI MOSFETs, NC-GeOI MOSFETs show 32.7% (9%) SS
improvements at Lg =20.2 nm (Lg = 100nm). The SS improvement is
defined as [(SSnc-Geor — SSceo1)/SSaeor]. The inset of Fig. 4(b) shows
that |Cre| decreases as Tre increases. Therefore, the SS improvements
increase with Tre. With Trg = 8nm, the NC-GeOI MOSFET shows
32.3% SS improvement. The inset of Fig. 4(c) shows that for NC-
GeOI MOSFETs, reducing EOT increases Cmos, and therefore exhibits
slightly larger SS improvement as EOT decreases. Decreasing Tbox
shows slightly larger Cmos and SS improvement as shown in Fig. 4(d).

Switching Time of NC-GeOI MOSFETs

In this section, the impact of device parameters on the switching
time (ST) of NC-GeOl MOSFETs compared with GeOl MOSFETs is
analyzed. The switching time is defined as ST = AQ /Ieff [7], where
AQ is the transition charge between “on” and “off” states and given by
the difference between Qg (Vg = Vdd, Vd = 0.05V) and Qg (Vg =0,
Vd = Vdd). L is the effective drive current which is given by the
average of la (Vg=Vdd, Vd =Vdd/2) and l4 (Vg =Vdd/2, Vd = Vdd).
Fig. 5 (a) shows the impact of Tre on the ST of NC-GeOI MOSFETs
compared with GeOI MOSFETs. It can be seen that compared with
GeOI MOSFET, NC-GeOI MOSFETs with thicker Tre exhibit smaller
ST and larger improvements in ST (17.7% at Tre = 10nm). This is
because as Tre increases, the increase in lefr is more significant than
the increase in AQ for NC-GeOlI MOSFETs as shown in Fig. 5(b).
Reducing EOT improves the SS of NC-GeOl MOSFETs (Fig. 4(c)).
However, Fig. 6(a) shows that reducing EOT slightly increases the ST
of NC-GeOI MOSFETs. This is because as EOT decreases, the
increase in AQ is slightly higher than the increase in Ier for NC-GeOl
MOSFETs as shown in Fig. 6(b). Besides, the ST of GeOl MOSFETs
slightly increases with EOT because the reductions of Ier is slightly
larger than the reduction in AQ as EOT increases. In other words, NC-
GeOl MOSFETs exhibit better ST as EOT increases, although SS
decreases with EOT. Fig. 7(a) shows that the ST of GeOI and NC-
GeOI MOSFETs increase as Thox decreases because the lesr degrades
intensely with reducing Toox (Fig. 7(b)). Compared to GeOl MOSFET
with Thox = 2 nm, NC-GeOI MOSFET still shows smaller ST (59.3%
improvement in ST) because of larger Iesr. Fig. 8(a) and 8(b) show the
impact of Lg on the ST of GeOI and NC-GeOlI MOSFETs at Vdd =
0.86V and Vdd = 0.3V, respectively. As Lg decreases, ST decreases
due to decreasing AQ and increasing let. Compared with GeOl
MOSFETs at Vdd = 0.86V, NC-GeOI MOSFETs show 36.1%
improvement in ST at Lg = 100 nm and 9.7% improvement in ST at
Lg =20.2 nm. Compared with GeOI MOSFET with Lg = 20.2 nm,
NC-GeOI MOSFET exhibits significant ST improvement at Vdd =
0.3V (-82.9%) and slightly ST improvement at Vdd = 0.86V (-9.7%).
This is because at Vdd = 0.3V and Lg = 20.2 nm, NC-GeOI MOSFET
exhibits 18.2 times higher Ie than the GeOl MOSFET; while at Vdd
=0.86V, NC-GeOI MOSFET shows 2.5 times larger Lt than the GeOl
MOSFET. In other words, NC-GeOI MOSFETSs show more benefits
when operating at low supply voltage.
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Fig. 1. (a) The 2D NC-GeOl structure used in this work. V. is the voltage of external ‘
metal gate. Vg is the voltage of internal metal gate. (b) The Id-Vg characteristics of

the TCAD baseline UTB-GeOI and NC-GeOI MOSFETs. The NC-GeOl is modeled
based on the baseline GeOI and LK equation. At Vds = 0.86 V, NC-GeOI and GeOlI
MOSFETs are designed to have the same L for a fair comparison. The ferroelectric
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Fig. 2. 2D TCAD GeOI MOSFET factor (Av), subthreshold swing
simulation coupled with 1D-LK equation  (S.S.) and switching time. Ly is
is used to model NC-GeOI MOSFET. [5]

the effective current and dQ is the
transition charge [7].
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Fig. 4. Impacts of (a) Lg, (b) Trg, (c) EOT and (d) Tyex on the SS and the capacitances at Vds = 0.05V. C,s is the capacitance of the device underneath the ferroelectric
layer and |Crg| is the capacitance of ferroelectric layer. For NC-GeOI MOSFET at V, oy =0V, Cyos should be close to its |Cg| to achieve higher Av and larger improvement

2in SS compared to the baseline GeOI MOSFET.
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Fig. 5. (a) Impact of Tgs on the switching time, (b) transition charge (AQ) and
effective current (Ler). NC-GeOI MOSFETs with thicker Trr show lower switching
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Switching time (ps)

AQ (fC/um)
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Fig. 6. (a) Impact of EOT on the switching time, (b) AQ and L As EOT
scales, NC-GeOI MOSFETs show slightly increase in switching time
because the increase in AQ is more than the increase in I+ as EOT reduces.
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Fig. 8. Impact of Lg on the switching time at (a) Vdd = 0.86V and (b) at Vdd = 0.3V. Impact of
Lg on the AQ and I.rat (c) Vdd = 0.86V and (d) at Vdd = 0.3V. With Lg = 20.2nm and compared
with GeOI MOSFET, NC-GeOI MOSFET shows 9.7% improvement in switching time at Vdd
=0.86V, and 82.9% improvement in switching time at Vdd = 0.3V. NC-GeOI MOSFET exhibits
significant advantages in switching time at low Vdd compared with the GeOI MOSFET.
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