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Circuit speed oriented device design scheme for double gate hetero tunnel FETs
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Abstract

A device design method of tunnel FET aiming at cir-
cuit performance is proposed. The device design takes
into consideration the trade-off between quantum effect
and gate controllability due to the channel thinning of
double gate tunnel FET. The method also takes into con-
sideration the drain current leakage and the effect of gate
capacitance. In particular, since gate capacitance behaves
differently from CMOS, special consideration is required
in device design. In the early stage of the method, we tried
design based on intrinsic delay defined by on current and
maximum gate capacitance. We evaluated the speed of the
ring oscillator and improved the device design method,
and proposed a new index called effective delay based on
effective current and effective gate capacitance.

1. Introduction

Due to the scaling limit of CMOS technologies, research
on new principle transistors are studied actively. The tunnel
FET is expected to operate in lower power than CMOS by its
steep switching. To enhance the electric field of the band-to-
band tunnel region, the authors have succeeded in realizing
the GaAsSb / InGaAs double gate hetero tunnel FETs with
thin channel below 10 nm experimentally [1]. However, fur-
ther thinning may cause effective tunnel bandgap widening
arising from the formation of the quantum subband. In this
paper, these issues are discussed quantitatively by optimizing
the component ratio of the source and the channel materials,
and by optimizing the device parameters, from the point of
the on-current and FET intrinsic delay. Furthermore, dynamic
behavior of ring oscillator is evaluated and feed backed to the
device design scheme.

2. Simulation method

Fig. 1 shows the device structure of the double
gate hetero TFET. The drain concentration is 2~5 X
1018 ¢cm™ to suppress the band-to-band leakage cur-
rent at the drain side. The component ratio consider-
ing the lattice matching, channel/drain is In(x)Ga(1-
x)As, and source is GaAs(1-0.92x)Sb(0.92x). The sem-
iconductor device simulator ATLAS [2] was used with
the nonlocal band-to-band tunneling model. The
quantum confinement effect was incorporated by the
offsets of the conduction and the valence bands esti-
mated by Poisson-Schrodinger approach. The ring os-
cillator behavior is evaluated by the device-circuit
mixed-mode simulation of ATLAS.

Fig. 2 shows the concept of the effective band gap

arising from the quantum confinement effects. The
estimated shift of the conduction band AEc and the
valence band AEv are incorporated to the band pa-
rameters. Fig. 3 is one of the keys of this work which shows
the effective band gaps depending on the component x for
Ga(x)In(1-x)As, for several channel thicknesses, including
the quantum confinement effects.
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Fig. 1 The TFET structure discussed in this work.
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Fig. 2 The concept of the effective band gap arising from the
quantum confinement effects.
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Fig. 3 The effective band gap depending of the component
ratio x, for several channel thichnesses Tch.

- 665 -



3. Results and Discussions

Fig. 4 shows Ip-Vgs characteristics for 4~6 nm channel
thicknesses with each optimum component ratios. The gate
length is 35 nm, the source concentration is 3x1019 cm™, and
the drain 2x1018 cm™. We fixed the off leakage current lopr
to 10 pA / um, and the power supply voltage to 0.5 V. The on
current Ion is evaluated at the gate over drive of 0.5 V from
the off current gate voltage Vorr as shown in Fig. 4.
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Fig. 4 Ip-Vas characteristics for 4~6nm channel thicknesses.

In the initial stage, the intrinsic delay commonly defined
as ComaxX Vbp/Ion is optimized. Fig. 5 shows the in-
trinsic delay depending on the channel thicknesses
(left) and the source concentrations (right). The mini-
mum delay condition differs from the maximum on current
condition, influenced by the contribution of capacitances. The
double gate hetero TFETSs get merits of the gate capacitances
because of lower channel carrier concentrations than the in-
version layers of MOSFETs. The intrinsic delay below 1.5 ps
is beyond the CMOS target of 2028 low power NMOS with
the same Jorr and larger Vpp 0.63 V discussed in ITRS 2013.
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Fig. 5 The intrinsic delays depending on the channel thickness (left)
and the source concentration (right).
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Fig. 6 The 3-stage ring oscillator behaviors by device-circuit mixed-
mode simulation for the source 3x1019 (left) and 9x101° (right).

Fig. 6 shows the ring oscillator waveforms for 2 cases of
source 3x1019, and 9x1019 ¢cm?. Contrary to the intrinsic
delay, the ring oscillator is slower for the 3X1019 case. This
is similar to the MOSFET cases discussed in literatures [3-5].
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Fig. 7 The ring oscillator delay, the intrinsic delay and the
newly defined effective delay for two conditions in Fig. 6.

In Fig. 7, the delay of the ring oscillator, intrinsic delay,
and the newly defined effective delay are plotted for the two
cases in Fig. 6. The effective delay is defined by Cesx Vbp/ L,
where Ce=(CutCv)/2 and leg=lu+11)/2. I, I and Cy, Cp are
drain currents and gate capacitances defined at (Vgs=Vpp/2,
Vps=Vpp) and (Vas=Vop, Vps=Vpp/2) respectively. The de-
fined effective delay explains the tendency of the ring oscil-
lator delay, while the intrinsic delay does not. The proposed
effective delay can be evaluated before realizing the circuit,
and could be the good device performance index.

3. Conclusions

The device design method of double gate hetero tunnel
FET was studied. The method takes into consideration the lat-
tice matching between the GaAsSb source and the InGaAs
channel and drain to obtain the optimum component ratio and
channel layer thickness. In the optimization process, the in-
crease of the effective band gap due to the quantum confine-
ment effect caused by the channel thinning is considered. In
the early stage, optimization was performed based on the in-
trinsic delay defined by CV over I. In the final stage, we ex-
amined the ring oscillator delay and reconsidered the device
design method. Finally, the effective delay time is proposed
based on the effective drain current and gate capacitance.
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