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Performance Metric

Ieff

AQ, Charge difference between the ON and OFF states.
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D. A. Antoniadis, et al., IBM J. Res. Dev., vol. 50., p. 363, 2006. °



Historical Trend of Performance

= Over the past 20 years, MOSFET intrinsic delay
has remarkably followed the gate length
scaling.
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Over the past 20 years, MOSFET intrinsic delay
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New Performance Metric vs. CV/I

= C,..Vpp/lp does not depend on V; and hence
DIBL and does not include C;.

* Our metric better follows the measured ring
oscillator delay.
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New Performance Metric vs. CV/I

= C,..Vpp/lp does not depend on V; and hence
DIBL and does not include C;.

* Our metric better follows the measured ring
oscillator delay.
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Effective Velocity — How to Extract?

I, =WC,, (VGS — Vv
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Data From: K. Adachi, VLSI Symp., p. 142, 2005. 2



Velocity Extraction — Assumptions

I,=wc_ (V.. —V.)v

1mv

Assumptions:
- Velocity is independent of V.
- Inversion charge is linear for Vgg > V5.
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Velocity — Comparison with MC

= Roughly 10% overestimation of velocity
compared to calibrated MC simulations on

inverse-modeled devices.
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Impact of Pre-factor

= Velocity needs to increase to cancel out the
increase in the pre-factor.

= The main contributor is parasitic capacitance.
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Effective Velocity — Physical?

* The effective velocity is related to the
virtual source velocity, v,,:

T va:()
]‘ _|_ WRsCinv (]‘ —I_ 26)'U$0
— _ _J
~ 0.2 |
_r — T
—51-> Uy = By = Yy
; 1+7r
kT
< r=1/(\+1)
EC—“‘\ L o :
o [ critical length for backscattering

X mean free path .



Velocity Evolution

* Virtual source velocity significantly increased
to compensate the increase in the parasitics.
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Velocity Evolution

* Virtual source velocity significantly increased
to compensate the increase in the parasitics.
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Velocity Evolution

* Virtual source velocity significantly increased
to compensate the increase in the parasitics.
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How to Increase v, ;,?

1.

2. Higher ballistic velocity.
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Moblllty Velocity Relationship

* In short channel (L; < 45 nm) devices with
process-induced strain, velocity depends on

mobility more strongly than previously
thought.
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Mobility — Velocity Relationship

= Similar results are obtained for other

strain-engineered devices.
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Velocity — Mobility: Theory

* |In uniaxially strained Si, mobility enhancement
is mostly due to reduction in the effective
mass.
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Velocity — Mobility: Theory

= With steeper velocity increase In the channel,
charge distribution drops more steeply in the
channel. Potential profile changes accordingly
to accommodate for this steeper charge drop.
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Velocity — Mobility: Theory

Compare to Lundstrom’s scattering theory’:

v, _ (1_3)8_,u

Ua:O M
* M. Lundstrom, IEEE EDL, p. 293, 2001.
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How Close to Ballistic?

= Mobility — velocity relation gives an alternative
way to estimate ballistic efficiency, B :

P _ o+ (1—B)(1—a+ 8) 2
Uz0 H

For Intel Lg = 35 nm strain-engineered devices™

a~05 (=x~-045 O0v,/v,, ~0.850u/u

B ~ 0.65

*S. Tyaqi, et al., IEDM, p. 1070, 2005. B




How Close to Ballistic?

= With calculated ballistic velocity at similar
E ¢ and strain level, ballistic efficiency is
directly estimated as 60 — 65%.
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Impact of Metal Gate

= With less doping in the channel, v,, is higher.
However, effective velocity, v, is comparable

to poly gate devices because of higher C.
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Impact of Metal Gate

= Slight improvement in velocity is canceled out
by high DIBL and inappropriate threshold
voltage.
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Future Directions (ITRS L;~18-9 nm’)

V.o = 1.9%107 cm/s with optimistic ITRS Rgp.
Requires v, = 2.9%107 cm/s with B = 0.65!
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Future Directions (NFET)

V.o = 2.7%107 cm/s if Rgp is not scaled below

its current value (~160 2.pm).
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Future Directions (NFET)

V.o = 3.7%107 cm/s with realistic short channel
effects. This is out of reach of strained Si.
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Conclusions

A new transistor performance metric was
defined as the intrinsic MOSFET delay.

The traditional CV/l metric is overly optimistic
as it misses effects of fringing cap and V-.

Process-induced strain introduced in time for
intrinsic delay continuous decrease with L.

ITRS’05 velocity prediction is optimistic as it
relies on incorrect V;, Rgp, and especially C;.

High mobility and velocity enhancement, to
follow historical performance scaling trend, will
require new channel materials.
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Charge Estimation — How Accurate?

= C-V characteristics stretches out due to
short channel effects.

Corrections needed:
- DIBL

- V; roll-off

- Series resistance
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