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A Discussion on the
Extension of Moore’s Law’

Abstract Both theory and ITRS predict that the scaling of conve-
ntional silicon CMOS is going to approach its ultimate. Several emerging
devices based on different new mechanism are proposed as possible succe-
ssors. But still, as classical 2-level switches, they have common limits of
quantum uncertainty and thermodynamic fluctuation. In order to further
enhance and improve the ability and performance of ULSI systems, either
more efficient devices or processing systems with new model and architec-
ture are required. In this article, these topics are briefly discussed in

unified view of the product of device delay time and its power dissipation.

I . Introduction

Almost three decades ago Gordon Moore of Intel Corporation observed that the
number of transistors per chip had been doubling annually for yearst'!. This astute
observation has become known as “Moore’s Law”. Today the Moore’s Law is still
valid, But this trend certainly has its ultimate, When decreasing the channel length
and supply voltage, some secondary effects will become more and more significant,
and the increasing leakage current I, will increase the stand-by power dissipation.
When this increasing stand-by power dissipation exceeds some percents (10% for
example) of maximum power dissipation and the transconductance is no longer larger
than the output conductance, our scaling down strategy meets its ultimate.

This article will have a review and discussion on the extension of Moore’s Law
from the energy point of view of switching transition. In section I[ a discussion of

ultimate CMOS, base on theory. ITRS and experiments, is given. In section ]I data

1) In:International Conference on Solid-State and Integrated Circuits Technology Proceedings, ICSICT,v1,
2004 7th Internatiocnal Conference on Solid-State and Integrated Circuits Technology Proceedings, ICSICT 2004,
2004 :251— 254 (Coauthor: Tiefu Li).
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of some recently developed emerging devices are involved. In section [V the limit of
classical 2-level switching devices will be shown. Finally in section V , a discussion

on how to overcome the Heisenberg limit is given.

. Ultimate Si CMOS

Si CMOS is the foundation of today’ s IC technology. The enhancement of IC
performance is mainly by appropriately scaling down of device dimension and voltage. But
this scaling is not boundless”. When scaling down the channel length and voltage, some
secondary effects, such as SCE, DIBL, Punch-Through and Hot-Carrier Effects, will tend
to be more and more significant, which make the leakage current I, and stand-by power
dissipation increasing. When the stand-by power dissipation in total power dissipation
reaches a definite proportion (different for different applications) and device output
conductance gets over the transconductancee MOSFET’ s scaling down meets its
ultimate"*!. For example, ITRS has set that the maximum power dissipation (Po.,) of unit
chip area is 100W, and for HP (High Performance) CMOS devices the stand-by power
dissipation. P, , should be less than 10% of P,,.. With this stand-by power dissipation
and supply voltage (V) , we can get the maximum leakage current (I.,.). And then the
effective channel length. L., thickness of oxide layer, z,,, and finally the ultimate E, and
performance can be decided. For Si CMOS there are also limits on signal delay, which is
mainly because of the finite velocity of electrons. With the saturated velocity of electrons
(v ) we can deduce the minimum delay, 7., = L/v.., and the maximum delay with the
minimum supply voltage, Twm. = L?/pV. Thus for every possible E,, CMOS can be
designed on a segment of logr-logP plot with 7., and 7., as terminals,

For every 2-level switch we have E,= Pr and plot logr vs log P gives a straight
1
line with constant E,. For CMOS E, = 7CW where C and V are capacitance and

applied voltage of the switch. Fig. 1 shows the scaling down trend of Si CMOS on
this plot, data is from ITRS(2003). The points represent the delay, and power
dissipation of Si CMOS devices with different channel length and corresponding V4,
and V1. Two lines at the left lower corner represent the limits set by Heisenberg
Uncertainty Principle and Thermodynamics™!. First of all, from this plot we can see
that with devices scaling down, points move towards the lower left corner of the
plot, that is the smaller delay and power dissipation, better performance. Second, as
mentioned before, the scaling down strategy has its ultimate. The theoretical predic-
ted value for ultimate CMOS E, is approximately the same as that proposed by
ITRS™, For HP devices, using given P... and P, , it has been found that ultimate
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Ly~ 10nm, corresponding ultimate E, &~ 107" J for 300K. So the corresponding
constant E, line in the logP-logr plot is the ultimate E, of Si CMOS for HP use.
Third, for one E,, the devices also have limit on signal delay time as mentioned
before, The delay time can only be between the r., and r... As approximately
shown in the plot, the area surrounded by three lines is the zone for Si CMOS. All Si
CMOS devices can not be out of this region.

Scaling Down of Si CMOS . % T(l:’N([:?dsOS
TELRS; s LOP CMOS

1E-13 -
for-300K " CMOS’s E;, Ultimate
at 300K
tum Limit™,
1E-14 +—+——rrr— vy e e —
1E-7 1E-6 1E-5 1E4 1E-3
log P

Fig.1 Scaling down trend of Si CMOS from ITRS

Recently many research centers and companies, such as IME of CAS'). Stan-
ford, IBM and Intel, have developed MOSFET with nano-scale channel length(from
6nm to 70nm). Fig. 2 shows their properties (data from [6] and TEDM (2001 ~
2003)) comparing with the trend from ITRS., We can see from this plot clearly that
these experimental points are all in the discussed region of Si CMOS, especially they
are all above the CMOS’s E, limit. They can have different power dissipation or
delay, but no one of them is located beyond the limit of Si CMOS devices.

1E-10y Comparison of ITRS and Experiments |4 EXperiments
w ITRS CMOS

AIBM 2002
SAM§UNG

R 2~ IMECAS
Intel 2002 AL

1E=7 1E-6 1E-5 1E4 1E-3

Fig.2 Scaling down trend from experiments and ITRS
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Il. Emerging Devices

In order to overcome the Si CMOS limit recently a series devices based on new

mechanism are proposed. Some perspective examples are discussed in this section.

CNT(Carbon Nano Tube), as a kind of natural nanowires, has been shown to
have larger mobility than that of bulk silicon and due to one dimensional transporta-
tion the ballistic transport is expected in it. Further, since CNT has a very large
breakdown electric field (up to 10° V/cm), the carrier drift velocity can greatly
exceed that in silicon inversion layer.

We can see from Fig. 3 and Fig. 4 (data extracted from I'TRS(2003)) that by
scaling Si CMOS, the electron mobility decreases, while the electron drift velocity
nearly keeps constant. So we can not reduce delay as we want. This is velocity satu-
ration. But it is not this case for CNT. By ballistic transport in CNT, nearly con-
stant mobility with increasing of electric field and thus velocity over-shoot can be ex-

cepted.

sie —s— HP
1 Decrease of Mobility from ITRS LOP

—e— [.STP

Mobility

| \.

T T T— 71 r— T T T T 1 ‘v 1T ¥ T ‘v 1
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Fig.3 The change of mobility of CMOS

We have three sets of data about CNT shown in Fig. 5. The EXP is an experi-
mental data from IEDM, L, = 260nm V4= 2.5V. Set | and Il are deduced from
EXP, with L,= 25nm V4= 2.5V and L, = 25nm, V= 0.5V,respectively, with
assumption of ballistic transport. We can see from Fig. 5 that a CNT of 260nm long
has nearly the same delay as a CMOS transistor of 25nm long but a larger power dis-
sipation. When we reduce CNT’s length and keep voltage invariant as in case | , it
has a very small delay that CMOS can not reach but still a larger power dissipation.

But when we reduce both the voltage and length, CNT has not only small delay but
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also small power dissipation. We should notice in case [ the CNT has already had a
E, smaller than that of ultimate CMOS. And moreover in case [] CNT also

overcomes the delay time barrier of CMOS,

1E8

—a— HP
Change of Valocity with Time from ITRS |—a— 1 OP

—— LSTP

1E7

Velocity

1 000 000

100 000 +——F—7"—7"——"7—"—+—7+"—7T+T——"1—"—
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Fig.4 The change of velocity of CMOS

1E-11
Comparison of CMOS and CNT = ITRS CMOS

. A CNT

EXPa

ba

1E-13
g

1E-14

1E-i5 +—— R

1E-7 1E-6 1E-5 1E4 1E-3 0.01
log P

Fig,§ Comparison of ITRS CMOS and CNT

2. Other Emerging Devices

Other emerging devices (generally called nano-devices) include RSFQ (Rapid
Single Flux Quantum), Optical Switch. NEMS (NanoElectroMechanical Systems)
Switéh, Molecular Switch, etc. We won’t discuss them in detail, they are still in
stage of laboratory investigation. In Fig. 6 the corresponding data presented in ITRS
(2003) for these devices are quoted, indicated and compared with Si CMOS and
CNT.

As can be seen in the plot there is a much wider span of those kinds of devices.
At this moment we ignore the two points. Bio and Quan, which will be discussed in
section V. We can see NEMS has the smallest power dissipation and largest delay,
while Optic devices have the smallest delay but quite a large power dissipation. The

others, Molecule Switch and RSFQ all have their own characters. Some of these data
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exceed the Si CMOS limit thus able to improve the IC technology.

Comparison of Si CMOS
NEms  and Bmerging Devices

ITRS CMOS
Experiment
CNT

New Devices

»

log ¢
m
NN

Opt o

10761075107*1102107' 2100 %0°10%10710°105 107 102102107'10° 10! 107 10° 10% 10° 10°
log P

Fig. 6 Comparison of CMOS and emerging devices

IV. Limits of Classical 2-level Switching Devices

As shown in Fig. 6, although many emerging nanodevices can have performance
(either speed-power product or speed and power separately) better than that of ulti-
mate CMOS, they are still limited by two common lines corresponding to two funda-
mental physical principles of thermodynamics and quantum mechanics. Due to ther-
mal noise the energy separation of two binary signal digits should be E, == v T (y=
In2), as discussed by Shannon, where £ is Boltzmann constant and T is absolute
temperature. On the other hand by quantum uncertainty principle Eyz==4, that is
Pr* 224, Thus these two straight lines on the logr vs logP plot are the lowest bound-
ary for all devices based on classical 2-level switching. We can see from Fig. 6 that
any 2-level switching devices, including classical Si CMOS and emerging devices,
does not exceed these limits.

Fig. 7 shows an ideal 2-level switching device. We assume when the particle on
the left of the potential, it represents state “0” and when on the right it is state “1”.
The particle’s passing through of the potential represents a switching transition from

“0” to “1” or “1” to “0”. We propose that the device is working in the critical region

of quantum limit, so that AzAp = % and tAE= %, i.e. Ax =#/+/2m" E, and r=
%/E,. Tt indicates that by choosing appropriated parameter Ax (that is a in Fig. 7)



