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2D Poisson equation

original device scaled device
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p-Si
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» dimensions reduced by «
 area reduced by «k?

* number per chip increased by «?
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benefits of device scaling

Intel 4004

ltanium 2

(1971)

(2006)

2,250 transistors ~1MHz
(L ~5-10 microns)

>1,700,000,000 transistors ~2GHz
(L ~ 0.065 microns)
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scaled |-V

original device scaled device
A /D/li
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Ves Viss/ K
> >
Vbs Vips/ K

‘constant field scaling’
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scaled short channel effects

original device scaled device
A A
Vv V;/k
ﬁrroll-off ﬁTroll-off
>

L L/x
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questions

1) How do we scale?
(e.g. L, t,,, Ny Vpp, etc.)

2) How does performance scale?
(e.g. speed, power, etc.)

3) What does not scale?

4) How does it work in practice?
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constant field scaling

Objective:

Maintain a constant electric field as dimensions
are scaled down.

tox- LW, x;, = t, [k, LK W[k, ,x, [k
N,— N,k

Vip =V, /K
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constant field scaling (ii)

quantity scaled quantity
E (V/cm)
v (cm/s) uk v
(USAT ) (v)
W, = \/285i (Vb + VDD) (cm) Wy /K
gN, " "
A Cl/x
-— )
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constant field scaling (iii)

quantity scaled quantity
0, = Cpy (Vs = Vi) (Clem?) 0,
I,=WQ v (A) I ix
Vv L
R., =-2 = Q R
= Wi, 0 (£2) .

Vi = VFB+2wB+\/2qesl (21//3)/ V) sV /N
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impact on circuits / systems

quantity scaled quantity
t=CV,, /1, (sec) T/K
P=Vy,I, (W) P/x’

no. _
D=— (cm”) D xk’

AC
P/A (W/cm®) P/A
Pt=CV,, Pt/x’
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constant voltage scaling

Objective:

Maintain a constant power supply voltage as

dimensions are scaled down.

VDD — VDD

tox> LW, Wy, x, — tOX/K,L/K,W/K,WD/K,xj/K

N,— Nk’ 4

2€..

- - - S
electric fields increase!! W, = \/ Nl
power density increases!! 4

(Vbi + VDD) (cm)

~

J
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generalized scaling

L,t ,etc.—=L/K,t

> “ox? > Yox

/K, etc.
E— oFE

Vop =0V, Ik >V, /K
constant field: o =1
constant voltage: a =«

See Taur and Ning, pp. 168-169
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impact on circuits / systems

quantity scaled quantity
t=CV,, /1, (sec) T/K
P=Vy,I, (W) P/x’
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generalized scaling

L,t ,etc.—=L/K,t

> “ox? > Yox

/K, etc.
E— oFE
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bandgapa QPB

V=V + 2w8+\/2qSSiNA(2wB)/C0X (V)

e Ee
FB 2q B
kT [(N,) V. =V [k
w3= B lnk_;xJ T T
q n;

will take some work!
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subthreshold behavior

m=1+C,/C,,

m does not scale
S does not scale!!

lore INCreases

lore SPec sets minimum V5

V: spec sets minimum V,

lon ~ (Vpp -
V., on~ (Vpp- V7)

Vpp scaling has stopped at about 1.1V
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inversion layer thickness

. _2kT/q _2e5kT I g
mny ES Ql

Q); does not scale for constant field scaling, so.....

t., , does not scale

(1 0 (1 1)
CG — + — 0X + iny

l\ COX S ) SOX gSz
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effective mobility

1( )
o = g_k|QDM| Y ) increases with scaling

Uosr decreases with scaling
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ITRS

“The International Technology Roadmap for
Semiconductors, known throughout the world as the
ITRS, is the fifteen-year assessment of the
semiconductor industry’s future technology
requirements. These future needs drive present-day
strategies for world-wide research and development
among manufacturers’ research facilities, universities,
and national labs.”

http://www.itrs.net/
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http://www.itrs.net/

ITRS 2005 Edition
Executive Summary
System Drivers
Design
Test & Test Equipment
Process Integration, Devices & Structures
RF and A/MS Technologies for Wireless Communications
Emerging Research Devices (includes Emerging Research Materia
Front End Processes
Lithography
Interconnect
Factory Integration
Assembly & Packaging
Environment, Safety & Health
Yield Enhancement
Metrology
Modeling & Simulation
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ITRS: PIDS (near term)

Process Integration, Devices, and Structures 11

Table 40a  High-Performance Logic Technology Requirements—Near-term
Grey cells delineate one of rwo time periods: cither before initial production ramp has started for uitra-thin body fully depleted (UTB FD) SOI or
doubie-gate (DG) MOSFET:, or beyond when planar bulk or UTB FD MOSFETs have reached the iimits of practical scaling (see the text and the rabie
notes for further discussion)

Year of Production 2005 2006 2007 2008 2000 2010 2011 2012 2013
DRAM ¥ Pitch (nm) (contacted) 50 70 65 37 50 45 40 36 32
MPU/ASIC Meral 1 (M1) % Pitch 90 78 68 50 52 45 40 36 32
(nm)icontacted)

MPU Prysical Gate Length (nm) 32 28 25 22 20 18 16 14 i3
Lg: Physical Lo, for High Performance logic

mm) [1] 32 28 25 22 20 18 16 14 13
EOT: Equivaient Oxide Thickness [2]

Extended planar bulk (4) 12 1 11

UTBFD (4)

DG (4)
Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended Planar Bulk (A) 7.3 74

UTBFD (4)

DG (4)
EOT, 10~ Electrical Equivalent Oxide Thickness in inversion [4]
Extended Planar Bulk (4) 19.3 18.4
UTBFD (4)
DG (4)

o e Maximum gate leakage current densityy  [3]
Extended Planar Bulk (A/cm’) 1.88E+02|5.36E+02
FDSOI (A/cm’)
DG (Alem’)

Viq: Power Supply Voitage (V) [6] I 11 I 1.1 I 11 |
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ITRS: PIDS (long term)

Process Integration, Devices, and Structures 13

Table 40b High-Performance Logic Technology Requiremenis—Long-term

Grey celis delineate one of two nme periods: either bgfore initial production ramp has started for uitra-thin body fully depleted (UTB FD) SOI or
double-gate (DG) MOSFET:, or bevond when planar bulk or UTB FD MOSFETs have reached the limits of practical scaling (see the text and the rable

notes for further discussion).

Year of Production 2014 2015 2016 20i7 2018 2019 2020
DRAM #: Pitch (nm) (conracted) 28 25 22 20 18 16 i4
MPLUVASIC Metal 1 (M1) % Pitch (nm)(conracted) 28 25 22 20 18 16 i4
MPU Physical Gate Length (nm) 11 10 g 8 7 6 ]
Ly Physical Ly, for High Performance logic (nm) [1] 1 10 9 8 7 6 5

EOT: Equivaient Oxide Thickness [2]

Extended planar bulk (4)

UTBFD (4)

DG (4)

Gate Poly Depletion & Inversion-Layer Thickness [3]

Extended planar bulk (4)

UTBFD (4)

DG (4)

EOT, 10 Electrical Equivalent Oxide Thickness in inversion [4]

Extended Planar Bulk (A)

UTBFD (A)

DG (4)

Jo e’ Maximum gate ieakage current density  [3]

Extended Planar Bulk (A/cm’)

FDSOI (A/cm’)

DG (A/cm)

3.27E+03 3.70E+03

Vai: Power Supply Voitage (V) [6]
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scaling in practice

130nm Logic Technology Featuring 60nm Transistors,
Low-K Dielectrics, and Cu Interconnects
Scott Thompson, et al.,

Transistor Elements for 30nm Physical Gate Lengths
and Beyond
Brian Doyle, et al.

Intel Technology Journal, Vol. 6 Issue 2, 2002
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Freq (MH2z)
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speed vs. scaling
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Gate Delay (ps)

10 : .
- Published Data ;
: DL Y
. 013“12 node ,_‘_‘.-KO.35}J.m node
.\ 0.251um node
1 : : 0.18um node
<0.10um device
0.1 || 1 1 1 L1 1 1 |
0.01 0.1 1

device delay vs. scaling

Gate Length (mum)
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Electron Mobility (cm %V s)

effective mobility vs. scaling

1000 [

100 |

10

Source: Intel Technology

1 1 1 1 1 1.1.]

0.1

1
E...(MV/cm)
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Ipsat (MA/ um)
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ExD
(x10-27 Joules-sec

energy-delay product vs. scaling

100

-
o
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0.1

E @ Intel Trend
[ B Published Literature

@ ¢ Vop=1.4V 130nm node

® &= Voo=0.7V 130nm node

0.1 0.2 0.3
Gate Length (i m)
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