ESE370: Circuit-Level Modeling, Design,
and Optimization for Digital Systems

Lec 12: October 4, 2021
Scaling

SR 4N
Penn ESE 370 Fall 2021 - Khanna ‘ I lI 1



Today

0 Layout Roundup

= Extraction
0 VLSI Scaling Trends/Disciplines
0 Etfects

0 Alternatives (cheating)

Penn ESE 370 Fall 2021 - Khanna



4x4 6T SRAM Memory

-
o
freermre— w[".‘@"

warding Lo

| S
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Circuit Extraction

o Circuit extraction extracts a schematic representation of a
layout, including transistors, wires, and possibly wire and
device resistance and capacitance.

— —L

0 Circuit extraction 1s used for LVS, and for spice simulation
of layouts

Penn ESE 370 Fall 2021 - Khanna



Circuit Extraction

vddy.
Nl vadlamizgF

od
‘ —iw=23u
'Ckﬁjjza@@'

OULFD
EmTJLgmiESN
Tl ey == 1.5

.gizﬁJ=6®@n

Penn ESE 370 Fall 2021 - Khanna




Circuit Extraction

—w=1.5u

=50.B_5ﬂ:=69~@n

Enab ~%1mi96N
: ?;‘jv=1.5u

Penn ESE 370 Fall 2021 - Khanna
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Scaling

R4
& Penn
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Standard Cells

. TOP; BOTTOM = . . . _
TOR; BQTT . CL oo o
E - . _TOP; BOTTOM

-

nanf3el

Penn ESE 370 Fall 2021 - Khanna

Fanout4x | 0.Spum | 1.0 pm | 2.0 pum
Al iphi 0.595 0.711 0.919
Al ipih 0.692 0.933 1.360
Bl tphi 0.591 0.739 1.006
Bl tpih 0.620 0.825 1.1.81
Cl tphi 0.574 0.740 1.029
Cl1 tpih 0.554 0.728 1.026

3-input NAND cell

(from Mississippi State Library)
characterized for fanout of 4 and
for three different technologies




Scaling Technology

a0 Premise: features scale “uniformly”

= cverything gets better in a predictable manner

0 Parameters:
- A (lambda) -- Mead and Conway (LL.=2A)
- F -- Half pitch — I'TRS (F=2A=L)
- S —scale factor — Rabaey
. F=F/S
S>1

Penn ESE 370 Fall 2021 - Khanna

Metal
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Microprocessor Trans Count 1971-2015

16-Core SPARC T3

2,600,000,000
1,000,000,000 -

100,000,000 -

10,000,000 -

1,000,000

Transistor count

100,000

10,000 —

2,300 -

6-Core |7 |° core Xemormr——

IBM 4-Core z196
2-Core Itanium 2° “IBM 8-Core POWER?

4 Core Itanium Tukwilla

Curve shows ac 35'36 czc;rgoomeron

transistor count VD K
dOUbling every Pentium
two years

AMD K1

®* AMD K7
e *'Pentiumli
e Pentiumli

Pentiu
AMD K5

A
2.

80280
Mot 68000«

is e s ™ iy

Mot 6800.

| 2hogZ80 4 2015: Oracle SPARC M7, 20 nm CMOS,
32-Core, 10B 3-D FinFET transistors.

r T | T | T
1971 1980 1990 2000 2011
2015

Penn ESE 370 Fall 2021 - Khanna Date of introduction 10



Intel Cost Scaling

mm?2/ Transistor

(normalized)

1

01 F

0.01
E E E E E E E E
c c c c c c c e
o o wn wn N N < o
‘0’_) (o] © <t (0] N —

http://www.anandtech.com/show/8367/intels-14nm-technology-

Penn ESE 370 Fall 2021 - Khanna

100

10

$/ mm?2

(normalized)

\

130 nm
90 nm

65nm
45nm
32nm
22nm
14nm

In-detail

10nm

01

0.01

$ / Transistor

(normalized)

130 nm

90 nm

65nm

45nm

32nm

22nm

14 nm

10nm
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Motre Moore =2 Scaling

0 Geometrical Scaling

= continued shrinking of horizontal and vertical physical
feature sizes

0 Design Equivalent Scaling

= design technologies that enable high performance, low
power, high reliability, low cost, and high design
productivity even if neither geometrical nor equivalent
scaling can be used

Penn ESE 370 Fall 2021 - Khanna
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22nm 3D FinFET Transistor

High-k

Tri-Gate transistors with multiple
fins connected together

n . Silcon dielectric j,creases total drive strength for
higher performance

http://download.intel.com/newsroom/kits/22nm/pdfs/22nm-Details_Presentation.pdf
Penn ESE 370 Fall 2021 - Khanna
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I'TRS Roadmap

0 International Technology Roadmap for
Semiconductors

= Try to predict where industry going
a I'TRS 2.0 started in 2015 with new focus

= System Integration, Heterogeneous Integration,
Heterogeneous Components, Outside System
Connectiviy, More Moore, Beyond CMOS and Factory
Integartion.

a http:/ /www.itrs2.net/

Penn ESE 370 Fall 2021 - Khanna
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More-than-Moore

More than Moore: Diversification

Non-digital content
System-in-package

Information
Processing

Digital content
System-on-chip
(SoC)

c
‘9
-—
o
N
-
o
-—
L
=
=
o
8
=
[
—
Q
=

“More-than-Moore”, International Road Map
(IRC) White Paper, 2011.

International Technology Road Map for Semiconductors

Penn ESE 370 Fall 2021 - Khanna 15



Preclass 1

0 Scaling from 32nm =2 22nm, what is 1/S?

= Scaling minimum gate length

= And pitch distance

Penn ESE 370 Fall 2021 - Khanna
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MOS Transistor Scaling - (1974 to present)

1/5=0.7

per technology node
[0.5X per 2 nodes]

Pitch Gate

Source: 20(_)1 ITRS - Exec. Summary, ORTC
Penn ESE 370 Fall 2021 - Khanna Figure, Andrew Kahng 17



Scaling

0 Channel Length (L)
a Channel Width (W)
a Oxide Thickness (t,,)

0 Doping (N,)
a Voltage (Vpp,Vy)

Penn ESE 370 Fall 2021 - Khanna
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Full Scaling (Ideal Scaling)

a Channel Length (I)  1/S
a Channel Width (W)  1/S
a Oxide Thickness (t.,) 1/S

a0 Doping (N,) S
a Voltage (Vpp,V,,) 1/S

Penn ESE 370 Fall 2021 - Khanna



Ettects on Physical Properties and Specs?

a9 Area 0 Power

0 Capacitance " Same frequency
e Cooand C, " Scaled frequency

0 Resistance A Power Density

a Current (Iy) e enene

- Gate Delay (ng> = Scaled frequency

0 Wire Delay (t;,.)

Preclass 2 - table

Penn ESE 370 Fall 2021 - Khanna
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t Area

a A =P A/S

0 Area impact?
0 A=LXW

d

Penn ESE 370 Fall 2021 - Khanna
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t Area

a A =P A/S

0 Area impact?
0 A=LXW
a0 A’ = A/S?

1/5=0.7

Penn ESE 370 Fall 2021 - Khanna

0 32nm = 22nm

a 50% area

0 2 X transistor capacity
for same area

L

<+“—>

22



Capacitance

0 Capacitance per unit area scaling?
- COX: SSiOZ/tOX
b
nt’ Pt /S

Penn ESE 370 Fall 2021 - Khanna
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Capacitance

0 Capacitance per unit area scaling?
= COX: SSiOZ/tOX
= t)ox9 tOX/ S
- C,OX 9 COXXS

Penn ESE 370 Fall 2021 - Khanna
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: Capacitance

0 Gate Capacitance scaling?

) Cgate: AXCOX

LA DA/
- C,OX 9 COXXS

Penn ESE 370 Fall 2021 - Khanna 25



: Capacitance

0 Gate Capacitance scaling?

- Cgate: AXCOX
W A/s2
P C.

-> Cgate/ S

gate

Penn ESE 370 Fall 2021 - Khanna 26



- Wire Resistance

0 Resistance scaling?

a R=pL/(W*t)

= [, t remain similar (not scaled)

O W= W/S

Penn ESE 370 Fall 2021 - Khanna
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- Wire Resistance

0 Resistance scaling?

a R=pL/(W*t)

= [, t remain similar (not scaled)

O W= W/S
2R’ =2 RXS

Penn ESE 370 Fall 2021 - Khanna
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Current

a0 Which Voltages matters here? (Vy, Ve, Vi )

0 Transistor charging looks like
voltage-controlled current source

0 Saturation Current scaling?

[i=(uCox/2)(W/L)(V gs‘VTH>2

VooV V> V/S
W2 W/S
1> 1/S

C,. 2 C. XS

Penn ESE 370 Fall 2021 - Khanna
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Current

a0 Which Voltages matters here? (Vy, Ve, Vi )

0 Transistor charging looks like
voltage-controlled current source

0 Saturation Current scaling?

[i=(uCox/2)(W/L)(V gs‘VTH>2

VooV V> V/S
W2 W/S
1> 1/S

C,. 2 C. XS

= UCoxS/2)(W/S)/(L/S))(Vgs/S-Vrn/S)*

Penn ESE 370 Fall 2021 - Khanna
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Current

a0 Which Voltages matters here? (Vy, Ve, Vi )

0 Transistor charging looks like
voltage-controlled current source

0 Saturation Current scaling?

[i=(uCox/2)(W/L)(V gs‘VTH>2

VooV V> V/S
W2 W/S
1> 1/S

C,. 2 C. XS

I >L,/S

Penn ESE 370 Fall 2021 - Khanna
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Current

0 Velocity Saturation Current scaling?

VooV V' V/S
> L/S
W2 W/S

Cox? CoS

Penn ESE 370 Fall 2021 - Khanna
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Current

0 Velocity Saturation Current scaling?

VooV V' V/S
> L/S
W2 W/S

C’ox S COXS IDS =V ar

> 1,/S

Penn ESE 370 Fall 2021 - Khanna
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Gate Delay

» Gate Delay scaling?

. 1=Q/I=(CV)/I T
C VD V/S

- Iy=2>1,/S I Q

- G - Cg/S

Penn ESE 370 Fall 2021 - Khanna 34



Gate Delay

» Gate Delay scaling?

. 1,,=Q/I=(CV)/I T

- V2 V/S

- Iy=2>1,/S | Q

- C2 C,/S

+ Tyq ™ Toa/ S e Q=CV

Penn ESE 370 Fall 2021 - Khanna 35



Wire Delay

- Wire delay scaling?
=RxC

Twire

. R> > RXS
- C—>C/S

Penn ESE 370 Fall 2021 - Khanna

0 Again assuming (logical)
wire lengths remain constant

36



Wire Delay

Wire delay scaling?
=RxC

Wlf c

R’ =2 RXS
C’=2 C/S
: 2T

wire wire

Penn ESE 370 Fall 2021 - Khanna

0 Again assuming (logical)
wire lengths remain constant

37



Power Dissipation (Dynamic)

0 Capacitive (Dis)charging scaling?

0 P=(1/2)CV?f

a V=2 V/S
2 C’—> C/S

Penn ESE 370 Fall 2021 - Khanna
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Power Dissipation (Dynamic)

0 Capacitive (Dis)charging scaling?

0 P=(1/2)CV?f

a V=2 V/S
2 C’—> C/S

a P’ P/S5

Penn ESE 370 Fall 2021 - Khanna
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Power Dissipation (Dynamic)

0 Capacitive (Dis)charging scaling?

0 P=(1/2)CV?f

0 Increase Frequency?

a V=2 V/S
2 C D> C/S 0 Toq ™ Toq/S
EIP’% P/S3 DSO:f% fXS

Penn ESE 370 Fall 2021 - Khanna 40



Power Dissipation (Dynamic)

0 Capacitive (Dis)charging scaling?

0 P=(1/2)CV?f

0 Increase Frequency?

a V=2 V/S
2 C D> C/S 0 Toq ™ Toq/S
EIP’% P/S3 DSO:f% fXS

aP > P/S?

Penn ESE 370 Fall 2021 - Khanna 41



BEfttects? (Preclass 2)

0 Area 1/S2

0 Capacitance (C,, C,) S, 1/8

0 Resistance S

a Threshold (V) 1/S

a Current (1) 1/S 1/S=07
0 Gate Delay (t,y) 1/S

a Wire Delay (t;..) 1

0 Power 1/S3.1/82

Penn ESE 370 Fall 2021 - Khanna



: Power Density

0 P’ =» P/S?(increased frequency)
o P’=>» P/S° (same frequency)
o A= A/S?

a Power Density: P/A two cases?

Penn ESE 370 Fall 2021 - Khanna
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: Power Density

0 P’ =» P/S?(increased frequency)
o P’=>» P/S° (same frequency)
o A= A/S?

a Power Density: P/A two cases?

= P/A=2P/A increase freq.
= P/A=>» (P/A)/S same freq.

Penn ESE 370 Fall 2021 - Khanna
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But...

0 Don’t like some of the implications
o High resistance wires

o Higher gate oxide capacitance with atomic-scale
dimensions

a .... Quantum tunneling
0 Need for more wiring

o Not scale speed tfast enough

Penn ESE 370 Fall 2021 - Khanna
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: Improving Resistance

a R=pL/(WXt)
a W2 W/S

s L, t similar

2R’ =2 RXS

Penn ESE 370 Fall 2021 - Khanna
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: Improving Resistance

a R=pL/(WXt)
a W2 W/S
s L, t similar

2R’ =2 RXS

What might we do?
Decrease p (copper) — introduced 1997

http:/ /www.ibm.com/ibm100/us/en/icons/copperchip/

Penn ESE 370 Fall 2021 - Khanna
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Capacitance and lLeakage

0 Capacitance per unit area
" COX: 88102/ Lox
o t’oxe tOX/ S
s C_ = C_XS

source: Borkar/Micro 2004

Penn ESE 370 Fall 2021 - Khanna
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Capacitance and lLeakage

0 Capacitance per unit area
" COX: 88102/ Lox
o t’oxe tOX/ S
s C_ = C XS

What might we do?
Reduce dielectric constant, €, and not scale
thickness to mimic t, scaling,

Penn ESE 370 Fall 2021 - Khanna
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High-K dielectric Survey

Table 2 Selected material and electrical properties of high-k gate dielectrics. Data compiled from Robertson [25], Gusev et al. [20],

Hubbard and Schlom [19], and other sources.

Dielectric Dielectric Bandgap Conduction Leakage current Thermal stability w.r.t.
constant (bulk) (eV) band offset reduction w.r.t. silicon (MEIS data)
(eV) Si0,
Silicon dioxide (S10,) 3.9 9 3.5 N/A =>1050°C
Silicon nitride (Si,N,) 7 5.3 2.4 =>1050°C
Aluminum oxide (Al,0,) ~10 8.8 2.8 10*-10*x ~1000°C, RTA
Tantulum pentoxide (Ta,O;) 25 o4 0.36 Not thermodynamically
stable with silicon

Lanthanum oxide (La,0,) ~21 6* 2.3
Gadolinium oxide (Gd,0,) ~12
Yttrium oxide (Y,0,) ~15 6 2.3 10°-10° % Silicate formation
Hafnium oxide (HfO,) ~20 6 1.5 10°-10°x ~950°C
Zirconium oxide (Zr0O,) ~23 5.8 1.4 10°-10° % ~900°C
Strontium titanate (SrTiO,) 33 -0.1
Zirconium silicate (ZrSiO,) 6% 1.5
Hafnium silicate (HfSiO,) 6" 1.5

*Estimated value.

Wong/IBM J. of R&D, V46N2/3P133—168, 2002

Penn ESE 370 Fall 2021 - Khanna
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Wire Layers = More Wiring

Metal Levels
14 1 ; 1 T
ITRS2005 —
ITRS2001
12 L (unidentified) eeeeee B
10 + .
W
)
-
Lah]
| 8 L _
o
QO
=
6 L _|
4 L _|
2 . . Ll . Lol L . Lo . L
0.1 1 10 100 1000 10000

Millions of Transistors

Penn ESE 370 Fall 2021 - Khanna



Gate Delay

- ng:Q/I:<CV>/I
L VD V/S

: Cg’ - Cg/S

+ Tyq ™ Toa/ S

Penn ESE 370 Fall 2021 - Khanna

10

How might we
accelerate speed up?

: Q=CV

52



Gate Delay

: ng:Q/I:<CV>/I How might we

accelerate speed up?
Don't scale V!

= UCoxS/2)(W/S)/ /) (V- Vir)?
- I’y =2 I, XS

Penn ESE 370 Fall 2021 - Khanna 53



Gate Delay

: ng:Q/I:<CV>/I How might we
, accelerate speed up?
- V2V Don’t scale V!
+ La=(MCoxS/2)(W/S)/W/S))(V - Vrm)*
- G - Cg/S 1
C Tg P Tog/ S (D

Penn ESE 370 Fall 2021 - Khanna 54



But... Power Dissipation (Dynamic)

0 Capacttive (Dis)charging
. P=(1/2)CV?f
- V2V
. C 2 C/S
- P> P/S

Penn ESE 370 Fall 2021 - Khanna
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But... Power Dissipation (Dynamic)

a Capacitive (Dis)charging a Increase Frequency?

. P=(1/2)CV?f T D /S
- V2V . P D xS2

- C =2 C/S . PP 2> PXxS

. P> P/S

Penn ESE 370 Fall 2021 - Khanna 56



...And Power Density

0 P’ PXS (increase frequency)
0 A’ 2> A/S?
0 What happens to power density?

Penn ESE 370 Fall 2021 - Khanna
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...And Power Density

0 P’ PXS (increase frequency)
0 A’ 2> A/S?
0 What happens to power density?

o P/A =2 SPXP

Penn ESE 370 Fall 2021 - Khanna

58



Historical Voltage Scaling

100

w

= 10 [eo

S 0-«04-0-0.’_‘_*

> ~1 Volt
01 D

10 3 1 0.35 0.13 0.05
Technology Generation (Micron)

http://software.intel.com/en-us/articles/gigascale-integration-challenges-and-opportunities/

0 Frequency impact?
0 Power Density impact?

Penn ESE 370 Fall 2021 - Khanna
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Historical Voltage Scaling

Drive Voltage Scaling

—4— Constant E Field ® LowPower =A=High Performance

1000

10 L1
1974
; 250 nm :‘
g’ 45 130 nm
nm. 2000 -
E 2007 | -—A/‘
o) 14nm | 4 ptaTT m°
> 1 2018 1—A s
@ I A P id
o - —a n i
- [ HP-MPU W
Q a¥
- Low Power t
. Constant E
http://software (Dennard)
0.1 I
0 Freq 10 10
Gate Length (nm)
0 Pow o,

Penn ESE 370 Fall 2021 - Khanna
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Scale V separately with Factor U, (U<S)

2 1,,=Q/I=(CV)/I

aV2>V/U

Penn ESE 370 Fall 2021 - Khanna

: Q=CV
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Scale V separately with Factor U

0 ’ng:Q/IZ(CV)/I
aV2>V/U

0 Py=(MCoxS/2)(W/S)/L/S)(V g/ U-Viryy/ U)?
a2 S/UXI,

EIC,%C/S IC)

Penn ESE 370 Fall 2021 - Khanna
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Scale V separately with Factor U

1 1, =Q/T=(CV)/1
aV2>V/U

0 Py=(MCoxS/2)(W/S)/L/S)(V g/ U-Viryy/ U)?
a2 S/UXI,
aC 2> C/S | C)
0Ty 2 ((1/(SU)) / (S/U%) )Xty
07,42 (U/S9)xX1y

A

Penn ESE 370 Fall 2021 - Khanna
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Scale V separately with Factor U

1 1, =Q/I=(CV)/1
aV2>V/U

0 Py=(MCoxS/2)(W/S)/L/S)(V g/ U-Viryy/ U)?
a2 S/UXI,
aC 2> C/S | C)
0Ty 2 ((1/(SU)) / (S/U%) )Xty
07,42 (U/S9)xX1y
0 £ 2 (§2/U)xf

Penn ESE 370 Fall 2021 - Khanna

A
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Scale V separately with Factor U

Ideal scale
factors:

0 T, =Q/I=(CV)/I
aV2>V/U

S=100
U=100
t=1/100
fidea=100

0 Py=CoxS/2)(W/S)/(L/S)(V g/ U-Viy/U)?

2D, S/UKI,

aC 2> C/S

0T 2 ((L/(SU)) / (S/U%) )Xty
07,42 (U/S9)xX1y

0 £ 2> (§2/U)xf

Penn ESE 370 Fall 2021 - Khanna
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Preclass 3

a Assuming V4=10V in a 10pm process and V=1V
in a 100nm process, what are S and U? (assume
everything else scales according to ideal scaling.)

IS:

Penn ESE 370 Fall 2021 - Khanna
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: - Ideal scale
: Scale V separately with Factor U ¢ =" 5
S=100
0 1,4=Q/I=(CV)/I1 U=100
, t=1/100
- V QV/U fideal=100
0 Py=CoxS/2)(W/S)/(L/S) (Vgs/ U-Vyy/U)?
’ 2>< —_1
41 d K S/U Id Cheating
aC 2> C/S 1 ( factors:
S=100
QT2 Ty 2 ((1/(SU)) / (S/UZ)C)_ U=10

07,42 (U/S9)xX1y 4
0 £ 2 (8*/U)Xf  How much faster are gates?

Penn ESE 370 Fall 2021 - Khanna 67



Scale V separately with Factor U

0 T, =Q/I=(CV)/I
aV2>V/U

Ideal scale
factors:
S=100
U=100
t=1/100
fidea=100

0 Py=CoxS/2)(W/S)/(L/S)(V g/ U-Viy/U)?

1

a2 S/UXI,

aC 2> C/S 1
0T, T2 ((1/(SU)) / (S/UZ)C):
07,42 (U/S9)xX1y

Cheating
factors:
S=100
U=10
t=1/1000
few=1000

a2 (S*/U)Xf  How much faster are gates?

Penn ESE 370 Fall 2021 - Khanna

68



Scale V separately with Factor U

2 1,,=Q/I=(CV)/I

aV2>V/U

Ideal scale
factors:
S=100
U=100
t=1/100
fidea=100

0 Py=CoxS/2)(W/S)/(L/S)(V g/ U-Viy/U)?

1

a2 S/UXI,
aC’ 2> C/S 1 (
3T > ((ASU) / (8/UY)x1y

07,42 (U/S9)xX1y

Cheating
factors:
S=100

|U=10
11=1/1000

frew=1000

0 £ 2> (§2/U)xf

Penn ESE 370 Fall 2021 - Khanna
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Power Density Impact

a P=(1/2)CV2f
a P (1/9) (1/U? (82/U) = S/U3
a P/A D (S/U3 / (1/82) = $3/U3

Penn ESE 370 Fall 2021 - Khanna
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Power Density Impact

2 P=(1/2)CV? f
a P (1/S) (1/U2?) (82/U) = S/U>
a P/A D (S/UY / (1/8) = S3/U3

0 U=10 S=100
a P/A - 1000 (P/A)

Penn ESE 370 Fall 2021 - Khanna
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Power Density Impact

a P=(1/2)CV?f
a P (1/S) (1/U?) (82/U) = S/U>
a P/A D (S/UY / (1/8) = $3/U3

0 U=10 S=100
a P/A - 1000 (P/A)

0 Compare with ideal scaling:
a0 P/A =2 S°XP (ideal scaling)
a P/A = 1,000,000 (P/A) (ideal scaling)

Penn ESE 370 Fall 2021 - Khanna
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Scaling Methods

Table 3.8 Scaling scenarios for short-channel devices.

Parameter Relation General Scaling Constant Voltage

W,L,t, 1/8 1/8 1/S
Vop Vi 1/8 1/U 1
Ngyp VIW g’ S S*/U s

Area/Device WL 1/5? 1/5? 1/5*
C, 1/t,, S S S

C yare C, WL 1/§ 1/§ 1/S
ky k, C, WL S S S

U<S

Penn ESE 370 Fall 2021 - Khanna



42 Years of uP Trend Data

42 Years of Microprocessor Trend Data

1

10' |- -

1o°—i: . o

1

Al Transistors
AA:“‘ - (thousands)
. A.‘if“‘ .
s 2adl R Single-Thread
A ~. Performance
- ‘;A .'..l)‘o" | (SpecINT x 10°)

:.: :.“c‘ 33, |!*“.‘ ". Frequency (MHz)

. ‘t % e Typical Power

- ",vw;; !";\" \ Al :’ 4 (Watts)
WYY T ead Number of
v " M B | Logical Cores
vy smace
400 SN MDD ¢ ¢ -

1970 1980

1990 2000 2010 2020

Year

Original data up 1o the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp

Penn ESE 370 Fall 2021 - Khanna
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Conventional Scaling

0 Ends in your lifetime

0 Perhaps already:

= "Basically, this is the end of scaling.”

= May 2005, Bernard Meyerson, V.P. and chief technologist for
IBM's systems and technology group

Penn ESE 370 Fall 2021 - Khanna
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I'TRS 2.0 Report 2015

a0 “After 2021, the report forecasts, it will no longer be economically
desirable for companies to continue traditional transistor miniaturization
in microprocessors.”

25 —

20(

16 —

10 —

Physical gate length (nanometers)

0 T T T T T T T T T |
2013 2015 2017 2019 2021 2023 2024 2025 2027 2028 2030

Year

Penn ESE 370 Fall 2021 - Khanna 76



BUT...

Strained
Silicon

Intel 90nm 65nm

INTEL INNOVATION LEADERSHIP

Self FinFET
Align Via Transistor Smé SHca f\rg

45nm 32nm 22nm 14nm 10nm

Year ‘03 ‘04 ‘05 ‘06 'O7 '08 ‘09.'10 11 {12 *13 14 415 S 6NIV/ I8 0

Source:https://newsroom.intel.com/newsroom/wp-content/uploads/sites/11/2017/09/mark-bohr-on-continuing-moores-law. pdf

Penn ESE 370 Fall 2021 - Khanna

Strained High-k Self FinFET Hyper
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BUT...

INNOVATION ENABLED TECHNOLOGY PIPELINE
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Interconnects Beyond CMOS
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Future options subject to change
Wide range of options in research to continue Moore’s Law

Source:https://newsroom.intel.com/newsroom/wp-content/uploads/sites/11/2017/09/mark-bohr-on-continuing-moores-law. pdf
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Big Ideas

0 Moderately predictable VLSI Scaling

= unprecedented capacities/capability growth for
engineered systems

= ...but not for much longer
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Admin

o HW 4 due Friday 10/8
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