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CMOS Technology Evolution (I)

Node: 1.5um

Image @ Chipworks

Pentium, 0.65um

BiCMOS
3.1M Xtors Image © Chipworks *
80386 — 16b — 16MHZ, 1.1um Pentium P54C, 0.45|Jm, 4m Al
BICMOS BICMOS
275K Xtors
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CMOS Technology Evolution (Il)

Node: 0.6um e: 0.25pum

Image @ Chipworks

Pentium Pro — 200MHz, 0.35um, 4m Al

BiCMOS
5.5M Xtors Image © Chipworks

' ! l M Pentium Il -333MHz, 0.20um, 5m Al
: 4 CMOS

(Deschutes)

T salicie

Image @ Chip'

Pentium Il —32b — 266MHz, 0.25um, 4m Al
CMOS
7.5M Xtors (Klamath)
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CMOS Technology Evolution (lll)

Node: 0.18um

Image ® Ghipworks

Pentium IIl = 550MHz, 0.13pum, 5m Al s
CMOS ..‘ ge ® Chipworks

9.5M Xtors
Pentium Il — 650MHz, 0.08um, 6m Al

CMOS
(Coppermine)

gk@ Introduction 9

CMOS Technology Evolution (IV)

Node: 0.13um Node: 90nm

.
Image @ Chipworks

Pentium Il = 1.2GHz, 0.07um, 6m Cu Pentium 4 — 2.8GHz, 0.045um, 7m Cu
CMOS CMOS
44M Xtors (Prescott)
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CMOS Technology Evolution (V)

Node: 65nm

Dual Core D920 — 2.8GHz, 0.0séum, 8m Cu
CMOS
(Presler)

Node: 45nm

2008

Silicon

Low Resistance Layer

PMOS
NMOS ; & Ru, Pa, Pt,Co, ?
Zn Ti, Al, W, Hf,  Work FunctionMetal - KRILEFLLUSEE N ZrAl TiAIN
ZrAl, TizAl High-k Dielectric 228 0m
Yo b HfO, A (HfSiO)
?

Silicon Substrate

Core 2 Quad — 3GHz, 0.030pum, 9m Cu
CMOS
820M Xtors
(Penryn)
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Node: 45nm

CMOS Technology Evolution (VI)

Xeon X7560 —2.27 GHz
CMOS 45nm high K metal gate
2.3B Xtors
8 cores —24MB L3
18 PLLs — 8 DLLs
Nehalem microarchitecture (Becton)
Cores: 0.85V — 1.1V, Cash: 0.9V
Clock gating + Power gating

g._._ﬂGate leakage: 25X nMOS, 41000 pMOS (.. s5nm)

2009

Node: 32nm 2011

Xeon E7-8870 — 2.4 GHz
CMOS 32nm
10 cores —30MB L3
Max memory size 4096 GB
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Node: 14nm

CMOS Technology Evolution (VII)

2016

Xeon E7-8890 v4 — 2.2-3.4 GHz
FinFET technology 14nm

24 cores —60MB L3

Broadwell-EX (Brickland platform)
Max memory size 3.07 TB DDR4

14 nm 2"¢ Generation

Tri-gate Transistor

Power 165W
k? Introduction 13

Intel Xeon Intel Xeon Intel Xeon Intel Xeon Intel Xeon Intel Xeon
Product

E5 ET- E5 E7 E5- ET- 00
Family

V4 va Vs Vs V6 V6
Family Broadwel-EP  Broadwell-EX  Skylake-EP Skylake-EX Cannonlake-EP Cannenlake-EX
Branding
Process Node  14nm 14nm 14nm 14nm 10nm 10nm
XeonPlatfiorm  Intel Grantley  Intel Brickland  Intel Purely Intel Purely Intel Purley Intel Purley
PCH C610 Series C602) Series Lewisburg PCH  Lewisburg PCH  Lewisburg PCH  Lewishurg PCH
Socket Sacket R3 Socket R1 Socket P Socket P Socket P Socket P
Omni-Path N/A NiA Starm Lake Storm Lake Starm Lake Storm Lake
(Interconnect) Gent Gent Gent Gen1
Max Core 2 24 26 28 30-32? 32347
Count
Max Thread a1 a8 52 56 60-647 64-687
Count
MaxL3Cache  55MB 60 MB 65 MB 70 MB 75-807 80-85?
Max 40PCH-EGen3  32PCHEGen3  48PC-EGen3  48PCHEGen3  >48PCI-EGen3  »48 PCI-E Gen3
PCl-Express
Lanes
DDR4 Memory  4-Channel 4-Channel G-Channel 6-Channel &-Channel DDR4 ~ 6-Channel DDR4
Support DDR4 DDR4 DDR4 DDR4
TDP Range 55-145W 115-165W 45-160W 110-160W 45-160W 110-160W
Launch Q12016 Q22016 1H2017 2017 2018 2018
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Die size

Introduction Technology / Year

CMOS Technology Evolution (VI)

Intel

15

Node: 22nm

Nanometer Technologies Structures

Introduction
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Nanometer Technologies Structures

10,000.00 nm«— el Inted 8088

el BEhG

Vertical
MOS
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Carbon Nanotubes

* Harder than Steel
* Lighter than Aluminum
» More conductive than Copper

) .
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Carbon Nanotube FET

2" generation

Development of p-type and n-type FETs

) .
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CMOS Technology Scaling

M6

M5

M4

M3

M2

M1

Tungsten

’ Nanometer Technologies
%
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Very Large Scale Integration — VLSI

ASIC FPGA

gw Introduction 21

Systems-on-Chip

Texas Instruments
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System-on-a-Chip (SoC)

65nm CMOS 22nm CMOS

¢eDRAM

HHHHWHHN eFlash

Introduction 23

20,000,000,000
10.000,000,000
5,000,000,000

1,000,000,000
500,000,000

100,000,000
50,000,000

10,000,000
5,000,000

Transistor count

Transistor count
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G

The Moore’s Law

kb The number of transistors in a die is
duplicated every 24 months !

g o Dateq{lntroduction e ———
L?"‘ -5;\ -\6\ ‘é\ '\i;\ \c\f@_\o,&\e'fﬁb.,\@g}k@ L5 \ﬁ\o?\o@\o&,&@@ 1(25'0”'5&"9\ r&\'ﬁ;\ '1,%\

Year of intreduction

Introduction 24

12



Clock Frequency (MHz)
L ]

Frequency

21623

1000 X86 CPU clock scaling . -
using on-chip PLL
]

w
R

M AMD

M Cypress
DEC

M Fuijitsu

W Hitachi

W HP

M BM

M Intel

W Motorola

B MPS

M sGl

M Sun

M Cyrix

80486 1° Intel CPU with onboard PLL.
& Young et al 1992
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Power density (chmz}

Power Consumption/Density
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ICT - Energy Concepts for Energy Efficiency and Sustainability, Fagas, et al, 2017
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Power Supply Scaling

—
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supply voltage [V]

4] " :
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Transistor’s Switch Energy
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Process Variations ()

Transistor (and in general device) manufacturing parameters are varying from wafer to
wafer and from die to die. These variations are called process variations, they are
random and not correlated and they are due to:
e variations in the oxide thickness, in the depth of the diffusion area, in the dopant
concentration e.t.c.
e geometric variations, like the transistor W/L ratio or the width of the
interconnect metal lines.

Process variations result in positive or negative deviations from the expected circuit
operation. Aiming to support the design phase, semiconductor companies provide “fast”
and “slow” device models that correspond to £ 30 parameter deviations with respect to
the nominal values, as well as statistical models in order to be able to predict the circuit
response through simulations or Monte-Carlo analysis respectively.

Process variations tend to increase with technology evolution!

g}.ﬁ Introduction
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Process Variations (1)

Fig 13 Sources of statistical variability

wr RO Histogram
1,674 Die Sites (17,941 ;g:.m Locations, wafer
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A 4.2 nm MOSFET
kﬁ Introduction

A 22 nm MOSFET
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Manufacturing Defects

d = defect size

Contact aspect ratio: L/D =7/1
0.18um Technology

i

A

r

Nanometer Technologies

35
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Transient Faults

Secondary
Cosmic Ray
Input: ircui Output
Jnputs | Circuit Under utputs
Monitoring
Burst of Electronic Charge
1M electrons/um Si Correction
Action
Feedback fe—Eror_1 Checker
Detection

Error Detection & Correction Circuitry
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Year
Technology node

Physical gate length (high perform.)
EOT: Equiv. oxide thickness

Max. gate leakage current density

Vpp: power supply

Vit Saturation threshold voltage

lo¢: S/D subthreshold leakage current

Ipsar: NMOS drive current

ITRS — High Performance (I)

Process Integration - Devices

] o0 10

]
3 ri;

]
3

[
Fosuat. Sevece Dran Subtiresheld

| Saate Eanbaer Crrrerst 5

Mobility factor

N

Introduction

ITRS

International
Technology
Roadmap
for

Semiconductors
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Year

Technology node

Physical gate length (high perform.)
EOT: Equiv. oxide thickness

Max. gate leakage current density

Vpp: power supply

V,aet Saturation threshold voltage

lo¢: S/D subthreshold leakage current

Ipsa: NMOS drive current

i

ITRS — High Performance (ll)

Process Integration - Devices

[ Foar of Produchon 2004 2043

20200

AM 43 Prich ) foontacted) ]

i

PLUASEC Metal § (M) %5 Patch nmvcontacted) Kl

i

(MPL Piysical Gare Lengeh fow) i

1

[y Piusical L pyy for High Performance logic i) [1]

ECT. Equrvadent Crade Thicksz: [2]

‘Extesded plany bulk (A}

UTBFD (A1
DG A
Fi0T g Electrieni Esprivmalent Dridle Thicknes in imursion (4]

Extended Plasar Bulk (1)

TIDID A
DG A}
Iy s Mirvimim gite leakage corront donstty [

Exsended Plasas Bulk (Aca’)

FIIS00 (A ez}
DG (Aar)

Vs~ Ponwer Supply Folimge (77 []

Fisos Satwrniion Thrwiold Velage {7

Extended Plas Bulk (=)

TIB D W)
Do {mV)

1y iage Source Drain Sidbthresiold 4 Suate Leakage Current (87
Exeended Plaer Bull (A )

T8 70 G
DG (A
|t <ar: ffecitve XMOS Detve Corrme 137

Exvended Plaar Bulk (wA

VT8 FD (A )
DG (A b

il

53 2
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ITRS — Low Leakage (l)

Process Integration - Devices

Technology node

Physical gate length (low static power)

EOT: Equiv. oxide

Vpp: power supply

V,sat* Saturation threshold voltage

I S/D subthreshold leakage current

Ipsar: NMOS drive current

\:d jear: Source/Drain Subthveshold Off-State Leakage Current [§]

Year |Tearin Froduction 2005 2006 2007 2605 2009 2010 2011 2012 2013
DRAM % Pitch (i) - N - N 1
p—— 80 70 65 57 50 45 40 36 32
MPUASIC Metal 1 (M1) N 52 5 B
Pitch tnmjfeontacred) 20 B o 9 > # ¥ i +
\{PU Physical Gate Length - ) s , J
i 32 F/] 25 2 20 13 15 u 13
Ly: Physical gate lengih for LSTP [1]

Extended Flanar Bulk and

DG () 65 53 | 45 ‘ 37 ‘ 32 8 25 2 | 2
B [ [ =& |w®

hick EOT. Equivalent Oxide Thickness []

Extended plazar bulk (4) 21 20 19

UTB D (&)

DG (&)
Viga: Power Supply Voltage
K 1.2 12 12
V, or Saturation Threshold Voliage [7]

Extended Planer Bulk (mV) | 482 515 524

UTB FD (mV)

DG (@V)

Extended Flanar Bulk
(pA/pm)
UTB D (pap)
DG (A

L sar affectiva NMOS Drive Curvent [9]
Extended Planar Bulk
()
UTB D (g

1.0E-05 | 1.0E-05 | 1.0E-05

497 500 519

DG (uA/pm)

Introduction

1.0E-05
1.0E-05

1.0E-05
1.0E-05
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Year

Technology node
Physical gate length (low static power)

ITRS — Low Leakage (Il)

Process Integration - Devices

Year in Production 2017 | 2018 2019 2020
\DRAM % Pitch (nm) (contacied)

\MPLIASIC Meral 1 (M1) ¥ Pitch tnm)icontacted)|
\MPU Physical Gate Length fnm/

al gare length for LSTP [1]

Extended Planar Bulk and DG (nm)

UTB FD (nm)

\EQT: Equivalent Oxide Thickness [

EOT: Equiv. oxide

Vpp: power supply

Viae: Saturation threshold voltage

I S/D subthreshold leakage current

Ipsar: NMOS drive current

Extended planar bulk (4)
UTBFD (&)

DGiA)

Va0 Power Supply Veltage (T) [6] 1

¥ sat” Saturation Threshold Valtage (7]
Extended Planar Bulk (mV)

UIBED (mV})

DG (mV}

(e toqe SowrceDvamm Subthreshold Qff-State Leakage Curvent 5]
Exctended Planar Bulk (1)

UTB FD (uA/um)

DG (pA/nm)

oo gffecrive NMOS Drive Crvent (9]
Exctended Planar Bulk (1A )

UTB FD (u&/um)

1.1E-05/1.1E-05| 1.2E-05|1.2E-05 1.2E-05[1.30E-05 1.60E-05|

1.0E-05(1.0E-05| 1.0E-05 1.0E-05 1.0E-05| 1.0E05 1.0E-D5

773 | 882 | 1016 | 1108 | 1188 | 1289 1392
DG (uA/um) 825 | 863 | 908 | 1011 | 10% | 1192 1283

Introduction
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ITRS — Low Dynamic Power (l)

Process Integration - Devices

Year [Faar in Producrian 2005 006 | 2007 | 2068 2008 | ol | 201 2012 2013
[DRAM % Pitch ) feommacied) | 80 7 & 57 50 5 I 6 2
[VFTZASIC Meral 1 (V1) % Pirch | g S P » P P P = -
(i contacted)
node [MPU Plysical Gare Lengti i) | 32 2% 5 2 20 3 I ] 13
Physical gate length (low dynamic power) (= ”-‘[j}f“f gatelength for LOP | 45 a7 2 28 25 F 20 18 16

EOT: Equiv. oxide thickness £ =4l Ovide Thicioess
7

“Exlended planar bulk () 2 [ 2 T 10
TIB D (5
DG

Voo: power supply gé,’ Power Supply Voliage (V) 0 0.9 0.8 0.8 08

N T sar- Sanuration Threshold
Visoet Saturation threshold voltage |} iraiion Hreshe

ige [7]
Extended Planar Bulk (mV) 288 303 285 271 278 226 233 231
UTB FD (mV) 68
DG (mV) 6

Lisage: Source/Drain

loss S/D subthreshold leakage current | iieciioid Off-State Leakage
Current 3]

Extended Planar Bulk (uA/ung | 3.00E-03 | 3.00E-03 | 5.00E-03 § B.6E.03 § B.0E.03 § 5.00E-03 | 1.80E-02 | 2.50E-02

UTB FD (uA/um) 8.00E-0 00E-0 DOE-D

DG (uA/umy) 00E-D 00E-0 DOE-0
Ipsar: NMOS drive current I@‘hfm;fgg},‘ 105 Drive
Extended Planar Bulk (/) 589 607 573 512
UTB D (uA/um)
DG (uAum)
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ITRS — Low Dynamic Power (ll)

Process Integration - Devices

Year |Yearin Froduction 2014 2017 2018 2019 2020
\DRAM #: Pich (nm) (contacted) 28 20 15 16 i
SIC Metal I (M1) ¥ Pitch (nmj(contacted) 28 20 18 16 14
Technology node ‘vsical Gate Length tnmi) 11 10 9 8 7 6 (]
Physical gate length (low dynamic power) |I.- Physical gate length for LOP (smi [1] 14 13 " 10 9 8 7
EOT: Equiv. oxide thickness |EOT: Equivalent Ovide Thickness [2]
Extendd planar bulk (4)
UIBFD (4)
DG (A)

Vpp: power supply (P Power Supply Foltage (V) [4]

< Sanwation Threshold Voltage [7]
Extended Planar Bulk (mV)

UTBFD (mV)

DG (mV)

+ Saurce/Drain Subthreshold Off-State Leakage Current [5]
Extended Planar Bulk (A )
UTBED (uA/um)

DG (uA/um)

lpsar: NMOS drive current |l zor gffeciive NMOS Drive Curvent [9]
Extended Planar Bulk (juA/um)
UTBFD (uA/um})

DG (WAl

Vit Saturation threshold voltage

I, S/D subthreshold leakage current

10E02 1.0E02 25602
| 1.0e02 10E02 20F02 20E02  2.0E02 | 20E02 | 2.0E02

Introduction 42
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Process Integration - Devices

ITRS — Memory Technology

EOT: Capacitor equiv. oxide thickness

DRAM capacitor voltage

DRAM cell size (unr’) [2]

EOT (mmi [3]

DRAM storage node ceil dislectric: eqivalent physical ihiciness

DRAM storage nods capaciter volage (1) 4]

Electric field of capacitor dielectric, (MViem) [3]

DRAM cell FET dielectic: equivalent oxide thickness, EOT fiam)
67

Year Year in Froduction 2005 2005 | 2007 | 2003 | 2009 | 2010 2011 2012 2013
DRAM pitch DRAM ¥ Parch (na {1 0 70 [3] 33
DRAM cell size (unr’) [2] 0.0514 | 0.0408 | 0.0324 | 0.0193
i o . DRAM storage node cell capacitor-
EOT: Capacitor equiv. oxide thickness diclecnic: equivalant oxids thickness 18 14 1.1 0.9
EOT (i [5]
. DRAM ode cell -
DRAM capacitor voltage o g,,,g;;ﬁ?g; node cel capacior 15 14 13 1.2
Elecric field of capacitor dielsetric,
A 1] 8 10 12 13
DRAM ceil FET disieciric: equivalent
owids thiciness, EOT (nm) [6] 55 5 5 45 4 4 4 4 4
Max. worline level |Masximum Wordline (VL) level () [7] 35 33 33 3 27 27 27 26 26
Electric field of cell FET device
et Ao [5] 64 6.6 6.6 6.7 6.8 68 6.8 6.5 65
Cell Size Facior- a [9] ] 8 8 6 6 6 6 6 6
lirray Area Efficiency [10 0.63 0.63 0.63 0.56 0.56 0.56 0.56 0.56 0.56
|Minimm DRAM retention time (ms)
DRAM retention time ] 64 o &4 54 64 54 i 4 64
DRAM soft error rate DRAM soft ervor rate (firs) [12] 1000 1000 1000 1000 1000 1000 1000 1000 1000
Year Tear in Froduction 2614 015 | 2006 | 2007 2008 | 2008 2020
DRAM pitch DRAM ¥ Prch () {1

Physical gate length

Early failures

Long term failures

Soft error rate

MPUASIC Metal 1 (Ml) 3: Pitch (nm)contacred)

\MPU Piysical Gate Length )

Early fathwes (ppmi] (First 1000 operaring hours)
[

| Long tevm reliabilicy (FITS = failures i 1ES howrs)
JEi)

Soft avvor rate (FITs)

Relafive failire vate per ansistor (normalized 102003
value) [3]

Relative failure rate per m of interconnect (normalized

02003 value) [4]

Introduction

0.10

0.27

0.08

022

1000
0.06

020

1000
0.05

8

1000
0.04

016

0.03

0.14

4 3.5 3.5 3.5 3 3 3
Max. worline level |Maximm Wordling (WL) level (1)1 [7] 2.6 23 23 23 2 2 2
Elecrric field of cell FET device dielectric 4T/em) [8] 6.5 6.6 6.6 6.6 6.7 6.7 6.7
Cell Size Factor: a [9] 6 6 6 6 6 B ]
N |drray Area Efficiency [10] 0.56 0.56 0.56 0.56 0.56 0.56 0.56
DRAM time |Nintman DRAM retention time tms) {11] 54 64 64 64 61 64 64
DRAM soft error rate DRAM soft ervor rate (fitsi [12] 1000 1000 1000 1000 1000 1000 1000
Introduction 43
I liabili
-—
ITRS — Reliability
Process Integration - Devices
Year [Year of Fraduction 2005 | 2006 | 2007 | 2608 | zoos | 2aio | ceil | 2wz | 2003
DRAM pitch | DRAM % Pitch fim) 50 70 65 57 50 45 0 5 2
feontacted) - - 3
(MPUASIC Metal I (M1 N - 5 ;
el 9 8 68 59 52 45 0 36 El
Physical gate length | AFL Piysical Gafe Length 55 b 25 2 2 13 16
. Early failures (ppm) (First 50— 50— 50— 50— 50— 50—
Early failures | 4300 operating howrs)** [17 | 2000 | 2000 %2990 5000 | s000 | s000 | 2000
Long term failures | EoE e ol (IS = | 40,400 | 10-100 |50-2000 | 10-100 | 10-100 | 10-100 | 10-100
Softerrorrate | af error rate (FITs) 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000
Relative failure rate per
namisistor fnormalized to2003 [ 1.00 0.79 0.63 0.50 0.40 032 0.25
vahug) [3]
Relarive failure rate per m of
intarconnect {normalized 100 | 084 | 0.71 | 059 | 0.51 | 047 | 0.1
192065 valus) [4]
Year  [Year of Froduction 2014 | 2015 | 2ois | 2007 [ cos | cois | 2020
DRAM pitch | DRAM % Pich rn) (contacted)

a4




ITRS — Design Challenges ()

Design

Year [Taar of Broduction 085 | 2008 | 067 | 2068 | 2009 | 610 | 2ol | 30K | 203

[DRAM 7 Pitch (im) {contacted) 5 70 5 57 50 5 o 36 3
Design Reuse | Design Reuse
Desigs tlock e [1] 3% | 33% | 35% | 36% | 38% | 40% | 4% | 42% | 44%
Desizn block reuse [1]
TR T 32 | 33% | 35% | 6% | amse | 4o | a1% | 4z | aam
Platforms supported [4]
=+ of platforms fully supported by tools [5] | 3 6% | 10% | 25% | 35% 0 6
Plarforms supported [1] ” :
" of platforms fully supported by toole[5] | 3% | 6% | 0% | 25% | 3% ! :
High Level i | High Level Synthesis
[Accuracy of high level estimaies
ommnce, area, power, costs) [6] 53% | 56% | 60% | 63% | 66% | 70% &% | 80
P
Versils measurements
Y

SOC reconfigurability [7] 0 =
oot SO0 b confrsble 23% | 26% | 28% | 28% | 30% | 35% | 38% | 40% | 4%
S0C reconfigmability [7] 23% | 26% | 28% | 28% | 30% | agw | sse | a0

|% of SOC fmerionalicy reconfigurable

Analog/Mixed-Signal | Analog/Mixed Signal

Analog awromation 3]
% versus digital automation [9]

Analog awromation (3]

%> versus dizital automation [9]

Modeling methodology, description
languages, and simulation emaronments
[10]

%5 versus digital methodology [11] [12]
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ITRS — Design Challenges (Il)

Design

2020

Year  |Year of Production 2014 2015 2016 2017 2008 2019
M #: Pitch (nm) (contacred) 28 25 2 20 18 16

14

Design Reuse

| Design block reuse [1]
% to all logic size

|Design block reuse [1]
5 to all Iogic size
=

Platforns supported (4]
%5 of platforms fully supported by tools [3]
latforms supported (2]
%5 of platforms fully supported by tocls [5]
High Level Synthesis  [High Level Synihesis
|Accuracy of high level estimmtes
(performance, area. power, costs) [6]
%s versus

vabilin

SOC reconfigurability [1]

] %% of SOC fimctionality reconfigurable
SOC reconfigurability [7]

%2 0f SOC fanectionality reconfizurable

Analog/Mixed-Signal |dnalog/Mived Sienal

[Analog automation [8]

|Analog automsation [8]
%2 versus digital sutomation [0

[Modeling methodelogy. description
languages, and sinmlation environments
[10

% versus digital methodelogy [11][12]
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ITRS — Design Challenges (lll)

Design

Year Tear of Praduction 2005 2006 2007 2008 2069 2010 2001 2012 2013
| DRAM ¥ Pitch {im) (contacted) 80 0 65 3 30 45 40 s 32
[ Asynchronous global signaling
Asynchronous global signaling % of a design driven by handshake 5% 5% % 11% 15% 7% 19% 20% 22%
clocking
Parameter uncertainty
“o-effect (on sign-off delay)

analysis objectives
# of objectives during optinuzation
MTTF - Reliability factor MI,ZE;’:;:";:&‘: 1 1 | 12 | a3
- - Circuit fanulies
Circuit families # of circuit fanilies in a single design 2 2 ¥ ¥
| Analog content synthesized
% of a design
Leakage
# times per device

5% 6% 6% 8% 10% M% 1% 12% 14%

Analog content synthesized 10% 13% 15% 16%

2 3 4 6

2016 |

Year |Vearof Production 2014 | 205
[DRALL Pitch (um)feontacted) B 75
|4 syuchronous global siganling

% of 2 design driven by handshake clocking
|Parameter uncertainty

Vio-effect (on sign-off delay)

Asynchronous global signaling

Simultaneous analysis objectives
# of objectives during optimization
IMTTF conmibution
reliability facter
|Ciremt fanmlies
Circuit families % of circut families in a single design
|Anelog content synthesized
Analog content synthesized %, of 2 desien
[Leakage
# times per device
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MTTF — Reliability factor

ITRS — Design for Test (l)

Design

Year Il_rwﬁﬁw\um | 2 W7 | w8 | 0 |
AN 4 Pisch fram frenmacsed) | I [ |
fog Mired.Sgal RF

Analog/Mixed-Signal/RF

Al digital DFT for analog/mixed-signal/RF o ryem:

Availability of fault/defect models for AMIS/RF e e o
o AMSRF blecks with scorpted fusl
=odely

MPU/DSP ivstem Drivers. WP PE D
1 DFT covenage of dugtal blocks o uabeyaoenn.
DFT coverage 4 sekt with DET 60 L] o -| I ™ ™ 5 TS L& Ll
. 3. DET for delay test of crincal pasa |
Critical paths delay fault coverage 6 v, 50 £ 55 55 L] L] L] m

3 DFT for Saub selermsce i lape hlack
Blocks with DFT for fault tolerance R B

i Surtem Drmvers Memeries
DFT for yield imp! 1. DR for yitid iy [ 8 [ 8 | & | @0 | 8 | % | 8 | & | s

SOC/SIP | Gomeral S0C SIP roquiremsnts
1. DIT-muppor: for logs w0 oder comet repans
DFT support for logic repair {excep: Eemory 50 50 50 60 ] 60 mn m m

*, bhocks with repus

o T DFT tee fox perfonmnee caliwmion, md
DFT reuse for performance calibration e »n »n a5 w " &0 0

=2 ET cancasty peissend

7 DFT e oo vyt perlor
. A, MaACHRY, b, ele.) 15 15 15 15 10 10 10 10 "
DFT impact on system performance 4 perforuse ipect (appepe Sgue of

e}

T e — —t e

! Sk s E F &= L = 10 = 100 0
rednichon g

DIT/ ATE ierface vanded, mxchoing DFT

DFT - ATE interface standardization comol vas wamded vest acoess prosocels 40 an 45 45 E 50 L] &0 ™

*. of st preriice sandedeed

Test volume reduction
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ITRS — Design for Test (Il)

Design

[ o |
|

Year [Jewr of Production

DRAM ¥ Pirck immiconsoenad

em river. Analoy Mived saral i

kgl DET & F

All digital DFT for analog/mixed-signal/RF cn:és::‘i:‘v:rv:_mq e
*, digital civowin in DET smplemensamions

2} Corelancs of DFT semuln with mownng

wpecicanon based res mechods
*u results coerelated

3 Avmlabilicy of frt defet medels for DFT.

Availability of fault/defect models for AMS/RF ersemed war methads

%o AMSRF bocks with acorpied faali

el

MPU/DSP |5z Ditvers AL FEDGE
1

DFT

Analog/Mixed-Signal/RF

TFT rre—

i £ " " [ %0 20 £ L3

T DET for dalay teat of cribcal paht
s patht covered

Critical paths delay fault coverage

Blocks with DFT for fault tolerance

yztem Drivers. Memers

DFT for yield imp 1 DFT for yarid zopy ] os | o5 [ ss [ o8 [ w | w W
sSoc/sip Crermeral SOC 3P rogquirements

1. DFT-mppent fo¢ Jogs: and otber corcat §

xcape pieniory

=2 blocks with s

DFT support for logic repair

o TFT pe-ne fot perfotimacs call
DFT reuse for performance calibration e

-
*» DFT cicuis pe-used
3. DFT impacs on rysoem performanes (oot
o, semunvery, bandwidiy, e )

% performance pact (NEgropee Bpae of
)

& DFT el

DFT impact on system performance

Bt

Test volume reduction

DFT — ATE interface standardization

Yo of wew merhice eandwdized
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ITRS — Design for Manufacturability

Design
Year | Jear of Froducon E N I T T N T T 2003 | Eviver
DRAM 4 Prach o fcomtacrod) [ v 65 b £ s ) iz
Mtk cost () \ e . . , N
Mask cost froen publicty svadlable dara 145 i 30 44 60 0 120 | 180 S0C
VDD variability - . 1% 1 1 | 1 | 10 | s | 10% 10% 00
*variskiliry sees 1 on-ehip cireuis
Vth varial ¥Xig wrishiliny

y ; % | 2% | w | as | 40% | a0% | 0% | so%
Doping Varishility impact o0 VTH

% % ¥ ™ % Lrad Lra) 50%

*. O vamabiliry

€D for o, gt adkd doping lates

Ut performace sanability

il copisny gates and wmes

*.cireuie powes varushiliny
il oGy gabes and waes

Circuit performance variabil

Circuit power varial

—
Year |FearofProduction 5 5 7 2019
DRAM % Pirch (nmj(contacted) 2 5 2 20 13 16 7]
Mask cost (Sm)
Mask cost o publicly svailsble e 360 | 480 | 720 | 960 | 1440 | 1920 | 2880 | soc
VDD variability |7 Va2 Vabilicy 10% | 10% | 10% | 10% | 10% | 10% | 10% | soC

% variability seen at en-chip circuits

Vth variability ~ |7* Vi variebii
Doping Variability impact an VTH

% Vi variability
Tuchudes all sources

%.CD variabiliy

CD for now, might add doping later

Circuit performance variability % creuit performance variability
circuit comprising gates and wires

Circuit power variability |’ cweut power varizbilis
circuit comprising gates and wires
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Year

SOC new design cycle

SOC logic per designer-year (10)
SOC dynamic power reduction
SOC standby power reduction

Test coverage by BIST

ITRS — Additional Requirements

Design
Year of Production 2005 2006 2007 2008 009 2012 2015 018 Driver
\DRAM #: Pitch fnm) &0 70 63 37 5t 25
SOC new design cycle (months) 12 12 12 12
soc Eo;:rr'r .\.Irxper designer-year 33 43 54 74
{10-person team!
SOC dynamic pawer reduction
beyond scaling (1) 01 0.2 0.2 0.2
SOC standby power reduction
bayond scaling (X} 24 | 34| 5 6.4
% Test covered by BIST 25 30 35 40
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Design For Testability

Hardware / - —
Software Design Verification
Partitioning Functionality « - Tim:ng

i [ g

l

Integrated Circuits Design Flow

——— cnip

Architecture

Specifications

Behavioural
. —
Design RTL
Synthesis
—>
RTL
Design Custom

| »  Design

Placement
&

Routing

Parasitic
Extraction

I I

Floorplanning

|

| Analog / RF Design }—T

Introduction

Customer

Test

Fabrication

Layout
Verification

MnyA: ITRS 1997
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Complexity and Productivity

10,000

1,0004 | ™===Logic Tr./Chip
=== Tr./Staff Month.

> 1004

3

< 104

S

o 1T
014t

Logic Transistor per Chip (M)

58%/Yr. compounded |
Complexity growth rate

21%/Yr. compound
Productivity growth rate

100,000
L 10,000

o

11000 _ =

2

L 100 28

oy

2

[ 10 'g g

1 =

£3
101
—+— 0.01

1981
1983

1985
1987
1989
1991
1993

1995
1997
1999
2001
2003
2005

2007
2009

MNnyn: Sematech
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SoC Design Aspects
System Design Aspects Physical Design Aspects
Embedded Memory Global Bus
* crosstalk Embedded Software  Data Storage ¥ * protocol
* noise « H/S codesign « single/multi port + bandwidth .
« flexibility « high performance ~ * Signal propagation
IP (reusable core) « crosstalk
« reusability
« standardization Clock Network
* H/S codesign EESEELEEEEEEN « clock gating
« clock synchronization "———%—-——-.\.\ i\% B « clock domains
« clock skew u || H !!! « phase synchronisation
Supply Network E‘ - cock skew
« clock tree synthesis
* low-power/voltage —] =l ™« optimal fiip flops
* noise = |/
« decoupling
« electromigration e I lHr' =] g| — Local buses
« dc-dc conversion n * .| EEsmE RN OO N * high speed
« dual threshold 1 N
« triple-well Analog Functions y Bluetogic s o pads
* SOl « analog interface A «EMC
/ * substrait noise Slockiporans * bandwidth
Supply Pads « standard interfaces
*EMC « di/dt noise
* noise
« electromigration
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Levels of Abstraction

USER’S INTERFACE
APPLICATIONS
onte || Soip | [ softip
— EOTAPERS

CELLS | HardiP || HardiP |[ Hardip |
Z | CELL LIBRARIES |
Analogue Power 2
% ’ Analogue ‘ ‘ Memory ‘ } Power ‘ ‘ RF‘
BASIC CMOS 2
BIPOLAR | SUB-MICRON CMOS |
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