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Some History

Invention of the transistor (BJT)
Shockley, Bardeen, Brattain — Bell Labs

Single-transistor integrated circuit
Jack Kilby — Texas Instruments

Invention of CMOS logic gates

Wanlass & Sah — Fairchild Semiconductor

First microprocessor (Intel 4004)
2,300 MOS transistors, 740 kHz clock frequency

Very Large Scale Integration

Chips with more than ~20,000 devices

1947

1958

1963

1970

1978




More Recently

Ultra Large Scale Integration

System on Chip (SoC)

20 ~ 30 million transistors in 2002

The chip complexity has increased by a factor of 1000
since its first introduction, but the term VLSI remained
virtually universal to denote digital integrated systems
with high complexity.
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Some Leading-Edge Examples

Intel Pentium 4
0.13p process

55 million transistors
2.4GHz clock
145mm?




Some Leading-Edge Examples

IBM S/390 Microprocessor
0.13 um CMOS process

7 layers Cu interconnect
47 million transistors

1 GHz clock

180 mm?2

3+
F&
" F2$
8 BF,)
EE&3

F&
G HM

/

Soruz ol |

| cache | maiboard | memory | sPo | About |

~Processor

Name | Intel Celeron 360
Code Hame |
Package
Technology (|
Specification | Ttel(R) Celeran(R) Dy usﬁuz
Famiy | F Qmm—k—g 5
Ext Famiy | F ExtModel [ & Revison | DO

instructions | MMX, SSE, SSE2, SSE3, EM64T

~Clocks (Core#0) ~Cach
Cors Spesd | 34863MHz LiDsta |  16KByles
Wutipier | x260 UTrace | 12Kuops
BusSpeed |  1333WHz Levelz [ E12KBytes
Ratsd FSB | 5334 MHz wevaa
| Sekction [Prucessor#! - Cores | 1 Threads| 1 |
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Market share (%)

Technology Transitions

-v

MOSFET

1980

L 1
1985 1990 1995
Year

The first transistor was a bipolar transistor, as were the first ICs
[nitial MOS only had incremental advantages over bipolar until CMC
I11-V technology is largely optoelectronics--a complement to CMOS

Is there anything beyond CMOS?
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648 Athlon Power3- Pe Penti 00 d 2
Clock Rate 833MHz | 133GHz | 552MHz | 450MH:z 1.0GHz 1.7GHz | 400MHz | 480MHz | 900MHz | <=
Cache (I/D/L2) | GAK/BAK | BAK/6AK/56K | S12KIM | 32K/64K [16K/16K/I56K | 12K/BI/256K | 32K/32K | 16K/M6K | 32K/64K
Issue Rate disue | 3u6instr | 4issue | dissue | 3x8Ginstr 3ROPs 4issue | dissue 4issue
Pipeline Stages | 7/9 stages | 9/11stages | 7/9 stages |7/8 stages | 12/14 stages |22/24 stages | 6stages | 6/9 stages | 14/15 stages -
Out of Order | 801nstr | 72ROPs S6instr | 32instr | 40ROPs 126ROPs | 48 instr None None
Rename regs |  48/41 36/36 56 total |16int/24fp| 40 total 128total | 32732 None None
BHT Enlrles | 4K x9blts | 4Kx2bits | 2Kx2bits |2Kx2bils | 2512 4K x2bits | 2K x 2 bits| 512 x 2 bits | 16K x 2 bifs
TLB Entries 128/128 | 280/288  |120unified | 128/128 | 32640 | 1281/64D | 64 unffied| 6417640 | 1281/5120
Memory B/W | 2.6608/5 | 21CBKs | 154GBs | 16GB/s | 106G 320B/s  [539MB/s| 19GB/s | 4.8GBIs
Package CPGA-588)  POA-d62 | LGA-544 | SCC-108R | PCA-370 POA-423 | CPOA-527) CLOA-787 | 1368 FC-LGA
IC Process 0.18u5M| 018u6M (025020 | 022u6M | 0.18u6M | 0.1846M 0.2504M | 029 6M | 0181 7M
Die Size Mammt | 17mm® | 477mm® | 163mm? | 106mm? 217mm* | 204mm? | 126mmE | 210mm’ | g
Tansislors  |154milion 37 milion 130 milion | 23 million | 24 milion | 42milion | 7.2 millon| 38 millen | 29 milion | <=
Est mifg cost §160 §62 §330 §110 539 §100 §125 §70 §145
Power (max) | 7aW* | 76w E0WE | 36wt 3w GAWTDP) | 25W* | 20W* G | <=
Availability 1Q01 1a0m 3000 4000 2000 2Q01 2000 3Q0 4Q00
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Moore’s Law

The # of transistors doubles every 18 months
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Transistors are “Free”

Average Transistor Price By Year
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10 p¢/transistor

Heading toward 1 billion transistors in 2007
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Economic Impact

$in Billons

Saurce: Dataquest. Aprl 28, 1995

As a result of the continuously increasing integration
density and decreasing unit costs, the semiconductor
industry has been one of the fastest growing sectors
in the worldwide economy.

Video-on-demand
Speech processing/recognition
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E Wireless/cellular data communication
E
]
E]
2 Data Multi-medi
[Sormumrsosearics | [ Pl s |
Mainframe computers ‘ | Personal computers | I Network computers ]
T T T T
1870 1980 1950 2000

Large Small / Portable
Centralized Distributed
Expensive Inexpensive

Industry Trends

High performance
Low power dissipation
Wireless capability
etc...

More portable, wearable, and more powerful devices
for ubiquitous and pervasive computing...




ITRS - International Technology Roadmap for Shrinking Device Dimensions
Semiconductors
YEAR 2002 2005 2008 2011 2014 YEAR 2002 2005 2008 2011 2014
TECHNOLOGY |10 [1conm | 7omm 500m 35m TEcHNOLOGY | 130 nm | 100 nm | 70 nm 50 nm 35 nm
CHIP SIZE 400 mm’ [ 600 mm’ 7Emm’ | 800mm’ | 900 mm*
NUVBER OF CHIF 2IZE 400mm?® | 600 mm? 750 mm? 800 mm’* 900 mm?
TRANSISTORS 400 M 1 Billion 3 Billion 6 Billion 16 Billion
(LOGIC) UM
oRAM e i ?ﬁLESEéT%FRS 400 M 1 BEillion 3 Billion & Billion 16 Billion
its: 10 Gbits 25 Gbits. 70 Ghits. 200 Ghits Py
CAPACITY (LOGIC)
MAXIRIUM 16GHz | 206Hz 25GHz 30 GHz 35GHz DRAM
FREQUENCY CAPACITY 2 Gbits 10 Gbits 25 Gbits 70 Gbits 200 Gbits
M"g‘g't;"’“ 15V 12v 0ov 06V 06V
VOLTAGE 1.6 GHz 20GHz 25GHz 3.0 GHz 3.5 GHz
lanti oW 180w 1w 175w 1BOW
DISSIPATION
LINIMUR iy , - -
mm&gmor 2500 4000 4500 5500 6000 SUPPLY 1.5V 1.2V [eR=RY 0.6V 0.6V
VO PINS VOLTAGE
5 g . . MAXIMUR W FEW
Predictions of the worldwide semiconductor / IC POWER 130 W 160w 175w 180 W
: : DISSIPATION
industry about its own future prospects...
MAXIMUM - - N
NUMBER OF 2500 4000 4500 5500 5000
O PINS
Increasing Clock Frequency
Increasing Function Density
YEAR 2002 2005 2008 2011 2014
YEAR 2002 2005 2008 20m 2014
TECHNOLOGY | 150 nm 100 nm 70 m 50 nm 35 nm
TECHNOLOGY 130 nm 100 nm 70 nm 50 nm 35nm
— - " - - - CHIF 8IZE 400 mm® | 600 mm* 750 mm? 800 mm* 900 mm?
CHIP SIZE 400 mm’ 600 mm’ 750 mm’ 800 mm’ 800 mm’
NUMBER OF " ! ' .
NUMBER OF A g | 400m 1 Billion 3 Eillion & Billian 16 Billion
TRANSISTORS [ 400 M |1 Billion |3 Billion | 6 Billion | 16 Billion TRANSISTORS
(LoaIc) (LOGIC)
E’QPAXWY 2 Ghits | 10 Ghits | 25 Gbits | 70 Ghits | 200 Gbits E’Eﬁ‘[ﬂmw 2 Ghits 10 Gbits 25 Ghits 70 Gbits 200 Ghits
fj‘[“é‘”‘“‘K‘-”ﬂ 16GH  |20GHz 25 GHz 2.0 GHz 35 GHz MAXIMUM
FREQUENGY CLOCK 1.6 GHz |2.0 GHz | 2.5 GHz | 3.0 GHz |3.5GHz
FREQUENCY
MINIMLI 15V 12v 09V 06V 06V
o ) MIRIMUA 15V 12 LER Y nev
VOLTAGE SUPPLY E
VOLTAGE
130w 160w 170w sW 180w
DISSIPATION WA EF—‘“\‘ M 130w 160W 170 W 175W 160 W
fow‘ég r!"‘or 2500 4000 4500 5500 6000 DISSIPATION
12 PINS
MAIM L M
'N',’?X'QE R’ lOF 2500 4000 4500 5500 6000
) FINS




Decreasing Supply Voltage

YEAR 2002 2005 2008 2011 2014
TECHNOLOGY 130 nm 100 nm 70 nm 50 nm 35 nm
CHIP SIZE 400mm® | 600 mm® 750 mm’ 200 mm’ 900 mm”
n

"#’L\;QESEET%FR‘Q 400 M 1 Billion 3 Billion & Billion 16 Billion
(LOGIC)
'?EQEC\TY 2 Gbits 10 Gbhits 25 Ghits 70 Gbits 200 Ghits
.’é"ﬁé!ﬂ”m 16GHz  [206GHz 25GHz 2.0 GHz 3.5 GHz
FREQUENCY
MINIMUM
SUPPLY 1.5V 1.2V 09V 06V 06V
VOLTAGE
MAXIMUM
POWER 130W [160W 170W 175 W 180w
DISSIPATION

2500 4000 4500 5500 6000
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Why Silicon?

@ Siis easily purified and grown as a defect free single crystal

@ Si has reasonably good electronic properties which produce a
variety of devices with excellent performance

@ Siand SiO, are tolerant to a variety of harsh environments used
in fabrication and is highly manufacturable

@ Si has excellent mechanical properties which facilitate handling
and manufacturing

@ Siisreadily available and very plentiful in nature

SiO, is a Magical Material
® SiO, passivates the Si surface
® SiO, is an excellent insulator
@ SiO, is an excellent barrier against impurity diffusion
® SiO, has very high etch selectivity to Si

® Limitation-indirect bandgap -- poor optoelectronic properties

Transistor Physical Gate Length

1.00 - o
F R ) 35um Technology
- Node
g .
G 010+
= r  Transistor 30nn
| Physical Gate oA
L .k L
1990 1995 2000 2005 2010
Year

The physical gate length will reach 15nm before the end of the decade




Speed Increases with Scaling

Moore’s Second Law
Scaling of Fabrication Facilities Cost

10,000
2x every 4 years
1000 f \ 3
cost of a modern 2x every 3 years 1.47x every 2 year:
w flle.l f.db 100 b ~ ]
($ million)
10 F 3
| , , ,
1960 1970 1980 1990 2000

We need to understand how the devices function to ensure proper performance, reliability
and economic implications. For many generations, scaling was relatively straightforward.
Today., it also involves new materials and increased complexity, greatly increasing cost.
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Technology Transitions
Beyond CMOS
100 wm L
conventional devices work
Wum well in classical region
1 um L
0.1 um transition region
0.01 wum |
quantum devices
0.001 um S -
atomic dimensions

1960 1980 2000 2020 2040

Jim Plummer, 1989.
Devices are getting very small. Will they reach quantum or even atomic
dimensions? What principles will they operate on? Will they
continue to operate using charge or is spin or something else possible?

Technologically Accessible
Photonic Materials
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Typical Chip Cross Section

Global

Intermediate

System-on-Chip
Integrating all or most of the components of a hybrid

system on a single substrate (silicon or MCM), rather
than building a conventional printed circuit board.

1. More compact system realization
2. Higher speed / performance
+ Better reliability

+ Less expensive !

New Direction: System-on-Chip (SoC)
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Products have a shorter life-cycle !




Circuit Performance

Better strategy

[
longer design time for . \
better performance in L ——
current generation |
\ i
Design 1 ‘
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