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Trends of IC Microfabrication

Estimate
2001 2004
Electronic End Equipment $879B —> $990B

Semiconductors $139B—> $218B

Semiconductor

Equipment $28B > $46B

SEMI

MEMBERSHIP \

Source: SEMI, SIA, IC Insights; Rev. January 14, 2002

$21B > $28B
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The beauty of silicon
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For four decades, the semiconductor
industry has steadily reduced the
unit cost of IC components by
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1. Scaling device
dimensions

downward 1990

2. Scaling wafer
diameter Wafer diameter
upward

Professor N Cheung, U.C. Berkeley



EE143 S05

$100.000.00

$10,000.00 f

$1.000.00 t

F1o0.00

f10.00 |

Cost per function

$1.00 |

010 ¢

$0.01

35% peryear

Intel X86 is cost
per MIP
]

DHAM is cost
per megqahit

Costreductontend .

1960

Professor N Cheung, U.C. Berkeley

1970 14930 1990 2000 2010 2020
Y ear 10101

Lecture 29



Transistor Per Integrated Circuit Trends
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[2] Bob Donlan and David Pricer, "Pushing the Limits: Looking Forward...Looking Back," Microelectronic Design, Vol. 1., (1987).
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Memory and Logic Technology Requirements

Year of First Product
Shipment
Technology
Generation

Min. Logic V4 (V)

T, Equivalent (nm)

Equivalent Maximum
E-field (MV/cm)

Nominal ||, @ 25°C
(mA/mm)
(NMOS/PMOS)

S/D Extension
Junction Depth,
Nominal (nm)

Professor N Cheung, U.C. Berkeley

SIA roadmap

1999
180
nm

600/2
80

36-72

2001
150
nm

a
N O

2-3

600/2
80

30-60

2003
130
nm

—_
N O

2-3

600/2
80

26-52

2006
100
nm

1.2-
0.9

1.5-2

>5

600/2
80

20-40

2009
70
nm

0.9-
0.6

<1.5

>5

600/2
80

15-30
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2012
50
nm

0.6-
0.5

<1.0

>5

600/2
80

10-20
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Power Density
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Another Perspective on Moore’s Law

Professor N Cheung, U.C. Berkeley

... We are already producing
1078 transistors per year.
Enough to supply every ant on
the planet with ten transistors.

Twenty years from now, if the
trend continues, there will be
more transistors than there
will be cells in the total
number of human bodies on
Earth.



EE143 S05

Lecture 29

Channel Engineering
SUBMICRON DEVICE STRUCTURE AND DESIGN

Spacer Formation —»
Technology

Polys
- Gate
Des

ilicon
Stack
bign

Vertical (Channel) Engineering
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Low Series Resistance
Contact Technology

Deep S/D and
LDD Tab Design

LDD Profile
Design

'Drain Profile

Design

L L] "
Horizontal (Drain) Engineering
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Gate Stack Technology

Equivalent Oxide Thickness

Lecture 29

1 Tox (€0)
Qg
_ _ _ Materials:
— high k-dielectric Ta205
gives lower electrical thickness. BZT
. Al203
COX C—
X

ox
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Nanotechnology for Gate
Dielectrics
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90nm process- Experimental high-k

Capacitance 1X 1.6X
Leakage 1X <0.01X
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Atomic Layer DePOSition (ALD) Lecture 29

‘ ® I bl ‘o
u x x x x ° z ° 0® o °
I
Step 1 - ZrCl, (gas) Step 3 - H,O (gas) + ZrCl, (surface layer) @ Zirconium (Zr)

® Chlorine (CI)
@ Oxygen (O)

3 30 30 30 38 30 30 36 3¢ 000000000000e000e@e V9N H

Step 2 - ZrCl, (surface monlayer) Step 4 - ZrO, (surface film)
Heaters
Vapor pulse 2 Heaters
High speed valve Wafer 5 :
Precursor 2 :
Temperature % 2 ' ERhe
controlled bath m
_ Vapor pulse 1 Vacuumu

High speed valve pumping
Precursor 1 out

Temperature
controlled bath
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Step Coverage
(Al1203)

Figure 3. ALD features superb step coverage performance. The SEM images show clase fo
100% conformality for an 18nm thick AlsO4 film which was deposited by ALD into high aspect
Professor N Cheung, U.C. Berkeley ratio trenches with & minimum lateral dimension of B0nm and a final aspect ratio of ~ 60,
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Elevated Source/Drain

EE143 S05
— - CVD-OXIDE
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Fig. 6-41 Elevated source/drains. (a) Key process steps in forming elevated source/drains
using SEG. (b) Comparison of the doping profile in source/drain regions of a PMOS device
after a BF2™" implant directly into the regions (and a conventional furnace anneal) versus a
BF21 implant into the SEG regions and an RTP anneal.??

Professor N Cheung, U.C. Berkeley

13



EE143 S05

Professor N Cheung, U.C. Berkeley

90nm Interconnects

copper interconnects
thin barriers

etch stop

low K dielectrics

Lecture 29
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The ingredients of scaling

New materials

Improved processing

New geometries

Silicon _ Silicon __ Silicon Silicon Silicon

Scaling Will continue as long as
(0 cost) /(6 performance) < alternate technologies

Professor N Cheung, U.C. Berkeley
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Cu interconnect

High & gate dielectric

Feature Size:
100 nm

Time

Contacts to hanodevices

Low-k ILD Metal gate Wafer bonding & layer transfer
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Thin-Body MOSFET

« Thin body to control short-

* Tx=2Nnm channel effects

* Ljgte =25 nm
_ « Elevated S/D to reduce R
Ids vs. Vgs
Gate 1,603 -
1.E-04 | /
1.E-05 .
§ 1.E-06 { —Tsi=25A
= 1.E-07 _
K E — Tsi=50A
2 1.E-08 -
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1.E110 1. — tsi=100A
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Dual Gate MOSFET

raised source/drain
improves s/d resistance

gate spacers to reduce
capacitance

(T

Y { gate \

heavily doped s/d >

gate
buried oxide

__--—""-__-_-f \
lightly doped channel bottom

silicon thickness
5-10 nm

aligned top and bottom gates
substrate

FIGURE 6.2  Generic features of double gate MOSFET device.

Professor N Cheung, U.C. Berkeley
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FInNFET

* self-aligned double-gate structure *

E?EQ
&9

I

B {Fin height = device width
=
Fin width = body thickness

Lg ~ (10 nm — 45nm) Scanning Electron Micrograph
Fin width ~ (<10 nm — 120 nm)

Fin height: 50 nm
Tox~2.5nm
Body doping:

- F " 20nm*  200nm*
Mag= 7780KX 5

Huang et al, IEDM, 1999 1

Professor N Cheung, U.C. Berkeley 9
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Strained Silicon

Silicon “strained” silicon
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Si,_Ge,

€ si._Ge

p-type MOSFET -«

High stress

n-type MOS

film

FET

TEM micrographs of 45 nm p-type and n-type MOSFET.
Image courtesy of ScottThompson, Intel.

Professor N Cheung, U.C. Berkeley
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New Technologies

New Circuits

and Architectures
+ System-on-Chip (SOC)
+ Magnetoresistive RAM

New Materials
» Copper Interconnects
» Silicon-On-Insulator

New Manufacturing and
Fabrication Initiatives

300mm equipment

(SQl) . .
L * Processing chemistries « Double-gate
S‘_’f"" G . » Alliances Transistors

) (éli'g;r; ermanium « Advanced Process Control  Carbon Nanotube

Transistors

 Biological and
Molecular Self-
assembly

Integrated metrology
Fabless - Foundries

Strained Silicon

New Packages
Flip Chip

Wafer Scale Packaging
- 3D

System in a package

Source: FSI International, Inc.

Professor N Cheung, U.C. Berkeley 22
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Environmental Impact of the
Semiconductor Industry

Impact per square inch of Si

Output from the Fab Input to the Fab
Liquid Waste 75 Gal/in®2  Water 30 gal/in2
Hazardous Waste 0.1 Kg/in*2 Electricity 10 KWhr/in”2

Toxic Releases 0.01 Kg/in*2 Chemicals 0.2 kg/in"2

Professor N Cheung, U.C. Berkeley 23
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MCL - reduces minority carrier lifetime

4— Melting temperature - °C
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