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Attention Please!

e This course deals with SMALL stuff
e This course deals with practical issues

e This course uses most of your learned
ME knowledge

e This course may not have as many
mathematics as other courses
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Disciplines

ECE
*Electrical Design

*Electrostatic Field
Control

*Electrical behavior and
lunits of materials and
material systeins

*Using defects for our
electrical advantage

+Effects of strain and
stress on device

Material
Science

oStructural
Classification of
Materials: Crystal
Structure

*Formation and
control of defects,
impurity diffusion

+Strain and Stresses
materials

Chemistry

*Bonding
Classification of
Materials

*Etching and
deposition chemistry

*Chemical cleaning

Physics
*Quantum transport

*Solid state
descriptions of
carrier motion

Mechanical Engineering

sHeat transfer

reliability Materials *Micro-machines-Micro Electro-
o interactions (alloys, Mechanical Machines (MEMS)
°De§1gn19g a_better annealing) *Fatigue/fracture, (especially for
device, circuit, system )
+Phase packaging) etc...
transformations +Mechanical stresses during processing
(polishing, thermal cycles, etc.. )
Georgia Tech ECE 6450 - Dr. Alan Doolittle
Disciplines
ECE Material Chemistry Physics
*Electrical Design Science *Bonding Cuantmm transport
_ it :
*Electrostatic Field *Str -
Centrol Clagf Interested in the fundamental process
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Structure

Interested
in the uses

of these
processes

stress on device
reliability

*Designing a better
device, circuit, system

Georgia Tech

*Formation and
control of defects,
impurity diffusion
*Strain and Stresses
wmaterials

*Materials
interactions (alloys,
annealing)

*Phase

transformations

deposition chemistry

*Chemical cleaning

Mechanical Engineering

Micg| Interested
Mechi in the uses

‘Fatig| of these

processes

HMec

(polishing, thermal cycles, etc...)

ocessing

ECE 6450 - Dr, Alan Doolittle
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After taking this course, you will be able to

e Use common semiconductor terminology
e Describe a basic IC fabrication sequence
« Briefly explain each process step

e Relate your job or products to
semiconductor manufacturing process

15

Courses after this course

 Semiconductor fabrication related
courses

* MEMS related courses
e nanosystems related courses
e semiconductor processes

16




This Course Has NO Textbooks

e Use course handout as the major
materials for preparation
— Lecture slides
— Contents copied from books

= However, you should have at least one
of the following major references
— This is extremely important
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T —E% Major reference
INTRODUCTION TO

MICROELECTRONIC
FABRICATION

e R. C. Jeager,
Introduction
to
Microelectroni
¢ Fabrication

RICHARD C. JAEGER
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Introduction
to Semiconductor
Manufacturing Technology

Hong Xiao '
—

Major
Reference

e Xiao,
Introduction to
Semiconductor
manufacturing
Technology

19

W ong oo PHD) B
NEE - FRT - BRC -
H¥d - SRT - AN

20

10



Major
Reference
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« VLSI #ER i
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Major
Reference

e S. A Campbell, The
Science and
Engineering of
Microelectronic
fabrication

Engineering of
Microelectronic

Fabrication
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Crystal Fire

The Birth of the Information Age
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Grading Policy

e Homework 20
— About 8 -10 times

e 4 Quizzes (33 if Covid 19 still bothers us!)
total 70

e Term project 10

e Total = 100
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Part 1l: Semiconductor
Fabrication & £ = &R

31

IC Industries

Raw material supplier
— wafers, chemicals

IC circuitry design

IC fabrication

— E.g., TSMC, UMC for fab only

— E.g., Intel, Tl, Lucent for both design and
fabrication

IC fabrication/ characterization equipment

supplier

— CVD system, lithography, CMP

— E.g., Applied Materials, KLA-Tencor, Nikon

32
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The Semiconductor Industry

INFRASTRUCTURE PRODUCT
APPLICATIONS

Industry Standards

(SIA, SEMI, NIST, etc.)
Consumers:

» Computers

¢ Automotive

* Aerospace

e Medical

« other industries

Customer Service

\Original Equipment Manufacturers

Production Tools
Utilities

Chip
Manufacturer

Materials & Chemicals
Metrology Tools
Analytical Laboratories
Technical Workforce

Colleges & Universities J

Printed Circuit Board Industry

Figure 1.1

History of Semiconductor Devices |

e 1890s
— Mechanical tabulating machine
— Herman Hollerith
— Eventually IBM
e 1900s - 1950s
— Vacuum tubes
e 1930s
— Electromechanical computers
— V. Bush at MIT
e 1940s
— ENIAC, the first electronic computer

34
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History of Semiconductor Devices I

e ENIAC 1947

— size 30 x 50 ft?

— weight 30 tons

— vacuum tubes 18,000
— resistor 70,000
— capacitor 10,000

— switches 6000

— power 150,000 W

— Cost (1940) $400,000

e Same function can be achieved by a 1.5
cm x 1.5 cm die in mid 1970s ! 3

Development of an Industry

e The roots of the electronic industry are based on the
vacuum tube and early use of silicon for signal
transmission prior to World War Il. The first electronic
computer, the ENIAC, was developed at the University of
Pennsylvania during World War II.

e William Shockley, John Bardeen and Walter Brattain
invented the solid-state transistor at Bell Telephone
Laboratories on December 16, 1947. The semiconductor
industry grew rapidly in the 1950s to commercialize the
new transistor technology, with many early pioneers
working in Silicon Valley in Northern California.

36
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University of
Pennsylvania
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Vacuum Tubes in First Computer

39

Semiconductor Devices

e Semiconductor is the most important industry in
Taiwan
e Related product
= Computer
— other ICs
— communication devices
— MEMS ?
e Can be classified into 3 levels
— electronics design
— semiconductor fabrication
— IC package
e This course is focus on fabrication

40
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History of Semiconductor Devices (111)

e Dec. 23, 1947
— The first transfer resistor (Transistor)
— Bell Laboratory
— Bardeen, Brattin, Shockley, 1956 Nobel Prize in
physics
e First Single Crystal Germanium, 1952
e First Single Crystal Silicon, 1954

e Discrete devices (1950s)
— one device per chip
— transistor radios

a1

History of Semiconductor Devices (1V)

e Integrated Circuits (ICs)

— appeared in 1958, J. Kilby, TI (2000 Nobel Physics
laureate)

— 5 devices in the same element
— wire individual elements in one
e First IC product, Fairchild Camera, 1961
— Robert Noyce
e First OP AMP
- ~ 1967
e First CPU
— ~1971 (4004)

42
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History of Semiconductor Devices (V)

e Microelectromechanical
Systems (MEMS)

e 1989 Micro motors
— UC Berkeley: L-S Fan
(now at NTHU), Y-C Tai
(now at Caltech)

— MIT: Meregany (now at
Case Western)

e
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Lilienfeld FET Transistor (1930)

Lilienfeld could not build FET because of [ uienfild wameistn { 1930s)
excessive surface states at the interface C
between the oxide and the Field offeet eleetinds.  —— ———
semiconductor. Charges were so .
numerous that current flowed with zerg et Hass -
bias. It was only possible to turn OFF the B* e e Ame
device by driving the carriers deep (now

called a “depletion mode” FET). Charges &
were such that only n-type
semiconductors could be used. During the
1950s, methods reduced the surface
states and enable the fabrication of a
normally OFF device with zero bias,
“enhancement-mode” FET. The first
working MOS-FET was announced in 1960
(ATT).

Now, most MOS-FETs are "enhancement -
mode” devices made on p-type silicon.

22



Transistor Age

Dec. 1947

SEPTEMBER - 1948

Revelutionary Amplifier
The CRYSTAL TRIODE

firsy Wransisien,
BRI = E‘"\e Bell Labs.

Datamber 23, 1347

50 Years and Counting.-
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Invention of the First Transistor

Bringing it All Together - In the past month, John Bardeen
and Walter Brattain had managed to get a large amplification at
some frequencies and they'd gotten a small amplification for all
frequencies -- now they just had to combine the two. They knew
that the key components were a slab of germanium and two gold
point contacts just fractions of a millimeter apart. Walter Brattain put
a ribbon of gold foil around a plastic triangle, and sliced it throu

at one of the points. By putting the point of the triangle gently down
on the germamum, they saw a fantastic effect -- signal came in
through one gold contact and increased as as it raced out the other.
The first point-contact transistor had been built (in contrast,
Lilienfeld’s 1930 FET probably never worked).

Telling the Brass - For a week, the scientists kept their success
a secret. William Shockley, the project manager, asked Bardeen and
Brattain to show off their little plastic triangle at a group meeting to
the lab and the higher-ups on December 23. After the rest of the lab
had a chance to look it over and conduct a few tests, it was official --
this tiny bit of germanium, plastic and gold was the first working

solid state amplifier. -

Brattain attached a single strip of gold foil over the point of
a plastic triangle. With a razor blade, he sliced through the
gold right at the tip of the triangle. Two gold contacts
just a hair-width apart. The whole triangle was then held
over a crystal of on a spring, so that the
contacts lightly touched the surface.

The germanium sat on a metal voltage source. This contraption was the
very first semiconductor amplifier, because when a bit of current came
through one of the gold contacts, another even stronger current
came out the other contact.

The germanium had an excess of electrons, but
when an electric signal traveled in through the gold foil, it injected
(the opposite of electrons) into the surface. This created a thin layer along
the top of the germanium with too few electrons. Semiconductors with too
many electrons are known as N-type and semiconductors with too few
electrons are known as P-type. The boundary between these two kinds of
semiconductors is known as a P-N Junction. In the case of Brattain's
transistor, current flowed from the base towards the second gold contact.
A small current in one contact controls a larger separate current
out the second contact. A little current can alter the flow of a much
bigger one, effectively amplifying it.

48
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The First Transistor Product

The first transistor radio was a joint project of
the Regency Co. and Texas Instruments. TI
built the transistors; Regency built the radio. Sony
On October 18, 1954, the Regency TR1 was put

on the market. It was a scant five inches high

and used four germanium transistors. It was
discontinued in 1955.

In Japan, a tiny company had other ideas. Tsushin Kogyo was
close to manufacturing its first radios when it heard that an American
company had beaten them to market. But they persevered and made a
radio, the TR-52. When Regency quit producing their radio, the
Japanese company immediately started shipping their radio to the U.S.
One immediate problem was that Americans couldn’t pronounce their
name. The founders, Ibuka and Morita, thought of using a Latin word
sonus meaning "sound." Akio Morita knew some English, and made a
simple variation that became their name from then on: SONY 49

1956 -William Shockley had gone as far as he was going to go at Bell
Labs. His patent for an FET had been disallowed when Lilienfeld’'s early
patents were discovered. He watched the people underneath him ?et
promoted above him -- and with good reason. Too many top quality
scientists hadn't been able to work with him . A genius he may have been,
but a good manager he was not.

Shockley was lured to the Palo Alto area by Stanford's provost, Fred
Terman who thought that a solid research institution in the area would
benefit Stanford. With a location picked out, Shockley just had to find the
best people. He first sought to employ his colleagues from Bell Labs, but
they wouldn't make the jump to the west coast -- or perhaps they couldn't
make the jump to working with Shockley again. So Shockley began traveling
all over the country recruiting young scientists. of 1956, Shockley and
Beckman announced the formation of their brand new lab. They only had
four employees at the time, but Shockley Semiconductor Laboratory had
officially opened for business.

In May of 1957, just over a year after the company was founded, eight
employees went to CEO Arnold Beckman and explained that they couldn't
work with Shockley as their manager anymore. One problem was the
enforced polygraph testing of employees to “prove their loyalty”. The
"traitorous eight“ resigned. The next day they signed a contract for $1.3
million with a New York firm called Fairchild Camera and Instruments
which was involved with missiles and satellite systems. The eight men were
Julius Blank, Victor Grinich, Jean Hoerni, Gene Kleiner, Jay Last, Gordon
Moore, Robert Noyce, and Sheldon Roberts.

Three years later Moore and Noyce left to found Intel.

50

25



Circuits Integration

e The first integrated circuit, or IC, was independently co-
invented by Jack Kilby at Texas Instruments and Robert
Noyce at Fairchild Semiconductor in 1959. An IC integrates
multiple electronic components on one substrate of silicon.

e Circuit integration eras are: small scale integration (SSI)
with 2 - 50 components, medium scale integration (MSI)
with 50 — 5k components, large scale integration (LSI) with
5k to 100k components, very large scale integration (VLSI)
with 100k to 1M components, and ultra large scale
integration (ULSI) with > 1M components.

51

Invention of the Integrated Circuit

In 1952, Dummer said: “It is possible to envision
electronic equipment in a solid block with no
connecting wires. The block may consist of layers of
insulating, conducting, rectifying and amplifying
materials, the electrical functions being connected
directly by cutting out areas of the various layers”

In July, 1958, Jack Kilby was sitting alone at Texas Instruments. He had been hired
only a couple of months earlier and the halls were deserted. It occurred to him that all
parts of a circuit, not just the transistor, could be made out of silicon. By September 12,
Kilby had built a working model, and on February 6, Texas Instruments filed
a patent. Their first "Solid Circuit" the size of a pencil point, was shown off
for the first time in March.

In California, another man had similar ideas in January, 1959. Robert
Noyce was working at the small Fairchild Semiconductor startup company. He
also realized a whole circuit could be made on a single chip. While Kilby had
hammered out the details of making individual components, Noyce thought
of a much better way to connect the parts. That ?ring, Fairchild began a
push to build what they called "unitary circuits™ and they also applied for a
patent on the idea. Knowing that Tl had alrea%?/ filed a patent on something
similar, Fairchild wrote out a highly detailed application, hoping that it
wouldn't infringe on TI 's similar device.

All that detail paid off. In April, 1961, the patent office awarded the first
patent for an integrated circuit to Robert Noyce while Kilby's application was
still being analyzed. Today, both men “are acknowledged as °having

independently conceived of the idea.

26



The “Invention” of the Integrated Circuit

Jack Kilby of Texas Instruments filed a Patent Application for an
integrated circuit in the summer of 1958. It was an phase—shift oscillator
circuit on a germanium substrate which used external wires between
components. Edward Noyce of Fairchild Semiconductor (co-founder of
Intel) filed a Patent Application for an integrated circuit in Jan, 1959,
focussed on silicon substrates with thin film Al interconnects. Noyce
received his silicon patent a year before Kilby received a more general
patent. Since the Noyce patent centered on silicon substrates and planar
interconnections (etched Al), it was equally valuable as the broader Kilby
patent.

Both companies patented and marketed their integrated circuits. A drawn-
out court battle between Tl and Fairchild over integrated circuit patents
consumed the best part of a decade. Finally, a settlement was reached in
1969, whereby both Kilby and Noyce recognized each
other as equal co-inventors of the integrated
circuit.

Kilby was awarded the Nobel Prize in 2000 for his Integrated Circuit work.
Ed Noyce died in 1990, and hence was ineligible for the Prize (given only
to living persons).

53

Process Development
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Alloy junction technology

Grown junction transistor
technology
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The First Planar Transistor

Figure 1.2

Process Development
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Double diffused mesa Planar process, 1958
transistor technology Joom Her

Jean Hoerni, inventor T
of planar process S S
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First IC Device Made by Jack Kilby of
Texas Instrument in 1958

17

Photo courtesy: Texas Instruments

57

Jack Kilby

e 1958
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MASSACHUSETTS INSTITUTE OF TECHNOLDGY
Research Labersiory of Electronics
CAMBRIDGE, MASSACHUSETTS

IDENTIFICATION CARD
Noyee, Robert N.

MAME

cﬂUNII:H. 5‘5“"‘ RLE
6 June 1951 a
TE

BA

4001

First Silicon IC Chip Made by Robert
Noyce of Fairchild Camera in 1961

Photo courtesy: Fairchild Semiconductor International
60
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Early Integrated Circuits

Bipolar logic
1960’s

ECL 3-input Gate/SRAM
Motorola 1966

61

OPAMP & TTL Logic Circuit

The 13t OPAMP

The 1st TTL logic IC

62
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Cross-Section of Typical Modern CMOS
Elements

PD Silicon Oxide

- | B
IMD Seal
Nitride —
~ IMD Etch
Stop Nitride
/
oo e
Barrier —>
Nitride
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Interconnections

Liseal
inbEroon el

[NilTusion
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SEM Cross-Section of Integrated
Circuit

~/PASSIVATION 2
/

Basic Bipolar Paired Transistors

oy

] B ] o L rﬂﬂm [
A’ A

Bias “Resistor” NPN Bipolar Device Bias “Resistor”

N

66
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Modern Integrated Circuit Section
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Moore’s Law

e Intel co-founder Gorden Moore notice in
1964

e Number of transistors doubled every 12
months while price unchanged

e Slowed down in the 1980s to every 18
months

e Amazingly still correct, likely to keep until
2010.

69

Moore’s Law, Intel’s Version

Transistors

Pentium I11

©
10M
80486 /@/
Pentium

o

1M
P

100K Sl

8086 80286

/Q/
T /‘QM 8080

1K
1975 1980 1985 1990 1995 2000

70
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Price Decrease of Semiconductor Chips

104 ! T T
Electro‘n tubes Semiconductor devices
; ?\S{a\n\dérd e Device size = ©
10 L\Z . Miniature tube | Price = 0
\ Bipolar transistor
i \ Integrated circuits
@ \D@|
S 102 =N
= - Lsi
2 - VLS
&
& 104 .
-

10 . uLslI

108 ) <

1010

1930 1940 1950 1960 1970 1980 1990 2000
Year
Redrawn from C. Chang & S. Sze, McGraw-Hill, ULSI Technology, (New York: McGraw-Hill, 1996), xxiii.
Figure 1.15

The Power of Moore’s Law
e ENIAC 1947

— size 30 x 50 ft?

— weight 30 tons

— vacuum tubes 18,000

— resistor 70,000

— capacitor 10,000

— switches 6000
— power 150,000 W

— Cost (1940)  $400,000

e Same function can be achieved by a 1.5 cm x
1.5 cm die in mid 1970s !

72
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Generation:

Intel386™ DX
Processor

Intel486™ DX
Processor

Pentium®
Processor

Pentium®
Processor

The Effect of Size

1.5  1.0p

0.8u 0.6u

1971
1 MHz, 5V
5k Components

74
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1994
100 MHz, 3.3V
3M Components

75

1999
1.2 GHz, 1.8V
42M Components

76
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Integration level

IC Scales

‘ Abbreviation ‘ Number of devices on a chip

Small Scale Integration
Medium Scale Integration
Large Scale Integration

Very Large Scale Integration
Ultra Large Scale Integration

Super Large Scale Integration

SSI
MSI

LSI
VLSI
ULSI

SLSI

2to 50
50 to 5,000
5,000 to 100,000
100,000 to 10,000,000
10,000,000 to 1,000,000,000

over 1,000,000,000

7

Road Map Semiconductor Industry

1995 1997 1999 2001 2004 2007
Minimum feature size (Lm) 0.35 0.25 0.18 0.13 0.10 0.07
DRAM
Bits/chip 64M | 256 M 1G 4G 16 G 64 G
Cost/bits @ volume
(millicents) 0.017 | 0.007 | 0.003 | 0.001 | 0.0005 | 0.0002
Microprocessor
Transistors/cm? 4 M ™M 13M | 25M | 50 M 90 M
Cost/Transistor @ volume
(millicents) 1 0.5 0.2 0.1 0.05 0.02
ASIC
Transistors/cm? 2M 4 M ™ 13M | 25M 40 M
Cost/Transistor @ volume
(millicents) 0.3 0.1 0.05 0.03 0.02 0.01
Wafer size (mm) 200 200 200 - 300 300 300 —

300 400 (?)

78




Feature Size and Wafer Size

Chip

Chip made with 0.35 um
technology

with 0.25 um
technology

with 0.18 um
technology

79

Smallest Known Transistor
Made by NEC in 1997

Upper gate

Lower gate
Dielectric
Source Drain
n* ’—T‘ \—r—‘ n*

Ultra shallow junctions

P-type substrate

0.014 micron lower gate width  Photo courtesy: NEC Corporation

Now the technology is pushing on 2 nm

80
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Limit of the IC device

e Atom size: several A
* Need some atoms to form a device

« Likely the final limit is around 100 A or
0.01 micron.

e About 30 silicon atoms

81

Part 111.1C Fabrication Overview

82
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Stages of IC Fabrication

Wafer Preparation
includes crystal
growing, rounding,
slicing and polishing.

Single crystal silicon

Wafers sliced from ingot

Wafer Fabrication
includes cleaning,

layering, patterning,
etching and doping.

—

The wafer is cut
along scribe lines
to separate each die.

Metal connections
are made and the
chip is encapsulated.

. | Assembly and Packaging:

Scribe line—_ 4

Asingle die o

:‘ﬁ(r‘\\‘

.l
]

Assembly
-

PackagJ.'
e~ ] ill
ﬁ%m“ ,;‘“M“

iy |

Test/Sort includes
probing, testing and
sorting of each die on
the wafer.

<‘I.

)

—— Defective die

. | Final Test ensures IC

passes electrical and
environmental
testing.

83

IC Fabrication

Chips (or die) are fabricated on a thin slice of silicon, known
as a wafer (or substrate). Wafers are fabricated in a facility
known as a wafer fab, or simply fab.

The five stages of IC fabrication are:

— Wafer preparation: silicon is purified and prepared into wafers.

Wafer fabrication: microchips are fabricated in a wafer fab by either a
merchant chip supplier, captive chip producer, fabless company or

foundry.

Wafer test: Each individual die is probed and electrically tested to sort
for good or bad chips.

Assembly and packaging: Each individual die is assembled into its
electronic package.

Final test: Each packaged IC undergoes final electrical test.

84
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Key Semiconductor Trends

e Increase in chip performance through reduced
critical dimensions (CD), more components per
chip (Moore’s law, which predicts the doubling of
components every 18-24 months) and reduced
power consumption.

Increase in chip reliability during usage.

Reduction in chip price, with an estimated price
reduction of 100 million times for the 50 years prior
to 1996.

85

Preparation of Silicon Wafers

&
6. Edge Rounding >\U7'% / /:J
T = _—

1. Crystal Growth

7. Lapping

2. Single Crystal Ingot

@ 8. Wafer Etching

3. Crystal Trimming and/@/

Diameter Grind

y ) 9. Polishing
4. Flat Grinding

y \ /‘ .
5. Wafer Slicing ﬁ\’ 10. Wafer Inspection
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IC Design:

CMOS Il .
Inverter _rlﬁﬁ@

Ve i v

out

Shallow trench isolation (STI)

P-channel active region
oP-channel Vt
oP-channel LDD
oP-channel S/D

(b)

N-channel active region
oN-channel Vt
oN-channel LDD
oN-channel S/D

P-well ]
Polycide gate and local

interconnection

P-Well l N-Well (C)

87

IC Design: Layout and Masks of CMOS Inverter

=1t

CMOS inverter layout Mask 1, N-well Mask 2, P-well
Mask 3, shallow trench isolation Mask 4, 7,9, N-Vt, LDD, S/D Mask 5, 8, 10, P-Vt, LDD, S/D
u
Mask 6, gate/local interconnection Mask 11, contact Mask 12, metal 1&5
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Mask/Reticle

Pellicle Chrome pattem Phase shift Coating
\ | |
| < — g |

T

Quiartz substrate
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A Mask and a Reticle

Photo courtesy: SGS Thompson
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Wafer Process Flow

Dielectric

Metallization CMP "
deposition

[t l

| —> > Test

Etch Pacl

kaging

* Thermal :

EEEEEEE: Processes PR strip
HH-MasksHHH
e r
— Photo- — Final Test
lithography
Design
91

per Operation

Wafer Starts O -

BEER]

56 7 8 91011
12 13 14 15 16 17 18
19 20 21 22 23 24 25
26 27 28 29 30 31

Misprocessing

Scrap

Equipment

Production |8 Inspection .
Equipment - -

Productivity Measurements in a Wafer Fab

&-r ! > Wafer Outs

1
2345678
9 10 11 12 13 14 15
16 17 18 19 20 21 22
23 24 25 [26]27 28 20
30 31

. " Production Production Inspection
producion Equpmen Exen =

Production Cycle Time = (Date and Time of Wafer Start) - (Date and Time of Wa

Wafer Outs = Wafer Starts - Wafers Scrapped
Operator Efficiency = Theoretical Cycle Time / Actual Cycle Time

fer Out)

92

46



EE ik Prof. Arturo

Bt & 1990 Ayon
TSMC F14B_-._ ' ! ' U. Texas

.s’i_'

_ “—'73—/% ;é"]ﬁ =
Prof. Kevin Turner TSMC 3 i1
U. Pennsylvania £2 EF

Equipment Technician in a Wafer Fab

Photograph courtesy of Advanced Micro Devices
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Career Paths in the Semiconductor
Industry

| Maintenance Manager | | Production Manager | MS

I MaintenancL Supervisor | | Production|5upervisor ‘ BS

’ Yield & Failure Analysis Technician ‘ AS+
| |

| Maintenance Technician | | Manufacturing Technician | | Process Technician | | Lab Technician | AS
[ I

* Bachelor of Science in
Electronics Technology
hs
Education
95

Semiconductor Equipment Suppliers

<% ASML

ASML, found in 1984

Kl@‘rencor

KLA-Tencor, 1997

APPLIED

MATERIALS»
Applied Materials, founded in 1967 mcnows'oN
by McNeilly and Benzing

HMI 1998 0
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Gun >> Knife (ﬁlfi‘,!{ ;# TN ): 4 i H)
Equipment dominates Performance !!!
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sprc:  UNWIC

Bt E E A

99

Wafer Fab

Photo courtesy of Advanced Micro Devices-Dresden, © S. Doering

Photo 1.6
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Intel Atom CPU

Packaging

ASE GROUP
HHX4M

%) RAREEEROGBIRASE
"= ChipMOS TECHNOLOGIES INC.
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A Comment
e — AF X g‘zu},ﬁ, (BB H«lf&) IZ:« l/’l}%-g:f}“ ﬁl*ﬁfgﬁi?ﬁy = Ei""
BEX g ?
e Real Situation
A KARRT ey 2, Bl A 17 i § RiL g
e pHE X 25 E 504 % 4. X 3%, E £25009 % 4.
— LR, AR, - B E ST AR LA

s ...
— T, FERARG, & iri';mé'\;k &, B F o R4
— AR, FRAFT R, Fpl S, o F § AR
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Part 1V: Individual Process
Overview

104
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Major Fabrication Steps in MOS Process Flow

" oxygen >

" exposed
Silicon dioxide /‘ ' l photoresist
Silicon substrate /

Oxidation Photoresist Mask-Wafer Exposed Photoresist
(Field oxide) Coating  Alignment and Exposure Photoresist Develop

2 e ’
&J*»«M & Silane gas
—— polysilicon r
Oxide Photoresist Oxidation Polysilicon Polysilicon
Etch Strip (Gate oxide) Deposition Mask and Etch
CF, or C4F4 or CHF, O3 CF,+0, or CL,
Scanning—.
ion beam
; Contact—. Metal
ide” contacts
lon Active Nitride Contact Metal
Implantation Regions Deposition Etch Deposition and
Used with permission from Advanced Micro Devices Etch
Figure 9.1

CMOS Process Flow

e Overview of Areas in a Wafer Fab
— Diffusion
— Photolithography
— Etch
— lon Implant
— Thin Films
— Polish
* CMOS Manufacturing Steps

* Parametric Testing
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Diffusion & Oxidation

Oxide Layer Dopant Barrier

Phosphorus implant

RARERER R R R RN AR AR RRRRRR
‘*H&H*%&” Barrier oxide !

n-well

p- Epitaxial layer

p+ Silicon substrate

=g
L

Figure 10.5
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Vertical Diffusion Furnace

Photograph courtesy of International SEMATECH

Photo 10.2

Block Diagram of Vertical Furnace System

Microcontroller |

B I : ]

v

l :
Wafer handler Temperature Q Gas flow Boat Exhaust
controller controller controller loader controller

gel
=
)
=
N
°
S
]
a
o
a
Q
o
=r
H
3
=4
°
i

o |

Three-zone
heater /

freaera 2

E
329
@ED®

Quartz boat

Process gas
cylinder

Wafer load/unload system

| Boat motor drive system

[ =) Exhaust

Figure 10.16
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Photolithography

Reticle Pattern Transfer to Resist

UV light source

Shutter
/7 Alignment laser
\ _

Shutter is closed during focus | =
and alignment and removed \ N . .
during wafer exposure \ oy Reticle (may contain one or

/ more die in the reticle field)

i/

i
)

Projection lens (reduces the size
of reticle field for presentation
to the wafer surface)

Single field exposure, includes:

focus, align, expose, step, and
repeat process

Y Wafer stage controls
position of wafer in
X,Y,20

‘ Figure 14.1
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Step and Scan Exposure System

Excimer laser
Reticle library li

(193 nm ArF)
(SMIF pod interface) t

Beam line

Wafer transport

Operato system

r
console

Reticle stage

Wafer stage
Auto-alignment system

4:1 Reduction
lens
NA =0.45 to

Stepper Exposure Field

UV light

Reticle field size
20 mm x 15mm,
4 die per field

5:1 reduction lens

Image exposure on wafer

Serpentine 1/5 of reticle field
stepping [.- 4 mm x3 mm,
N 4 die per exposure

patterr
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Photomask and Reticle for

Microlithography

Photograph provided courtesy of Advanced Micro Devices

Photo 13.1

Etching
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Schematic Flow
bl LRl Al

Hll

-.i.l.i.

Wet Etching Station
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A Typical Dry Etcher

lon Implant
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General Schematic of an lon Implanter

lon soirce ﬁ Magnetic Analysis
|

[ |
Plasma F — ° V x B

Extraction assembly

Analyzing magnet
Acceleratio

n coltr Process

chamber

N J“UUUW%M%'M

lon bea

0

—

Figure 17.6

lon Implanter

Varian Semiconductor, VlISion 80 Source/Terminal side
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Neutral Beam Trap

Focussing Neutral
anode  beam trap Neutral Grounded
Analyzing beam collector
Magnet path plate

Cay

lon beam Y-axis

Accelerator
deflection

X-axis
deflection
Wafer

lllustration shows scanning with Double
(X and Y) Electrostatic Deflection Plates

Thin Film Deposition
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Schematic of CVD Transport and
Reaction Steps

reactants

2) Film

precursor ,

reactions

¥ Difflr

)sion of gas

molecu’&%sS

rption of
precursors

8) By-
Des i product

ygro que

“By-
products
°

Substrate

Figure 11.8

Chemical Vapor Deposition Tool

Photograph courtesy of Novellus, Sequel CVD

Photo 11.3
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High Density PIasma Deposmon Chamber

e Popular in mid-1990s
¢ High density plasma

¢ Highly directional due to
wafer bias

* Fills high aspect ratio
gaps
* Backside He cooling to

relieve high thermal
load

¢ Simultaneously deposits
and etches film to
prevent bread-loaf and
key-hole effects

Photograph courtesy of Applied Materials, Ultima HDPCVD Centura

Photo 11.4

Metalization
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Metal Layers in a Chip

Micrograph courtesy of Integrated Circuit Engineering

Photo 11.1

PVD Cluster Tool

Photo Courtesy of Applied Materials, Inc.
Photo 12.3
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Electroplating Tool

Used with permission from Novellus Systems, Inc.
Photo 12.4

Polishing
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ion

I1zat

ions of Planari

ini

Qualitative Def

]
s
e

]
B
e

a) No planarization

b) Smoothing

c) Partial planarization

ion

izat

d) Local planar

B

B

ra
R
e

ization

e) Global planar

Figure 18.2

CMP Polishing Pad

Photo courtesy of Speedfam-Ipec

Photo 18.2
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Packaging

137

Scribe Line Monitor Test Structure

Scribe line with monitor
test structures

Figure 19.3
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Traditional Assembly and

<

Wire Bond Plastic Package Final Package and Test

Figure 20.1

FT 4542 failure diagnostics
ZBfiFlexure{EEh

TR
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FT454% failure diagnostics
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Part V. A Brief Introduction on
Micro-Electro-Mechanical Systems
(MEMS)

Bulk Micromachining

Devices are shaped by etching a large single crystal
substrate

Thin films are used for isolation and transducer
functions

Anisotropic etching provide a high-resolution etch
and tight dimensional control

Bigger
Waste of material
Compatibility with IC process ?
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Bulk Micromachining

Isotropic Etching hasking Material

{Twe Agitation Condiions)

E_4 |

Anisotropic Etching
i(Two Waer Oriemtations)

:g}/ J_/ﬁ d

Sul_:\_s_t rae Mo Agitstion Substrae With Agiation Sub sl_rate
ELFP Etch Rate Dependence on
XeFy, HCIL HF Crystallographic Qrientation {111}
fooy | |

: lzctropic

Anisotropic

KOH, EDF, Hydrazine bfter L. Ristic,ed.,

S sor Technology #md Devices,

Artech House, 1934,

EER

taky B avEd 11 .5F 8d3s

J.H. Cantois, &ir Force Irstitube of Techrol ogy [AFIT), 1995,

Bulk Micromachining Technologies

* Wet Anisotropic etch

— KOH, EDP, Hydrazine,
and TMAH exhibit
crystalline orient
dependent etch rate.

— Widely used in
traditional bulk
micromachining for
profile and dimension
control

<110>

<100>
<111>

P00 um FOkU G
IU DERLIN
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Bulk Micromachining: oefiniion

Piezoresistive Pressure Sensor e e e

(Flip- Chip Solder Bomde d)

Silicon Wafer Silicon Wafer

Bulk ~ 500 pm
Etched (Waries by Source’)
Pressure
Mozzle %

Courtesy of 0. Thomas,
Ferkir: Elrner 8pplied
Ei ozystens

Micromachined Transducer

Applications for Automotive
Operation & Safety

Inertial Mavigation Sensors
= Acceleration
* Yaw Rate

Micromachined

Silicon Nozzles Acceleromater Arbag
Tar Fuel Injection for Alrbag Sidke Impact
- RS0
Microphones
oo Moise R "
Cancellatior - _'“s" il

vl
= Vapar Prossune

Mass Fosca Sensars
Rir Floa & Brakas
Sengar & Thavitte Periais
At el e le : i
= Pragsuce and Inartial
e Sucpension Sens0rs o0
Controd Braking Contil
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Micro Engines

- _ \ A five stack wafer bonding device

Source: MIT g

Wafer Bonding
Applications

* Good examples:
— 20 stacks Du Pont micro reactors
— 6 stacks micro rockets
— 6 stacks micro compressors

Wafers 4-5 Rotor

Micro motor compressor
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Surface Micromachining

e Devices are built by thin films
— Substrates are used as foundations

Promise order of magnitude increase of device
density

Possible to integrate with build in electronics

Thin film properties are highly sensitive to
work in process

History of Surface Micromachining

1960‘s Nathanson et. al

— Westinghouse research laboratory

— Patterned metal film cantilever beam
1983 University of California at Berkeley
— R. Howe, polysilicon micro structures
1985 Barth

— Define “surface micromachining”

1989 Fan, Tai, Muller

— micromotors
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Common Surface Micromachining
Processes

e Thin film deposition

— Either by CVD or PVD method to form thin film
structures

e Patterning of structures
— Lithpgraphy process
e Thin film etch

— Either by wet or dry etch to form the shape of
structures and remove sacrificial layers

155

CMOS-MEMS Integration

Analog Devices’ ADXL-50, the industry’s first surface micromachined
accelerometer, includes signal conditioning on chip.

Analog Device, ADXL-50 surface machined accelerometers

156
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Surface Micromached

Examples

e Cantilever beams

— The most common MEMS
structures

— Have used in accelerometers,
pressure sensors, pumps, etc.

e Micro motors

— The most well-known
micromachined devices in the
early MEMS development

e Comb drives

— The most important MEMS
actuators

BHBZ 2AKU %2, 3RE @ L2

* Sandia Nat’l Lab’s optical
bench
— Its own standard process

— Combining gear, hinge,
comb drives, etc
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"\ I¥ Line

Micromachined Transducer

Applications for Medical
Diagnostics & Treatment

traCTA
Pressune Sen5or

‘Cortical
Probe

Posmmatonr
* Arcewrnmpte
* Diug Sensor

* Priesn S

st
Angia
Siemsne

Syrare
Musculcision jetal
Frathesis

Courtesy of
0. Thiorrzs,
PerkireElrner
Bpplied
Eiosystems
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The END
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