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Note

1. IC History & Trend



1-1. Vacuum Tube

m Primary Purpose : Electrical Switch

m Bonus : Amplifier

Semiconducior Transistor
Symbol

Vacuum Tube Amplifier
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m Motivation

< To replace mechanical switches in telephone

line exchangers. It was invented in Bell Lab.

m Nobel Prize Went To

<& William Shockley
<& Walter Brattain
< John Bardeen

World the 15t Transistor in 1948
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1-3. Invention of the Integrated Circul

Un el Sl Fitarsd e Jovmain = — EELR RO

m 1959

<& Jack Kilby (T1) invented the monolithic integrated circuit.

m Design

was improved by Robert Noyce (Fairchild

Semiconductor) to produce planar technology.
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1-3. Invention of the Integrated Circuit

1958: 18t IC Jack S. Kilby
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1-4. The 1st MOSFET

1960: 1st MOSFET by D. Kahng and M. Atalla
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1-5. Large Scale Integration (LSI)
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Microprocessor Clock frequency
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1-8. ERAIAH =/ & HlwW
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1-9. EEXIAH B3l
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1-10. E-AIAH 3JIHI W —
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1-11. CMOS Density: Moore’s Law

Device Pitch

= 30% Reduction in W and device pitch
— 50% area reduction

— 2X device/area (every 2 years)
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Note

2. Why Do We Study IC Process
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2-1. Memory vs. Non-memory
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2-2. Prediction of Semiconductorﬁa{r
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2-5. Integrated Microsystem

What We Study In
This Course
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2-6. Device Density
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2-7. Corollary To Moore’s Law
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2-8. SIA Roadmap (1999 vs. 2001)

100+ \
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ITRS (International Technology Roadmap for Semiconductors)
Projections of physical gate length (L,): High-performance logic
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2-9. Detalls of 2001 ITRS Roadmap

Table 2. High-Performance Logic Technology Requirements, Data from 2001 ITRS
Near Term Long Term

Calendar Year 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2010 | 2013 | 2016
DRAM Half Pitch nm 130 | 115 | 100 g0 B0 70 65 45 3e 22
Physical Gate Length, L nm B5 53 45 37 32 28 25 18 13 g
T —— o |iersresnss - DR
Nominal Power Supply Voltage (Vdd) v 1.2 1.1 1.0 1.0 08 0g 07 06 0.5 0.4
Nominal High-Performance NMOS 1
Sub-Threshoid Crrent (@25C) pApm 001 | 003 | 007 | DA 0.3 07 1 3 yd 10

Nominal NMOSFET Saturation Drive

Oavont. | pA/pm 900 200 800 800 900 900

Required Percent Current-Drive

*Maobility/Transconductance 0% 0% 0% 0% 0%t D%

Improvement”

Earas:tm Series S/0 Resistance Q-um 190 180 | 180 | 180 | 180 | 170
i, sEnes

Parasitic Callpacatance Percent of ideal 199% 2094 24% 279 099, 9%,

Gete Capecitance

NMOSFET Intrinsic Transistor Delay, T, ps 166 | 1.35 (113 | 099 | 0B3 | 0.76

NMOSFET Intrinsic Transistor

Relative Device Performance 1.0 1.2 15 16 20 2.1

Energy per (W/Lgate=3) Dewice

Switching Transition fJ/Device 0.347 | 0.292 |0137 | 0.099 | 0.085 | 0.052

(Cgate® (3*Lgate)*V 2]

Static Power Dissipation Per ; ; ’ 3 )
(W/Lgate=3) Device Watts/Device | 5.68-09| 6. 7€-09 |1 .0E-08(1.1E-08|2 BE-0B|5.3E DEF.BE-DJ?.?E I
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2-10. World-wide Semiconductor ME‘ Ton—

Expectations for Slowing Top Line Growth
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2-11. Decreasing Costs of Computation

Decreasing Costs of Computation 07 came

Machine
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2-12. Chip tech. is changing the World & em
almost all facets of modern life

Telephone and Satelhte
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E‘M reless
Data \
Big Business J x Global F'osltnnlng Moblle

Erterprise
Office

Mode I m B System
! =W
“E[

*sHow has this happened?
ss—>technological changes

ss=>technology generation
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2-13. More Than Just Scaling

More than Moore: Diversification

¢ An ensnrs“‘“\ _>
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Note

3. S1 Material
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3-1. Periodic Table of the Elementsr_

rrEIODIC TABLE ST T
uf the
ELERARITLS

ql@mﬁaﬁ.u

by hogh 1w sk
W i,

fErmomagrsical
| rarnimatale

I
B -niconduoton,

m
by Fogh pasiours

Fm 5m| Eu
Pu AmCon Bk OF Es FmdNo| Lt |

m Semiconduciors
« Si, SiGe, GaAs, AlGaAs, InP, HgCdTe, ...
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3-2. Silicon is...

= Abundant in Earth (Cost Effective)

= Commercially Available in Wafer Form

= High Modulus of Elasticity - Same As Steel

= Low Density - Same As Aluminum

= High Tensile Yield Strength - Stronger Than Steel
=« (3ood Thermal Conductivity

= High Sensitivities to Physical Variables

» Easy o Create Passivation Layer I[EiDE]I
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3-3. Silicon is...(Cont.)

= Germanium
+ One of the first materials.

s Silicon

« [he dominant material today.
« Can easily be oxidized :

« A high-quality insulator

« An excellent barrier layer

« A very abundant element, a low-cost, a wider
bandgap than Ge, and can operate at higher
temperatures.
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3-3. Silicon is...(Cont.)

= Silicon

« Have reached integration levels of several hillion
components on a 20 mm = 20 mm die.

« 1 Ghit DRAM has maore than 10® transistors + more than 10%
capacitors + millions of fransistors in the access and
decoding circuitry - 0.13 & 0.18 pm technology.

« Provided manufacturable processes for submicron
dimensions.

« Early fabrication used the wafers which had 1- and 2-in.
diameters. The size of the wafers has steadily increased 4-,
5- 6-, 8-, and 12-in. 450 mm wafers are projected fo be in
use by the end of the decade.

¢ 350 pum = wafer thickness = 1250 um

« [he larger the diameter of the wafer, the more dice can be
produced
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3-4. Mechanical Properties of Si

Yield Knoop Young's Density Thermal Thermal
Stremgih  Hardpess  Modoles  (pmiom?)  Cendoctivity  Ezpansion

(10t (lzz/mm?) (101 (Wim*C)  (10#%=C)
dynetm?) dvoe'cm?’)
Diamond 53 000 10.35 15 0 La
5iC 11 1480 7.0 31 15 33
TiC 2 470 497 18 33 6.4
ALO, 15.4 1100 53 4.0 0.5 54
S5i,N, 14 3484 3 85 il 019 0.8
Iron 116 4 1.96 T8 0803 12
5i0, 8.4 an m 15 0.014 .58
Si T 850 19 23 1.57 133
Steel i1 1500 11 T 0er 12
(maz
strength)
W 40 485 i1 19.3 1.73 45
Stainless 11 60 20 78 0320 173
Steel
Mo 21 175 343 1.3 133 50
Al 0.17 130 0.7 1.7 136 25
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3-5. Wafer Size Evolution

m Wafer size

+ Processing costs | relatively wafer size-independent, so the
die cost is lower for large wafers.

] e

EaE i . ) FEELE = = -l-
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] B kil ol e, moy el o w2 i i e oy e e ol | B o thw
i For Ca sl o ol £ JB8%emres amasir

35027_Silicon Material : revised by Wan—-Gyvu Lee on September, 2008

_35_



Note

4. How To Make Wafer
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. . —— ﬂ:"
4-1. Manufacturing of Single Crystal Si in

-

RS UEhe Hee Py o4 A
Raw material SOl mh el m|The) 25 7B 2AEI 9ot

-oj R BEHT &40 M8 gick J

4 Refinement
(Distillation and Reduction)

‘ Polycrystaline silicon | [EGS - elecronic orade pcly-sﬂicr:n}

.—l Er}l’E‘tEl gm'l'l'th J
7 Czochralski(CZ) (80%) )

- VLa! application, thermal stress® &8
‘ Single crystal silicon I * Float zone(FZ) (20%)

- higher purty than CZ igrowing| container
L crucible i) B &0 M8 @7 @&

'\ - high votage, high power devices Y,
4————|  Grind, Saw,Polish |
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4-2. Czochralski Method of Growin

Casting : To abtain the propetias wa dasire,
high purty silicon ingots sre not cast in the
treditional metallurgical sensa, Rather, they
_ are grown, maost bppically using the
e Czochralski (CZ) mathod of crystal gromeng,

C2 casting entails mekting silcon in & guartz

crucible in an inert stmasphere, Ower the

liquid ol ¢ silkcon, a acially prepared
.r-"'l""""nw s EEed EE‘?".-I:E 1% nll:-untE'JE.I:lm a I'EI:.!II:IHI; od.
This seed orystal i loveared untd it justk
cmes in conkact with the sieface of &
melten peal of glicen. 'When the ssed orystal
Cemes in ConaLr vath the liguid silican; a
cembination af lgud sisfacs termmssan and
capillary action act ta form & shoulder wher=
sidificanion ociurs, The seed crysal's
structura is replcated in the salid. Initially
sedidification is both radial and paralel to the
nzrmal. By precise control of extraction rate,
thee diameter of the zoliditying crystal is
ectablehed, After the desired diameter is
cbtaimad, undirscticnal solidfication oLCurs
The solidfied Ingot Is called & boule. Oncs
the= licpuid res=rvoer is exhausted, the length
of the baule is decided,

"-ll.l"l:‘l"_ll. I-_I e el
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4-3. Silicon Ingot (Boule)

Lig b 959 5999559599 %
pure {11 nimes)

single orystal silicon
has 3 diamand-oubie
struchure: twao FCC
lattices displaced by
25, .25, .25.

Cutting and Palisning

Represons Kerl Loss

Silicon Ingot
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4-4. |dentifying Miller Indices

anaqr

Secandary Flat
{111} n - type {111} p - type

@ .

Secondary Flat k—?{ﬂemnumr Flat
{100} n - type {100} p - type
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4-5. Kinds of Wafer =

* Polished wafer
SRR YN R Wi 2R e Y22 RN O
WEE T2 U Hef 4T HHME HTY STRAN SUES
*  Epitaxial wafer
7|28 WE|2 Y0|H EY He E0E eRT & YT YR
* 80| wafer
-WE|2 YOI Sof WUULE ST 22 S22 HOE 7T 4o
U0 2D cpA| 2 Hof| EHY 27 I ST WE 2 TR0 AEH
*  Diffused wafer
~WE[2 % 0|H & Furnace Lo 4 dopanti Ei0Aix HO|E U S8 A
REE# HoEHOH
*  Hiwafer
-WE|2 Yo|HE T2y Siokh 27| 2o I2HE| B B HEES
WEZ YO EEY UieER ofF TH MM ATUEE AL HY 2

35027_How To Make Warfter : revised by Wan—-Gyvu Lee on September, 2008

_47_



4-6. Wafer Flatness Parameters

Faramefer 100mm 125mm 150mm
Diamerer (mmz} 1ddi+1 115=1 Is0%1
Thiclmesz: (mm) 0.5~ 55 0.6~ 085 085 ~0.7
Primary flat lenzik (mm) 35 40 ~43 360
Secondary flar lempch (mm) 1620 15 3 3z~ 40
Beomr (jam) &0 Til &0
Taral thicloes: varisnon (pm) 0 & =
Surface oriemtation (1) = 1 Lame Lame

(111} % 1© Lame Lame
Specifications for pollzhad sinals-crvstal silicon walers
rammr oo L]
ST — e = macey,
s v

:rl-'r- t
S - e A mss ':“
| s

pomw oo 4
-—— —
% ]w----—n* g™,

For od Imadl maha faman pammmmimny Jnf g 00 Tren 0% e alaed e R
| B I.'l"'ﬁ.:lll.l mlkidm lqu.‘l'.lF""ﬂ"ﬁ-“ dran e iFil Fep eed mlek ®
il il Eirapd s esnas Ml e s e Jrinmg I'IJh"
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5. Overview of IC Fabrication
Process
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5-1. Clean room iIs...

z Well-Controlled Environment for Frocessing

+ Particle (dirt), temperature, humidity, pressure, chemical
contamination, vibration, EMI

+ Expensive in building and operation

» Water: dE—H]ﬂTEEdWﬂEfHﬂ—ﬁI‘H‘E!}I
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5-2. Clean room Class

g A g2 = I D
o AT N T T I T T
| e MM et ] s|w| tx
ey
BE |05 00 0.45m/s |
w + 2.8 +1p| 10.Im/s
19.4 | 1,080
g3 [20.5= 0000 1| ) e w-s0 | "
0000 | =50 < oj4 R B .
S " 25 - !E- W 1,620
_ g%
§2 |<0.5| =100,000 0.2 5| s
0000 | =50/= 700 B |

Class Name 0. lum  O.2um  O0.3um 0.5um Sum

1{M 1.5) 35 7.5 3 1 N/A
10 {M 4.5} 350 75 30 10 NiA
100 (M 3.5) MNIA 750 300 100 N/A
1000 (M 4.5) NiA M/A N/A 1,000 7
10000 [M 5.5] NiA M/ N/A 10,000 70

100000 (M &.5) iR M/ A A 100,000 700
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—— M-
5-3. Clean room Structure (Example) gzl g

— (Prefilter, Medium-filter,
High Efficiency Particluate
o Air filter (<0.3 pm))

3

)

r
=
_II=_

<

|
<

i
:F[
{\x
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5-4. When You Enter Clean room

m Mo FParticles into Clean Room

« SAE F0| HE FE O8] HE|L RE BE = 2l
b kA,

+ Well-suited
» Being Conscious of Safety

+ Toxic & explosive gases, dangerous chemicals, heavy
equipments, high power lines

Source: UC| INRF
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5-4. When You Enter Clean room (Conf

m \Wet processes for cleaning and etching : acids
and bases can produce sernous burns if they
contact the skin, and even the fumes can produce
irmtation to the skin or senous eye damage.

+ Rubber gloves, an apron, and eye protection.

+ (loves should not be relied upon to protect one during

immersion in iquids, because of pinhole formation in the
gloves.

m Acids and bases must not be combined during
disposal.

m VWhen diluting bases or acids, concentrated

chemicals should be added to water, not the
reverse.
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5-4. When You Enter Clean room (Conf

» Many acids will discolor the skin or give a burning
sensation upon contact.

m HF readily penetrates the skin to produce deep

and painful burms that are not detected until after
the damage is done.

m |/l LFCVD, epitaxy may involve extremely toxic or
explosive gases.

m lon implanters, plasma reactors, E-beam
evaporators involve lethal voltage.
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5-4. When You Enter Clean room (Cont
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5-5. Semiconductor Fabrication Pro_c
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5-6. The Whole Process Flow
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. m Basic process
. steps:

+ Chadation

+ Photolithography

+ Etching

+ Diffusion

+ Evaporation or
sputtering

+ Chemical vapor
deposition (CVD)

+ lon implantation

+ Epitaxy

+ Annealing
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5-7. Basic Processes —

s Oxidation

+ Sllicon dioxide can be formed by heating a silicon

wafer to a high temperature(1000 to 1200 °C ) in
the presence of oxygen

= Evaporation

+ Metal films can be deposited through evaporation
by heating the metal to its melting pointin a
vacuum.

s Chemical vapor deposition (CVD)

« [ hin films of silicon nitrnide, silicon dioxide.
polysilicon, and metal.
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5-7. Basic Processes (Cont.) =

= Sputtering

+ Metal and insulators.

s Diffusion
+ Shallow n- and p-type layers are formed by high-
temperature diffusion of impunties.
= |on implantation

+ Shallow n- and p-type layers are formed by 1on-

implantation, in which the wafer i1s bombarded with
high-energy 1ons generated in a high voltage
particle accelerator
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5-7. Basic Processes (Cont.)

s Photolithography

¢+ Photolithography includes the overall process of mask
fabrication and the process of fransferming patterns from
the masks to the wafer.

¢ This process is critical to the production of integrated
circuits, and the number of mask steps 1s often used as a
measure of complexity.

¢ Silicon dioxide, silicon nitnde, polysilicon, photo resist can
be used to mask areas of the wafer surface to prevent
penetration of impurities.

+ Window patterns are transferred through the use of
optical technigues.
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5-9. Monolithic Fabrication of NMO_ _

+ NMOSFET iIs formed in a p-type substrate.

+ Source/drain region are formed by selectively

converting shallow region at the surface to n-type.

+ Thin and thick silicon dioxide regions on the
surface form the gate insulator and serve for

Isolation.

+ FPolysilicon i1s used to form the gate, and aluminum

Is used to make contact to the source and drain.

+ Interconnections can be made using the diffusions,

polysilicon, and metal.
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5-9. Basic NMOS Process =
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5-9. Basic NMOS Process (Cont.)
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5-9. Basic NMOS Process Flowchart

; Thermal oxidation
v

CVD nitride deposition

\ 4
Active area mask Y
- f CVD oxide deposition
B field Implantation +
. Contact openings
Thermal field oxidation -
v BEOL
— _ Metal deposition
Remove nitride & oxide pad -
FEOL
x Pattern metal
Regrow thin gate oxide -
v
E
Boron threshold—adjustment tch*metal
|mo'|ant Passivation layer
CVD poly-Si deposition deposition
-~ \ Open bonding pads

Gate defining

v

S/D implantation

v

\ S/D Diffusion

A
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5-10. Basic CMOS Process
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Cross-sectonal views at major steps m 2 basic CMOS process,
ia) Following o-well diffasion, (2) following selectve ouidaton, and (c) falewing zafe oxidaton

and polysilicon defimition; (d) NMOS source!dram jmplantation; (=) PMOS source.drain
miplantation; (fstmacnre following contact and mesal mask staps.
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5-10. Basic CMOS Process (Cont.) -

+ One new mask, beyond that of the NMOS process,
s used to define the “n-well” or “n-tub”.

+ A second new mask step is to define 5/D region of
the PMOSFET.

+ Additional mask may be used to adjust the
threshold voltage.

+ Twin-well processes have been developed
recently : the n- and p-channel devices can each
be oprimized.

+ [win-well processes use lightly doped layers

grown on heavily doped substrates fo suppress
latchup.

35027_0Overview of IC Fabrication Process : revised by Wan—-Gyu Lee on Septermber, 2008

_62_



5-11. Monolithic Fabrication of Bipol_é}:r'—‘.

= The basic cross section of a junction-isolated

bipolar transistor
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5-12. Monolithic Fabrication of NMC_)§

+ [ he bipolar transistor has alternating n- and p-type
regions selectively fabnicated on a p-type substrate.

+ Silicon dioxide 1s used as an insulator, and a metal
Is used to make electrical contact to the emitter,
base, and collector.

+ First mask for buried layer, or subcollector : fo

reduce the collector resistance.

+ Epitaxy : to grow single-crystal n-type silicon. It
results in a high-quality silicon layer with the same

crystal structure as the onginal silicon wafer.
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5-13. Basic Bipolar Process
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5-14. Basic Bipolar Process Flowchart -

; Thermal oxidation

y

Subcollector mask

\4

Sb diffusion and oxidation

L

Epitaxial—li\yer growth

FEOL

3

Isolation mask

y

Boron diffusion and oxidation

\

Base window

L

B base diffusion and oxidation

Emitter mask
[

y

Emitter diffusion
(P or As)

v

BEOL

Contact mask

\

Metal deposition

\

Pattern metal

A 4

Etch metal

1

Passivation layer
dep%sition

Open bonding pads
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5-15. Final Process ~

s After the MOS or Bipolar Process

+ Each die on the wafer Is tested. and bad dice
are marked with ink, sawed apart, packaging,

final test sale.
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Terminology

m MOS (Metal Oxide Semiconductor)

m CMOS (Complementary MOS)

B NMOS (n-channel MOS)

m VLSI (Very large-scale Integration)

m ITRS (International Technology Road map for Semiconductor), http://www.itrs.net

m SIA (The Semiconductor Industry Association)

m LPCVD (low-pressure chemical vapor deposition)
m HF (Hydrofluoric acid)
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