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1. Introduction

I dir il Jls 2882 Al
1800's: XJ| YHEH| L2 (PbS, ZnSh, AgS)

e 1874: Ferdinand BraunOl PbS°| point-contact

CHOI2=0llM 9 ’éiﬁ’—‘.*%é Y311, MarconiQt M 1
CHOIREE clll20) 220l g4Eo=Z 190940

A A
. 1906: HSOF NI AIS
« 1930's: CHIRECl HE XS0l (S 012 244

e 1947: Brattain, Bardeen, ShockleyJ} point-contact
EMXAE MW 0] AXOT 1956401 WA 54

e 1948: ShockleyJt BIT SZf 0|2 JHE
e 1951: “grown junction"S AI20l= 33 J|E Y
e 1954: Photoresist (Z&9}) Ji= &
e 1959: FairchildOil &S NoyceJ} Planar IC 33 JH&

e G60YLH =: Motorolalt “Big Three" Jt¥ (T,
Fairchild, Motorola)
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| . .
199943 20008 20012 20028 20033 20048 20064 20068 20073
98208 O0H20% 9 12¢ 9 1Y 10E23Y

64Gb HEZ2HA| JH0| HZ3t 30nm HHER| HIET |2

-

e
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HeH| 812

P

0| m(Er=A| HE0) 0|7 12 400022 1 AR 30mmE HH=X| 5|28
e HESEAS UHEE 28,
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o MWH [OXIO1 & (average design rule)
2019 H&1 CPU 3|22 &
‘9?[! l??‘: Eligﬂ 2[{[&1 Eﬂjﬂ

(5m
03m 05 '

5 15g

C43%: im0 3E0(EH 100812 1)
rm=HO{E0%RY 1m)

. NEB AN YHE

I EAME (zm)
TRS 1 3 - 100
Ssl 1-100 5 - 15
MSI | 100 - 1000 3 -7
LSI | 1000 - 10° 3-7
visi | 10° - 10° 05 - 3
ULSI > 10° <05




The beauty of silicon

For four decades, the semiconductor
industry has steadily reduced the
unit cost of IC components by

dimensions
downward 1:¢9)0) 1995 2000
DPRAMs 4 MB 64 VB 1GB

Scaling wafer |Featlressize 0.8um 0.35pm 0.15um

CESIEIN <650 $3.14 $0.10

0.13pm process 65nm process

Raised :
Source / == Y~ . High-k Gate

Lok B ot e Dioloctric Intel

e Developer
Fully Depleted Forum-
Channel - :

1 <30nm
Intel Silicon

Source: Intal



B A benchmark of Top—down Approach
onm-Gate Nanowire FinFET

Nanowire
FinFET

{Tsi: ZL’g)
= 2004 Symposium on VLSI Technology, p.196

B Another Perspective on Moore's Law

—
g5 ) "
e, ) (1 e,
E: N d
f ¥

.- we are already producing 10'® transistors per vear.
Enough to supply every ant on the planet with ten
transistors.



B Chip power consumption is a big
concern Il

Power Density

10,000 Sun’s Surface @

1,000 Rocket Nozzle @

Power Density 10g Nuclear Reactor !

(Wicm2)

o Hot Plate

86 processors

B Environmental Impact of the
Semiconductor Industry

Impact per square inch of Si integrated circuit

Output from the Fab Input to the Fab
Liquid Waste 75 Gal/in*2 Water 30 gal/in*2
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




B Commercial MEMS Products

» Optomechanical Displays (Tl, 1996)




o MEMS: Pressure Transducer

— Bulk micromachining

T T T AT AT T AT

e N L W L N W
[ AT R
R e o N o o o Y o N o N N W L N N L N W L W L W W ) AL AN P v W o,

S

nt Si
Si02

Al connect

Polysilicon piezoresistor | %

Palysilicon freestanding
diaphragm

B B B
e i

[ P [
q e P

Glass support




e MEMS Actuators

Responsive Drug Delivery Valve Turbine engine

e MEMS-IC Integration (Sandia National Lab)

- MEMS fabricated in 12 «m-deep trench
— Filled with Si02 and planarized using CMP

SNL Integrated Micromechanical /f CMOS

CMOS Device Area Micromechanical Device Area

o

v

%, PE IBftyicke PETEGS

& v Aes enic.doped epitaxial lyer
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B Linking Si Technology with Biology

"Snail" neuron grown at the top of an CMOS device that
measures the neuron's electrical activity, linking chips and
living cells.

B Responsive Drug Delivery System

_11_



B Large Area Processing (riat Panel Displays)

B Large Area Processing (photovoltiacs)

_12_



H
o
A
1
O
3

=3
T Hl gy | S
ek <1022-cm e 1072-10°2-cm e >10°2-cm

% WSR2 switch® TS 20| JH 20|0LLt

H 1d 8%

- HZ&Z(crystalline): FHd=E 2XIDI &Moo=z Ui
- CIZ A (polycrystalline): 2 HdOt fAMOF HiH
- HIZZ (amorphous): E7&MOE A

Microstructure of Electronic Materials

Polycrystalline
aterial Lines show lattice orientation

F—

5

3
Grain boundary

Amorphous
materials

Single-Crystal
Material

_13_



H o 320

00, 609li= OE =Ml ALE: Ge, GaAs

N322 MXMOE 240}, USIHOT OINH M
o} Sig, 2. B0l Gelx= JI=)| =1, S0l
1, E2 B00TOIN S0HE

I &

Sil= E=&9 0I2 =2A0ILt =0l THOlo &S ¢t
€32 bandgap0l HA 150°CIHX|I S&bs. HHHO,
Ge2 100°C NXIA SZt Jis (Ged Eq: 0.6eV)

ald|l32 Ge=[t 10 i MCH (XI2 H™MO| 26%J}
sand or quartz: Si02)

Si &A% A X

_14_



B Cubic crystalo] S 4 3AX
’ L I

a (b) (c)
Cubic-crystal unit cells. (a) Simple cubic. (b) Body-centered cubic. (c) Face-centered cubit

B adl3 dA 41X diamond X

5.43 A

¥4

3sp tetrahedral bond

e Crystallographic Planes

Unit cell: Si lattice constant =
5.431A
— 5 x10% atoms/cm?
View in <111>
View in <100> View in <110> direction
direction direction

_15_



o CrystalOlirMO] M uiek HA|

£ [001]
A [010]
c W
1110]
0 5 ; >
[100]
e CrystalOfirQ ™ ek HA|
£ 7 z
& (001) F 3 &
,%L jot) . -
-_“a Y 3 Va Y %5 Y
| & d
/ (100) / (110) ;/ (111)
X
Fig. 8-1 Fig. 8-2 Fig. 8-3

- 2d XI==: Miller Indices: ™0l x, vy, z =i 2 a,
b, cet 9tE W, ¥ XI== 1/a :1/b :1/cO] FAM=H|

o HJ| Uiy

t(hk1): crystal plane

{fh k I} : equivalent planes

[h k1]1: crystal direction

<h kK I> :  equivalent directions
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B Carrier Concentrations of Intrinsic

(undoped) Si

Bottom of

electron @ conduction band

Energy gap
=1.12 eV

Top of
valence band

®

hole

n (electron conc)
= p (hole conc)
= ni

n, (cm—3)

. L
N I //L/,//'/ —
BT

E A

BTV fo

BN/

ENLY

|

E]

o 200 400 600 BOD 1000 1200

For Si
n; =3.9x10"°T%% ™" kT /om®

1400 1600 1300

TEMPERATURE IN K

0.605eV

n; = 1.45%10'° cm- at room temperature

B Dopants in Si

— By substituting a Si atom with a special impurity
atom (Column V or Column lil element), a conduction
electron or hole is created.

Donors: P, As, Sb

Phosphorus
atom

 J t
/ b~
S 3

»

”i

Mormal
bond

.,

™~ Extra
unbound
electron

4

Acceptors: B, Al, Ga, In

Borah

atam
rl

Iy

P

MNormal
bond
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e n—-type Semiconductor
If No >> Na (such that No - Na > 10 nj):

N =Np— Na D = n/n
e p-type Semiconductor
If Na >> No (such that Na - No > 10 ny):
D=N.-No, n=np

B Resistivity Range of Materials

| Ceramics
0.01 >10'®
Glasses
e g >0
Porous ceramics
o0 (X e axio®
Metals and alloys
10" T 310 -8
Compaosites
10
Woods and wood products
JxIDJ'_ axi07
108
3 >10"
10°[E 0"
I I 1
i 0.001 1000 10’ 10'"®

=+ Good Conductors RESISTIVITY ({2m) Good Insulators —=

+ Note: 1 2-m = 100 2-cm

— Adding parts/billion to parts/thousand of
“dopants” to pure Si can change resistivity by 8
orders of magnitude |

_18_



Bl Principle of Monolithic Process
Integration

- A sequence of Additive and Subtractive
steps with lateral patterning

Example: CMOS Integrated Circuit

Processing
Steps

——

%

m UEH NS HE =AM

Objective/Specification
Floor Plan DESIGN I e I
Architectural, er Fabrnicanon
Logic, Circuit
Completed
Verification [ Testing l
of Above
f Design Steps
| I 1
:cScL_ e T ‘\:’ As E; and l
est Vector sembly
""l_ — —_~ Generation Packaging
r—i T
55— v : v
— DESIGN [ Testing |
LayoutVerification
] Circuit Schematic Iq_. and L
Delay Extraction
Layout “* + ) /13._‘/,.--;:'**‘*- -
Mgt " =
Mask or Reticle 1 fﬂin, <A
Fabrication Ny
Masks -———— |




4 (quartize)

=]
J EFA(C) WIS
Si0z+ 2C —> Si + 2C0

MGS (Metallurgical Grade Si)

mucs us
Si+ 3HCI -> SiHCI3 + H2

&t & EHSIHCls)

submerged electrode
2T CO, SiO, H,0

quartzite, coal,
coke, wood chips

fense SIO Si0 + CO —
condaense sl 8102 + C

SlO + 2 C — T
form SiC SiC + CO
from SiO and C
melt SIO 8102 PR

S10+C0 .

soc WL
SiC + 810, — Si +Si0 + CO

liuid sl
, AT STHEOn discharge of MGSC—)
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&t & el FHSIHCls)

SF T4EH, CVD
SiHCls + H, —> 2Si + GHCI
(¢) (4] (s)] I[g]

l=r O&Ed ad3

(EGS: Electronic Grade Si)

(4

| @ um
X

g&dadE (Si Ingot]

FILTEHﬂ c

Ma-Si| T
I :

FLLMDIZED BED  DISTILLATION CvD REAGTOR
TOWER

GOLING

Si SLIM

QUARTZ
BELL JAR

o

_21_



L. EGS Rods —> H&EA 4|3 AE

(Si Ingot)

(1) Q1AM (Czochralski Growth)

kA

A

Beginning of crystal growth

seed holder

seed

crysfal neck

shoulder {cone)

single crystal
silficon

thermal _shield

heafer

crucibie
susceptor

crucible

siltcon mait

..

_22_



O HX 1A

®

@

EGS charge& TIIU0 S&

Growth chamberg ZXIZ2o=z® mOst £ 2EAMIIM
e o]
T =

SIIUE 1421°C OlAe=E J1E0I0d EGS chargeE

YOl
=a

add8d &dE seed(ZE:omm, &0[:100-300mml&
UM =01 A= adlE8 8% BT HFAA

Seed& AIAMOl B0iSE. (YU ToSd=E &5
29 £ mm) 0] O, mgot_l 2C9| BEXE AL
Ol71 9I0101 seed? T=IILUE ME ljl[H gigios
HHO| XA
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Czochralski Crystal Growth crystal puling ~ Crystal Ingots

Sead
Single Silicon Crystal

Quartz Crucible

‘Water Cooled Chamber
Heat Shield

Carbon Heater
Graphite Crucible
Crucible Support

Spill Tray

Electrode

Shaping and Polishing
300 mm wafer

H

|

l :
)

i

]

« Purity of Starting IC Si Wafer: 99.999999999 %
[so-called “eleven nines” ] I

_24_



O 2AYBMAC] E=F HAH
adZ Y9 HHMIMC Ex=E sk EX

«<— SOLID e LIQUID ——F
Cp (O), c (x)
|
I {hgt“}
| '
Ca= koC
i O ReC l x
0 3

a i-...—..snnwm DIRECTION
Ko = Cs/ Ci [segregation coefficient)

o i JHXI E==09| segregation coefficient
Al | As B | C | Cu | Fe 0 | P | Sb

0.002 0.3 | 0.8 0.007 0.00048x10°° 1.25  0.35 | 0.023
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0.4

FRACTION SOLIDIFIED

Lo

L=

=1

o2

fraction solidified
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O CZ8Si9 2 &7 &
I:I_:II

=
&4 Si0: I S0HOl &
=

o=
S0 =0t AS. 0IE9 [HT-EE Si0
ot

= kILL, %-‘?—t Si ingot LHOHl XHEEL

H>

o8

A1 &ddl3
gastE Hio=x

UE STE HE 1[]‘6 10"%cm™. M x| 0]
OIHE PuzoR A ASTIF MEIALIN AS
OF U429 ROHS =W (== &2 complexOil 2JoH
)

- 400°C OJAOIM =<4 &M (thermal donor)
- 38 S0l 288 01501 HIOIE A998 EMO|

ag 2y

&g MAOl g%t WM (F=2 interstitial A0
O|Of /)

- A% MO 2ol

- JIANIA™Q AT SI}

- (Gettering @A

Si HIOIHO &2 sT& RFF= ENDL BTl 38
JIE0M 52 JJHIJI g JFFc BBeEE=

- Epitaxy

— H annealing

— (Crystal growing Jl& 1M
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(2) Y 284Y (Floating Zone Growth)

" ) Inert gas or vacuum
| — Polyfeedrod

Watercooled r. [ coi

=T~ Molten zone

| Single crystalwith growth fines

Seed

(3) CZ 9 Fz §9 EH
JIAIAQ | Internal MAN | EEE
s Gettering 2 | G (At EEE ol
cZ 0 0 0 0 X
7 X X X X 0

« GI§ WS 29 HIOIH= CZ YOIHOoILL, &#0] =8t
AIOIHE KR0l= high voltage, high power 24Xt Xt
Ol= S2HC= FZ HIOIHII Al%kl11 UL
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3. €8 a8

Jl. 88 8%9 =
- Real crystals are never perfect, there are always
defects

432

----.:... o‘.-.o.

= Schematic drawing of a poly-crystal with many defects

e 0D, Point defect (M &g
— vacancy, interstitial, impurity

e 1D, Dislocation (M &g
- edge dislocation, screw dislocation

e 20, Grain boundary (™ &%)
— tilt grain boundary, twist grain boundary

e 30, Volume defect (KX &¥H
- void, precipitation

_29_



O & &% (point defect)

e Vacancy _ _
- lattice position that is vacant because atom is

missing.

e |Interstitial _ _
— atom that occupies a place outside the normal
lattice position. May be same type of atom
[self-interstitial) or an impurity interstitial.

e Schottky defect _
— vacancy + HH9| Si £XI

e Frenkel defect o N
- 1 9| yacancy + Si interstitial

o Impurity
— Substitutional impurity (XIgtd E=&]
- Interstitial impurity (MY &

IMPURITY IN INTERSTITIAL SITE

2
siLicon
I bt ® = INTERSTITIAL
———+ I\
) % *
SILICON FRENKEL
ATOMS DEFECT
- . -] & - rY
/ TMPURITY ON SUBSTITUTIONAL SITE
VACANCY

Fig. Types of point defects in a simple lattice.

_30_



 How many vacancies?
— Equilibrium number of vacancies is due to thermal
vibrations

N, =N, exp(— Q, " Tj
B

Ns = number of regular lattice sites
ke = Boltzmann constant
Qv = energy to form a vacant lattice site in a

perfect crystal
T = temperature in Kelvin (note, not in °C or °F.

- Room temperature in copper: one vacancy per
10" atoms. Just below the melting point: one
vacancy for every 10,000 atoms.

- Above lower bound to number of vacancies. Additional
(non-equilibrium) vacancies introduced in growth process
or treatment (plastic deformation, quenching, etc.)

_31_



Q000000
Q0QOO00
OGTO0
Q0000
91500010]0,

» Arrows local stress introduced by defect

[1]) vacancies

[2) self-interstitial

[3) interstitial impurity

(4,5) substitutional impurities

o Self-interstitial

- Large distortions in surrounding lattice = Energy
of self-interstitial formation is ~ 3 x larger than for
vacancies (Q; ~ 3Q,) = equilibrium concentration of
self-interstitials is very lowl< 1/ cm?® at 300K)



O M &% (Line Defect: Dislocation)

e edge dislocation

‘nml --I A L} l‘ '-lfﬂi

.'I.

ol rrr,.
Il. ||..h'.'|-|| '""

— Interatomic bonds significantly distorted in
immediate vicinity of dislocation line

(Creates small elastic deformations of lattice at
large distances.)

e screw dislocation

_33_



O ™ &g (area defect)

e grain boundary

O HIA Z¥ (volume defect): void, precipitation

e ol S T a7 s ey ..'. "I. e N 4'":'1._._ i
:Blld 145: Elektronenmikroskopische Durch- © =<5 58 = 5 e o "5_,.:'?
strahlaufnahme von weichgeglihtem Alu- . &% * ¢ :
minium-Mangan-Blech. Verankerung der
Korngrenze an manganhaltigen Ausschei-

dungen (nach P. Lelong). V=2200:1. i

. .
. n“z’,ﬂ _":,

“
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O A #@80| AXI0] EAM OXI=s 2%
(a) PN ZEOlIMOl 54 MF (leakage current) A
o =4 MF= £0| DRAM1L Bipolar 2AXHl XA

e X0|2% (Cr, Fe, Co, Ni, Cu, Ti, .J° precipitation,
mid—-gap energy level@ a0l 54 M7 SHA|IA

e PN ZEE ®USOl= dislocation generation/
recombination center a0l 54 M EMAIZ

(b) 22101 (minority carrier) life time &4
o M AT M AT, HA EE S2 mid-gap energy
level@ MO0 AIH2l0] life timeE ZAHl OisE

(c] HIOIE Ato}aio] Ag|A ZiA

o Stacking fault == 2AtA precipitation 2TJl =2
AIOIH A0l J7IE HIOIE A9jaio] AL &E MYQ| 2
il 54 M8)t 3

(d) MOSFET &XI1°] &8 MY Hig}
o AtA precipitation@ thermal donorOil CI0f =& =&t
0l 10% Ol& H = 32T US

(el HI0IHS] HEF0IU SIDI

o Y0l &= aAOD UEE. 24U 22 HIoIH
Woil A= &L= 20Id 0IF BXIol=dl &S
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LL.
0

L.
0z [?

®e °

®

a8 8 (gettering) Jl=

Gettering? JIE #dl

=/880] AXH0l OIKl= gdegE HAHOI= &Y

Aol= 289 Mnucleus)lE HIH

- Ao #@gg HA

- E=S0I4 e AT gA%= Y0IH9
active region(&d d9) 9oz 4k gettering

Gettering I

OH: E==0ILt S| precipitation
CH: A g9 oz S0
S 0IS0] TAl &d d9oz FES0iX ol

gd 39 HolM O EO

flio

oIt

WAFER FRONT SURFACE

JUH%?’TEI'IEIE_—J‘I_;I ! H I "
s —0 000 @ 0
o ¢ 0 oo

CAPTURED OR o 0o o o :"

GETTERED i
mpunrr*r(‘
MOBILE IMPURITIES
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O QeIM(extrinsic) gettering

e 0|2

- QIHOI =HE AI20101 HOIH SS90l damagell
stressg JISCZE 220l Ec=E2 &S = U=
capture SiteE ¥A

o HiY

- mechanical damage by abrasion, grooving or
sanding

— P doping: P-vacancy complexes EA

- laser-induced damage

- lon-implantation induced damage

— Polysilicon deposition on the back side

O ZIAlintrinsic) gettering
° Ol

- CZ &d|3 HIOIH Wol A= AAE 012010 HIOIH
extended defect& ¥ A010{ capture site& Ut

rHl

o A

® ©HI: denuded zone ¥A

- 112(>1050°c) &xid|

- MAE Y0IH HH 2O T out-diffusionA|H A
AYo| MA =L E LA precipitation0] HAE =
T 6 x10"7cm™) OI0l2 Q=L YUMoz gy
Ar = N, 7129 EJI0IA AI2. 2%t OFF
A< pittingg 2 X101 {40l 02 JI1A Al

J
30

i L2 riro
ro rir ol
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@ SA : Si0x precipitate©] M(=1A: 30-50 A) ¥A

- X 2(600-800°C), ZAIZt (4-64A12H X

- BulkOll Y= LIESIE interstitial M4A 22X SME
SO0l MZ THESOI0 5= =9 Si0x precipitate B2
ad

® SI: Si0x precipitate®] A&t

- 112(900-1250°C), &AIZt (4-16A12H EX

- 2 SN EAE Si0x precipitate 340l XiZtM =E
0l 500-1000A 3JI°] SiOx precipitate)l TI== 3tLl.

0I21%t precipitate® &2 precipitate %9 &2
o] 2I 3JIE Z=dolld, Ol= =Bt J=2 adl=

interstitial®] WMS =i BILCL

o 0|2®t Si0x precipitate?t &l2l2 interstitial0l E==
O] capture siteJt Tl= dislocation loopE ¥AIBHLL
GetteringE€ $I0H dIEASt ML Z&= 75 - 95 X
107cm™ OlH, MA STIF XIUXIAI =28, XIUXIA
2 Si0x precipitate?] dAMo=F 0I5i0 HIOIHO] HEH

0 Hug & QUCk

1200-

Outdifiuslon
1100- Precipitalion

1000

BOD -

Tempearature *C

700

800 |

|
|
|
|
|
800 I
|
|
I
|
|

|

|

|

I

|

|

Mucleatlon |
{c f
|

I

t

500 |1 I
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et Si0x

= 450°C,70A1Zt SXi2|Bt 29| PN
precipitate©l SEM AL&

9
4
N
>
T - -
3
=
&
=5
”

Pn Junction

O] diagram

ZONE {“"Fm

ZOME 3
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