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z The transistor: The most important invention of the
), 20th century?

Much of the progress in the past 60 years has been because of the success of the
transistor. Invented in the 1940s, it replaced vacuum tubes in televisions, radios and
other electronic equipment. Its ruggedness, small size and low power consumption
produced a wave of miniaturization resulting in home computers, digital cameras, cell
phones and other devices. Research in transistors is ongoing; the capability of
electronics will continue to improve for the foreseeable future.

Switching

Transistors make excellent electronic switches. They can turn currents on and off
billions of times per second. Digital computers use transistors as a basic mechanism
for storing and moving data.

Amplification
Properly set up, transistors can serve as amplifiers. The vast majority of audio and
other signal amplifiers are transistorized.



\The transistor: The most important invention of the
ST 20th century?

Miniaturization (Micro and Nanoelectronics)

Depending on the application, transistors can be made very small. The transistor size
in 2009 is billionths of a meter. Masses of tiny transistors packed on silicon chips let us
create pocket-sized cell phones and Mp3 players.

Efficiency
Transistors can be designed to use very little power. Millions of them in a watch or
calculator can run for years on a small battery.

Rugged
Transistorized equipment is used in military, space and industrial applications. They
can withstand extremes of shock and vibration.

https://sciencing.com/transistors-important-5407975.html

https://www.popularmechanics.com/technology/a22838/transistor-changed-the-
world/



https://www.popularmechanics.com/technology/a22838/transistor-changed-the-world/
https://www.popularmechanics.com/technology/a22838/transistor-changed-the-world/
https://sciencing.com/transistors-important-5407975.html

The famous point-contact transistor, the first solid-state amplifying device, invented
in 1947 by John Bardeen and Walter Brattain at Bell Laboratories in the United States.
Bardeen and Brattain discovered that by placing two gold contacts close together on
the surface of a crystal of germanium through that an electric current was flowing a
device that acted as an electrical amplifier was produced.

—



(b

The first planar integrated circuits. (a) Noyce and Moore's IC. (b) Kilby's IC.
(Photograph courtesy of Texas Instruments, Dallas, TX, and Fairchild, San Jose, CA.)

—



OAokAnpwuéva KukAwpuara

1960 1990

MLy AU

The 1960s IC contains 4 bipolar The 1990s IC contains over a million

transistors and several resistors MOS transistors



This integrated circuit contains over 42,000,000 transistors and is roughly 1.0 cm on a
side in size. (Courtesy of Intel Corporation, Santa Clara, CA.) -
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Plan (top) view optical micrograph of a silicon die. An integrated circuit is circled.




Plan (top) view optical micrograph of an integrated circuit. The . blurry. aspects of
this micrograph are due to refraction from various composite layers in the circuit. »



Higher-magnification plan (top) view of a SEM image of an integrated circuit. The

transistor is circled. (Courtesy of International Business Machines Corporation,
Armonk, NY.)

—



Higher-magnification plan (top) view of a SEM image of a transistor. (Courtesy of
International Business Machines Corporation, Armonk, NY.)

—



5.0 um

Influenza A virus

Cross-sectional SEM 1mage of a transistor with a scaled Influenza A virus shown for
comparison. (Courtesy of International Business Machines Corporation, Armonk, NY.)




o

50 nm

A cross-sectional view of a nanoscale CMOS transistor. The active transistor region 1s

50 nm, 50 billionths of a meter. (Courtesy of Intel Corporation, Santa Clara, CA.) -



Transistor

Base Collector

E B C Gate length L,

Emitter

Schematic of a bipolar transistor




Group

Hulaywyoi

Important semiconductors

11 I11 1Y V VI Elemental
5 6 7 8
b C N O Compound
boron carbon nitrogen oxygen
13 14 15 16 V=Y
-V
Al Si P S
aluminum silicon |phosphorus| sulfur
30 31 32 33 34
Zn Ga Ge As Se
zinc gallium | germanium | arsenic selenium
48 49 50 51| 52 [I-VI
Cd In Sn Sb Te
cadmium indium tin antimony | tellurium
20 32 IV-VI
Hg Pb Alloys
mercury lead bi nary
ternary
quarternary

Si Silicon

Ge Germanium

SiC Silicon carbide
GaAs Gallium arsenide
GaN Gallium nitride
GaP Gallium phosphide
GaShb Gallium antimonide
InP Indium phosphide
InAs Indium arsenide
InSb Indium antimonide
ZnO Zinc oxide

ZnS Zinc sulfide

ZdTe Cadmium telluride
PbS Lead sulfide

PbSe Lead selenide
Si,Ge;_, Silicon germanium
Al,Ga;_,As “al-gas”

In,Ga; ,P “in-gap”

Hg,_,Cd,Te “mer-cat”
Al Ga,_, Asl_:’,,p}r



|. KpuoTaAAIKO TTUpPITIO

» To KPUOTAAAIKO TTUPITIO AQVIKEI OTNV KATNYOPIA TWV NUIaYywywV
H nAekTpikn Tou aywyiuotnta utropei va ueraBarAerar uéxpr 8 raéeic
ueyéBouc, avaAoya ue T OUYKEVTOWON TwV TTpoouiéswv (arro ppb
pexpl 1%)

» OlI unxaviohoi aywyiuoTnTag ECapTWVTAl aTTO TO €i00C TNG
TTpoouigns (Dopant) ue TV oTroia voBeuoupe To TTUPITIO (doping).
- Tuttou N : As, P, Sb (Popeic aywyiuoTNTAC : NAEKTPOVIA)
-Totmmou P : B, In  (popeic aywyIiuoTNTAG : OTTEC)

» To TTUpITIO €ival avAKEl 0TV KPUOTAAAIKA dour Tou diauavTiou
(Diamond lattice)

O11010TNTEC (TTX. UNXAVIKES) TOU TTUPITIOU EEQPTWVTAI ATTO TNV
KpuoTaAAoypagikn dicuBuvaon.






Properties

Spacing (nm)
Young’ s Modulus (dyn/cm?)

Surface energy (J/m?)
Atomic density(10%4cm-2)
Available Bonding Density

(AN Aunn~-2\
(LU= uiinrT)

100

0.542
1.3

2.13
6.78
6.78

Orientation
110

0.384
1.7

15488
9.58
9.5%

JY‘ [110]
/

[101] [011]

(c)

111

0.313
1.9

1.23
15.66
11.76



Il. Kataokeur O10KiwV TTUPITIOU
Czochralski (C2).

Seed

Single Silicon Crystal
(uartz Crucible
YWater Cooled Chamber
Heat Shield

Carbon Heater
Graphite Crucible

Crucible Support

Spill Tray

Electrode










ll. KaTtaokeun O1CKiwV TTUpPITIiOU
Float-Zone (F2)

(o et ) Inert gas or vacuum

| Polyfeedrod

_ Watercooledr. {. coil
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ll. KaTtaokeun O1CKiwV TTUpPITIiOU
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Il. Kataokeur O10Kiwv TTUpITiOU
i~
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50 mm
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30 mm (1854)

ll. KaTtaokeun O1CKiwV TTUpPITIiOU
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A 300 mm wafer. (Courtesy of Intel Corporation,
Santa Clara, CA.)




AlEpyaoieC KATAOKEUNC OAOKANPWUEVWV
KUKAWPATWY



Legend:

M silicon (si) On-si dp-si
M Polysilicon (Poly-Si)

[JUndoped silicon glass (USG, SiOX
[ silicon dioxide (TEOS oxide, SiOk
M Cobalt disilicide (CoSik
[1spin-on dielectric (SOD)

B rhosphorsilicate glass (PSG)

[ Tungsten (W)

E Copper (Cu)

W silicon nitride (SiN)

[ silicon nitride (Sin)

[ silicon carbide (SiC)
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"Advanced Packaging"
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Photomask

Y

1 T

Oxidation HPhotoresistH Microlithography H  Etching Doping  H DepositionH CMP

Wafer
Manufacturing

Microchip Test EncapsulationH  Bonding Dicing H Test

Figure 1.3 Wafer manufacturing. photomask. front-end of line process. and back-end of line process.
(Courtesy of Amica Research.)




Chapter 4

A: GATE STACK (INCLUDING FLASH) AND SIDEWALL SPACERS B: SOURCE/DRAIN — CONTACT AND EXTENSION

C: ISOLATION D: CHANNEL DOPING

E: WELL DOPING F: DRAM STACK /TRENCH CAPACITOR & FERAM STORAGE
STRUCTURES

G: STARTING MATERIAL H: CONTACTS

I: PRE-METAL DIELECTRIC LAYERS

Figure 43 Front End Processes Chapter Scope

—



Cleanroom

(Photo courtesy of Stanford Nanofabrication Facility.)




[l. AVATTTUEN AETTTWYV UHEVIWYV

» NETTTA UpEVIA OTN MIKPONAEKTPOVIKN
» Movwrég . O&eidia, viTpidia

» Hulaywyoi : TToAuKpuoTAAAIKO TTURITIO, ETTITAEIAKO TTUPITIO,
[epuavio

» Aywyoi . ANoupivio, XaAKOC

THERMAL NITRIDE
S

LT e




[ll. AVATTTUEN AETTTWYV UMEVIWV- TEXVIKEG

A. Avatrtugn pe aAAnAemidpaocn HE TO UTTOCTPWHA
(trx. O¢eidwan, viTpidiwaon)

B. Avamrtuén pe evamroBeon, xwpig va rpoKaAouvTtal aAAayEG OTO
UTTOOTPWHA.

B1. Xnuikr evamréBeon amd atpd (CVD, Chemical Vapor Deposition)

B2. Quoiknr) evamréBeon ammod atuo (PVD, Physical Vapor deposition)
Sputtering, Evaporation, Molecular Beam Epitaxy

B3. HAEKTPOXNMIKEG TEXVIKEG

B4. Spin Coating



lllLA Avatrtugn pe aAAnAemidpaon pe TO
UTTOOTPWHO

OEPMIKH O=EIAQZH: Eival n diadikagia KAaTa TNV oTroia oxXnuatieral otn
ETTIPAVEIQ TOU Si éva oTpwuMa ogeldiou (SIiO,).

To 0&gidIo Tou TTUPITIOU XPNOIPOTTOIEITAl
a) 2a JAoKa yia TV EQUTEUCN N TN OIAXUON TWV TTPOCMIEEWY OTO S,
B) MNa Tnv adpavoTroinon Kal TTpoaTacia TnNS T@Avelac (passivation),

y) l'a 1n pévwon PeTagUu Twv dIa@OopwV OIATAZEWV €VOG OAOKANPWHEVOU
KukKAwpuatog( Field Oxide)

0) 2a ouviotTwoa oTIc dopec MOS. 1y O¢eidio TuAng oto TpavdlioTop
MOSFET,

g) 2av nyn Aiaxuonc Npoouicewv



OegpMHIKAG 0&eidwon

» z=npn Occidwon (DRY OXYGEN)
> Yypn O¢eidwon (WET OXYGEN)

» [lupoyevikn Oc¢eidwon (PYROGENIC
STEAM)

Oxidation Furnace
(Silicon Valley Group - Thermco Systems)

, SUCTIAS UIE Ul UBPILLIEU 11T TIYUIT <47 1.

SILICON
CARBIDE

QUARTZ PARRLE

PROCESS TUBE

RESISTANCE
HEATING COIL

GAS INLET




OegpMHIKAG 0&eidwon

1.2 nm SiO,

Silicon Substrate

Gate oxide is less than 5 atomic layers thick



lII.B AvaTtrTugn Je evarrobeon, Xwpig va TTpokaAouvTai
pi aAAayéG OTO UTTOCTPWHA.

Physical vapor deposition (PVD)
— Thermal evaporation
— Sputtering

Chemical vapor deposition (CVD)

Electrochemical deposition
— Electroless
— Electrochemical

Spin Coating



""" Glow discharge ring

T Ring shield

T Shutter
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lll.B1.a Thermal evaporation

/»\ Substrates

Metal vapour ~ _ |

L - Wacuum
chamber

- 1~- Hot resistance (W)

'I?l

Foweer
supply

\Lr YVacuum system

l1.B1.b e-gun evaporation

Direction of
Sublimated
Material

|1

Path of the
electron beam

©

Magnetic Field
(out of the screen)

Water Cooled Holder

Filament

o

[MAeoveEKTNHA:

EvarmréBeon o€ TTOAU xaunAn
Bepuokpaaia, akoua Kal Bepuokpaacia
TTEPIBAANOVTOG

—



[[.B1.c Sputtering Deposition

~ room
Si Substrate temp.

«— [ film deposited

Al atoms ejected due to

oV Arion bombardment
~Ke

Al target

<300°C




[1I.B1.c Sputtering Deposition

Cooling water

Shield

Cathode —_
Target Matching
network
Gas inlet I
HF/RF
Plasma generator
Substrate \\ |
Substrate ——a
holder > - D

To vacuum system

11.12 Schematic of HE/RF sputter process and equipment.




111.B2 XnuIKA EvatmroBeon amd ATuo

1. Ta avridpwvTta YETAPEPOVTAI TNV ETTIPAVEIQ TOU dIOKiOU
2. Ta avtidpwvta TTPOCPOPWVTAI OTNV ETTIPAVEIQ TOU DIOKIOU

3. Mia xnuikn avTidpaon AapBaver xwpa otnv mPAVEIA VIO TO
OXNMATIOMO TOU UMEVIOU Kal TWV GAAWYV TTPOIOVTWY TNG avTidopaong

4. Ta TPOoIOVTA TNG AVTIOPAONG EKTTEUTTOVTAI ATTO TNV ETTIPAVEIQ

5. Ta 1TpoldvTa TNG avTidpaong JETAPEPOVTAI JAKPIA ATTO TNV
ETTIQAVEIQ TOU DIOKIOU.



Main Gas Flow Region

2

@
@ Gas Phase Reactions Desorption of
\@ @ Volatile Surface
Redesorption of | Reaction Products
Transport to Surface Film Precursor
Surface Diffusion

@——Q OO0 O

Step Growth

Nucleation
and Island
Growth

Adsorption of Film Precursor

Laminar flow

)

vvyy

o(X)

Energy sources for
deposition:

— Thermal

— Plasma

— Laser

— Photons
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2UOTAMATO evatTOBeong upeviwv-LPCVD

Pressure sensor
f. J\( 3.;gne furnace -
)\ 0 - afers
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. ‘__'—"P
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i W
H\ \\GEIS inlet Quartz tube
Load door




Spin Coating

Viscous liquid is poured on center
of wafer

Wafer spins at 1000-5000 RPM
for ~30s

Baked on hotplates 80-500C for
10-1000s

Application of etchants and
solvents, rinsing

Deposition of polymers, sol-gel
precursors




AiBoypa@ia

AwBoypaoia : H diadikacio anotdnmone evoc oynuatoc o€ v
PMOTOELOIGONTO LAIKO.

HOPOIEDEC 1. eTTioTPWON TTOAUPEPOUC
AioKio Si o€ QIAY o&el1diou
A A Ay
Lo )] 2. £&kBeon o€ akTIvoBoAia
= Héow PAoKaAg
Aiokio Si
— - — , S0, _
TR 3. EJeavion AIoKiO Si
OcTK) APVIITIKY
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Eidn AiIBoypagpiac

» OmTikA AIBoypagia

» NiBoypagia HAekTpovikic Aéoung

» NiBoypagia akTivwyv X




2uoTtnuata O1rTikAc AiBoypa@giag




\beam Lithography Facility EBPG5000pIusES




Homer’s Odyssey on a tip

Homer’ s Odyssey has 303pages
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Eyxapacn upeviwv

Eyxapagn : H diadikaoiag agpaipeons evog upeviou.

4. eyxapacn Tou oceldiou

Aiokio Si

Aiokio Si ue TTAGoUQ

ﬂ_l/ ﬁ /[

Aiokio Si 9 agaipeon Tou TTOAUPEPOUG Aiokio Si




Eyxapacn upeviwv

Maoka, 1.X. ¢WTOTTOAUMEPEG
YMEVIO TTOU TTPOKEITAI VA
EYXOpaXTEi, T.X. SiO,
YTooTpwua, T.X. Si

looTPOTTIKA €yXdpasn AvICOTPOTTIKN EyXapagn




Eidn eyxapagng

Yypn eyxapagn (Wet etching)
Me xpnon KataAAnAwv diaAupdTtwy (1) avaloya PeE TO UPEVIO TTOU BEAOUE va
EYXOPACOUME Kal (2) avaloya PE Ta UPEVIA TTOU OEV BEAOUME va eyXapALOUlE

Stirring /sso, Mask

)~

* Processes tend to be highly selective but
Isotropic (except for crystallographically
dependent etches).

No stirring
i

]



Enpn eyydpaén (Dry etching or Plasma Etching)

RF power input
Matching ;
network
Parallel plate sygtem
How -
Electrode
RF
generator T~ Plasma
- sheaths
-+— |- —Electrode
Gas inlet o G tlet
Ground as outlet,
(Ar, CFy, 03) T ¢ pump

Replaces wet processes in VLSI —
directional etching, faster, (less)
selective but does not degrade PR
adhesion as some wet steps do.
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O1 unxaviouoi aywyiuoTnTag

£CAPTWVTAI ATTO TO €idOG TNG

TTpoouigns (Dopant) ue TNV

OTTOi0 VOBEUOUE TO TTUPITIO
(doping).

Tutrou N : As, P, Sb (popeig
AYWYINOTNTAG : NAEKTPOVIQ)
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AladIkaoiec voBeuong Tou TTUpITiOU

» Aldxuon Pe Tpo-evarrobeon kai Drive-In

» lovTIK EpQUTEUON KAl BEPUIKN avOTITNON



Aidxuon e TTPO-evattobeon

dopant gas 10’
_ vvvv :
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o Doped Si gm-a
E"‘H 025um |
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after implantation
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lOVTIKOG EUPUTEUTNG

Accelerator Voltage: 1-200kV

Dose ~ 101-10"%/cm2
Accuracy of dose: <0.5%
Uniformity<I% for 8" wafer

lovTIK} EpPUTEUON
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lovTIK} EpPUTEUON

Figure 10.3 A medium-current beamline, Axcelis Purion™ M, showing: ion source (@): mass
resolving dipole (b): beam shaping optics (c): acceleration/deceleration stage (d): and process chamber

(e).
_‘



Figure 10.5 Implanted regions in advanced devices. Below the name of each region is the

approximate implant dose (in cm?) and concentration (in cm°). (Figure courtesy of Axcelis
Technologies.)



Legend:

M silicon (si) On-si dp-si
M Polysilicon (Poly-Si)

[JUndoped silicon glass (USG, SiOX
[ silicon dioxide (TEOS oxide, SiOk
M Cobalt disilicide (CoSik
[1spin-on dielectric (SOD)

B rhosphorsilicate glass (PSG)

[ Tungsten (W)

E Copper (Cu)

W silicon nitride (SiN)

[ silicon nitride (Sin)

[ silicon carbide (SiC)
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ETipeTaAAWON

<PASSIVATION 2

Figure 1=12 Actual cross section of a modern IC (IBM’s PowerPC chip). Note the multi-
ple layers of metal for wiring above the silicon surface. The active parts of the transistors are
barely visible at the bottom of the photograph. Reprinted with permission of Integrated Circuit
Engineering Corporation.




ETipeTaAAWON

Metal 6

Metal 5

Metal 4

Metal 3
Metal 2
Metal 1

Transistors




ETTIMETAAA

.:, l|_

A cross-sectional view of the eight different layers of metal interconnects on a nanoscale
CMOS technology. From the bottom of metal layer 1 (M1) to the top of metal layer 8 (MS8) is
about 20 um, 20 millionths of a meter. (Courtesy of Intel Corporation, Santa Clara, CA.)
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Wire bonding

Wire Bonding
(Kulicke & Soffa Industries, Inc.)

Die Lead Frame Attachment
(Ablestik)

Wire Bonding
(Kaijo Corporation)



Wire bonding




Packaging
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Packaging

DIP (Dual Inline Package) Device
(AMD Corporation)
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