E B F 58 RFEHME T

[ PEARSON

4'-,— - | |
FIIR )

b
1

*ﬁwfﬁﬂﬁﬂﬁlﬁ‘]a*

(55 hix

The Art of Analog Layout
Second Edition

N A6 LAYOUT

B e

[ %= ] Alan Hastings &

Alan Hastings

~—1 F I % & A& 42
‘ Publishing House of Electronics Industry
= r=T=T http://www.phei.com.cn



B EFSEEEM RS

L B AR B Y & AR
| (£=RR)
(%X HR )

The Art of Analog Layout

Second Edition

[ £ ] Alan Hastings 3

T F IF & AR AL
Publishing House of Electronics Industry
Jt i - BEIJING



&I

£ Alan Hastings BA W 958 A B AR SO H AR A F I LSRG K . 4 F LSS AARUEAE A 2
W TSR AU B AR BB P BT B & R AR K H BT BT BUR - TP AR TR SR B 5 T2
REHEBEAR; ETERUERBRBEOHCRARN 3MEATL.: MENIRTZ . CMOS Bl T 21 BiCMOS
IZ, ERHENTRERSHRT SIERERE, —RERIT, TURESEEMGHN SEEMRT SN,
ARFLEL T NE, SEREEIH . R, BERUE. $BEEE. ESDEHE; BRENETAXS
R B A BT AR R B AR T b R ER SR E MR A EH , X T LU REBRT AR BR—FRE
WEKSE A,
English reprint Copyright © 2006 by PEARSON EDUCATION ASIA LIMITED and Publishing House of Electronics
Industry.
The Art of Analog Layout, Second Edition, ISBN: 0131464108 by Alan Hastings. Copyright © 2006.
Published by arrangement with the original publisher, Pearson Education, Inc., publishing as Prentice Hall.
This edition is authorized for sale only in the People's Republic of China (excluding the Special Administrative Region of

Hong Kong, Macau and Taiwan).

2B ST ENAR B B8 T Tl tH AL F1 Pearson Education 354 35 AR T WA BRA RIS 1E iR, KRR HARE TSE
BEIFE], AELUEMRFRE R R A BT,
A HEHNGH Pearson Education 354 ¥ F H IREABOEH thins, THEETEBHE,

B RSEFRSIES B 01-2006-5249
BEERREE (CIP ) ¥iE

B HEBARERNZA: 32K = The Art of Analog Layout, Second Edition / ( %) BrEHT (Hastings, A.)
F; —dtxt: BF TR, 2006.8
( ESMEFH5BEFEHMRT)
ISBN 7-121-03105-1
TA. DR . SRR - st - 2ok - 330 1V. TN431.102

o B A B 4508 CIP BB F (2006 ) 550984555

HiEHE: AE®
B Rl bR RAEERARENR T
¥ T TS SEHERARAE
HWARKFT: BT IR
WEREER M 173 {558 HB44: 100036
H A 787 x 980 1/16 Eigk: 42 FH. 941 FF
Bl K. 20064 8 A% 1 REDRY
£ ffr: 68.007C

SUBR 3L B F Tolk th ARAL M E BH SRRE, EmlEBiER%R; FHEEE, HF5RHETHKR. KR
B (010) 68279077, HRMJELIE: (010) 88254888,

REBURTE R BB E zits@phei.com.cn, BARIRARERIE K BB ZE dbgg@phei.com.cn,

IR4#k: (010) 88258888,



Fr

200147 A}, BT Tk i ARAEE R R S E & B LALE R U0 R EIT, RS
ESh AR, SaREN AR AR+ 2R, KK, IWREEESL . 2
BERBGREFRBE TS RATL.

B EREBRHAFREANTIEARTZ . W5 . HR—AUFHEM, BREFRT —ITHFHN
R, EETRRIURE — M HFFPHIEAE . 20 42 40 £ MIT Mo SCIR = R — B 28 4 FH A
MH, SHERBR TR, RN EXLANHEER, R MRIFHHT

REGFE IR —HIFFER. 20280, EFEBRHMBFZRRWUR T, I
KTRERBILBMERHFEBRNER, WE . HRT KB, REGRGERIEERERE
wE, MgAE T KBRS H S, XEHEMIEBROBETAERE TRIFOER. £k, B
EHAYERBTIRARBERAR R GEHES , AREM AT LLERRIA . %5, LU B FRHIZR,
FRHIRTER FHMBRFEARRME, TR B ARNSR, WLERXFFERL, TR
INECE BRI, UG MR, B TSR EMAL RN & ZROBEIB, 51
HE—SESMEE BT SEERH, RHRAREWS | —HISURREY, REFFLH.

—ELK, BT TR TRE T, MR T —4 “ESETS5EEEM RS
FHH, BT EAERANSETRFARIIE, WET 20RMEEEMMSE BRI,
PR T 100 RFFRREBHS, KIFEd 20 RAERABNHRER S, NPHEET 40 BF, HH
FE, BRTHBEERSNA. FS5R%K. BFEESLE., BT, BERE. s 5MS
JiE, BAERBEE AR AEMRAENBERS, BAERERELARNSEH, Wi,
XHEA, ARBIERPX, DA EELER, UHBITHREEERR, FEXEH
BE B | HE R0 SO B R (S S B B AR — e R ,

EXH, REBBBSM TN, XK. BMSSMEF. SEMHROFEEN. &
MEFZINEATT . BB FEFT . MBI ERENESE, ORI THPEHE TFE
i R AR B R 618

HEREZFRRHRBRIBFRARGARHS B TES AR EHHERAEER,
R4, Ty, BHOFSHEMMUTE, —TEXRRENLR. SMEREERF, &
HEBRFN, 2R, WREQAEYE, BRARY, ETEH A%; SIHMEMEENREH
FRENTE, §HxF BA— L8 NABIBRIBEIRE, & B #5 | —Le FRIEE R B
RX#FRNSES; ESENBRHBMARRE, ZHEF HRESURRSM B Rt s) . &
MHNEZXEHMERBHE LRER, FEENEHAEFENKREL, RE—ENER.

A, T "B FSEFEEM RS TABERY, ARES T 5EFEHFEFERE W
ZESE AL, th B EEE X XS BN RZAL . HAHRBEFEPHFENEE, BEERA

#N, LEHEARREIE, '
)
P YN

PE TR L. FHERFEHR
‘BT SEEEM RS HRE RS EE



HORE i B

FEA LK, REFES WL MBI mE MR T RREE, HERYERE
HRBHIHFLZ —. HE, SitR FHMELSLRRHEZML, REEERTTE, HFHE
W% J5 AR AT FEE B MIZEIE . FEFIRFEMA WTO B4 X, HEFE B ikE Es st
FHIRPE

R EREG R L WAttt BRAITRAKTE LB THEEBRRNEE ), B4
EF I ESMEF T SEFRBRAREM AL L BEHRERN TANERME L. 72000 4%
2001 (1], FAtde/m Mt R &L AR AT I HEHAR T 40 RFWEHE, BT —F “ESMTEIRFE
R, 2 ERBEAREWERT 23] TYGRAEE, B3] 7 EEURE) KREIE SR
THERFNEE.

SIHER IR — L EAME T B T 5B fFE, UHRA RIS —MIURREM , KA B
FRERG LML A BEREFENNEARNA WA B TREENER T 58 FHY¥ TES
SR ARG R PR R KT . RIEREME R BUR . #EH CET “+ 17 S ER S EH
PRI S BRI ) AR R R LA B R S B AL B AT SR R A 2 P AL, RATHRAE S | 3 “ESheR T
SE{EHM RS, HEE R T KR LI, K| # i ES b T 5B E Sk B BbrE 4
HARE , HAPREEMA G BHNES RRER I aERRE SN, FS9RE. B
FESLE ., Ml F . BERE. BHHSMES, KPRAFMLLIREBEM, tATAERE
M, LUEMARBER . ARE L REBREITAEX B EER, 7 RIER B M Aa h4
B ROTEHK S EIMARR 2, RRSEHE L — BB SRRR, A RIRBUTRMRE B

A, “ESMNEF SEEB RS] B5 IR YRR T H AR S RIRK S SRR
8, b5 HEMOED “BERESFRETEENE S IRREUHFEERERL”
M, SR E R SHE RNME, AAT “BERREHF AREE—BEMIFERRE
5EARZINBERA

HIT R RPN BA B LR, ROTEE THERSE, R, ERERE R BATHRE
K RER¥ ., WEIGEKRYE, KEBRFE, LA TR, TR, PR, /R
BT K% FRCE R EEARRNEENE TS S8 WBIFNER TIE FSHEE
ENE T 5EETIIRERRRENAE, PAFENEELE, 1R HB= R MRA LRIET
bt i B BRI L AR TT AR S HER . BRATFEIXH 1B F B T S B R Z LR
e Mo, X F B, BRIIXE TR 0; S FAESURHFRIMER, RITES 51F
FHERLE . N _E T BENRRE T, B—#17 TBIT; R, RO, #E. BDRRERT T
FERRER

Sha, BITK#—HaRRE&RREMNETIXRR, FH5IHESHEIMBHM B FES
%4, AR EB T SE FHAR B RSEHK TS . i TR ENSME FSEEHTR AR
Ui — e R EROAR R, 7R, B, MRS IR TAEP SR SR ERSNM T, BE
RITAE FiSEE 18 M R,

BT ol At



pa
=

4 H R ZE

£ % rE TRBER L TEEREER

Bl EAE b SR JEEHRER R2FRK . R AT

wmTE BBEEHRAREK, PEETFESSL. BHEEK
PEBEEESESFHEE . AR

MR HERFHER, AR, BT IRASET. HBESHEWRIK
HEWRTEEAFS TRELVHFERIIERREER
HHRFFEINTF T A BRI

it JeFREHEZ., MEERIM, HTF¥RET

BEE FAL i PR KEHER . BT
HEEF¥SHEE . [EEEST

FRATAT R KL, AR

HRIE4R KERFRIREK, #8%. BL4ESm
HERHE FEER¥ S TEBLUHFERFFERSER

BTk F R ERFHETE . LA
HEHSEBBAR¥BRK ., BRI
B 45 B 20 2 B 2 B R

gk BEAk EEMS R KEHFR, HEERE, B ER TRE¥REK
HETH TR SRR EARAMIPEH RN ER AR T AER
PR A S S

HEE R R AFRIRK . B8, BLA S
HERBFEEA%*5TELX L IHERRIBZRASRIEERR

FittAE PEAGERFRIRK . 88, EL4: I
HEBEHERRE S TEBRIVEF RN ER RN EAER

TR S PN C N a1

BER FEASGEREHE. MEAERM, BT EE SRR TEEERIGK
HEHRHFERESRRFRBERIRASER

XKL JEHRE KR . (P ERRERFR (FUR)) HES T

A JRHREE AR B RIBE K . B TRIR

Xt ¥ PEEFFREESKIBAK, #EEEL
FR I EFRHEZRA F1E

AR E B ol i iRt R R

EE AEREHE. A, S50 %R BB TRTK
BERSFERBTHREMPERFRINEZREEAER

gk 1k MRE T K E . A4S, BF5FEBEARERK

FjE PIRISCE KR . AR, FEAEE5HRERREK

pali

~

H
il



Preface to the Second
Edition

I originally wrote The Art of Analog Layout as a companion volume to a series of
lectures. Many people encouraged me to publish it. At first I was reluctant to do so,
for I thought that it would find a rather limited audience. Publication has proven my
concerns quite unfounded. To my astonishment, The Art of Analog Layout has even
been translated into Chinese!

The passage of several years has alerted me to the limitations of the first edi-
tion and prompted an extensive revision. Every chapter has been examined and
corrected. Many new passages have been added, along with some 50 new illustra-
tions to accompany them. New topics introduced in the second edition include the

following:

¢ Advanced metallization systems
Dielectric isolation

Failure mechanisms of MOS transistors
Integrated inductors

MOS safe operating area

Nonvolatile memory

In preparing this edition, I have drawn extensively upon the experience and wis-
dom of my colleagues at Texas Instruments. I have also made constant reference to
the resources available upon the IEEE Xplore website, most particularly those con-
tained in the IEEE Journal of Electron Devices. I thank all the many people who
have contributed to my own understanding or who have corrected my many mis-
takes. A work of this length and magnitude will never prove perfect, but the second
edition greatly improves upon the first.

ALAN HASTINGS



Preface to the First Edition

An integrated circuit reveals its true appearance only under high magnification. The
intricate tangle of microscopic wires covering its surface and the equally intricate
patterns of doped silicon beneath it, all follow a set of blueprints called a layout. The
process of constructing layouts for analog and mixed-signal integrated circuits has
stubbornly defied all attempts at automation. The shape and placement of every
polygon requires a thorough understanding of the principles of device physics, semi-
conductor fabrication, and circuit theory. Despite 30 years of research, much re-
mains uncertain. What information there is lies buried in obscure journal articles
and unpublished manuscripts. This textbook assembles that information between a
single set of covers. While primarily intended for use by practicing layout designers,
it should also prove valuable to circuit designers who desire a better understanding
of the relationship between circuits and layouts.

The text has been written for a broad audience, some of whom have had only lim-
ited exposure to higher mathematics and solid-state physics. The amount of mathe-
matics has been kept to an absolute minimum, and care has been taken to identify
all variables and to use the most accessible units. The reader need only have a famil-
iarity with basic algebra and elementary electronics. Many of the exercises assume
that the reader also has access to layout editing software; but those who lack such
resources can complete many of the exercises with pencil and paper.

The text consists of 14 chapters and five appendices. The first two chapters pro-
vide an overview of device physics and semiconductor processing. These chapters
avoid mathematical derivations and instead emphasize simple verbal explanations
and visual models. The third chapter presents three archetypal processes: standard
bipolar, silicon-gate CMOS, and analog BICMOS. The presentation focuses upon
development of cross sections and the correlation of these cross sections to con-
ventional layout views of Sample devices. The fourth chapter covers common fail-
ure mechanisms and emphasizes the role of layout in determining reliability.
Chapters 5 and 6 cover the layout of resistors and capacitors. Chapter 7 presents
the principles of matching, using resistors and capacitors as examples. Chapters 8
through 10 cover the layout of bipolar devices, while Chapters 11 and 12 cover the
layout and matching of field-effect transistors. Chapters 13 and 14 cover a variety
of advanced topics, including device mergers, guard rings, ESD protection struc-
tures, and floorplanning. The appendices include a list of acronyms, a discussion of
Miller indices, sample layout rules for use in working the exercises, and the deriva-
tion of formulas used in the text.

ALAN HASTINGS



Acknowledgments

The information contained in this text has been gathered through the hard work of
many scientists, engineers, and technicians, the vast majority of whom must remain
unacknowledged because their work has not been published. I have included refer-
ences to as many fundamental discoveries and principles as I could, but in many
cases | have been unable to determine original sources.

I thank my colleagues at Texas Instruments for numerous suggestions. I am espe-
cially grateful to Ken Bell, Walter Bucksch, Taylor Efland, Lou Hutter, Clif Jones,
Alec Morton, Jeff Smith, Fred Trafton, and Joe Trogolo, all of whom have provided
important information for this text. I am also grateful for the encouragement of Bob
Borden, Nicolas Salamina, and Ming Chiang, without which this book would never
have been written.



Contents

1 Device Physics 1

1.1 Semiconductors 1
1.1.1. Generation and Recombination 4
1.1.2. Extrinsic Semiconductors 6
1.1.3. Diffusion and Drift 9

1.2 PN Junctions 11
1.2.1. Depletion Regions 11
1.2.2. PN Diodes 13
1.2.3.  Schottky Diodes 16
1.2.4. Zener Diodes 18
1.2.5. Ohmic Contacts 19

1.3 Bipolar Junction Transistors 21
1.3.1. Beta 23
1.3.2. I-V Characteristics 24

1.4 MOS Transistors 25
1.4.1. Threshold Voltage 27
1.4.2. I-V Characteristics 29

1.5 JFET Transistors 32

1.6 Summary 34

1.7 Exercises 35

2 Semiconductor Fabrication 37
2.1 Silicon Manufacture 37
2.1.1. Crystal Growth 38
2.1.2. Wafer Manufacturing 39
2.1.3.  The Crystal Structure of Silicon 39
2.2 Photolithography 41
2.2.1. Photoresists 41
2.2.2. Photomasks and Reticles 42
22.3. Patterning 43
2.3 Oxide Growth and Removal 43
2.3.1. Oxide Growth and Deposition 44
23.2. Oxide Removal 45
2.3.3. Other Effects of Oxide Growth and Removal 47
2.3.4. Local Oxidation of Silicon (LOCOS) 49
2.4 Diffusion and Ion Implantation 50
24.1. Diffusion 51
2.4.2. Other Effects of Diffusion 53
2.43. IonImplantation 55

11 -



25

2.6

2.7

2.8
29

Silicon Deposition and Etching 57

2.5.1.
2.5.2.
2.53.

Epitaxy 57
Polysilicon Deposition 59
Dielectric Isolation 60

Metallization 62

2.6.1.
2.6.2.
2.6.3.
2.64.
2.6.5.

Deposition and Removal of Aluminum 63

Refractory Barrier Metal 65

Silicidation 67

Interlevel Oxide, Interlevel Nitride, and Protective Overcoat 69
Copper Metallization 71

Assembly 73

2.7.1.
2.7.2.

Mount and Bond 74
Packaging 77

Summary 78
Exercises 78

Representative Processes 80
Standard Bipolar 81

31

3.2

3.1.1
3.1.2.

Essential Features 81
Fabrication Sequence 82
Starting Material 82
N-Buried Layer 82
Epitaxial Growth 83
Isolation Diffusion 83
Deep-N+ 83

Base Implant 84
Emitter Diffusion 84
Contact 85
Metallization 85
Protective Overcoat 86
“Available Devices 86
NPN Transistors 86
PNP Transistors 88
Resistors 90
Capacitors 92
Process Extensions 93
Up-Down Isolation 93
Double-Level Metal 94
Schottky Diodes 94
High-Sheet Resistors 94
Super-Beta Transistors 96

Polysilicon-Gate CMOS 96

32.1.
3.22.

Essential Features 97

Fabrication Sequence 98

Starting Material 98

Epitaxial Growth 98

N-Well Diffusion 98

Inverse Moat 99

Channel Stop Implants 100

LOCOS Processing and Dummy Gate Oxidation 100
Threshold Adjust 101



Polysilicon Deposition and Patterning 102
Source/Drain Implants 102
Contacts 103
Metallization 103
Protective Overcoat 103
3.2.3. Available Devices 104
NMOS Transistors 104
PMOS Transistors 106
Substrate PNP Transistors 107
Resistors 107
Capacitors 109
3.2.4. Process Extensions 109
Double-Level Metal 110
Shallow Trench Isolation 110
Silicidation 111
Lightly Doped Drain (LDD) Transistors 112
Extended-Drain, High-Voltage Transistors 113
3.3 Analog BiCMOS 114
3.3.1. Essential Features 115
3.3.2. Fabrication Sequence 116
Starting Material 116
N-Buried Layer 116
Epitaxial Growth 117
N-Well Diffusion and Deep-N+ 117
Base Implant 118 .
Inverse Moat 118
Channel Stop Implants 119
LOCOS Processing and Dummy Gate Oxidation 119
Threshold Adjust 119
Polysilicon Deposition and Pattern 120
Source/Drain Implants 120
Metallization and Protective Overcoat 120
Process Comparison 121
3.3.3. Available Devices 121
NPN Transistors 121
PNP Transistors 123
Resistors 125
3.3.4. Process Extensions 125
Advanced Metal Systems 126
Dielectric Isolation 126
34 Summary 130
3.5 Exercises 131

4 Failure Mechanisms 133
4.1 Electrical Overstress 133
4.1.1. Electrostatic Discharge (ESD) 134
Effects 135
Preventative Measures 135
4.1.2. Electromigration 136
Effects 136
Preventative Measures 137

- 13 -



4.2

4.3

4.4

45
4.6

4.1.3. Dielectric Breakdown 138
Effects 138
Preventative Measures 139
4.1.4. The Antenna Effect 141
Effects 141
Preventative Measures 142
Contamination 143
42.1. Dry Corrosion 144
Effects 144
Preventative Measures 145
4.2.2. Mobile Ion Contamination 145
Effects 145
Preventative Measures 146
Surface Effects 148
43.1. Hot Carrier Injection 148
Effects 148
Preventative Measures 150
43.2. Zener Walkout 151
Effects 151
Preventative Measures 152
4.33. Avalanche-Induced Beta Degradation 153
Effects 153
Preventative Measures 154
4.34. Negative Bias Temperature Instability 154
Effects 155
Preventative Measures 155
4.3.5. Parasitic Channels and Charge Spreading 156
Effects 156
Preventative Measures (Standard Bipolar) 159
Preventative Measures (CMOS and BiCMOS) 162
Parasitics 164
4.4.1. Substrate Debiasing 165
Effects 166
Preventative Measures 167
4.42. Minority-Carrier Injection 169
Effects 169
Preventative Measures (Substrate Injection) 172
Preventative Measures (Cross-Injection) 178
4.4.3. Substrate Influence 180
Effects 180
Preventative Measures 180
Summary 183
Exercises 183

Resistors 185

5.1
52
53

S 14 -

Resistivity and Sheet Resistance 185
Resistor Layout 187

Resistor Variability 191

5.3.1. Process Variation 191

5.3.2. Temperature Variation 192



54
5.5

5.6

57
58

5.3.3. Nonlinearity 193
5.34. Contact Resistance 196
Resistor Parasitics 197
Comparison of Available Resistors. 200
5.5.1. Base Resistors 200
5.5.2. Emitter Resistors 201
5.5.3. Base Pinch Resistors 202
5.5.4. High-Sheet Resistors 202
5.5.5. Epi Pinch Resistors 205
5.5.6. Metal Resistors 206
5.5.7. Poly Resistors 208
5.5.8. NSD and PSD Resistors 211
5.5.9. N-Well Resistors 211
5.5.10. Thin-Film Resistors 212
Adjusting Resistor Values 213
5.6.1. Tweaking Resistors 213
Sliding Contacts 214
Sliding Heads 215
Trombone Slides 215
Metal Options 215
5.6.2. Trimming Resistors 216
Fuses 216
Zener Zaps 219
EPROM Trims 221
Laser Trims 222
Summary 223
Exercises 224

Capacitors and Inductors 226

6.1

6.2

6.3
6.4

Capacitance 226
6.1.1. Capacitor Variability 232
Process Variation 232
Voltage Modulation and Temperature Variation
6.1.2. Capacitor Parasitics 235
6.1.3. Comparison of Available Capacitors 237
Base- Emitter Junction Capacitors 237
MOS Capacitors 239
Poly-Poly Capacitors 241
Stack Capacitors 243
Lateral Flux Capacitors 245
High-Permittivity Capacitors 246
Inductance 246
6.2.1. Inductor Parasitics 248
6.2.2. Inductor Construction 250
Guidelines for Integrating Inductors 251
Summary 252
Exercises 253

Matching of Resistors and Capacitors 254

71

Measuring Mismatch 254

233

.15 .



7.2

7.3

7.4
7.5

Causes of Mismatch 257
7.2.1. Random Variation 257
Capacitors 258
Resistors 258
7.2.2. Process Biases 260
7.2.3. Interconnection Parasitics 261
7.2.4. Pattern Shift 263
7.2.5. Etch Rate Variations 265
7.2.6. Photolithographic Effects 267
7.2.7. Diffusion Interactions 268
7.2.8. Hydrogenation 270
7.2.9. Mechanical Stress and Package Shift 271
7.2.10. Stress Gradients 274
Piezoresistivity 274
Gradients and Centroids 275
Common-Centroid Layour 277
Location and Orientation 281
7.2.11. Temperature Gradients and Thermoelectrics 283
Thermal Gradients 285
Thermoelectric Effects 287
7.2.12. Electrostatic Interactions 288
Voltage Modulation 288
Charge Spreading 292
Dielectric Polarization 293
Dielectric Relaxation 294
Rules for Device Matching 295
7.3.1. Rules for Resistor Matching 296
7.3.2.  Rules for Capacitor Matching 300
Summary 303
Exercises 304

Bipolar Transistors 306
8.1 Topics in Bipolar Transistor Operation 306

8.2

83

.16 -

8.1.1. Beta Rolloff 308

8.1.2. Avalanche Breakdown 308

8.1.3. Thermal Runaway and Secondary Breakdown 310

8.1.4. Saturation in NPN Transistors 312

8.1.5. Saturation in Lateral PNP Transistors 315

8.1.6. Parasitics of Bipolar Transistors = 318

Standard Bipolar Small-Signal Transistors 320

82.1. The Standard Bipolar NPN Transistor 320

: Construction of Small-Signal NPN Transistors 322

8.2.2. The Standard Bipolar Substrate PNP Transistor 326
Construction of Small-Signal Substrate PNP Transistors 328 .

8.2.3. 'The Standard Bipolar Lateral PNP Transistor 330
Construction of Small-Signal Lateral PNP Transistors 332

82.4. High-Voltage Bipolar Transistors 337

8.2.5. Super-Beta NPN Transistors 340

CMOS and BiCMOS Small-Signal Bipolar Transistors 341

8.3.1. CMOS PNP Transistors 341

8.3.2. Shallow-Well Transistors 345



10

83.3. Analog BiCMOS Bipolar Transistors 347
8.3.4. Fast Bipolar Transistors 349
8.3.5. Polysilicon-Emitter Transistors 351
8.3.6. Oxide-Isolated Transistors 354
8.3.7. Silicon-Germanium Transistors 356

8.4 Summary 358

8.5 Exercises 358

Applications of Bipolar Transistors 360
9.1 Power Bipolar Transistors 361
9.1.1.  Failure Mechanisms of NPN Power Transistors 362
Emitter Debiasing 362
Thermal Runaway and Secondary Breakdown 364
Kirk Effect 366
9.1.2. Layout of Power NPN Transistors 368
The Interdigitated- Emitter Transistor 369
The Wide-Emitter Narrow-Contact Transistor 371
The Christmas-Tree Device 372
The Cruciform-Emitter Transistor 373
Power Transistor Layout in Analog BiCMOS 374
Selecting a Power Transistor Layout 376
9.1.3. Power PNP Transistors 376
9.1.4. Saturation Detection and Limiting 378
9.2 Matching Bipolar Transistors 381
9.2.1. Random Variations 382
9.2.2. Emitter Degeneration 384
9.23. NBL Shadow 386
9.24. Thermal Gradients 387
9.2.5. Stress Gradients 391
9.2.6. Filler-Induced Stress 393
9.2.7.  Other Causes of Systomatic Mismatch 395
9.3 Rules for Bipolar Transistor Matching 396
9.3.1.  Rules for Matching Vertical Transistors 397
9.3.2. Rules for Matching Lateral Transistors 402
9.4 Summary 402
9.5 Exercises 403

Diodes 406
10.1 Diodes in Standard Bipolar 406
10.1.1. Diode-Connected Transistors 406
10.1.2. Zener Diodes 409
Surface Zener Diodes 410
Buried Zeners 412
10.1.3. Schottky Diodes 415
10.1.4. Power Diodes 420
10.2 Diodes in CMOS and BiCMOS Processes 422
10.2.1. CMOS Junction Diodes 422
10.2.2. CMOS and BiCMOS Schottky Diodes 423
10.3 Matching Diodes 425
10.3.1. Matching PN Junction Diodes 425

.17 -



10.3.2. Matching Zener Diodes 426
10.3.3. Matching Schottky Diodes 428
104 Summary 428
10.5 Exercises 429

11 Field-Effect Transistors 430
11.1 Topics in MOS Transistor Operation 431
11.1.1. Modeling the MOS Transistor 431
Device Transconductance 432
Threshold Voltage 434
11.1.2. Parasitics of MOS Transistors 438
Breakdown Mechanisms 440
CMOS Latchup 442
Leakage Mechanisms 443
11.2 Constructing CMOS Transistors 446
11.2.1. Coding the MOS Transistor 447
Width and Length 448
11.2.2. N-Well and P-Well Processes 449
11.2.3. Channel Stop Implants 452
11.2.4. Threshold Adjust Implants 453
11.2.5. Scaling the Transistor 456
11.2.6. Variant Structures 459
Serpentine Transistors 461
Annular Transistors 462
11.2.7. Backgate Contacts 464
11.3 Floating-Gate Transistors 467
11.3.1." Principles of Floating-Gate Transistor Operation 469
11.3.2. Single-Poly EEPROM Memory 472
11.4 The JFET Transistor 474
11.4.1. Modeling the JFET 474
11.4.2. JFET Layout 476
11.5 Summary 479
11.6 Exercises 479

12 Applications of MOS Transistors 482
- 12.1 Extended-Voltage Transistors 482

12.1.1. LDD and DDD Transistors 483

12.1.2. Extended-Drain Transistors 486
Extended-Drain NMOS Transistors 487
Extended-Drain PMOS Transistors 488

12.1.3. Multiple Gate Oxides 489

12.2 Power MOS Transistors 491

12.2.1. MOS Safe Operating Area 492
Electrical SOA 493
Electrothermal SOA 496
Rapid Transient Overload 497

12.2.2. Conventional MOS Power Transistors 498
The Rectangular Device 499
The Diagonal Device 500
Computation of Ry, 501

- 18 -



