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Well 1.1 Width 10 12 12
' 12 Spacing to well at different potential 9 18 18
13 Spacing to well at same potential 6 6 6
Active 2.1 Width 3 3 3
| (diffusion) 22 Spacing to active 3 3 3
' 23| Source/drain surround by well 5 6 6
_ 124 | Substrate/well contact surround by well 3 3 3
i 125 | Spacing to active of opposite type 4 4 4
| Poly L 31 - Width | 2 2 2
132 Spacing to poly over field oxide 2 3 3 |
1322 Spacing to poly over active 2 3 4
{33 Gate extension beyond active 2 2 25
134 Active extension beyond poly 3 3 -4
|35 Spacing of poly to active 1 1 1
Select [ 4.1 Spacing from substrate/well contact to gate 3 3 3
42 | Overlap of active 2 2 2|
(43~ Overlap of substrate/well contact 1 1 15
44 Spacing to select B T ] 4
Contact | 5.1,6.1 Width (exact) 2 2 2
(to poly | 5.2b,6.2b Overlap by poly or active 1 1 1
oractive) 5363 | Spacing to contact T TR
' 154,64 Spacing to gate 32 2 2
's5b Spacing of poly contact to other poly 4 5 5
5.7,6.7b | Spacing to active/poly for multiple poly/active contacts | 3 3 3
| 68> Spacing of active contact to poly contact L N 4
Metall 7.1 Width 3 | 3 3|
(72 Spacing to metall 2 3| 3
[ 73,83 Overlap of contact or via 1 1 1
74 Spacing to metal for lines wider than 10\ 4 6 6
Vial- 18.1,14.1,... | Width (exact) 2x2 2x2 3x3
Via(N-1) (g2, 142, ... | Spacing to via on same layer g 3 3 3|
8.4 | Spacing to contacts (if no stacked vias) T 7 2 n/a
85 Spacing of vial to poly or active edge 2 2 | o
1 144 Spacing of via2 to vial (if no stacked vias) 2 2 n/a
Meul2- | 91,... Width 3 3 3
| Metal(N-1) 1932, ... | Spacing to same layer metal 3 3 4
193,... | Overlapofvia T 1 1 1
i I 94,... Spacing to metal for lines wider than 10 A R 6 6 8
Mcald | 15.1 Width 6 5 oa
(-layer 152 | Spacing to metal3 4 | 3 n/a
process) {53 Overlap of via2 T 7 2 /a
154 | Spacing to metal for lines wider than 10 X 8 6 n/a

S



{BhRE 8915

XEELURE, BREENEZEBMNESERNFERE, FRFERESRBRENS
ANGUREE T 2RSS, hIERXHNEL, FXEARBEBERRBHANTLERLKE
. BRI, ERLLRERS, EENT LR SHEFFELBEFERE A, HRILFEFHD
HIF 2 £ WAL RN SR BB F N Btk Rkm™ERS2 R EEE, AR THR
HITERE, LHETHEANEE, BEBEFANE, XAR¥EEITE, KNEHASSZESE AWK

LA, ERRELMARBNEZ T, REMIFEILERRRE, S bAANFERAE
Byl XM HENET MR ERERIE, Wk e hBEMRIRERE SR LD
BEEIRE. EREBEERREMEEE. MIEARBRLCHBERT, %@%Z‘iﬁi[}@%ﬂiﬁﬂ“
ROLR R RO ERBIENSHEM A T S EREE 20, Wik, shik—#EMEFEIT
BLEM M BETENBEETFLORBEBROEEEH, L2 5HFE0. BiRHEMH
F—mMKENLHZE.

PUR Tk Hi A e B E U E B ARA R R EIRE “HREABFIRS. HI9984ETTIE,
EFAFARE LHERESARETHE. BEREMBEM L. 23 ENTRE D, BNE
Prentice Hall, Addison-Wesley, McGraw-Hill, Morgan KaufmannZ{ R E A HIRATBRTY TR
WHIATERER, MNel13 AR E 84t 8% H Tanenbaum, Stroustrup, Kernighan, Jim
GrayF K&K —{LsufEdh, UL “THENEEAE” HESFREAR, kg, HRERE
. KREOSGERMHE, hEERB TXEABIRSMAKE.

“HENEHEAS” BB TERS TENIMEENRHER, BNRNERAERM T hE
Wk R, ARG EHBRETHIFMERNIE mEBHEELHEYRERENAEDRE
LR, AMTTBARBHTERER. &4, “HERZEAE SR TETA L,
XERBEEREDR L T REBOE, AHFLERRANERBEM NS EHBE, it —5#H
I"ERBAT N T RCHER.

BiEZ R BRSPS EMBEM K ENRFEL, BFRXEIMNIEILEMHERRNR
HWEA—ANFHINER. Ak, EBEATEMRSIEBHODE, £ “LEEE” HAERZT
HAR =A RSB N B B “HHRALEHEAS” 240, SRENRRA b, N8I B
“BRRRRBE 5 FF, SIELEBTHBFEH ST “Schaum’s Outlines” RFVHK “2EL
WEERIRIN. ATRIEBX=ZEABOBURYE, R T B 2R MmERITIRS, &
EAGRETHEBEER. tak®. FERkE EPREAY. FELKY. LEEKRE.
BXR%E. WHLK%. PEBHHE KRS, BWRETEXRY. BLEAKRE. FEARKE. X



MR K. ertBiks, k. MEEBTASE. BMXE. BLTHER. +EHE
KiE BREMEPNEP LDEFEENEAKRENRPIAETEILNEN BN ELEEAR %
KEFERE, ARMHBELEBERLME R RE.

X S EENAS RN L B R AR AR R SMREM S B, AR NSRRI ENLR AR TR
HPEHITEN. PS8 4M. L T., Stanford, U.C. Berkeley, C. M. U. Z 55 4
KEFKH. AUHEETERFEY. BEEH. BERS. HEWBRESW. BBE. RFR
M. OROTE. AEY. BESME. SEEFZERNREHENLS LS EFENELIRE,
mMA&R¥HE—ANHBEFTRUTEZF. ANFLE=THERAE. ARNCHE2HMFWILE
Frd R M. FEX R RGE R AR ATERIRS | 2 F, iRE SR ET BB E b f i
MAE.

BUSHITER . MM . —REE. TROHER. KANmE, XERNEERNMTE
BAETREMRIE, ERMOGVERERERE, IRKMUERLERBILERX &R BRME
BB . BMAHRRRBANGERS AR A . LB BIYG B AiEE R AT TR H
BUSA THRIE, BIOWREASZEMT:

L FHEfE:: hzedu@hzbook.com
BZMiE: (010) 68995264
BARMAE: AR TERE R EREEHS
BB 4aES: 100037



i
FR
3

0o

v
1

EhE

4
AR
S3-FS
14

£

ERESERE

(¥4 | T )
2 5
EF
)R
A4
R 3
sta &
¥
#

Z
i3

L oM
X%
FrT
I 18 2%
Rl S
G2
2 e

£ KA
% %
e
A
£
Je R
STE



-

Bl =

HABHIRHRLOKFI204E ], CMOSHEARELEARE FRERIHHRE T BENHA,
HIZHATAAUEN. BABE2REREER 1044, CMOSE ARRIFFEE K R (E17 Internet 1
@R LR, BTt WREEEIN R UK RFIEK.

FIR E2hR 3R
4 1985 1993 2004
sk 105 ~ 108 108 ~ 107 108 ~ 10°
Bt hag 107 108 10°
R $25B $60B $170B

BEFREABRDT RMELEI0FEFERBRIZFHHHERRR. BAESFERMH
R, BT aAEREME RN, RN MU RMCAD TR RA, X
BB A T E R,

sy Al A 43

AP E N B RS R E R EROAE, EFARS [ TVLSHRR, X T5
FARBOE G, TR TR, &R —hfANEZom. RISk
LR . IR T AMNE, MRS AR T R TE, mRABER
BRI/ , RTLUSAARIER N A TR A R85 —JE Bkt . AR5 % R B4 %
P PR ik |

RACLRE SR HELETEERRES. M TABOAT, RIEESHRERD
BERZAHCES. ROMABERATHAS B0 EMNRERE T ER0E% 00,
BRI Tl 5 rh BT B OB SRR, R BIDRO R IR IR T 2% . BB AR ML,
X Ptk LB U 25 OB TR AR IR, (BRI A ORISR 53 TF R AR5 O B

FHEYRIEL

EFHMP ROCASHBHEESENTIEEN. BRATHEIMMPERET KEHH T
. A XM UER BRISEHBMEE (www.aw-be.com/weste) 3, 24 F A5 B4t
FHAE:

o FRFE I P SAIMALER R XTI LB IR E T,

* SR RIRICAD T A ALt B B S VLSIRFER S E S .

o WLIEER S IR B RWEA RETH .



vii

U s FR 4R Bh AL RHEL

« RPIRERIRMN.

* VLSIA[ TIRBHIBELIITH .

« BESIEREVIBINIE S FH.

XEEHPELR B A AR BEFNBEITREN, HRR X4 HAAddison-Wesley iR A
WS {4 aw.cse@aw.comLAR T anfal 13 Blix Lo bPRHAU AR B .

Brint

B (Neil) B EEBRIHAZEEN A EEDavid Harris, fh#fifs th Bk 5 1Z%M0AT AR B 4FHI%
K. BARBOEEEH, IEBAZEE. TN ERMWARKIIEAAvl, #h/Lk=%FH
RiETHE: “BAFERT” —HEX—-KRRF.

G RMWIOER, REBRVRAF -EAEERGFEE/BRAKTE. HEATRLEXLFESH
HHICMOS HLEE AR A HOMBES Bl A = anif. X B2 MAZ| TiXAM A+ . Gordon Foyster
WE THEBEIRUF R Apostscriptl ik, XAEIVEF T RBABRMREER W BILH TIE.
Steve Averygk Zn{af ALFRHERE T 224 i, I HH &R EB L MR . Geoff Smithy
A TEIFEADRG BMALKH T, H S5Gordon—&HM4E 7%t H LRI . Jared Andersons
& TH8REh B 4BHIMATLABHINCOA i, . Phil Ryan. Greg ZynerfiMike Webb# fit 7 ¥+ %
SRt E R R . Andrew Adams. Jeffrey Harrisonf1John OlipfE 54558 35S T .
Rodney Chandler $#2{it T ADCHIERSFNSLE. Brian Hart3y8 122 vh f(JINL/DNLEE ¥ T 55K .
Tom McDermotti ## T 48 F FH AT FERE . Chris Corcorandi i H K 74 ey i LA B &
LB A TR R AR 8, (R S k. John O’SullivaniR ff T AR b iy — £
HB|hH,

Bronwyn Forde#4F T J58hi28). Dave LeonardfIBill Rossi AL H#& T T % . B, RE
ABATVZ BB R T U R A0 K IR 55 Ik Bk fn i K Dave Skellern, Chris BeareF1Don
MacLennan, HEHERRFEN FXNMBITRAES THLE.

HE2RMLL, F2REEDFEHEEMNN T ESR RN, FAMNREEMacintoshn
Symbolics Ivory’b# 2. X/AMRAEEREH BT I0ERELE RMEREEN. XA RAE
& TEATFRAFNEFHR S HRKE. WRIEFHLHH LS MADSLAYNZ, PCFiMachk |- %
R AREXNMEITRR P LA K RAEE 1R GLLEAE (] 3tb L FDAE T B R T VERURE D .

#* (David) Rt 5% —&E TIELFEMMFENERIE I EMark Horowitz. Jonathan Allen.
Bill Dally, Ivan Sutherland. Jason Stinson. Sam Naffziger. Tom Fletcherf#{fH $H#JHorowitz/»
H, RABMEWTRINRBRAG . RELRBEAT A BEEEMNBEERMNIR. RBER
BHE BOR 447 |5 2B Peter Cheung, fh7E— MU TEEMERBH T H.

BATVRHA RN FE B EHENLKNMB L A, 1R Bharadwaj “Birdy” Amrutur, Jacob
Baker. Kerry Bernstein, Neil Burgess. Krishnendu Chakrabarty, C.K.Chen. Bill Dally, Nana

Dankwa, Azita Emami-Neyestanak. Scott Fairbanks. Tom Fletcher, Jim Frenzel, Claude




viii

Gauthier. Ron Ho. David Hopkins. Nan “Ted” Jiang. Marcie Karty. Stephen Keckler,
Fabian Klass. Torsten Lehmann. Rich Lethin., Michael Linderman. Dean Liu., Wagdy
Mahmoud. Ziyad Mansour. Simon Moore. Alice Parker., Braden Phillips. Parameswaran
Ramanathan. Justin Schauer. Ashok Srivastava, James Stine. Gu Wei. Ken Yang#/IEvelina
Yeung. Jaeha Kim. Tom GrutkowskifiCecilia Krasuk & K¥5 Rt T 2 MO AR . 7F
B, BATDRIBRWIFHBE R RKE.

B TSMCHF R B 1EVF £ 6l F o (£ /A 180nm SPICERE A, MOSIS Service A4k £ [ H it
PR T EMHANISPICES Bt . Artisani2 it TTSMC 180nmit & & HISIE# 51. Harvey Mudd
F#het@ it T HKevin Mapp#ri#fy:8 B . Steve Rubini i T A F 7™ A 1 £ 4 RN FF I IR ARG .+
GRERES . ‘

% B ILAS 2 BIRIRTH#R B AR A 791290 R i it IR “war stories” . TR iR
{r1fy “war stories”, JREAEAD TMRARIBENZ . BB FBGOTE/DEMERTTE,
PRI AL B Rrbugt B2, FFLASE 15 H B 0 18] B RS IE O O L5 3K

2002, 2003F120044E % f£Harvey Mudd2#EzfJE158 CMOS VLSIiREEF17E£Qualcomm and Sun
Microsystemsfy TG IRE LA T HREEMER. $BRMSGH ARG TR A $EMatt Aldrich,
Kevin Alley, Chi Bui., Ayoob Dooply. Trevor Gile. Brad Greer, Shamit Grover. Eric
Henderson, Nick Hertl, Nicole Kang. Clark Korb. Karen Lee. Li-Jen Lin. Michael Linderman.
Mark Locascio, Renee Logan., Dimitrios Lymberopoulos. Khurram Malik, Charles Matlack.
Joe Petolino, Geoff Shippee. Joshua Smallman. Keith Stevens. Aaron Stratton. Yushi Tian.
Daniel WoofflAmy Yang.,

Harvey MuddZ£PBE R Genevieve Breed. Matthew Erler, Tommy Leung#1David DiazJf & T {R
ZHEL BRI EFIE R . David Diaz, Sean KaoFiDaniel Lee%‘}ﬁj}%ﬁtTHarvey Mudd=£EE /Y
MIPSHE#E 48 K. Max Yigh i T Bt S AFFH 3 B FIMIPS L6

Addison-WesleyFI FI 5 B MU IRV P Bl T 4 NSRRI THE. oA 16 51 Bkl S8 Maite
Suarez-Rivas. Matt GoldsteinfJuliet Silveri, ARIE X F 44 Kathy Smith, LA HEABR A RFIET
Gillian Hall,

fEDavidif & 38 )L Sally Harrisgt Q2 E R ENS . tHBEANEEH LA TIFLHIR,
2 (7EDaniel Harrisf)#58) T ) B EZ8BE TE8%EHAH.

BMELERE, Mk RENBHAHREASTEREN, HRBIMBRERN. MEO%iR
RBENECHE K. HEEwww.aw-be.com/weste FIEIIRK, £EBHASIROSER. Ba
BRI A ALY ICF K 1% Flbug@cmosvlsi.com,

N.W.
D.H.
2004%4 A



Contents

ISIGEEN [ntroduction

1.1 ABHef HiSTOTY ..ottt 1
1.2 BOOK SUIMMATIY .o\t tttitenitie et sau e 5
1.3 MOS TYaNSISTOTS « vttt tet et ee e et 7
1.4 CMOS LOGIC. ..ttt 10
1.4.1 TheInverter 10
1.4.2 The NAND Gate 10
1.4.3 Combinational Logic 11
1.44 The NOR Gate 12
1.45 Compound Gates 13
1.4.6  Pass Transistors and Transmission Gates 14
1.47 Tristates 17
1.4.8 Multiplexers 18
1.4.9 Latches and Flip-Flops 20
1.5 CMOS Fabrication and Layout .......... ..ot 23
1.5.1 Inverter Cross-section 23
1.5.2 Fabrication Process 24
1.5.3 Layout Design Rules 28
1.54 Gate Layour 32
1.5.5  Stick Diagrams 33
1.6 Design Partitioning ... 35
1.7 A Simple MIPS MiCrOprocessor .. ............ovouenrncn. 39
1.7.1  MIPS Architecture 39
1.7.2  Multicycle MIPS Microarchitecture 42
1.8 LogicDesign ........cooiiniiiiiiiii 46
1.8.1  Top-level Interface 46
1.8.2 Block Diagram 47
1.8.3 Hierarchy 47
1.8.4  Hardware Description Languages 48
1.9 CircUlt DeSIGN .. ...ouiiii it 49

1.10 Physical Design .................. e eaaeeaiiiiitieesaeasaaeies 52



E¥ conTenTs

1.10.1 Floorplanning 52
1.10.2 Standard Cells 55
1.10.3 Snap-together Cells 55
1.10.4 Slice Plans 59

1.10.5 Areca Estimation 59

1.11 Design Verification ............ .. ... ... i, 60
1.12 Fabrication, Packaging, and Testmg ............................. 61
Summary 63

Exercises 63

IEIISEFE MOS Transistor Theory

2.1 IntrodUuction ...t e 67
2.2 Ideal I-V CharacteristiCs . ......oovr it e 71
2.3 C-VCharacteristiCs . ..ottt e et e e 75

2.3.1  Simple MOS Capacitance Models 75
@® 232 Detailed MOS Gate Capacitance Model 77
® 233 Detailed MOS Diffusion Capacitance Model 80
2.4 Nonideall-VEffects .............. ... . ... 83
241 Velocity Saturation and Mobility Degradation 84
24.2 Channel Length Modulation 86
243 BodyEffect 87
244  Subthreshold Conduction 88
245 Junction Leakage 89
246 Tunneling 90
24.7 Temperature Dependence 90
248 Geometry Dependence 92
249 Summary 92

2.5 DCTransfer Characteristics ..............coiiiuiiiiiiiiiinnnn. 94
25.1 Complementary CMOS Inverter DC Characteristics 94
2.5.2 Beta Ratio Effects 97
253 Noise Margin 98
254 Ratioed Inverter Transfer Function 100
255 Pass Transistor DC Characteristics 101
25.6 Tristate Inverter 102

2.6 Switch-levelRCDelayModels ..................cooiiiiinian 103

VIV AIN Pitfalls and Fallacies || 106

Summary 107
Exercises 108



CMOS Processing Technology

31 INtrodUuCHOon ... e 113

3.2 CMOSTechnologies............................ e 113
3.2.1  Background 113
3.2.2 Wafer Formation 114
3.2.3  Photolithography 115
3.24 Well and Channel Formation 117
3.25 Silicon Dioxide (5:102) 118
3.26 Isolation 119
3.27 Gate Oxide 120
3.2.8 Gate and Source/Drain Formation 121
3.2.9 Contacts and Metallization 124
3.2.10 Passivation 124
3.2.11 Metrology 125

3.3 LayoutDesignRules ........ ... ..o 125
3.3.1  Design Rule Background 126
3.3.2  Scribe Line and Other Structures 130
3.3.3 MOSIS Scalable CMOS Design Rules 130
3.34 Micron Design Rules 134
3.4 CMOS Process Enhancements
3.4.1 Transistors 136
3.4.2 Interconnect 140
34.3 Circuit Elements 141
3.44 Beyond Conventional CMOS 148
3.5 Technology-related CADIssues...................c.oiivnnnn.. 148
3.5.1  Design Rule Checking (DRC) 149
3.5.2 Circuit Extraction 150
3.6 Manufacturinglssues .............. ..o 151
3.6.1 Antenna Rules 151
3.6.2 Layer Density Rules 152
3.6.3 Resolution Enhancement Rules 153

Pitfalls and Fallacies

37
3.8 Historical Perspective ................ccoiiiiiiiiiiiii 154
Summary 154
Exercises 154

conTenTs K



Bl ConTENTS

Circuit Characterization and
Performance Estimation

41 INtrodUCton . ........oott et 157

4.2 Delay Estimation ........... ... ... i 158
4.2.1 RC Delay Models 159
4.2.2 Linear Delay Model 165
423 Logical Effort 166
424  Parasitic Delay 167
@ 425 Limitations to the Linear Delay Model 169

4.3 Logical Effort and Transistor SIzing ............................ 173
4.3.1 Delay in a Logic Gate 173
4.3.2  Delay in Multistage Logic Networks 174
4.3.3  Choosing the Best Number of Stages 178
434 Example 181
43.5 Summary and Observations 183
@ 4.3.6 Limitations of Logical Effort 185
@ 4.3.7  Extracting Logical Effort from Datasheets 185
4

Power Dissipation ....... ... i 186
4.4.1  Static Dissipation 188

44.2 Dynamic Dissipation 190

443 Low-power Design 191

45 INTeICONNECT ... ..ottt e e 196

4.5.1 Resistance 198
452 Capacitance 200
453 Delay 205
454 Crosstalk 207

® 455 Inductance 210

@ 456 Temperature Dependence 216

@® 45.7  An Aside on Effective Resistance and Elmore Delay 216

4.6 Wire ENGINEering ........o.uuuinimntaneitinnaie i 219
46.1 Width and Spacing 219
4.6.2 Layer Selection 219
4.6.3 Shielding 221
4.64 Repeaters 221
4.6.5 Implications for Logical Effort 227
@ 46.6 Crosstalk Control 227
@ 46.7 Low-swing Signaling 229
4.7 DesignMargin ...t 231
4.7.1  Supply Voltage 232
4.7.2 Temperature 232
473 Process Variation 233



