
515

Index

Note: Locators followed by “f” and “t” denote figures and tables in the text

A

Accumulation charge, 96
ACM model, 13
Acoustic phonon scattering, 331–332
Advanced compact MOSFET, 13
Advanced thermal noise model, 264–265
Ambipolar behavior of TFETs, 345
Atoms, donor and acceptor, 27f
Auger recombination, 44
Avalanche breakdown voltage, 72
Avalanche current, low-level, 212
Avalanche regime, 141

B

Back-end process variability, 285
Backward propagation of variance 

(BPV), 296
Band-bending potential

formulation of Poisson’s equation, 
100–103

variation of, 107f
Bandgap widening, 114
Band-to-band recombination, 41, 41f
Band-to-band tunneling (BTBT), 3, 175, 218
Barrier height, 52
Basic model, thermal noise, 264
Berkeley Short Channel IGFET Model 

(BSIM), 7, 324
first generation of, 7
version 4 (BSIM4), 300t, 301–302, 

306t–307t, 423
measured data of nMOSFET, 

429–431f
parameters used in, 186
temperature dependence of, 

208–209
Bipolar junction transistors (BJTs), 1, 371

advanced model, 372
areas of applications, 371

basic features of, 372–374
basic operation, 374
bipolar transistors, 371
compact model, 377–415
components of base charge, 403f
Ebers–Moll (EM) model, 4
EM2 BJT model, 385
EM1 model, 371
equivalent circuit of SGP, 413f
invention of, 4
lateral, 372
mode of operations, 375–377
operating regimes, 4
parasitic circuit elements, 385
physical effects in, 4
Spice Gummel–Poon (SGP) model, 

371–372
summary of compact, 412–415
vertical, 372
very-large-scale-ntegrated (VLSI) 

circuits, 371
Body effect coefficient, 111, 176
Body factor, 137
Boltzmann

constant, 86
distribution, 343, 352
distribution function, 333

Breakdown condition, 72
Breakdown regime, 141
Breakdown voltage, 71–72

avalanche, 72
Brews charge-sheet model, 149
Built-in electric field, formation of, 52f
Built-in potential, 52–54
Bulk-charge coefficient, 162
Bulk-charge effect, 201–202
Bulk-charge model, 160–161
Bulk-charge sharing, 183

short channel effect in MOSFETs 
caused by, 184f

Bulk mobility, 33



516 Index

Bulk resistance, 71
Bulk silicon, carrier mobility in, 32
Buried-halo MOSFET (BH-MOSFET), 

309, 310f
Buried oxide (BOx), 318

C

CAD, See Circuit computer–aided 
design (CAD)

Capacitance, 3
collector-base junction, 373–374
depletion layer, 73
junction, 73–76

Capacitance model, MOSFET, 226–237
intrinsic charges and capacitances, 

226–229
limitations of Meyer model, 236–237
Meyer model, 229–236

Capacitance-voltage (C–V) 
characteristics, 2, 426

deep depletion, 119–121
high frequency (HF), 119
of ideal MOS capacitor system, 120f
low frequency (LF), 115–119, 122f

Capacitance-voltage (C–V) model, 274
common multigate, 336–338
independent multigate, 338–340

Carrier density fluctuation model, 266
Carrier generation (G), 39
Carrier injection, 40
Carrier mobility, temperature 

dependence of, 209
Carrier recombination (R), 39
Centerline process technology, 294
Channel length modulation (CLM), 157, 

175, 250
early voltage due to, 204
effect of, 159f

Channel region, 132
Charge-based capacitance models, 229

channel charge partition, 239
channel length modulation 

(CLM), 250
lightly doped drain (LDD), 250
long channel capacitance model, 

246–247
long channel charge model, 241–246
Miller effect, 247

short channel capacitance model, 250
short channel charge model, 248–250
Ward-Dutton partition, 239

Charge-based compact models, 7, 12–14
Charge density fluctuation model, 

266, 327
Charges

location of, 90f
types of, 89, 90f

Charge-sheet model, 146–150
diffusion component of drain 

current, 148–150
drain current as function of gate 

voltage obtained by, 150f
drift component of drain current, 

147–148
Circuit computer-aided design (CAD), 1, 

19, 132, 225, 261, 274, 423
compact model for circuit, 3, 5
conventional process variability 

modeling, 294–296
DC MOSFET model for, 170
diode equivalent circuit for, 77–78
generate compact device model 

library, 424f
MOSFET model for, 152
nanoscale device technology for, 183
parameters of Level 1 MOSFET 

model for, 160t
usage of compact models in 

circuit, 16f
VLSI devices for, 150

Circuit simulation
compact models for, 1–3

compact device models, 2–3
compact interconnect models, 3

CMOS, See Complementary metal-
oxide-semiconductor (CMOS)

CMOS field-effect transistor 
(CMOSFET)

2D-cross section of ideal advanced, 
133f

CMOS transistor, 132
Collector-base (CB) junction capacitance, 

373–374
Common gate, 318
Common multigate (CMG)

C–V model, 336–338
structure, 318



517Index

Compact device model, general 
approach

data collection, 423–427
data fitting to extract parameters, 

427–428
generation of library, 429–435
generation of parameter files, 428
model validation, 436

Compact Modeling Council (CMC), 8
found in, 17

Compact TFET models, 357–367
drain current model, 360–367
threshold voltage model, 358–359

Compensated silicon, 28
Complementary metal-oxide-

semiconductor (CMOS), 1, 86, 
175, 272, 279, 343, 423

critical sources of variability, 287f
estimated threshold voltage 

variation, 289f
green IC technology, 343
integrated circuit (IC), 343
International Technology Roadmap for 

Semiconductors, 288
IONN versus IONP, 437f, 438–439f
line-edge roughness (LER), 287, 290
line-width roughness (LWR), 287
oxide thickness variation (OTV), 287, 

290–291
random discrete doping (RDD), 

287–290
technology, 131

Complementary TFET (CTFET) 
technology, 356

Conduction band (CB), 20
Conduction electrons, 20
Conductivity effective mass, 26
Core model, 2, 318–328

drain current model, 325–328
electrostatics, 318–324

Correlated carrier and mobility 
fluctuation model, 266

Coulomb scattering, 191–192, 331–332
Coupling capacitance, 197
Covalent bond, 20
Crystalline silicon, 19
Current continuity, 140
Current crowding, 332
Current density, 139

Current saturation, 332
Current-voltage (I–V) characteristics, 

2, 426
bulk resistance, 71
junction breakdown voltage, 71–72
limitations, 67–70
of nMOSFET device, 158f
relation, 299
temperature dependence of leakage 

current, 67

D

DC model for EM1, 377–385
Debye length, 104, 350
Deep depletion, 120

C–V characteristics, 119–121
Deep source-drain (DSD) junctions, 177f
Density of states effective mass, 26
Depletion approximation, 55

of pn-junction, 57f
Depletion approximation, 105–107
Depletion condition, 97
Depletion layer capacitance, 73
Depletion region, 52
DG-nMOSFET device structure

drain current model showing 
volume inversion, 328f

drain current model used to simulate 
SCE, 330f

drain current model, volume 
inversion in lightly doped, 328f

schematic of idealized symmetric 
common, 319f

typical symmetric, 316f
DIBL, See Drain-induced barrier 

lowering (DIBL)
Diffusion capacitance, 76–77

effect of, 389–392
Diffusion current, 37
Diffusion of carriers, 36–38, 37f

in nonuniformly doped n-type 
semiconductor, 38f

Digital Equipment Corporation’s (DEC) 
Alpha chip, 9

Diode, 51
current calculation, 66
model at high-level current, 71f
tunnel, 348



518 Index

DITS, See Drain-induced threshold 
voltage shift (DITS)

Donor atoms, 26
Dopants, 26
Double-gate FET (DG-FET), 320, 323, 333

2D cross-sectional view of channel 
region, 333f

Double-gate FinFET (DG-FinFet), 
315–316

Poisson’s drift/diffusion equations, 
318

Double-gate MOSFET (DG-MOSFET), 314
3D cross section of ideal, 315f
energy-band diagrams for, 331f

Drain current model, 138–171, 190–209, 
325–328, 335–336, 360–367

basic feature of nonzero slope for 
saturated, 159f

charge density model, 327
charge-sheet model, 146–150
current voltage characteristics of 

nMOSFET device, 154f, 158f
diffusion component of, 148–150
drain current formulation, 139–142
drift component of, 147–148
drift-diffusion equation, 325
energy band diagram of nMOSFET 

device, 142f
formulation, 139–144
as function of gate voltage obtained 

by charge sheet model, 150f
Gauss’s law, 326
ideal, 361–364
Ids – Vds characteristics of nMOSFET 

device, 159f
I–V characteristics, 327f
linear region, 197–200
modeling channel transports using 

drain MOSFET, 364–366
modeling channel transports using 

source resistance, 366–367
Pao-Sah model, 144–146
regional, 150–171
saturation region, 200–201
schematic diagram of nMOSFET 

device, 156f
simulate SCE lightly doped 

DG-nMOSFETs, 330f
subthreshold region, 197

Taylor’s series expansion, 326
volume inversion lightly doped 

DG-nMOSFETs, 328, 328f
Drain-induced barrier lowering 

(DIBL), 175
early voltage due to, 204

Drain-induced threshold voltage shift 
(DITS), 183

Drain voltage, 215
short channel effect in MOSFETs due 

to, 185f
DRAM, See Dynamic random–access 

memory (DRAM)
Drift component of drain, 147
Drift current, 33
Drift-diffusion equation, 325
Drift velocity, 31

of electrons and holes in silicon, 36t
parameters for field dependence of, 35t

Dynamic model
common multigate C–V model, 

336–338
independent multigate C–V model, 

338–340
large signal, 225
small signal, 225

Dynamic random-access memory 
(DRAM), 10

E

Early effect, 371–372, 395–397
Early voltage, 203

forward, 407
inverse, 405

Ebers–Moll (EM) model, 4, 371
Effective channel

length (Leff), 189–190
width (Weff), 189–190

Effective gate voltage, 154
Effective mobility, 191
Effective vertical electric field on 

MOSFET inversion carriers, 
191f

Electrical confinement (EC), 330
Electrical resistivity, 33–34
Electrical test (ET) data, 295–296
Electric field, 31, 55–58

built-in, 38–39



519Index

Electron affinity, 85
Electron drift, 31

current density, 33
Electronic design automation (EDA) 

tools, 1
Electronic energy level, 90
Electron lifetime, 65
Electrostatics, 318–324, 333–334
Elmore’s approach, 275
EM2 BJT model, 385
EM model, See Ebers–Moll (EM) model
EM1 model

DC model for, 377–385
injection version, 380
transport model, 381

EM2 model, 385
Energy band diagram of semiconductor, 

21f
Energy band model, 20–21
Excess carriers, 40
Extrinsic semiconductor, 26–31

energy band diagram representation 
in, 28

Fermi level in, 28–30
form covalent bonds, 27f

F

Fermi–Dirac (F–D) distribution 
functions, 22f

Fermi–Dirac statistics, 361
Fermi function, 22
Fick’s first law of diffusion, 147, 391, 397
Field-effect transistors (FETs), 314, 343

acoustic phonon scattering, 331–332
common multiple-gate, 318–332
compact modeling of, 3
Coulomb scattering, 331–332
3D cross section of typical 

multifin, 315f
FinFET, 309, 314
independent multiple-gate, 332–336
surface roughness scattering, 

331–332
UTB-MOSFETs provide major issues 

solutions, 314
Fin, 315
First-order drain current model, 153
Fixed corner models, 295–297, 305t, 433

Fixed-oxide charge, 90–91
Fix’s first law, 37
Flat band condition, 94
Flat band voltage, 88, 92, 94

total shift in, 92
Flicker noise, 266–273

characteristics of nMOSFET and 
pMOSFET, 272f

Hooge’s empirical relation, 266
linear region, 270
model, 266–273
noise spectra of an nMOSFET and a 

pMOSFET, 273f
physical mechanism, 266
physical origin different 

theories, 266
saturation region, 271
small signal equivalent circuit model 

of MOSFET, 273f
subthreshold region, 271–273

1/f noise, See Flicker noise; Low-
frequency noise 

Forbidden band, 20
Forbidden gap, 20
Formation of built-in electric field, 52f
Forward

characteristics of real 
pn-junction, 68f

early voltage (VAF), 407
emission coefficient, 406
kneecurrent, 411

Free electrons, 20
Front-end process variability, 285–291
Fully depleted channel device, 345

G

Gate current model, 219–220, 221f
Gate current, tunneling components 

of, 220
Gate electrode, 132
Gate-induced drain leakage (GIDL), 

9, 218
body current model, 218–219
current in nMOSFET device, 218f

Gate-induced source leakage (GISL), 
9, 218

Gate leakage current, 3
Gate over drive voltage, 154



520 Index

Gate resistance, modeling, 279–282
Gate voltage, 168
Gauss’s law, 5, 45, 322
GCA, See Gradual channel 

approximation (GCA)
Generation and recombination 

in an indirect bandgap 
semiconductor, 42f

GHz applications, MOSFET RF model 
for, 283

GIDL, See Gate-induced drain leakage 
(GIDL)

GISL, See Gate-induced source leakage 
(GISL)

Global process variability, 286–287, 286f
GNR, See Graphene nanoribbons 

(GNR)
Golden

die, 426
wafer, 426

Gradual channel approximation (GCA), 
136, 318

Graphene nanoribbons (GNR), 357
Green IC technology, 343
Gummel plot, 393, 393f
Gummel–Poon (GP) model, 4

H

Halo doping, 177f, 180
nonuniform lateral channel doping 

profile due to, 181f
High frequency (HF)

C–V characteristics, 119
C–V plot, 119

High-level injection, 40, 395–412
Hiroshima University STARC IGFET 

Model (HiSIM), 149
Hooge’s empirical relation, 266
Hot carrier current effect in nMOSFETs, 

213f
Hot carrier effect

in MOSFETs, 210f
in nMOSFETs, 213f

Hot electrons, 210
Householder’s method, 324, 334
HSPICE circuit computer-aided design 

(CAD), 423

I

ICs, See Integrated circuits (ICs)
Ideal drain current model, 361–364
Ideality factor, 69
Ideal MOSFET device structure, 133f
Ihantola–Moll model, 161
Impact ionization, 175

coefficients, 212
Impurities, types of, 26
Indefinite admittance matrix, 238
Independent multigate

C–V model, 338–340
FET model, 332–336

Independent multigate (IMG), 318
Indirect bandgap semiconductors, 

41f, 42
Indirect recombination process, 

42, 43f
Induced charge density, variation 

of, 105f
Inductance (L), 3
Integrated circuits (ICs), 251, 286, 343, 

371, 424
analysis of, 1
invention of, 1
technology for, work functions 

of commonly used gate 
material, 87t

transistors, 19
Inter-die process variability, 286
Interface states, 90
Interface-trapped charge, 90
International Technology Roadmap for 

Semiconductors, 288
Intra-die process variability, 287
Intrinsic capacitance model, 

238, 336
Intrinsic energy level, 24
Intrinsic Fermi level, 24, 44
Intrinsic process variability, 285
Intrinsic semiconductors, 23–26
Inverse early voltage, 405
Inversion charge density, 160–161
Inversion condition, 98, 98f
Inversion layer quantization, 113f
Ionized impurity scattering, 192
IR drop, 3
I–V (current-voltage) relation, 299



521Index

J

Junction capacitance, 73–76
of typical pn-junction, 75f

L

Large-signal model, 77
Lateral BJTs, 372
LDCM, See Location depth corner 

modeling (LDCM)
LDD, See Lightly doped drain (LDD)
Leakage current, 70–71
Length

Debye, 350
natural, 350
screening, 349–350

LER, See Line–edge roughness (LER)
Lightly doped drain (LDD), 214, 250
Linear hybrid-π small signal model, 

382–385
input resistance, 383–384
output resistance, 384–385

Linear region operation, 154
Line-edge roughness (LER), 287, 290
Line-width roughness (LWR), 287
Local oxidation of silicon (LOCOS) 

isolation process, 186–187
in CMOS technology, 186f

Local process variability, 287, 298–299, 
301–303

Location depth corner modeling 
(LDCM), 296

Long channel capacitance model, 
246–247

Long channel charge model, 241–246
accumulation, 246
strong inversion, 241–244
weak inversion, 244–246

Lower limit (LL) values, 294–295
Low field mobility

degradation, 332
of inversion carriers 

in MOSFETs, 193f
model, 196

Low-frequency noise, 266
Low-level avalanche current, 212
Low-level injection, 40
LWR, See Line–width roughness (LWR)

M

Majority carrier distribution tails or 
spillover, 60f

Mathiessen’s rule, 32
Maxwell–Boltzmann (M–B) distribution 

functions, 22f
Maxwell’s field equation, 44
Metal-oxide-semiconductor (MOS) 

capacitor system, 83, 93f, 236
under applied bias, 94–99
applied gate bias Vg, 94f
applied gate voltage, Vg = 0, 87f
band bending of, 87f
band structure for, 89f
basic characteristics of, 114
behavior of, 84
C–V characteristics of ideal, 120f
depletion, 105–107
different regimes of, 105f
effect of applied voltage, 96f, 97f, 98f
energy band diagram of three 

separate materials form, 85f
equilibrium, 83–94
equilibrium band structure of a 

p-type, 101f
extrinsic capacitances, 226
individual component of total, 115f
intrinsic capacitances, 226
inversion, 107–114
low frequency (LF) C–V 

characteristics of, 115–119, 122f
polysilicon depletion effect in, 122f
structure, 114–123
surface potential versus gate voltage 

for, 111f
theory, 99–114
two-dimensional (2D) cross section 

of ideal, 84f
Metal-oxide-semiconductor field-effect 

transistors (MOSFETs), 1, 225, 
261, 285, 343, 371, 423

accumulation region, 246
advanced compact, 13
basic features of, 133–134, 134f
basic theory of, 132
Boltzmann distribution, 352
bulk-charge effect in, 162
capacitance model, 226–237, 226f



522 Index

Metal-oxide-semiconductor field-
effect transistors (MOSFETs), 
(Continued)

characteristics of, 138
characterization of parametric 

variability, 291–293
charge-based capacitance model, 237
charge-based compact models, 7, 

12–14
compact models for small geometry, 

175–221
Complete equivalent circuit, 236f
complexities of, 7
2D cross section of, 177f
2D cross section of n-channel, 136f
design theory of, 4
determination of process variability-

sensitive, 298–301
device selection criteria, 425f
different components of gate overlap 

capacitance, 251f
double integral model for, 145
drain (d), 131
drain current model, 138–171
effective vertical electric field on, 191f
effect of nonuniform channel doping 

profile on, 178f
Elmore’s equivalent circuit, 278f
flicker characteristics of nMOSFET 

and pMOSFET, 272f
four-terminal of, 132
gain factor of, 153
GIDL current in, 218f
history of, 4–7
hot carrier effect in, 210f
ideal structure of four-terminal, 133f
intrinsic capacitances, 238
I–V and C–V behavior of, 2
Log (Ids) versus Vgs characteristics 

of, 168f
low field mobility of inversion 

carriers in, 193f
measured and simulated tunneling 

currents in, 220f
modeling efective gate resistance for 

RF analysis, 281f
modeling of, 140
narrow channel effect in, 186f
noise models, 261–273

noise spectra of nMOSFET and 
pMOSFET, 273f

nonreciprocal effect, 237
nonuniform vertical channel doping 

profile of, 179f
NQS effect, 274–279
operation, 135
output characteristics, 203f
output characteristics of, 158f
overview of, 132–135
Pao-Sah model for, 145
plots for, 217f
pn-junctions, 371
QM effects in, 10
quasistatic operation, 227
for RF analysis, 279f, 283f
RF model for GHz applications, 283
schematic circuit element, 227f
short channel effect in, 184f, 185f
small signal equivalent circuit 

model, 273f
source(s), 131
square law model, 157
subthreshold slope degradation, 

329–330
surface potential–based, 7, 9–12
threshold voltage-based, 7–9
threshold voltage model, 135–138
total drain current in, 147
trans-capacitances, 238
transisent and small signal 

equivalent circuit model, 276f
two-dimensional (2D) cross section 

of, 186f
velocity saturation in, 196
VLSI circuits consist of, 3

Metal-oxide-semiconductor (MOS) 
transistor, evolution of, 6

Meyer model
limitations, 236–237
simple equivalent circuit, 236f
Simulation Program with Integrated 

Circuit Emphasis (SPICE), 229
strong inversion, 231–233
three lumped capacitances, 229–230
weak inversion, 234–236

Miller effect, 247
Mismatch coefficient, 292
Mismatch modeling, 433–434



523Index

Mobile ionic charge, 91
Mobility degradation, 331–332
Mobility fluctuation model, 266
Model card

definition of different parameters 
and functions, 435t

generate, 434–435
model usage, 436–437
model validation, 436

Modeling
base-width modulation and high-

level injection, 395–412
carrier recombination in depletion 

regions, 394–395
channel transports using drain 

mosfet, 364–366
channel transports using source 

resistance, 366–367
mismatch, 433–434
modeling NQS effect in MOSFET, 

275–279
parasitic circuit elements, 385–392
statistical compact, 297–308
systematic process variability, 

430–433
Model parameters for MOS level 1 

compact model, 160t
Moderate inversion, 149

region, 109, 170–171
Monte Carlo (MC)

simulation, 304, 308f
statistical modeling, 433

Moore’s law, 313
MOS capacitor theory, 136
MOSFETs, See Metal-oxide-

semiconductor field–effect 
transistors (MOSFETs)

MOS structure, capacitance of, 114–123
Multigate device structures

bulk-multigate, 314–317
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Poisson-carrier transport (core CMG 

model)
drain current model, 325–328
electrostatics, 318–324
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Short channel charge model, 248–250
Short channel effects (SCEs), 3, 183, 313, 

329–330
Silicon

effective mass ratio for, 26t
electron and hole mobilities in, 32f
Poisson’s equation for, 45
surface and bulk impact ionization 

coefficients in, 213t
Silicon dioxide (SiO2), 83

energy band diagram for, 85f
Silicon-on-insulator (SOI), 9, 313, 315, 317
Simulation Program with Integrated 

Circuit Emphasis (SPICE), 4, 
153, 229

Level 1 model, 160
Simulation Program with Integrated 

Circuit Emphasis (SPICE2) 
model, 161, 264

Small signal dynamic model, 225
Smart cut, 317
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Source-drain extensions (SDE), 313
regions, 176, 177f

Source-drain (S/D) pn-junction 
capacitance model

drain-body junction diode, 257–258
source-body pn-junction diode, 

256–257
Spice Gummel–Poon (SGP) model, 

371–372
SP model, 11

features of, 12
Square law model, 157
Square root approximation, 162

of bulk-charge model, 161–163
SRAM, See Static random access 

memory (SRAM)
Static random access memory (SRAM), 

285, 291
Statistical compact modeling, 

297–308, 433
BSIM4 compact model 

parameters, 300t
process variability-aware VLSI 

circuit design, 297f
Statistical corner models, 296
Statistical model library, 426
STI, See Shallow trench isolation (STI)
Strong inversion, 137

regime, 98, 110
region, 5

Structural confinement (SC), 331
STT, See Surface tunnel transistor (STT)
Substrate current–induced body effect 

(SCBE), 201
early voltage due to, 204

Substrate current model, 210–221
Substrate network, modeling, 282–283
Subthreshold

conduction, 167
current, 164
region conduction, 169
slope, 168, 197
slope degradation, 329–330
swing, 353–355

Surface and bulk impact ionization 
coefficients in silicon, 213t

Surface mobility, 33
Surface potential (fs), 5

based compact MOSFET model, 9–12

Surface potential–based, 7, 9–12
Surface potential equation (SPE), 324
Surface roughness (SR), 290, 331–332
Surface states, 90
Surface tunnel transistor (STT), 346
Systematic process variability, 285, 

430–433

T

Taylor’s series expansion, 326
Technology CAD (TCAD) 

environment, 3
Thermal energy (kT), 25, 36
Thermal G–R process, 40f
Thermal noise, 262–265

advanced thermal noise model, 
264–265

basic model, 264
equivalent circuit for thermal noise 

of resistor, 263f
models, 263–265
physical mechanism, 262–263

Threshold voltage (Vth), 5, 111, 132, 150
based compact MOSFET model, 7–9

Threshold voltage-based, 7–9
Threshold voltage model, 175–190, 

358–359
effect of nonuniform channel doping 

on, 176–183
for nonuniform lateral channel 

doping profile, 180–183
for nonuniform vertical channel 

doping profile, 177–180
small geometry effect on, 183–190

Trans-capacitances, 238
Transition capacitance, 73
Transport current, 227
Transport equations, 49
Traps, 42
Triode region, 157
Tunnel diode, 348
Tunnel FET (TFET)

ambipolar behavior, 345
basic features, 344–346
basic theory, 346–355
design considerations, 355–357
scaling rule, 355
surface tunnel transistor (STT), 346
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Tunneling
interband, 348–349, 349f, 360
mechanism, 348–351
width (∆Ф), 347
Zener, 348

Two-dimensional (2D)
cross section of ideal MOS capacitor, 

84f
numerical simulation, 274
Poisson’s equation, 329

Typical composition of compact models 
of IC technology, 2f

U

UCCM, See Unified charge control 
model (UCCM)

Ultrathin-body (UTB) field-effect-
transistors (FETs) (UTB-FETs), 
313, 335

Unified charge-control model, 395
Unified charge control model 

(UCCM), 12
Unified drain current equation, 204–205
Unified theory, 266
Upper limit (UL) values, 294–295

V

Valence band (VB), 20
Variation of induced charge 

density, 105f
Variation of Qb, Qs, and Qi, 108f
Velocity saturation, 35–36, 175

channel, 271
Vertical cross section of intrinsic 

pn-junction, 51f

Very-large-scale-integrated (VLSI), 3, 54, 
175, 274, 285, 371, 423

bipolar junction transistor (BJT), 371
generalized modeling approach 

for process variability-aware, 
297f

I–V relation, 299
risk of process variability, 309–310

Virtual node method, 365
VLSI, See Very-large-scale-integrated 

(VLSI)
Voltage-controlled variable 

resistors, 154
Volume inversion, 328

W

Ward–Dutton charge partition method, 
239, 336, 340

Weak inversion
current, 164
regime, 98
region, 5

Wentzel–Kramers–Brillouin (WKB), 
348–349

Work functions of commonly used gate 
material, 87t

Worst-case fixed corner models, 
294–296

fixed corner models, 295f
lower limit (LL) values, 294–295
upper limit (UL) values, 294–295

Z

Zener breakdown, 72
Zener tunneling, 348


