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9.2 Eigenfunctions of Îz and Î2 and Spherical Harmonics 146
9.3 Problems 151

Suggested Reading 153

10 Hydrogen Atom: The Schrödinger Treatment 155
10.1 Two-Body Central Force Problem 155
10.2 The Hydrogenic Atom 158
10.3 The Atomic Orbital 164
10.4 Virial Theorem and Doppler Shift 169
10.5 Problems 172

Suggested Reading 175

11 System of Identical Particles and Many-Electron Atoms 177
11.1 Two-Electron System 177
11.2 Two Spin 1/2 System 179
11.3 Helium Atom 182
11.3.1 The Ground State of He 184
11.3.2 The First Excited State of He 187
11.4 The Periodic Table and Structures of Atoms 190
11.5 Problems 192

Suggested Reading 194

12 Molecules and Chemical Bonds 195
12.1 Ionized Hydrogen Molecule 195
12.2 Hydrogen Molecule 201
12.3 Ionic Bond and van der Waals Attraction 206
12.3.1 The Ionic Bond 206
12.3.2 van der Waals Attraction 208

Contents IX



12.4 Problems 211
Suggested Reading 213

13 The Perturbation Theory 215
13.1 Time-Independent Perturbation Theory in Nondegenerate System 215
13.1.1 The First-Order Perturbation 217
13.1.2 The Second-Order Perturbation 218
13.1.3 The Stark Effect in Harmonic Oscillator 219
13.2 Time-Dependent Perturbation Theory 222
13.2.1 The Formulation 222
13.2.2 Harmonic Perturbation and Fermi�s Golden Rule 224
13.3 Problems 227

Suggested Reading 228

14 Atom–Field Interaction 229
14.1 Field Quantization 229
14.1.1 One-Dimensional Resonator and Its Eigenmodes 230
14.1.2 The Blackbody Radiation Revisited 235
14.2 Atom–Field Interaction 237
14.2.1 Stimulated and Spontaneous Transitions 238
14.3 Driven, Damped Two-Level Atom 242
14.4 Problems 248

Suggested Reading 250

15 Interaction Between EM Waves and Optical Media 251
15.1 Attenuation and Dispersion of Waves 251
15.2 Density Matrix and Ensemble Averaging 254
15.3 Laser Device 260
15.3.1 Population Inversion 262
15.4 Problems 266

Suggested Reading 268

16 Quantum Statistics 269
16.1 General Background and Three Kinds of Particles 269
16.2 Statistics for Distinguishable Particles 271
16.2.1 Boltzmann Distribution Function 272
16.3 Statistics for Fermions and Fermi-Diarc Distribution Function 275
16.3.1 3D Electrons 277
16.3.2 2D Electrons 279
16.4 Statistics for Bosons and Bose–Einstein Distribution Function 280
16.5 Problems 283

Suggested Reading 285

17 Semiconductor Statistics 287
17.1 Carrier Densities in Intrinsic Semiconductors 287

X Contents



17.1.1 Electron Concentration 289
17.1.2 Hole Concentration 291
17.2 Carrier Densities in Extrinsic Semiconductors 293
17.2.1 Donor and Acceptor Statistics 295
17.3 Fermi Level in Extrinsic Semiconductors 297
17.4 Problems 300

Suggested Reading 301

18 Charge Transport in Semiconductors 303
18.1 Drift and Diffusion Currents 303
18.2 Transport Coefficients 305
18.3 Equilibrium and Nonequilibrium 310
18.3.1 Equilibrium and Fermi Level 310
18.3.2 Nonequilibrium and Quasi-Fermi Level 312
18.4 Generation and Recombination Currents 314
18.4.1 Band-to-Band Excitation or Recombination 314
18.4.2 Trap-Assisted Recombination and Generation 315
18.5 Problems 321

Suggested Reading 323

19 p–n Junction Diode 325
19.1 The Junction Interface Physics in Equilibrium 325
19.1.1 Junction in Equilibrium Contact 326
19.2 The Junction Interface Under Bias 330
19.3 The Diode I–V 334
19.3.1 Ideal I–V Behavior 335
19.3.2 Nonideal I–V Behavior 337
19.4 Applications of p–n Junction Diodes 341
19.4.1 Optical Absorption in Semiconductors 341
19.4.2 Photodiodes 344
19.4.3 Photovoltaic Effect and Solar Cell 346
19.4.4 LD and LED 349
19.4.5 Tunnel Diodes 354
19.5 Problems 356

Suggested Reading 357

20 The Bipolar Junction Transistor: Device Physics and Technology 359
20.1 Bipolar Junction Transistor: Overview 359
20.1.1 npn Transistor 361
20.2 The Physics of Transistor Action 363
20.3 Ebers–Moll Equations 368
20.4 Base Transit Time and Charge Control Model 370
20.5 Problems 373

Suggested Reading 374

Contents XI



21 Metal Oxide Silicon Field Effect Transistors I: Overview of Device
Behavior and Applications 375

21.1 MOSFET: Overview 375
21.1.1 NMOS 376
21.2 Charge Control and Metal Oxide Silicon System 379
21.2.1 The Channel Inversion: Classical Theory 379
21.2.2 Quantum Description of Channel Inversion 387
21.3 NMOS I–V 390
21.3.1 On Current and Variable Depletion Approximation 390
21.3.2 The Subthreshold Current 393
21.4 Applications of Metal Oxide Silicon Field Effect Transistor 395
21.4.1 Dynamic Random Access Memory and Electrically Erasable

and Programmable Read Only Memory Cells 395
21.4.2 Nonvolatile Electrically Erasable and Programmable Read Only

Memory Cell 396
21.4.3 CMOS Image Sensors 401
21.5 Problems 402

Suggested Reading 404

22 Metal Oxide Silicon Field Effect Transistors II: Device Scaling
and Schottky Contact 405

22.1 Device Scaling: Physical Issues and Limitations 405
22.1.1 Constant Field Scaling 405
22.2 Metal–Semiconductor Contacts 412
22.2.1 The Schottky Contact 412
22.3 Metal–Semiconductor I–V Behavior 417
22.3.1 Schottky Diode I–V 417
22.3.2 Ohmic Contact 423
22.4 Problems 427

Suggested Reading 428

Index 429

XII Contents


