
 

Contents

 

1 Introduction.................................................................................................... 1

 

1.1 Laser Diodes: A Very Brief History..................................................... 1
1.2 Laser Diodes in Microsystems ............................................................. 5

1.2.1 Non-Invasive Blood-Flow Monitoring .................................... 5
1.2.2 Optical Distance Measurement ................................................ 7
1.2.3 Optoelectronic Transceiver ...................................................... 8

1.3 Thematic Outline .................................................................................. 9

 

2 Basic Laser Physics...................................................................................... 13

 

2.1 The Handwaving Laser....................................................................... 13
2.2 Wave Properties of Light.................................................................... 15

2.2.1 The Wave Equation................................................................ 15
2.2.2 Solutions to the Wave Equation............................................. 17
2.2.3 Spatial and Temporal Frequencies......................................... 18
2.2.4 Polarization ............................................................................ 21
2.2.5 Energy .................................................................................... 22
2.2.6 Interference ............................................................................ 25
2.2.7 Coherence .............................................................................. 26
2.2.8 Light–Matter Interaction ........................................................ 28

2.3 Quantum Properties of Light .............................................................. 31
2.3.1 Photon Emission and Absorption........................................... 32
2.3.2 Thermal Equilibrium.............................................................. 34
2.3.3 Transition Rates ..................................................................... 38
2.3.4 Spectral Shape........................................................................ 40

2.4 Optical Amplification......................................................................... 43
2.4.1 Absorption vs. Amplification................................................. 43
2.4.2 Gain........................................................................................ 45
2.4.3 Laser Beam Growth ............................................................... 48

2.5 Optical Resonant Cavities .................................................................. 49
2.5.1 Fabry–Perot Etalon ................................................................ 49
2.5.2 Resonator Characteristics....................................................... 52

2.6 Laser Oscillation................................................................................. 55
2.6.1 The Etalon with Gain ............................................................. 56
2.6.2 Threshold ............................................................................... 57
2.6.3 Lasing Summary .................................................................... 59



 

XII Contents

 

3 Semiconductors for Lasers.......................................................................... 63

 

3.1 Electrical Properties ........................................................................... 63
3.1.1 The Band Structure ................................................................ 64
3.1.2 The Fermi Level..................................................................... 67
3.1.3 Carrier Concentration ............................................................ 70
3.1.4 Doping ................................................................................... 75
3.1.5 Carrier Transport.................................................................... 77
3.1.6 The pn Junction...................................................................... 79

3.2 Optical Properties ............................................................................... 83
3.2.1 Radiative Transitions ............................................................. 83
3.2.2 Absorption ............................................................................. 84
3.2.3 Emission................................................................................. 86
3.2.4 Non-Radiative Transitions ..................................................... 88
3.2.5 Gain........................................................................................ 89

3.3 Semiconductor Laser Materials.......................................................... 92
3.3.1 III–V Semiconductors............................................................ 92
3.3.2 Wavelength Ranges ............................................................... 95
3.3.3 Heterostructures ..................................................................... 97
3.3.4 Quantum Wells .................................................................... 100

3.4 Waveguides ...................................................................................... 104
3.4.1 Waveguiding: The Ray Optic Model................................... 105
3.4.2 Electromagnetic Model........................................................ 108
3.4.3 Confinement......................................................................... 111
3.4.4 Stripe Waveguides ............................................................... 112

 

4 Laser Diode Structures.............................................................................. 115

 

4.1 Light-Emitting Diodes...................................................................... 115
4.1.1 Structure............................................................................... 116
4.1.2 Operating Principle .............................................................. 120
4.1.3 Fabrication Issues ................................................................ 120
4.1.4 Microsystem Aspects ........................................................... 121

4.2 Broad-Area Lasers............................................................................ 124
4.2.1 Structure............................................................................... 124
4.2.2 Fabrication Issues ................................................................ 125
4.2.3 Operating Principle .............................................................. 125
4.2.4 Microsystem Aspects ........................................................... 126

4.3 Fabry–Perot Stripe Lasers ................................................................ 126
4.3.1 Structure............................................................................... 127
4.3.2 Operating Principle .............................................................. 131
4.3.3 Fabrication Issues ................................................................ 131
4.3.4 Microsystem Aspects ........................................................... 133

4.4 Distributed Feedback Lasers ............................................................ 134
4.4.1 Structure............................................................................... 134
4.4.2 Operating Principle .............................................................. 137
4.4.3 Fabrication Issues ................................................................ 140



 

Contents XIII

 

4.4.4 Microsystem Aspects ........................................................... 143
4.5 Vertical Cavity Lasers ...................................................................... 144

4.5.1 Structure ............................................................................... 145
4.5.2 Operating Principle .............................................................. 149
4.5.3 Fabrication Considerations .................................................. 152
4.5.4 Microsystem Aspects ........................................................... 154

4.6 Quantum Cascade Lasers ................................................................. 155
4.6.1 Structure and Operating Principle........................................ 156
4.6.2 Fabrication Issues................................................................. 157
4.6.3 Microsystem Aspects ........................................................... 159

 

5 Laser Diode Characterization................................................................... 161

 

5.1 Measurement Setup .......................................................................... 161
5.1.1 Mounting.............................................................................. 161
5.1.2 Equipment ............................................................................ 162
5.1.3 On-Wafer Testing ................................................................ 165

5.2 The PI Characteristic ........................................................................ 166
5.2.1 Threshold Current ................................................................ 166
5.2.2 Threshold: A Closer Look ................................................... 168
5.2.3 Efficiency ............................................................................. 171
5.2.4 IV Measurements ................................................................. 175

5.3 Spectral Measurements..................................................................... 175
5.3.1 Measurement Setup.............................................................. 175
5.3.2 Spectrum .............................................................................. 176
5.3.3 Mode Spacing ...................................................................... 178
5.3.4 Linewidth ............................................................................. 180

5.4 Advanced Characterization .............................................................. 186
5.4.1 Polarization .......................................................................... 186
5.4.2 Noise .................................................................................... 187
5.4.3 Modulation Bandwidth ........................................................ 191
5.4.4 Reliability............................................................................. 194

5.5 Temperature Effects ......................................................................... 196
5.5.1 PI vs. Temperature ............................................................... 196
5.5.2 Spectrum vs. Temperature ................................................... 197
5.5.3 Current Tuning..................................................................... 199

5.6 Intensity Profiles............................................................................... 201
5.6.1 Near-Field Measurement...................................................... 201
5.6.2 Far-Field Measurement ........................................................ 203

5.7 Typical Characteristics ..................................................................... 205
5.7.1 LEDs .................................................................................... 205
5.7.2 Fabry–Perot Lasers .............................................................. 207
5.7.3 VCLs .................................................................................... 209
5.7.4 DFB Lasers .......................................................................... 212



 

XIV Contents

 

6 Micro-Optical Components ...................................................................... 215

 

6.1 Refractive Microlenses..................................................................... 216
6.1.1 Basic Geometric Optics ....................................................... 216
6.1.2 Aberrations........................................................................... 224
6.1.3 Refractive Microlens Structures .......................................... 228
6.1.4 Ball and GRIN Lenses ......................................................... 232
6.1.5 Other Micro-Optical Components ....................................... 235
6.1.6 Laser Diode Optics Applications ......................................... 241

6.2 Diffractive Optics ............................................................................. 243
6.2.1 Diffraction............................................................................ 243
6.2.2 Gratings................................................................................ 244
6.2.3 Diffractive Optical Components .......................................... 248

6.3 Optical Fibers ................................................................................... 252
6.3.1 Fiber Structures.................................................................... 253
6.3.2 Characteristics...................................................................... 255
6.3.3 Coupling Techniques ........................................................... 257

6.4 Photodetectors .................................................................................. 258
6.4.1 Photon Detection.................................................................. 259
6.4.2 Photodiode Structures .......................................................... 260
6.4.3 Characteristics...................................................................... 262

6.5 Modulators ....................................................................................... 265
6.5.1 Propagation Modulation ...................................................... 265
6.5.2 Physical Effects for Modulation .......................................... 267
6.5.3 Modulator Structures ........................................................... 270
6.5.4 Scanners ............................................................................... 273

 

7 Integration and Assembly ......................................................................... 275

 

7.1 Laser Diode Integration Issues ......................................................... 275
7.1.1 Mounting Requirements ...................................................... 276
7.1.2 Package or Chip? ................................................................. 276
7.1.3 Thermal and Electrical Contact ........................................... 278
7.1.4 Optical Coupling.................................................................. 279

7.2 Hybrid Technologies ........................................................................ 282
7.2.1 Substrates ............................................................................. 283
7.2.2 Active Alignment................................................................. 285
7.2.3 V-Grooves............................................................................ 286
7.2.4 Flip-Chip.............................................................................. 287
7.2.5 Silicon Optical Bench .......................................................... 289
7.2.6 MOEMS............................................................................... 291

7.3 Monolithic Integration...................................................................... 293
7.3.1 Integrated Optical Approaches ............................................ 293
7.3.2 Free-Space Approaches ....................................................... 296

 

References................................................................................................... 299
Index ........................................................................................................... 321



http://www.springer.com/978-3-540-40454-5


