© Per Hyldgaard 1995 ALL RIGHTS RESERVED

TABLE OF CONTENTS

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . iii Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . x List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Page CHAPTER I

INTRODUCTION: INTERSUBBAND STIMULATED EMISSION . . . . 1 I.A Detailed overview of dissertation . . . . . . . . . . . . . . . . . 7 I.B The resonant-tunneling current flow . . . . . . . . . . . . . . . . 10 I.C Intersubband population inversion in two-level tunneling structure . . 17 I.D The intersubband stimulated emission . . . . . . . . . . . . . . . 24 References for Chapter I . . . . . . . . . . . . . . . . . . . . . 26

CHAPTER II

THE MID-INFRARED QUANTUM CASCADE LASER . . . . . . . . . 30 II.A Chemical composition and tunneling potential . . . . . . . . . . . 32 II.B The threshold current flow and power dissipation . . . . . . . . . 40 II.C The peak material gain . . . . . . . . . . . . . . . . . . . . . 48 II.D The waveguide confinement . . . . . . . . . . . . . . . . . . . 55 II.E The threshold optical characteristics . . . . . . . . . . . . . . . 61 References for Chapter II . . . . . . . . . . . . . . . . . . . . 67

CHAPTER III A POSSIBLE FAR-INFRARED QUANTUM CASCADE LASER . . . . . 69 III.A Schematics of far-infrared quantum-cascade-laser design . . . . . . 71 III.B The nonequilibrium current flow and optical response . . . . . . . 76 III.C The wavefunction symmetry variation . . . . . . . . . . . . . . 86 III.D Experimental determination of intersubband decay . . . . . . . . 94 III.E Single-electron decay in tunneling structure . . . . . . . . . . 101 References for Chapter III . . . . . . . . . . . . . . . . . . 106

CHAPTER IV THE NONEQUILIBRIUM ELECTRON-ELECTRON SCATTERING . . 107 IV.A The effective intersubband Coulomb interaction . . . . . . . . . 110 IV.B Scaling of nonequilibrium scattering Γ . . . . . . . . . . . . 116 IV.C The nonequilibrium scattering Γ22→21 . . . . . . . . . . . . . 124 IV.D The wavefunction-symmetry dependence . . . . . . . . . . . . 133 IV.E The finite intersubband population inversion . . . . . . . . . . 139 References for Chapter IV . . . . . . . . . . . . . . . . . . 145

CHAPTER V CONCLUSIONS AND OPEN QUESTIONS . . . . . . . . . . . . . . 147 V.A. Summary of dissertation results . . . . . . . . . . . . . . . . 147 V.B. Open questions . . . . . . . . . . . . . . . . . . . . . . . 149 V.B.a The peak material gain . . . . . . . . . . . . . . . . . . . 150 V.B.b The waveguide confinement . . . . . . . . . . . . . . . . . 152 References for Chapter V . . . . . . . . . . . . . . . . . . . 154

APPENDICES A. THE OPPOSITE- AND SAME-SPIN

ELECTRON-ELECTRON INTERACTION . . . . . . . . . . . . 156 A.1 The intersubband Coulomb interaction . . . . . . . . . . . . 157 A.2 The direct and exchange scattering . . . . . . . . . . . . . . 158 A.3 The total opposite-spin scattering . . . . . . . . . . . . . . . 161

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . 165

LIST OF TABLES

Table Page

2.1 Overall chemical composition of the quantum-cascade-laser

heterostructure formed by more than 500 alternating layers of Ga0.48In0.52As and Al0.47In0.53As. . . . . . . . . . . . . . 33

2.2 Chemical composition, potential, effective electron mass,

and individual layer thickness of the optically active regions within the quantum-cascade-laser heterostructure. . . . . . . 35

2.3 Physical characteristics of the mid-infrared quantum

cascade laser realized both as a 12 μm × 0.72 mm and as a 14 μm × 1.2 mm cleaved mesa. . . . . . . . . . . . . . . 45

2.4 Threshold optical characteristics the quantum cascade

laser realized both as a 12 μm × 0.72 mm and as a 14 μm × 1.2 mm cleaved mesa. . . . . . . . . . . . . . . 63

3.1 Parameters characterizing the equilibrium tunneling potential, electron occupation, and position of quasi-bound resonant levels, E01 and E02 , for specific tunneling structure with schematics shown in Figure 3.1 . . . . . . . . . . . . . . . . . . 74

3.2 Voltage-drop dependence of tunneling potential, the escape

rates (Γc1,Γc2, and Γe,) and of the quasi-bound resonant-level wavefunctions, Ψ1(x) and Ψ2(x), for the tunneling potential illustrated in Figure 3.1 . . . . . . . . . . . . . . . . . . . . . 77

LIST OF FIGURES

Figure Page

1.1 Schematics of far-infrared optically active tunneling structure (bottom panel) and examples of the nonequilibrium electron-electron scattering rate Γ which dominates the intersubband decay. . . . . . . . . . . 3

1.2 Schematic band profile of a resonant-tunneling heterostructure diode in equilibrium (upper panel) and under resonant operating conditions (lower panel.) . . . . . . . . . . . . . . . . 11

1.3 Schematic of intersubband optical response of the two-level

resonant-tunneling structure shown in Figure 1.1. . . . . . . . . . 18

1.4 Intersubband scattering event, bottom two panels, and resonantly enhanced intersubband stimulated emission with an exclusive upper-subband current injection, top panel. . . . . . . . . . . . . 20

2.1 Detailed tunneling potential for superlattice of optically active regions with interjacent digital-alloy injection layers (panel (b)) and partial confinement of resulting lasing mode (panel (a).) . . . . . 38

2.2 Schematics of threshold current flow within active tunneling regions and through injector layers (bottom panel) realized by build-in grading of effective injector-layer potential (dotted lines in top panel.) . . . . 41

2.3 Waveguide confinement of mid-infrared lasing mode qrad explained by variation in effective index of refraction. . . . . . . . . . . . . . . 57

3.1 Schematics of hypothetical far-infrared quantum-cascade-laser design in equilibrium (schematics of tunneling potential at a finite voltage drop illustrated in Figure 1.1.) . . . . . . . . . . . . . . . 72

3.2 Quantum-confined Stark effect on the quasi-bound resonant levels and on the corresponding wavefunction-inversion symmetry. . . . . . 80

3.3 Avoided crossing of resonant-level positions and regimes of

the nonequilibrium current flow and optical response. . . . . . . . . 82

3.4 Test of the restored near-exact wavefunction-inversion

symmetry at avoided crossing, V = Vsym = 22.9 mV. . . . . . . . . 87

3.5 Voltage-drop variation of the center-of-charge separation, ⟨Ψ2|x|Ψ2⟩ − ⟨Ψ1|x|Ψ1⟩, and of the dipole matrix element, ⟨Ψ2|x|Ψ1⟩, (top panel) around avoided crossing, V = Vsym, identified in bottom panel . . . . . . . . . . . . . . . . . . . . 91

3.6 Comparison of measured net intersubband decay rate 1/τ (triangles) and theory estimate of optical-phonon induced decay rates ΓopLO/ΓciLO (top panel) for the optical-pumped/current-injected distribution described by chemical potential μ0/μ2 (given in bottom panel.) . . . . 96

4.1 Approximate linear-in-μ2 scaling, solid curve, of nonequilibrium scattering rate Γ estimated for a complete (current-injected) uppersubband occupation (between E2 and the emitter chemical potential, μL ≡ E2 + μ2. . . . . . . . . . . . . . . . 119

4.2 Scaling with electron occupation, μ2/Δ, of weighted phase-space contribution, middle panel, and unscreened (effectively screened) squared interaction matrix element, top (bottom) panel, describing the scattering rate Γ. . . . . . . . . . . . . . . . . . . . . . . 122

4.3 Electron-occupation dependence of nonequilibrium electron-electron scattering rate Γ22→21 estimated for a complete (current-injected) upper-subband occupation (between E2 and emitter chemical potential μL ≡ E2 + μ2. . . . . . . . . . . . . . . . . . . . . 127

4.4 Electron-occupation dependence of weighted phase-space contribution (q/kμ_2 )P22→21(q), middle panel, and unscreened (effectively screened) squared interaction matrix element, top (bottom) panel, defining scattering rate Γ22→21. . . . . . . . . . 130

4.5 Dramatic voltage-drop dependence (top panel) of nonequilibrium electron-electron scattering rates, Γ and Γ22,21, explained (bottom panel) by the quantum-confined Stark effect on the wavefunction overlap and symmetry. . . . . . . . . . . . 135

4.6 Top panel shows the approximate scaling, solid curve, with electron occupation, μ2/Δ, of unscreened (screened) nonequilibrium scattering rate Γ, dashed-single(double)-dotted curve. . . . . . . . 141