1

N
|-
O
o]
Y
s |
L®)
s
o
-
E
o
(T ]

Handbook of Advanced
Electronic and Photonic
jlals and Devices

Mater

h Nalwa

Edited by

Hari Sing

Foreword by

Nicolaas Bloembergen, Nobel Laureate




Contents

Aboutthe Editor . ... ... ... ... i i e e
Listof Contributors . . ... .. .. . i e
Volume Listing ......... e e e e e e e e

Chapter 1. GROWTH AND DOPING OF Te-BASED II-VI LAYERS AND
QUANTUM STRUCTURES BY MOLECULAR BEAM EPITAXY

K. Saminadayar, S. Tatarenko, K. Kheng, V. Huard, D. Martrou

1. Introduction ....... e e e e e
1.1. Te-Based II-VI Semiconducting Compounds . . ... ..............
1.2. PresentationoftheReview . . . . .. .. ... ...... . ... . ...... ..
2. SurfaceStudiesof (00D CdTe . . . .. . ... ... .. ... .
21. The(@1)CdTeSurface .. . ... ... ottt it e
2.2. Nature of the DifferentSurfaces. . . ............ ... ... ... ...
3. Growth Mechanisms of (001) CdTe and Related Heterostructures . .. .........
31. Surfacedduringthe MBEGrowth . ... ......................
32, AtomicLayerEpitagy . . . . ... . ... .ttt e e,
3.3. Growthon (001) CdTe Vicinal Surfaces . ... ..................
3.4. Surface Relaxation During Homoepitaxy and Ionic Ablation of CdTe . . . . .
3.5. Epitaxial Growth Mechanismof ZnTeon{(001)CdTe . .. ...........
4. Doping Physics and Doping Characterization . . . . ... ..................
41. OverviewandCurrentStatus. . . . . .. .. .. 0 i i i i
4.2. Growth Conditions and Characterization Techniques . .. ...........
4.3. Indipym Doping of CdTe and CdZnTe Epilayers . . . . ... .. .........
4.4. Nitrogen Doping of Te-Based II-VI Compounds and Alloys . . . .......
5. Magneto-Optical Studies of Te-Based II-VI Layers and Quantum Structures . . . . ..
5.1. Properties of CdTe Quantum Well Structures . . ... ..............
5.2. Spectroscopy of the Donor-Bound Exciton in CdTe Quantum Structures . . .
5.3. Spectroscopy of Modulation-Doped CdTe Quantum Well . . . ... ......
6. Modulation-Doped Quantum Structure as a Tool for Basic Research . . . . ... .. ..
6.1. Nitrogen Acceptors Confined in a CdTe Quantum Well . . .. ... . ... ..
6.2. Giant Interdiffusion Induced by N Doping in Quantum Structures That
Comtain Mg . . . . . .o e e
6.3. Spin Polarization in a 'Bvo-Dnmensmnal ElectronGas . . ............
6.4. Magneto-optical Studies of n-Type Modulation-Doped Cd1e and CdMnTe
QuantumWells. . . . . . ... .. ... .. i i e

TAd, Conclusions. .. ... . it ittt i i e e e e e
T2, Prospects . . ..o it it e e e e
Acknowledgments . . . .. .. .. . e e
LTS 1 1= 1 e - T

Chapter 2. GALLIUM ARSENIDE HETEROSTRUCTURES
Eric Donkor

1. Introduction . .. .. v vt it e e e e e e e e e e e
1.1. Growthof GaAs HeterosStructures . . . . . o v v v v vt v i v v n v e ne e v o
1.2. Material Characterization . .. ... ... ... v ettt oo
2. Crystal Growth and Propertiesof GaAs . . ............... . . ...... ...
21, Crystal Growth . . . . ... ... e e



22, ImpuritiesandDeeplevels ................. .. ... ... 85

23. Crystal Structure and Lattice Properties . . . ......... [ 86
2.4. Electronic and Electrical Properties. . . .. . ................... 87
3. Growth and Material Properties of GaAs Heterostructures. . . . . ... ......... 88
31, Imtroduction . .. ... ... ... i e, 88
3.2. Critical Thickness of Strained-Layer Quantum Wells . . . . .. ......... 88
3.3. Heterostructuresof the Type IIT-V/GaAs .. ... ................ 89
3.4. Heterostructures of the Type I[,-1I1; _,-V/GaAs. ............... 90
3.5. Heterostructures of the Type II-V,-V;_,/GaAs . ... ... ......... 95
3.6. Heterostructures of the Type (-1l _,)y-III)_, - V/GaAs ........ 95
3.7. Heterostructures of the Type IH,-III; _,-Vy-Vy_,/GaAs . ... ....... 95
4.  Physical Properties of GaAs-Based Quantum Well Structures and Superlattices . . . . . 95
41. Imtroduction ............. . it 95
42, QuantumWellsEnergyTevels . . . ... ... . ... .. ... ..., 9
43. Electrons and Holesin Supetlattices . . 7. ... ... ... ............ 98
5. GaAs Heterostructure Field Effect Transistors . . . . .................... 9
51 Imtroducton ............. ittt enn 99
52. Energy Bandsin Modulatmn-Doped Heterojunctions . . . ........... 101
5.3 DeviceCharacteristics. . . . . ........ . ... it 101
6. GuaAs Heterostructure Bipolar Transistors. . . . ... .. .................. 103
61 Introduction ............ ...ttt 103
6.2. HBT Modeling and Characteristics . . ... .................... 103
7. GaAs-Based Heterostructure OptoelectronicDevices . . .. . ... ......... ... 104
71 Imtroduction .............. ... . ... 104
7.2. GaAs-Based HeterostructureLasers . . ... ... ................ 104
References . . . .. . it ittt it i i e i e e e e 104

Chapter 3. PHOTOLUMINESCENCE IN GaN, InGaN AND THEIR

APPLICATIONS IN PHOTONICS
Annamraju Kasi Viswanath

1 Imtroduction . ... ... ... . it it et 109
2. Gallium Nitride and Its Growth on Different Substrates . . ................ 110
21. SapphireSubstrate. . .. ........ . ... . . .. i i 111
22, SICSubstrate . .. ... ... ..ttt i 115
23. ZnOSubstrate . .. .. ... it e e e, 115
24, LiGaOjSubstrate . .. ... .. .. ...t i s 115
25. ‘MgAl,OqSubstrate . . ............ e e 115
26, MgOSubstrate . . . . ... .. e e 115
27 SiSubstrate . . . ... ... e e e 116
28, GaAsSubstrate . .......... . ... e e 116
29. GaNSubstrate . . .. ... ... ..t e 17
2.10. Lateral Epitaxial Overgrowth . .. ......................... 117
3. Line Widthand Quantum Beatsin GaN . . . . . . . . .. .0ttt ie i 118
4. Time-Resolved Spectroscopyof GaNEpilayers. . . . .. ............... ... 123
5 pGaN ... e e e e 125
6. m-GaN . .. e e e e e 129
7. Optical Pumping and Lasing in GaN Epilayers and Heterostructures . . ... ...... 134
8 GaNQuantumWells . . ... .. ... ... . . . i 136
9. Continuous Wave PhotoluminescenceinInGalN . ...................... 139
10. Time-Resolved Photoluminescence StudiesofInGaN . . . . ......... . ... ... 142
11. Optical Pumping and Stimulated EmissioninInGaN . ... ................ 146
12. LEDs and Semiconductor Lasers BasedonInGaN . .................... 147
13. Lasing MechanismsinInGaN . . ... . ... ... .. ... ... ... . L. 148
14, Conclusions . . . .. ... v ittt it i e e i 149
Acknowledgments . . . .. . ... . ... i e i e e 150

2 = 1 T = 150



Chapter 4. PROCESSING OF COMPOUND SEMICONDUCTORS
' S. J. Pearton '

Introduction . . ... .. ittt i e e e e e e e
Wet Blohing . . . . ... e e e e e e e e
DryBtching . . . ... ... ... i e I
TonImplantation . .. .. .. ...ttt it e
L0 2
Effectsof Hydrogen . ... ...... ... . ... . .. innnn.
ConClusioNS . . . . . . e e e e e e e e e
References

R o

.............................................

Chapter 5. HYDROGEN IN WIDE BANDGAP SEMICONDUCTORS
' 8. J. Pearton, J. W, Lee *

—

Introduction . . .. ... ... i e e P
2. Hydrogen Incorporation in Wide Bandgap Semiconductors . .. .............
21. HydrogenPlasmaExposure .................... .. ... . ...

22, HydrogenImplantation . . . ... ............. ... . ... . ...

2.3, Survey of the Configurations of Hydrogen in Semiconductors. . . . ... ...

3. Hydrogenin GalN . . . .. ... ... .. i i e e
' 31. Metal-Organic Chemical Vapor Deposition Growth . . .. ...........
3.2, Passivation of Other Acceptor-Dopants . .. ... ... ... .c.0vuer.s

3.3. Diffusion of Hydrogeninthe Nitrides . . ............. e

34. PassivationinTernaryNitrides . . .. .. ......................

3.5. Hydrogen Hcorporation during Processing . . .. ................

3.6. Hydrogen in GaN/InGaN Device Structures . . . . . ... ............

37. HydrogeninCubicGaN .......... ... .. ... .. run,

4. HydrogeninSiC. . ... ... .. . . e
4.1. Thermal Stability of Deuteriom in 3C-8iC . . . .. ................
4.2. Diffusion of Hydrogenin6H-SIiC . . .. .. ....................
Diamond . . ... ... e e e e e
GroupII-VICompounds . .. .. ...... ...t vrnen.n. AP
Conclusions .. ", ................
Acknowledgment . ... ... . ... ...
References . . . . . .. ... . i e e

Nt

Chapter 6. 'WET ETCHING OF III-V SEMICONDUCTORS
Walter P Gomes

=

Introduction . . .. ... .. et e e
2. Semiconductor Electrochemistry: Basic Principles and Experimental Methods . . . . .
21, Semiconductors . .. ... ... ...

2.2. The Semiconductor-Liquid SolutionInterface . .................

2.3. Electrochemical Reactions at Semiconductors in Indifferent Electrolytes . . .

2.4. Electrochemical Reactions at Semiconductors in Redox Electrolytes . . . . .

3. TypesofEwchingReactions ............ ... ... ... ...
3.1, (Photo)Electrochemical Etching. . . . .......................
32, Photoetching . . & . . .. .. . i e e
33, ElectrolessEtching . .......... ... ... . e,
34, Chemical Btching ... ... ... ... . ... .t
Some Solid-State and Electrochemical Data on III-V Semiconductors . . . . . ... ..
Kinetics and Mechanisms of Etching Reactions at ITI-V Semiconductors . . . . .. ..
5.1. (Photo)Electrochemical Etching . . . .. .. ....................
52. Photoetching . . . ... .. ... i i e e e
53. ElectrolessEtching . . ... ..... ... .. . . i e
54. ChemicalEtching . ................ ... .. vn,
5.5. Electroless and Chemical Etching Occurringin Parallel . . .. ... ... ...

o



6. Material-Selective Etching . . . . . .. ... ................ e
7. Etch MorphologiesandProfiles .. . . . . ...... ... ... ...
7.1.  Etch Morphologies at Macroscopic Size Surfaces . . . .. ... ...... ...

72. ProfileEtching . .. ... .. ... ... . ... e

B. Conclusions .. ........ ...ttt e e e
Acknowledgment . . . . . .. ... e e
References . . . . . . .ttt i et e i e

Chapter 7. COMBINATORIAL SYNTHESIS AND HIGH THROUGHPUT
EVALUATION OF ELECTRONIC AND PHOTONIC

MATERIAL CHIPS
X.-D. Xiang

L oIntroduction . . . . ... oo it s e
2. GeneralApproach . ..... ... ... ... ... i e e
3. Synthesismethods. . .. ... ... .. . e
4. High ThroughputScreening . . . . ... . ... . . i
4.1. Electro-Optical Coefficient Characterization . . .................
42, X-RayCharacterization. . . . ..... ... .. iuannanrin
43. Electrical Impedance Characterization . . . .. ... ...............
5. Materials Sciences Applications . . ... ..... ... .. e
51, Superconductors . . . . . .. ... e e e
5.2. Magnetoresistive Materials . . . .. .......... e e e e
53. LuminescentMaterials . .. ... ... ... ... i,
5.4, Ferroelectric-Dielectric Materials. . . .. .. e e e e e e
55, OtherStudies. . . . ... ... .. .. e i e e
6. Conclusion . ................... e e e et e
o Acknowledgments . . ... .. e e e s
References . .. ...... e e e e e

Chapter 8. COHERENT EFFECTS IN SEMICONDUCTOR

HETEROSTRUCTURES
Karl Leo

1. Introduction to Coherent Effects in Semiconductors. . . .. ................
2. Basic Principles of Coherent Effects in Semiconductor Heterostructures . . . . ... ..
2.1.  Semiconductor Heterostructures . . .. ........ ...,

2.2. .Excitons in Semiconductor Heterostructures . . ... ... .. ... ...

2.3.  Coherent Effects in Semiconductors . .. .......... . ... ...,

2.4. Experimental Techniques for Tracing Coherent Excitation . ..........

3. Experimental Investigations of Coherent Excitations in Semiconductors . . . . ... ..
31, OVeIVIEW . . . . . . e e e e e e

3.2, Dephasing in Bulk and Quantum Well Semiconductor Structures . ... ...

33. Heavy-Hole-Light-Hole QuantumBeats . . . .. ... ..............

34. Coupled Double Quantum Wells: Coherent Oscillations. . . . .........

3.5. Superlattices: Bloch Oscillations . . . .. ............ ... .......

36. Coherent Control of Photocurrent Generation . . . . .. ............

3.7. Wave Packetsof MagneticStates . . ................. . . ... ..

4. Device Applications of CoherentEffects . . ... ......................
41, BasicConsiderations .. ......... . ... .

4.2, Device Concepts Using Coherent Generation and Destruction . . . . ... ..

43. Device Concepts Using Coherent Transport Effects in Superlattices . . . . . .

5. Conclusion . . . .. ... e e e e e
Acknowledgments . . . . . ... . e e e
Referenoes . . . v i et e e e e e e e



