
Contents 

1 Introduction to X-Ray Absorption Spectroscopy 1 
Claudia S. Schnohr and Mark C. Ridgway 
1.1 Basic Principle 1 

1.1.1 X-Ray Absorption 1 
1.1.2 Absorption Fine Structure 2 

1.2 Theoretical Description 4 
1.2.1 Dipole Approximation 4 
1.2.2 Quasi-Particle Model 5 
1.2.3 Multiple Scattering Approach 6 
1.2.4 XANES 7 
1.2.5 EXAFS 8 

1.3 Experimental Aspects 12 
1.3.1 Synchrotron Radiation 12 
1.3.2 Experimental Setup 13 

1.4 Data Analysis 17 
1.4.1 XANES 17 
1.4.2 EXAFS 20 

1.5 Conclusions 26 
References 26 

Part I Crystalline Semiconductors 

2 Binary and Ternary Random Alloys 29 
Claudia S. Schnohr 
2.1 Introduction 29 
2.2 Si|_.vGex Binary Alloys 31 

2.2.1 First Shell 31 
2.2.2 Higher Shells 32 

2.3 III—V and II-VI Ternary Alloys 33 
2.3.1 First Shell 33 

vii 

http://d-nb.info/1053175213

http://d-nb.info/1053175213


viii Contents 

2.3.2 Higher Shells 35 
2.3.3 Bond Angles 38 

2.4 First Shell Calculations 38 
2.4.1 Models for the Dilute Limit 38 
2.4.2 Models for the Whole Compositional Range 39 
2.4.3 Cluster and Supercell Calculations 42 
2.4.4 Comparison of the Different Models 42 

2.5 Modelling of Higher Shells 43 
2.6 Conclusions 45 
References 46 

3 Wide Band Gap Materials 49 
Maria Katsikini 
3.1 Introduction 49 
3.2 XANES Characterization 54 

3.2.1 Polarization Dependent Measurements 54 
3.2.2 Polymorphism and Multiphase Materials 59 
3.2.3 Core Exciton in Diamond 62 
3.2.4 Ion Implantation and Defects 63 
3.2.5 Near Edge Spectra Simulations 66 

3.3 EXAFS Characterization 68 
3.3.1 Binary Compounds 68 
3.3.2 Effect of Temperature 69 
3.3.3 Alloying 70 
3.3.4 Ion Implantation 71 
3.3.5 Effect of Pressure 72 

3.4 Summary 74 
References 74 

4 Dopants 77 
Federico Boscherini 
4.1 Introduction to X-Ray Absorption Fine Structure 

Investigations of Dopants 77 
4.1.1 General Aspects 77 
4.1.2 Experimental Methods 78 

4.2 A Review of XAFS Investigations of Dopants 83 
4.2.1 Amorphous Semiconductors 83 
4.2.2 Crystalline Silicon: Bulk 84 
4.2.3 Crystalline Silicon: Ultra Shallow Junctions 86 
4.2.4 Solar Grade Silicon 89 
4.2.5 Gallium Arsenide 90 
4.2.6 Zinc Oxide 92 
4.2.7 Other Semiconductors 94 

References 95 



Contents ix 

5 Complexes and Clusters 99 
Gianluca Ciatto 
5.1 Definition of Complexes and Clusters 99 
5.2 Modeling and Data Analysis Approaches 100 

5.2.1 Conventional XAS Analysis of Complexes/Clusters. ... 100 
5.2.2 Valence Force Field-Based XAS Analysis 

of Complexes/Clusters 101 
5.2.3 Density Functional Theory-Based Analysis 

of Complexes/Clusters 102 
5.3 Complexes 103 

5.3.1 Nitrogen-Hydrogen Complexes in Dilute Nitrides 103 
5.3.2 Manganese-Hydrogen Complexes in GaMnAs 107 
5.3.3 Cobalt-Oxygen Vacancy Complexes in Zni_xCoxO. ... Ill 
5.3.4 Erbium at Oxygen-Decorated Vacancies 

in (Er, 0)-Doped Silicon 115 
5.4 Clustering and Anticlustering 117 

5.4.1 Bismuth Clustering in GaAsBi Epilayers 118 
5.4.2 Absence of Clustering in GaAsSbN and ZnSSe 121 

5.5 Summary 122 
References 123 

6 Vibrational Anisotropy 127 
Paolo Fornasini 
6.1 Introduction 127 
6.2 Theory 128 

6.2.1 Average Distance 129 
6.2.2 Parallel MSRD 130 
6.2.3 Perpendicular MSRD 131 
6.2.4 Relative Vibrational Anisotropy 132 

6.3 Experimental Results on Vibrational Anisotropy 133 
6.3.1 The Case of CdTe 133 
6.3.2 Comparison of Diamond and Zinblende Structures .... 135 

6.4 True and Apparent Bond Expansion 139 
6.5 Negative Thermal Expansion Crystals 139 
References 141 

Part II Disordered Semiconductors 

7 Amorphous Group IV Semiconductors 145 
Mark C. Ridgway 
7.1 Introduction 145 
7.2 Structure of Amorphous Semiconductors 146 
7.3 XAS of Amorphous Semiconductors 147 



x Contents 

7.4 Preparation of Amorphous Group IV Semiconductor 
Samples for XAS 149 

7.5 Amorphous Group IV Semiconductors 149 
7.5.1 Amorphous Si (a-Si) 149 
7.5.2 Amorphous Ge (a-Ge) 152 
7.5.3 Amorphous SiC (a-SiC) 157 
7.5.4 Amorphous Sii_jGex (a-Sii-^Gej) 159 

7.6 Summary 162 
References 162 

8 Amorphous Group 1I1-V Semiconductors 165 
Mark C. Ridgway 
8.1 Introduction 165 
8.2 Structure of Amorphous Group III—V Semiconductors 166 
8.3 Preparation of Amorphous Group III-V Semiconductor 

Samples for XAS 167 
8.4 Amorphous Ga-Based Group III-V Semiconductors 167 

8.4.1 Amorphous GaN (a-GaN) 167 
8.4.2 Amorphous GaP (a-GaP) 170 
8.4.3 Amorphous GaAs (a-GaAs) 171 
8.4.4 Amoiphous GaSb (a-GaSb) 173 

8.5 Amorphous In-Based Group III-V Semiconductors 175 
8.5.1 Amorphous InN (a-InN) 175 
8.5.2 Amorphous InP (a-InP) 176 
8.5.3 Amorphous In As (a-InAs) 180 
8.5.4 Amorphous LnSb (a-inSb) 182 

8.6 Summary 184 
References 184 

9 Semiconductors Under Extreme Conditions 187 
Andrea Di Cicco and Adriano Filipponi 
9.1 Introduction 187 
9.2 Experimental Set-Ups at Scanning Energy Beamlines 190 
9.3 Experimental Set-Ups at Energy-Dispersive Beamlines 192 
9.4 XAS of Amorphous and Liquid Se at High Pressures 193 
9.5 The Physics of Ge and Related Systems at High 

P and High T 197 
References 199 



Contents xi 

Part m Semiconductor Nanostructures 

10 Group IV Quantum Dots and Nanoparticles 203 
Alexander V. Kolobov 
10.1 Introduction 203 
10.2 Raman Scattering and Its Pitfalls 204 
10.3 X-Ray Absorption Spectroscopy of Ge QDs 

and Nanocrystals 207 
10.3.1 Epitaxially Grown Uncapped Ge QDs 208 
10.3.2 Capped Ge QDs 211 
10.3.3 Ge Nanoislands Grown on Oxidised Si Surfaces 215 
10.3.4 Embedded Ge Nanoparticles 217 
10.3.5 Other-Than Ge Quantum Dots 218 

10.4 Beyond Conventional XAFS 218 
10.4.1 Multiple Scattering Analysis of EXAFS 218 
10.4.2 Diffraction Anomalous Fine Structure Experiments .... 219 
10.4.3 Femtometer Precision XAFS 219 
10.4.4 Spectroscopy of Empty States 219 
10.4.5 Time-Resolved Studies 220 

10.5 Summary and Outlook 220 
References 220 

11 Group IV Nanowires 223 
Xuhui Sun and Tsun-Kong Sham 
11.1 Introduction 223 
11.2 Si and Ge Nanowires: Morphology and Structure 

Via Top-down and Bottom up Strategies 224 
11.3 Soft X-Ray Spectroscopy: Yield Measurements, XANES, 

XES and XEOL 225 
11.3.1 X-Ray Absorption Fine Structure Spectroscopy 225 
11.3.2 Soft X-Ray Absorption Measurements: Yield 

and De-excitation Spectroscopy 226 
11.3.3 XEOL in the Time Domain 229 

11.4 Si and Ge Nanowires and Related Materials: X-Ray 
Spectroscopy Studies 230 
11.4.1 Si Nanowires 230 
11.4.2 Ge Nanowires and Ge02 Nanowires 236 
11.4.3 Other Group IV Nanowires (C and Sn02 

Nanowire) 241 
11.5 Summary and Outlook 242 
References 244 



xji Contents 

12 Group ffl-V and II-VI Quantum Dots and Nanoparticles 247 
Alexander A. Guda, Mikhail A. Soldatov 
and Alexander V. Soldatov 
12.1 Properties and Applications of Quantum Dots 247 
12.2 Synthesis 250 
12.3 Methods to Study the QDs 252 
12.4 Case Studies 255 

12.4.1 Group lll-V QDs and Nanoparticles 255 
12.4.2 Group II-VI QDs and Nanoparticles 259 

References 267 

13 Group III-V and II-VI Nanowires 269 
Francesco d'Acapito 
13.1 Introduction 269 
13.2 III-V Wires 270 

13.2.1 GaAs and InAs 270 
13.2.2 GaN and AlGaN 271 

13.3 II-VI Wires 274 
13.3.1 ZnO 274 
13.3.2 Other II-VI 281 

13.4 Conclusion 284 
References 284 

Part IV Magnetic Semiconductors 

14 Magnetic Ions in Group IV Semiconductors 289 
Roberto Gunnella 
14.1 Introduction 289 
14.2 Theoretical Background 290 
14.3 Experimental Growth Techniques 293 
14.4 Samples Characterization 295 
14.5 XANES and EXAFS of TM in IV-Group SCs 297 

14.5.1 XANES 297 
14.5.2 EXAFS 303 

14.6 Conclusions 309 
References 310 

15 Magnetic Ions in Group III-V Semiconductors 313 
Krystyna Lawniczak-Jablonska 
15.1 Introduction 313 
15.2 Origin of the Magnetism in Semiconductors 314 
15.3 Location of Transition Metals in the Semiconductor 

Matrices—EXAFS Studies 319 



Contents xiii 

15.3.1 Substitutional and Interstitial Positions 
of the Magnetic Ions 319 

15.3.2 Formation of Nanoinclusions 323 
15.4 Electronic Structure of Magnetic Ions 

in Semiconductors—XANES Studies 326 
15.4.1 Substitutional and Interstitial Positions 

of the Magnetic Ions 326 
15.4.2 Formation of Nanoinclusions 329 

15.5 Magnetic Structure of the Magnetic Ions 
in Semiconductors—XMCD Studies 330 

15.6 Summary 335 
References i 336 

16 Magnetic Ions in Group 11-VI Semiconductors 339 
Steve M. Heald 
16.1 Introduction 339 
16.2 Application of XAFS to Magnetic Semiconductors 340 
16.3 Search for Dilute Magnetic Semiconductors 

in n-VI Systems 342 
16.3.1 Mn Doping 342 
16.3.2 Cr Doped ZnTe 343 

16.4 Doped ZnO 345 
16.4.1 Co Doping 345 
16.4.2 Doping of ZnO by Other Transition Metals 348 

16.5 Summary 350 
References 350 

Index 355 


