Edited by & WILEY-VCH
C. N. R. Rao, A. Miiller, A. K. Cheetham

The Chemistry
of Nanomaterials

Synthesis, Properties and Applications




C. N. R. Rao, A. Miiller, A. K Cheetham (Eds.)

The Chemistry of Nanomaterials

Synthesis, Properties and Applications in 2 Volumes

Volume 2

%)

WILEY-VCH Verlag GmbH & Co. KGaA



Prof. Dr. C. N. R. Rao

CSIR Centre of Excellence in Chemistry
and Chemistry and Physics of Materials
Unit

Jawaharlal Nehru Centre for Advanced
Scientific Research

Jakkur P.O.

Bangalore — 560 064

India

Prof. Dr. h.c. mult. Achim Miiller
Faculty of Chemistry

University of Bielefeld

Postfach 10 01 31

D-33501 Bielefeld

Germany

Prof. Dr. A. K. Cheetham

Director

Materials Research Laboratory
University of California, Santa Barbara
Santa Barbara, CA 93106

USA

This book was carefully produced.
Nevertheless, authors, editors and publisher
do not warrant the information contained
therein to be free of errors. Readers are
advised to keep in mind that statements,
data, illustrations, procedural details or
other iterns may inadvertently be
inaccurate.

Library of Congress Card No.: applied for

A catalogue record for this book is available
from the British Library.

Bibliographic information published by Die
Deutsche Bibliothek

Die Deutsche Bibliothek lists this
publication in the Deutsche National-
bibliografie; detailed bibliographic data is
available in the Internet at http://dnb.ddb.de

© 2004 WILEY-VCH Verlag GmbH & Co.
KgaA, Weinheim

All rights reserved (including those of
translation in other languages). No part of
this book may be reproduced in any form —
by photoprinting, microfilm, or any other
means — nor transmitted or translated into
machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Printed in the Federal Republic of
Germany.
Printed on acid-free paper.

Composition Asco Typesetters, Hong Kong
Printing betz-druck gmbh, Darmstadt
Bookbinding |. Schaffer GmbH & Co. KG,
Grinstadt

ISBN 3-527-30686-2



1.1
1.2
1.3
1.4
1.5
1.6
1.7

21
2.2
2.3
2.4

241
2.4.2

. 243

244
245
25
2.6

Contents

Preface xvi
List of Contributors  xviii
Volume 1

Nanomaterials — An Introduction 1

C. N. R. Rao, A. Miiller, and A. K. Cheetham

Size Effects 3

Synthesis and Assembly 4

Techniques 5

Applications and Technology Development 8
Nanoelectronics 8

Other Aspects 9

Concluding Remarks 11

Bibliography 11

Strategies for the Scalable Synthesis of Quantum Dots and
Related Nanodimensional Materials 12

P. O’Brien and N. Pickett ‘

Introduction 12

Defining Nanodimensional Materials 13

Potential Uses for Nanodimensional Materials 15

The General Methods Available for the Synthesis of Nanodimensional
Materials 17

Precipitative Methods 19

Reactive Methods in High Boiling Point Solvents 20
Hydrothermal and Solvothermal Methods 22

Gas-Phase Synthesis of Semiconductor Nanoparticles 23
Synthesis in a Structured Medium 24

The Suitability of Such Methods for Scaling 25
Conclusions and Perspectives on the Future 26
Acknowledgements 27

References 27



vi| Contents

3 Moving Nanoparticles Around: Phase-Transfer Processes in Nanomaterials
Synthesis 31
M. Sastry

3.1 Introduction 31

3.2 Water-Based Gold Nanoparticle Synthesis 33

3.21  Advantages 33

3.2.2 Disadvantages 33

33 Organic Solution-Based Synthesis of Gold Nanoparticles 33

3.3.1  Advantages 33

332 Disadvantages 34

34 Moving Gold Nanoparticles Around 34

341  Phase Transfer of Aqueous Gold Nanoparticles to Non-Polar Organic
Solvents 34

34.2  Transfer of Organically Soluble Gold Nanoparticles to Water 43
Acknowledgments 48
References 49

4 Mesoscopic Assembly and Other Properties of Metal and Semiconductor
Nanocrystals 51
G. U. Kulkarni, P. j. Thomas, and C. N. R. Rao
Abstract 51

41 Introduction 51

42 Synthetic Strategies 53

421  General Methods 53

422  Size Control 55

423 Shape Control 57

424  Tailoring the Ligand Shell 58

43 Programmed Assemblies 61

43.1 One-Dimensional Arrangements 61

432  Two-Dimensional Arrays 62

4.3.2.1 Arrays of Metal Nanocrystals 63

4.3.2.2 Arrays of Semiconductor Nanocrystals 65

43.2.3 Arrays of Oxide Nanocrystals 66

4.3.24 Other Two-Dimensional Arrangements 68

4325 Stability and Phase Behaviour of Two-Dimensional Arrays 68

433 Three-Dimensional Superlattices 71

4.3.4 Superclusters 73

435  Colloidal Crystals 75

43.6  Nanocrystal Patterning 75

4.4 Emerging Applications 77

441  Isolated Nanocrystals 78

4.4.2 Collective Properties 82

443 Nanocomputing 86

4.5 Conclusions 86
References 88



5.1

5.2

5.3
5.3.1
53.2
5.3.3
53.4
5.35
5.3.5.1
5.35.2
5.353
5.4

6.1
6.1.1
6.1.1.1
6.1.1.2
6.1.1.3
6.1.1.4

6.1.15
6.1.1.6

6.1.2
6.1.2.1

6.1.2.2
6.1.2.3
6.1.2.4
6.1.2.5
6.1.2.6

6.1.2.7
6.1.2.8

Contents

Oxide Nanoparticles 94

R. Seshadri

Abstract 94

Introduction 94

Magnetite Particles in Nature 96
Routes for the Preparation of Isolated Oxide Nanoparticles 98
Hydrolysis 98

Oxidation 101

Thermolysis 102

Metathesis 103

Solvothermal Methods 105
Oxidation 105

Hydrolysis 105

Thermolysis 106

Prospects 108
Acknowledgments 110
References 110

Sonochemistry and Other Novel Methods Developed for the Synthesis of
Nanoparticles 113

Y. Mastai and A. Gedanken

Abstract 113

Sonochemistry 113

Sonochemical Fabrication of Nanometals 116

Sonochemical Synthesis of Powders of Metallic Nanoparticles 116
Sonochemical Synthesis of Metallic Colloids 118

Sonochemical Synthesis of Metallic Alloys 120

Sonochemical Deposition of Nanoparticles on Spherical and Flat
Surfaces 121

Sonochemical Synthesis of a Polymer-Metal Composite 124
Sonochemical Synthesis of Nanometals Encapsulated in a Carbon
Matrix 127

Sonochemical Fabrication of Nano-Metallic Oxides 129
Sonochemical Synthesis of Transition Metal Oxides from the
Corresponding Carbonyls 129

Sonochemical Synthesis of Ferrites from the Corresponding
Carbonyls 131

Sonochemical Preparation of Nanosized Rare-Earth Oxides 133
The Sonchydrolysis of Group 3A Compounds 134

The Sonochemical Synthesis of Nanostructured Sn0O; and SnO as their
Use as Electrode Materials 136

The Sonochemical Synthesis of Mesoporous Materials and the Insertion
of Nanoparticles into the Mesopores by Ultrasound Radiation 137
The Sonochemical Synthesis of Mixed Oxides 143

The Sonochemical Synthesis of Nanosized Hydroxides 143

vii



viii

Contents

6.1.2.9

Sonochemical Preparation of Nanosized Titania 144

6.1.2.10 The Sonochemical Preparation of Other Oxides 145
6.1.2.11 Sonochemical Synthesis of Other Nanomaterials 147

6.2
6.2.1
6.3
6.3.1
6.3.1.1
6.3.1.2

7.1
7.2
7.3
7.4
7.5
7.6
7.7

8.1
8.2
8.2.1
8.2.1.1
821.2
8.2.1.3
8.2.2
8.2.3
8.2.4
8.2.4.1
8.2.4.2
8.2.5
8.2.5.1
8.2.5.2
83
8.3.1
8.3.2
8.3.3
8.3.4

Soncelectrochemistry 148

Sonoelectrochemical Synthesis of Nanocrystalline Materials 149
Microwave Heating 152

Microwave Synthesis of Nanomaterials 155

Microwave Synthesis of Nanometallic Particles 155

The Synthesis of Nanoparticles of Metal Oxides by MWH 157
Acknowledgements 163

References 164

Solvothermal Synthesis of Non-Oxide Nanomaterials 170

Y. T. Qian, Y. L. Gu, and J. Lu

Introduction 170

Solvothermal Synthesis of I1I-V Nanomaterials 175

Synthesis of Diamond, Carbon Nanotubes and Carbides 181
Synthesis of Si3N4, P3Ns, Metal Nitrides and Phosphides 186
Synthesis of BN, B4C, BP and Borides 189

Synthesis of One-Dimensional Metal Chalcogenide Nanocrystallites
Room Temperature Synthesis of Nanomaterials 198

References 204

Nanotubes and Nanowires 208

A. Govindaraj and C. N. R. Rao

Abstract 208

Introduction 208

Carbon Nanotubes 210

Synthesis 210

Multi-Walled Nanotubes 210

Aligned Carbon Nanotube Bundles 212
Single-Walled Carbon Nanotubes 214
Structure and Characterization 217
Mechanism of Formation 222

Chemically Modified Carbon Nanotubes 224
Doping with Boron and Nitrogen 224
Opening, Filling and Functionalizing Nanotubes 225
Electronic Structure, Properties and Devices 227
Electronic Structure and Properties 227
Electronic and Electrochemical Devices 228
Inorganic Nanotubes 239

Preliminaries 239

General Synthetic Strategies 244

Structures 246

Useful Properties of Inorganic Nanotubes 253

193



8.4
8.4.1
8.4.2
8.4.2.1
84.2.2
8.4.2.3
8424
843

9.1
9.2

9.3

9.4
9.5

10

10.1
10.2
10.2.1
10.2.2
10.2.3
10.2.4
10.3
10.3.1
10.3.2
10.3.3
10.3.4
10.4
10.4.1
10.4.2
10.4.3
10.5
10.6
10.6.1

Contents

Nanowires 255

Preliminaries 255

Synthetic Strategies 255

Vapor Phase Growth of Nanowires 256
Other Processes in the Gas Phase 262
Solution-Based Growth of Nanowires 265
Growth Control 273

Properties of Nanowires 274

References 275

Synthesis, Assembly and Reactivity of Metallic Nanorods 285

C.J. Murphy, N. R. jana, L. A. Gearheart, S. O. Obare, K. K. Caswell,

S. Mann, C. J. Johnson, S. A. Davis, E. Dujardin, and K. |. Edler
Introduction 285

Seed-Mediated Growth Approach to the Synthesis of Inorganic Nanorods
and Nanowires 287

Assembly of Metallic Nanorods: Self-Assembly vs. Designed Chemical
Linkages 293

Reactivity of Metallic Nanoparticles Depends on Aspect Ratio 299
Conclusions and Future Prospects 304

Acknowledgements 306

References 306

Oxide-Assisted Growth of Silicon and Related Nanowires:

Growth Mechanism, Structure and Properties 308

S. T. Lee, R. Q. Zhang, and Y. Lifshitz

Abstract 308

Introduction 309

Oxide-Assisted Nanowire Growth 311

Discovery of Oxide-Assisted Growth 311

Oxide-Assisted Nucleation Mechanism 314

Oxide-Assisted Growth Mechanism 316

Comparison between Metal Catalyst VLS Growth and OAG 317
Control of SINW Nanostructures in OAG 319

Morphology Control by Substrate Temperature 319

Diameter Control of Nanowires 326

Large-Area Aligned and Long SiNWs via Flow Control 328

Si Nanoribbons 330

Nanowires of Si Compounds by Multistep Oxide-Assisted Synthesis 332
Nanocables 332

Metal Silicide/SiNWs from Metal Vapor Vacuum Arc Implantation 333
Synthesis of Oriented SiC Nanowires 334

Implementation of OAG to Different Semiconducting Materials 335
Chemical Properties of SINWs 340

Stability of H-Terminated SINW Surfaces 340

ix



x| Contents

10.6.2 Reduction of Metals in Liquid Solutions 343

10.6.3 Chemical Sensing of SINWs 345

10,6.4 Use of SiNWs as Templates for Nanomaterial Growth 346

10.7 Optical and Electrical Properties of SiNWs 347

10.7.1  Raman and PL of SiNWs 347

10.7.2  Field Emission from Different Si-Based Nanostructures 350

10.7.3 STM and STS Measurements of SiNWs and B-Doped SiNWs 351

10.7.4  Periodic Array of SINW Heterojunctions 356

10.8 Modeling 359

10.8.1 High Reactivity of Silicon Suboxide Vapor 359

10.8.2 Thermal and Chemical Stabilities of Pure Silicon Nanostructured
Materials 360

10.8.2.1 Structural Transition in Silicon Nanostructures 360

10.8.2.2 Thinnest Stable Short Silicon Nanowires 361

10.8.2.3 Silicon Nanotubes 361

10.8.3 Thermal and Chemical Stabilities of Hydrogenated Silicon
Nanostructures 363

10.8.3.1 Structural Properties of Hydrogenated Silicon Nanocrystals and
Nanoclusters 363

10.8.3.2 Size-Dependent Oxidation of Hydrogenated Silicon Clusters 365

10.9 Summary 365
Acknowledgement 368
References 369

Volume 2

11 Electronic Structure and Spectroscopy of Semiconductor Nanocrystals 371
S. Sapra and D. D. Sarma

111 Introduction 371

11.2 Structural Transformations 372

11.3 Ultraviolet—Visible Absorption Spectroscopy 374

114 Fluorescence Spectroscopy 377

115 Electronic Structure Calculations 383

11.5.1  Effective Mass Approximation 384

11.5.2  Empirical Pseudopotential Method 385

11.5.3 Tight-Binding Method 387

11.6 Photoemission Studies 394

11.6.1  Core Level Photoemission 395

11.6.2  Valence Band Photoemission 399

11.7 Concluding Remarks 401
References 402

12 Core—Shell Semiconductor Nanocrystals for Biological Labeling 405
R. E. Bailey and S. Nie
121 Introduction 405



12.2
12.3
12.4
12,5

13

131
13.2
13.3
13.31
13.3.1.1
13.3.1.2
13.3.2
13.3.3
13.3.4
13.4
13.4.1
13.5
13.6
13.7

14

14.1

14.2

14.3
14.4

15

15.1
15.2

Contents

Optical Properties 405

Synthesis 408

Surface Modification and Bioconjugation 410
Applications 413

Acknowledgement 416

References 416

Large Semiconductor Molecules 418

J. F. Corrigan and M. W. DeGroot

Introduction 418

Nickel Chalcogenides 419

Group XI Chalcogenides 423

Copper Sulfide and Copper Selenide Nanoclusters 424
Layered Cu,Se 424

Spherical CuE 426

Cuz_,Te and Ag,Te 430

Ag)S 433

AgrSe 436

Group XlI-chalogenides and the Quantum Confinement Effect 438
Cds 438

Ternary MM'E 444

Metal Pnictides from E(SiMe;); Reagents 446
Conclusions and Outlook 447

References 448

Oxomolybdates: From Structures to Functions in a New Era of
Nanochemistry 452

A. Miiller and S. Roy

Abstract 452

Introduction: Similarities between Nanotechnology in Nature and
Chemistry? 452

Sizes, Shapes, and Complexity of Nano-objects are Determined by the
Nature and Variety of the Constituent Building Blocks 453
Nanoscaled Clusters with Unusual Form~-Function Relationships 457
Perspectives for Materials Science and Nanotechnology: En Route to
Spherical-Surface, Nanoporous-Cluster, and Super-Supramolecular
Chemistry Including the Option of Modelling Cell Response 465
Acknowledgments 473

References 473

Nanostructured Polymers 476

S. Ramakrishnan

Abstract 476

Introduction 476

Macromolecular Structural Control 477

xi



xii | Contents

15.2.1  Living Polymerization 478
15.3 Polymer Conformational Control 480
15.4 Morphology of Block Copolymers 484
15.5 Nanostructures Based on Bulk Phase Separation 486
15.6 Nanostructures Based on Lyotropic Mesophases 493
15.6.1 Core-Crosslinked Systems 495
15.6.2  Shell-Crosslinked Systems 497
15.6.3 Nanocages 500
15.7 Rod—Coil Diblock Copolymers 502
15.8 Nanostructures from Polymerized Surfactant Assemblies 507
15.9 Summary and Outlook 513
Acknowledgements 514
References 515

16 Recent Developments in the Chemistry and Chemical Applications of
Porous Silicon 518
J. M. Schmeltzer and . M. Buriak
16.1 Introduction 518
16.2 Preparation and Characterization of Porous Silicon Substrates 518
16.3 Surface Chemistry of Porous Silicon Surfaces 522
16.4 Chemical Applications Based on Porous Silicon 527
16.4.1  Bioactive Porous Silicon 527
16.4.2  Micro Enzyme Reactors (uIMERS) and Total Analysis Systems
(uTAS) 531
16.4.3  Porous Silicon Sensors 532
16.44  Explosive Porous Silicon 539
16.4.5 Desorption/lonization on Silicon Mass Spectrometry (DIOS-MS) 540
16.5 Conclusion 546
Acknowledgments 547
References 547

17 Nanocatalysis 551
S. Abbet and U. Heiz
17.1 Introduction 551
17.2 Chemical Reactions on Point Defects of Oxide Surfaces 552
17.3 Chemical Reactions and Catalytic Processes on Free and Supported
Clusters 555
17.3.1  Catalytic Processes on Free Metal Clusters 555
17.3.2  Chemical Reactions and Catalytic Cycles on Supported Clusters 562
17.3.2.1 Single Atoms on Oxide Surfaces 562
17.3.2.2 Size-Selected Clusters on Oxide Surfaces 566
17.3.3  Turn-Over Frequencies of Catalytic Reactions on Supported Clusters 578
17.3.3.1 A Newly Designed Pulsed Valve for Molecular Beam Experiments 578
17.3.3.2 Size-Distributed Clusters on Oxide Surfaces 580
17.4 Chemical Reactions Induced by Confined Electrons 582



17.5

18

18.1
18.2
18.3
18.4
18.4.1
18.4.2
18.4.3
18.4.4
18.44.1
18.4.4.2
18.4.4.3
18.4.4.4
18.4.4.5
185
18.5.1
18.5.2
18.5.3
18.5.4
18.5.5
18.6
18.6.1
18.6.2
18.7

19

19.1
19.2

19.3

19.31
19.3.2
19.3.3

19.4
19.4.1
19.4.2

Contents

Conclusions 586
Acknowledgements 586
References 586

Nanoporous Materials 589

A. K. Cheetham and P. M. Forster

Introduction 589

Stability of Open-Framework Materials 590
Aluminosilicate Zeolites 591
Open-Framework Metal Phosphates 595
Aluminum Phosphates 595

Phosphates of Gallium and Indium 598
Tin(1I) Phosphates and Antimony(IIT) Phosphates 599
Transition Metal Phosphates 600
Molybdenum and Vanadium Phosphates 600
Iron Phosphates 601

Cobalt(II) and Manganese Phosphates 603
Copper and Nickel Phosphates 603
Zirconium and Titanium Phosphates 605
Chalcogenides, Halides, Nitrides and Oxides 606
Sulfides and Selenides 606

Halides 607

Nitrides 607

Binary Metal Oxides 607

Sulfates 608

Hybrid Nanoporous Materials 608
Coordination Polymers 609

Hybrid Metal Oxides 612

Conclusions 614

References 616

Photochemistry and Electrochemistry of Nanoassemblies 620

P. V. Kamat

Metal and Semiconductor Nanostructures 620

Photoinduced Charge Transfer Processes in Semiconductor Nanoparticle
Systems 620

Photoinduced Transformations of Metal Nanoparticles 622
Transient Bleaching of the Surface Plasmon Band 623

Laser Induced Fusion and Fragmentation of Metal Nanoclusters 624
Photoinduced Energy and Electron Transfer Process between Excited
Sensitizer and Metal Nanocore 625

Electrochemistry of Semiconductor Nanostructures 627
Nanostructured Metal Oxide Films 627

Nanostructured Oxide Films Modified with Dyes and Redox
Chromophores 628

xiii



xiv| Contents

19.4.3  Photocurrent Generation 630
19.5 Electrochemistry of Metal Nanostructures 631
19.6 Semiconductor-Metal Nanocomposites 632
19.6.1 Improving the Efficiency of Photocatalytic Transformations 633
19.6.2  Fermi Level Equilibration 634
19.7 Concluding Remarks 635
Acknowledgement 636
References 636

20 Electrochemistry with Nanoparticles 646
S. Devarajan and S. Sampath
Outline 646

20.1 Introduction 646

20.2 Preparation of Nanostructures 647

20.3 Electrochemistry with Metallic Nanoparticles 649

20.3.1 Monolayer-Protected Nanoclusters 651

20.3.2  Nanoelectrode Ensembles 653

20.4 Single Electron Events 657

20.5 Probing Nanoparticles using Electrochemistry Coupled with
Spectroscopy 664

20.6 Nanosensors 670

20.6.1 Biosensors 670

20.6.2 Chemical Sensors 674

20.7 Electrocatalysis 678

20.8 Summary and Perspectives 680
Acknowledgement 681
References 681

21 Nanolithography and Nanomanipulation 688
A. K. Raychaudhuri
Abstract 688

21.1 Introduction 688

21.2 Template Fabrication 690

21.2.1  Polycarbonate Etched Track Templates 691

21,.2.2  Fabrication of Anodized Alumina Membrane 693

21.2.3  Anodized Alumina Membrane as a Mask for Physical Vapor
Deposition 695

21.2.4 Templates Made in Block Copolymers 696

213 Fabrication of Nanostructures in the Templates 697

21.3.1  Electrodeposition 698

21.3.2  Sol-Gel Method 702

21.3.3 CVD Method 704

21.4 Scanning Probe Based Anodic Oxidation as a Tool for the Fabrication of
Nanostructures 706

21.41 Oxidation of Metallic Substrates 709



Contents | xv

21.4.2  Oxidation of Semiconducting Substrates 710
215 Use of Scanning Probe Microscopy in Dip Pen Nanolithography 712
21.6 Use of Scanning Probe Microscopy in Nanomanipulation 716
21.7 Nano-Electromechanical Systems 718
Acknowledgements 720
References 720

Index 724



1
Electronic Structure and Spectroscopy
of Semiconductor Nanocrystals

S. Sapra and D. D. Sarma

1.1
Introduction

There has been a tremendous increase in research in the field of nanocrystals
during the past decade [1-7]. Although research on nanocrystals started in the
early eighties, the spectacular level of activity was witnessed only in the nineties
with the emergence of improved techniques for the synthesis of high quality
nanocrystals and better instruments to characterize them. Also, the growing de-
mand from the electronics industry to reduce the size of the integrated circuit
chips gave the field of nanotechnology a tremendous boost.

Solid materials can be categorized as metals or semiconductors, depending on
their ability to conduct electrical charge. On a microscopic level, this implies that
the metal has overlapping valence and conduction bands, allowing the electrons to
move freely, and thus giving rise to charge conduction. Semiconductors have fully
filled valence bands and the entirely empty conduction band is separated from the
valence band by a forbidden range of energies. Thus, conduction in such materials
requires a finite energy to promote the electrons from the valence to the conduc-
tion band. While metals do not show much change in their electronic properties
down to very low sizes, but semiconductors exhibit interesting variations in their
properties at sizes of about 10 nm (100A) and below. One thing that is most no-
ticeable in the case of semiconductors is the variation of the band gap with a de-
crease in the size of the nanocrystals below the Bohr exciton radius, ag, of the
semiconductor. For example, the band gap of CdS, a II-VI semiconductor, can be
made to vary more or less continuously from the bulk value of 2.4 eV up to about
4.0 eV observed for a 15 A nanocrystal by merely tuning the size of the CdS nano-
crystals [8]. Other properties such as the melting point also depend strongly on
size. For example, while the melting point of bulk CdS is ~1600 °C, 2.5 nm CdS
crystallites melt at a temperature as low as ~400 °C [9]. Optical properties such as
fluorescence emission are also critically dependent on the size of the nanocrystals.
For example, it has been shown that various sized CdSe nanocrystals can fluoresce
throughout the visible range of the electromagnetic spectrum [10] with suitable
control of the particle size.
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11 Electronic Structure and Spectroscopy of Semiconductor Nanocrystals

The structure of the nanocrystalline materials plays an important role in de-
termining electronic properties. The same material can crystallize in different
structures upon size reduction, depending on the reaction conditions. Such struc-
tural transformations are discussed in Section 11.2.

As already pointed out, the most direct consequence of a reduction in the nano-
crystallite size on the electronic structure of semiconducting materials is a pro-
nournced increase in the band gap due to the quantum confinement effect. While
there are several ways to quantitatively understand this phenomenon from a theo-
retical standpoint, the experimental determination of the band gap variation as a
function of size is most directly performed by ultraviolet-visible absorption spec-
troscopy, with the experimental absorption threshold corresponding to the direct
band gap in the material. As the band gap shifts to higher energy, the blue-shift in
the absorption edge signals the formation of progressively smaller sized nano-
crystals. Therefore, UV-Vis absorption spectroscopy has played an immensely im-
portant role in the study of these systems and we discuss the essential aspects in
Section 11.3.

The UV-Vis absorption process generates an excited state of the system by gen-
erating an electron in the conduction band and a hole in the valence band; this
state most often de-excites via a radiative process, giving rise to fluorescence. The
emission characteristics depend on various aspects of the electronic structure of
the nanocrystallites. Thus, the tuning of the fluorescence wavelength in nano-
crystals can be achieved by a variety of methods as discussed in Section 11.4,

A lot of theoretical work has been done in order to explain the size dependent
properties of semiconducting nanocrystals. These methods are primarily based on
the effective mass approximation, pseudopotential approaches or the tight binding
scheme. Each of these methods has certain advantages and disadvantages. We shall
explore these methods in some detail in Section 11.5.

Photoemission experiments that probe the electronic structure of the nano-
crystals are indispensable if one wishes to gain insight into the electronic
structure—property relationship. Though very few studies have been carried out on
semiconducting nanocrystalline systems to date, techniques such as photoemis-
sion and X-ray absorption spectroscopies are of immense value in probing the
electronic structure and also in verifying various theories proposed for the nano-
crystals. In Section 11.6 we discuss these spectroscopic studies.

11.2
Structural Transformations

Solids are known to exist in different structural phases depending on the tem-
perature, pressure and other ambient conditions. Semiconductors, especially the
group IV, II-VI and III-V that are more covalent than other compounds, prefer
tetrahedral coordination around the ions, giving rise to phases such as the zinc
blende or the hexagonal phase. lonic solids are stable in higher symmetry octahe-



11.2 Structural Transformations

dral phases such as the rock salt structure. It is easy to imagine the conversion
from tetrahedral coordination to octahedral coordination. Applying pressure to the
tetrahedron it can be flattened out to give a square planar structure. Two atoms
from the top and bottom can come closer to form an octahedron. Although C
and Si, which are highly covalent, would be unstable in octahedral coordination
and prefer tetrahedral coordination owing to their sp® hybridized orbitals, 11-VI
and III-V semiconductors, that have some degree of ionicity, can be transformed
to the octahedrally coordinated structure by application of pressure. It has been
found in the case of CdSe nanocrystallites that the wurtzite nanocrystals are trans-
formed to the rock salt phase by application of 2-9 GPa pressure [2]. Phase trans-
formations from the stable wurtzite phase to the zinc blende structure have been
observed in the case of CdS nanocrystals as a function of the nanocrystal size [11].
Figure 11.1 shows the wide angle X-ray diffraction patterns for CdS bulk, and 4.5
nm and 2.2 nm nanocrystals of CdS. The bulk and the larger 4.5 nm nanocrystals
exhibit the characteristic wurtzite phase structures, though the pattern for the
nanocrystals is broader than that of the bulk. This broadening is exploited to mea-
sure the particle size from the X-ray diffraction pattern using the Scherrer formula
for spherical particles,

XRD (wide angle
P
N
2z -
- - Cds-2.2
- . .
N ~ LAt
.‘w"" *, -'“"\'wv _.M”"’ \.\".”W\..\_
oW
g :
g CdS-4.5
A VERR P,
< - - . e & ",
2 CdS-4.5 (fitted)
=
CdS-Bulk '
1 L " 1 —_— P
30 40 50
20 (degrees)
Fig. 11.1.  X-ray diffraction patterns for bulk CdS, 4.5 nm and

2.2 nm CdS nanocrystals. Also shown is the broadened bulk
pattern for spherical CdS nanocrystals of 4.5 nm diameter.
Note the change in the structure for the 2.2 nm nanocrystals as
seen between 24 equal to 45°-55°. Adapted from [11, 99].
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