
Contents

Preface 9

1 Dimensions and Surfaces – an Introduction 11
1.1 Size, Dimensionality, and Confinement 11
1.1.1 Density of States for 3,2,1,0 Dimensions 17
1.2 Synthesis of Nanostructures: Fundamental Surface

Processes and Reactions 19
1.3 Closing Remarks 26

2 Experimental Techniques for Nanoscale Materials
Analysis 27

2.1 Scanning Probe Microscopy 28
2.1.1 Scanning Tunneling Microscopy – STM 28
2.1.2 Atomic Force Microscopy – AFM 33
2.1.3 Manipulation and Construction of Nanostructures with

STM and AFM 36
2.2 Photoelectron Spectroscopy and Electron Spectroscopy

Techniques 38
2.3 Closing Remarks 45

3 Semiconductor Nanowires 47
3.1 Nanowire Growth 48
3.2 Vapor–Liquid–Solid and Vapor–Solid–Solid Growth 49
3.2.1 The Size and Position of the Catalyst Particle 53
3.3 Nanowire Crystallography – Wire Structure 55
3.3.1 Competing Structures: Wurtzite and Zincblende 56
3.3.2 Nanowire Crystallography: Connecting to the Substrate 59
3.3.3 Complex Nanowires: Branching, Co-axial and

Axial Nanowires 61
3.4 Horizontal Nanowires 63
3.4.1 Synthesis of Horizontal Wires 64

Inorganic Nanostructures: Properties and Characterization, First Edition. Reinke, P.
r 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Published 2012 by WILEY-VCH Verlag GmbH & Co. KGaA

ftoc 8 February 2012; 13:47:23

| 5



3.4.2 The Smallest Wire – Electronic Structure of

Monoatomic Wires 69
3.5 Controlling the Electronic Properties of Semiconductor

Nanowires 70
3.5.1 Controlling the Electronic Properties of Nanowires –

Confinement 72
3.5.2 Controlling the Electronic Properties of Nanowires –

Doping 74
3.6 Closing Remarks 78

4 Metal Clusters 79
4.1 Cluster–Surface Interaction 80
4.2 Synthesis of Metal Clusters 81
4.2.1 Non-Wetting Metal Clusters 81
4.2.2 Aerosols and Cluster Sources 83
4.2.3 Synthesis and Stabilization of Metal Clusters 85
4.2.4 Clusters on Surfaces: The Smallest Templates 87
4.3 Geometry of Clusters 90
4.3.1 Shells of Atoms 91
4.3.2 Magic Clusters and Stability 94
4.4 Closing Remarks 97

5 Quantum Dots 99
5.1 Size and Shape in Quantum Dots 99
5.1.1 A Short Excursion to Optical Properties 100
5.2 Band Gap, Size, and Absorption Edge 102
5.3 Synthesis of QDs 104
5.3.1 QD Synthesis by Chemical Methods 104
5.3.2 Strain-Driven Self-Assembly – Stranski–Krastanov

Growth 111
5.3.3 The Ge–Si System – Shape Evolution During Growth 116
5.4 Superlattices Made of QDs 117
5.5 Closing Remarks 124

6 Pure Carbon Materials 125
6.1 Carbonaceous Materials and Bonding 125
6.2 Low-Dimensional Carbon Nanostructures 127
6.2.1 Zero-Dimensional – Fullerenes 127
6.2.2 One- and Two-Dimensional – Carbon Nanotubes and

Graphene 129
6.3 Electronic and Geometric Structure: Graphene and

Carbon Nanotubes 130
6.3.1 From Graphene to Graphite to Graphene 131
6.3.2 Geometric Structure of Carbon Nanotubes 132
6.3.3 Electronic Structure of Carbon Nanotubes 134

6 | Contents

ftoc 8 February 2012; 13:47:23



6.3.4 Synthesis of Carbon Nanotubes 138
6.4 Graphene – the Electron as a Massless Dirac

Fermion 142
6.4.1 Electronic Properties, Doping, and Band Gap 145
6.4.2 Quantum Confinement and Carbon Nanoribbons 149
6.5 Synthesis of Graphene 151
6.5.1 Exfoliation from Graphite 151
6.5.2 Growth on Metal Substrates 152
6.5.3 Sublimation of Si – Graphene on SiC 154
6.6 Closing Remarks 155

7 A Few Applications of Inorganic Nanostructures 157
7.1 Single Electron Transistor 157
7.2 Sensing with Graphene and Carbon Nanotubes 164
7.2.1 Sensors Everywhere 164
7.2.2 Chemical Sensors – Adsorption 166
7.2.3 Tethering and Other Interactions 168
7.3 Quantum Dots, Rods, and Nanotubes

in Photovoltaics 170
7.3.1 Solar Cells – a Short Introduction 171
7.3.2 Quantum Dots to Extend Absorption 173

References 177
Index 199

Contents | 7

ftoc 8 February 2012; 13:47:23



ftoc 8 February 2012; 13:47:23



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    8.64000
    8.64000
    8.64000
    8.64000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.64000
    8.64000
    8.64000
    8.64000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


