JAVID L. ANDREWS
' GREGORY D SCHOLES
" GARY P. WIEDERRECHT

CONMPREHENSIVE
NANOSCIENCE
AND TECHNOLOGY

NANOSTRUCTURED
SURFACES




COMPREHENSIVE
NANOSCIENCE AND
TECHNOLOGY

Editors-in-Chief
David L. Andrews

School of Chemical Sciences, University of East Anglia, Norwich, UK

Gregory D. Scholes

Department of Chemistry, University of Toronto, Toronto, ON, Canada

Gary P. Wiederrecht
Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL, USA

Volume 3 [ | 'T

-

)‘f‘t ’,’..A,’,..‘:_ l . ;
NANOSTRUCTLRED §EEHACHS “p- |15}

"’ﬁ _4 -V s

- 3

Volume Edito ” N R gt
Sendiganaes

Gary P. Wiederrecht
Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL, USA

John C. Polanyi

University of Toronto, Toronto, ON, Canada

Alexandre Bouhelier
Insititut Carnot de Bourgogne, Universite de Bourgogne, Dijon, France

Teri W. Odom

Northwestern University, Evanston, IL, USA

P

io-
3

o
e

-
e g O

AMSTERDAM o BOSTON ¢ HEIDELBERG ¢ LONDON o NEW YORK o OXFORD
Paris e SAN DIEGO o SAN FRANCISCO e SINGAPORE o SYDNEY o TOKYO

Academic Press is an imprint of Elsevier ACII?R%ESgHC




Academic Press is an imprint of Elsevier
32 Jamestown Road, London NW1 7BY, UK
30 Corporate Drive, Suite 400, Burlington MA 01803, USA
525 B Street, Suite 1900, San Diego, CA 92101-4495, USA

First edition 2011
Copyright © 2011 Elsevier B.V. All rights reserved

The following articles are US Government works in the public domain and are not subject to copyright:
QUANTUM DOTS: THEORY, SURFACE NANOPHOTONICS THEORY, COLLOIDAL SEMICONDUCTOR
NANOCRYSTAL-ENABLED ORGANIC/INORGANIC HYBRID LIGHT EMITTING DEVICES

Notice
No responsibility is assumed by the publisher for any injury and/or damage to persons
or property as a matter of products liability, negligence or otherwise, or from any use
or operation of any methods, products, instructions or ideas contained in the material
herein. Because of rapid advances in the medical sciences, in particular, independent
verification of diagnoses and drug dosages should be made

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Control Number: 2010935386

ISBN: 978-0-12-374390-9

For information on all Elsevier publications
visit our website at elsevierdirect.com

Printed and bound in Spain

1112131410987654321

Workmg together to grow

libraries in developing countries

Editorial: Donna De Weerd-Wilson,
Fiona Geraghty

,) - N . . - o
ELSEVIER  BOOKAID o hre Foundation Foanlistion:Lanacs Jnclisons

www.elsevier.com | www.bookaid.org | www.sabre.org

International




COMPREHENSIVE
NANOSCIENCE AND
TECHNOLOGY




Editors-in-Chief Biographies

David Andrews is Professor of Chemical Physics at the University of East Anglia, where he leads a theory group
conducting wide-ranging research on fundamental photonics, fluorescence and energy transport, nonlinear
optics and optomechanical forces. He has 250 research papers and ten other books to his name, and he is a
regularly invited speaker at international meetings. In North America and Europe he has organized and chaired
numerous international conferences on nanoscience and technology. Professor Andrews is a Fellow of the
Royal Society of Chemistry, the Institute of Physics, and the SPIE — the international society for optics and
photonics. In his spare time he enjoys relaxing with family and friends; he also is a keen painter of the British
landscape. His other interests generally centre on music, art and graphics, and writing.

Greg Scholes is a Professor at the University of Toronto in the Department of Chemistry. His present research
focuses on elucidating the principles deciding electronic structure, optical properties, and photophysics of
nanoscale systems by combining synthesis, theory, and ultrafast laser spectroscopy. Recent awards honoring his
research achievements include election to the Academy of Sciences, Royal Society of Canada in 2009, the 2007
Royal Society of Canada Rutherford Medal in Chemistry, a 2007 NSERC Steacie Fellowship, the 2006

Vii



viii Editors-in-Chief Biographies

Canadian Society of Chemistry Keith Laidler Award, and an Alfred P. Sloan Fellowship (2005-2006). Dr.
Scholes serves as a Senior Editor for the Journal of Physical Chemistry and Associate Editor for the Journal of
Nanophotonics. He enjoys basketball, hiking, photography, family and friends.

Gary Wiederrecht is the Group Leader of the Nanophotonics Group in the Center for Nanoscale Materials at
Argonne National Laboratory. His research interests center on the photochemistry and photophysics of
nanoparticles and periodic assemblies, hybrid nanostructures, photochemical energy conversion, and non-
linear optical responses resulting from photoinduced charge separation. His experimental expertise is in the
areas of ultrafast optical spectroscopy and scanning probe microscopy, including near-field scanning optical
microscopy. He has received an R&D100 award, the Department of Energy Young Scientist Award, and the
Presidential Early Career Award for Scientists and Engineers. He has authored or co-authored approximately
80 peer-reviewed research articles, and works collaboratively with scientists around the world. He enjoys
traveling, nature, and spending time with his family.



VOLUME EDITORS

Alexandre Bouhelier
Insititut Carnot de Bourgogne, Université de Bourgogne,
Dijon, France

Frank Caruso
The University of Melbourne, Parkville, VIC, Australia

Duncan H. Gregory
University of Glasgow, Glasgow, UK

Brent P. Kreuger
Hope College, Holland, MI, USA

Thomas Nann
University of East Anglia, Norwich, UK

Teri W. Odom
Northwestern University, Evanston, IL, USA

John C. Polanyi
University of Toronto, Toronto, ON, Canada

John A. Rogers
University of lllinois, Urbana, IL, USA

Takao Someya
The University of Tokyo, Tokyo, Japan

Yugang Sun
Center for Nanoscale Materials, Argonne National Laboratory,
Argonne, IL, USA

Rienk Van Grondelle
VU University, Amsterdam, The Netherlands

Zeev Valentine Vardeny
University of Utah, Salt Lake City, UT, USA

Gilbert C. Walker
University of Toronto, Toronto, ON, Canada




List of Contributors to
Volume 3

C. J. Baddeley
University of St. Andrews, St. Andrews, UK

J. M. Bingham
Northwestern University, Evanston, IL, USA

P.-F. Brevet
Universite Claude Bernard Lyon 1, Villeurbanne, France

M. J. Campolongo
Cornell University, Ithaca, NY, USA

X. Chen
Queensland University of Technology, Brisbane, QLD, Australia

W. L. Cheng
Cornell University, Ithaca, NY, USA

R. M. De La Rue
University of Glasgow, Glasgow, UK

S. A. De La Rue
University of Glasgow, Glasgow, UK

A. Diaz

The Pennsylvania State University, University Park, PA, USA

A. Ghosh

Fawaharlal Nebru Centre for Advanced Scientific Research, Bangalore, India
A. Gomathi

Fawaharlal Nebru Centre for Advanced Scientific Research, Bangalore, India
S. K. Gray

Argonne National Labovatory, Argonne, IL, USA

M. R. Hartman
Cornell Universiry, lthaca, NY, USA

G. Held
University of Reading, Reading, UK

Y.-Z. Hu
Tsinghua University, Beijing, People’s Republic of China

Xi



xii List of Contributors to Volume 3

J. S. Kahn

Cornell University, Ithaca, NY, USA

I. C. Khoo

The Pennsylvania State University, University Park, PA, USA
K. M. Kosuda

Northwestern University, Evanston, IL, USA

D. Luo

Cornell University, Ithaca, NY, USA

T.-B. Ma

Tsinghua University, Beijing, People’s Republic of China
J. M. MacLeod

Universitd degli studi di Trieste, Trieste, Italy

K. Matsumoto
Kyushu Institute of Technology, Kitakyushu, Fapan

J. M. McMahon
Northwestern University, Evanston, IL, USA

P. Mele
Kyushu Institute of Technology, Kitakyushu, Fapan

X. Obradors
Institut de Ciencia de Materials de Barcelona, CSIC, Bellaterra, Spain

N. Ohmae
Kobe University, Kobe, Fapan

A. Palau
Institut de Ciéncia de Materials de Barcelona, CSIC, Bellaterra, Spain

R. J. Pollard
The Queen’s University of Belfast, Belfast, Northern Ireland, UK

A. Pomar
Institut de Ciéncia de Materials de Barcelona, CSIC, Bellaterra, Spain

T. Puig
Institut de Ciencia de Materials de Barcelona, CSIC, Bellaterra, Spain

F. Rahman
University of Glasgow, Glasgow, UK

C.N.R. Rao
Fawabarlal Nebru Centre for Advanced Scientific Research, Bangalore, India

F. Rosei
Universite' du Quebec, Varennes, QC, Canada

F. Sandiumenge
Institut de Ciéncia de Materials de Barcelona, CSIC, Bellaterra, Spain

G. C. Schatz
Northwestern University, Fvanston, IL, USA

S.J. Tan
Cornell University, Ithaca, NY, USA

R. P. Van Duyne
Northwestern University, Evanston, IL, USA



List of Contributors to Volume 3 xiii

G. A. Wurtz
University of North Florida, Facksonville, FL, USA

K. L. Wustholz
Northwestern University, Evanston, IL, USA

A. V. Zayats
The Queen'’s University of Belfast, Belfast, Northern Ireland, UK

H. Zhu
Queensland University of Technology, Brishane, QLD, Australia



Contents of All Volumes

Volume 1

Nanomaterials

101 Electronic Structure of Organic Materials Investigated by Quantum Chemical Calculations
1.02 Carbon Nanotubes: Electronic Structure and Spectroscopy

1.03 Laser Action in Organic Semiconductors

104 An Overview of Organic Light-Emitting Diodes and their Applications
1.05  Organic Spintronics

1.06 Structured Organic Non-Linear Optics

1.07 Quantum Dots: Theory

1.08 Quantum Dots: Synthesis and Characterization

1.09 Core—Shell Nanocrystals

1.10 Inorganic Nanowires

1.11 Inorganic Nanotubes beyond Cylindrical Matter

112 ZnO Nanorods and their Heterostructures for Electrical and Optical Nanodevice Applications
1.13 Noble Metal Nanoparticles: Synthesis and Optical Properties

1.14 Magnetic Nanoparticles

115 Colloidal and Self-Assembled Quantum Dots for Optical Gain

1.16 Optical Properties of Nanostructured Silicon

1.17 Solar Cells and Photocatalysts

1.18 Rare-Earth Doped Upconversion Nanophosphors

Volume 2

Biological Nanoscience

2.01
2.02

203
2.04
2.05
2.06
2.07
2.08
2.09
2.10
2.11
2.12

Nanoparticles for Photodynamic Therapy

Energy Transfer in Photosynthetic Light-Harvesting Complexes: From Spectroscopy
to Quantitative Models

Photonic Nanoparticles for Cellular and Tissular Labeling
DNA-Conjugated Nanomaterials for Bioanalysis

Forster Resonance Energy Transfer

Chemistry and Materials Development of Protein-Based Nanoparticles
Tissue Engineering

Engineering Biomimetic Membranes with Hydrogels

Protein Nanomechanics

Biological Tmaging Using Near-Field Scanning Optical Microscopy
Single-Molecule and Nanoscale Approaches to Biological Signaling
Solar Energy Conversion — Natural to Artificial

XV



Xvi

Contents of All Volumes

Volume 3

Nanostructured Surfaces

3.01 Catalysis by Supported Gold Nanoparticles

3.02 Directed Assembly of Nanostructures

303 Bio-Mediated Assembly of Ordered Nanoparticle Superstructures

3.04 Chiral Molecules on Surfaces

3.05 Optics of Metallic Nanostructures

3.06 Surface Nanophotonics Theory

3.07 Constructing and Enhancing the Superior LED: Photonic Crystal and Photonic Band-Gap
Structures for Light Extraction and Emission Control

3.08 Liquid-Crystalline Nanostructured Optical Metamaterials

3.09 Nanostructures and Surface-Enhanced Raman Spectroscopy

3.10 Nanostructured Superconductors with Efficient Vortex Pinning

3.11 Second Harmonic Generation in Nanostructures

3.12  Tribology of Nanostructured Surfaces

3.13 Nanotribology and Nanoscale Materials Coatings for Lubricants

3.14 Functionalization and Solubilization of Carbon and Inorganic Nanostructures

Volume 4

Nanofabrication and Devices

401 Scanning Probe-Based Lithography for Production of Biological and Organic
Nanostructures on Surfaces

402 Electron Beam Lithography of Nanostructures

403 Sub-Micrometer Patterning Using Soft Lithography

4.04 Status of UV Imprint Lithography for Nanoscale Manufacturing

4.05 Picoliter Printing

406 Molecular Printboards: From Supramolecular Chemistry to Nanofabrication

4.07 Colloidal Semiconductor Nanocrystal-Enabled Organic/Inorganic Hybrid Light
Emitting Devices

408 The Use of Aluminum Nanostructures in Plasmon-Controlled Fluorescence Applications
in the Ultraviolet Toward the Label-Free Detection of Biomolecules

4.09 Quantum Dot Solar Cells

4.10 Femtosecond-Laser-Induced Periodic Self-Organized Nanostructures

411 Nanofluidics

4.12  Molecular Machines and Motors

4.13  Superhydrophobicity at Micron and Submicron Scale

4.14 Organic Electronic Devices with Water-Dispersible Conducting Polymers

4.15 M-V and Group-IV-Based Ferromagnetic Semiconductors for Spintronics

4.16 Electronic Properties of Alkanethiol Molecular Junctions: Conduction Mechanisms,
Metal-Molecule Contacts, and Inelastic Transport

4.17 Nanoscale Transistors

4.18 Spin-Based Data Storage

4.19 Optical Holographic Data Storage

Volume 5

Self-Assembly and Nanochemistry

5.01
5.02
5.03

Porous Metal-Organic Frameworks
Ligands for Nanoparticles

Assembly of Nanoparticles

504 Periodic Mesoporous Materials: Holes Filled with Opportunities



Contents of All Volumes xvii

5.05
5.06
5.07
5.08
5.09
5.10
5.11
512
5.13
5.14
5.15

Self-Assembled Monolayers

Nanocrystal Synthesis

Self-Assembly of Nanoparticle Building Blocks
Chemical Processing of Assembled Block Copolymers
Biotemplated Semiconductor Nanocrystals
Polymer-Layered Silicate Nanocomposites

Mesogens and Mesophases

Layer-by-Layer Assembled Capsules for Biomedical Applications
Functionalized Fullerenes: Synthesis and Functions
Microemulsion Preparative Methods (Overview)
Nanotechnology, Society, and Environment

Subject Index



Preface

Volume 3: Nanostructured Surfaces

The ability to structure surfaces at the nanometer scale has driven countless discoveries across many
disciplines. This volume aims to highlight representative advances ranging from light—matter interactions on
nanostructured metal surfaces to the self-assembly of molecules on substrates and in solution to controlling
friction via nanoscale patterns.

For example, plasmonics, where the properties of light are manipulated at the nanoscale by metal nanos-
tructures, has benefited from advances in nanofabrication. As surface plasmons are extremely sensitive to
interfaces, the capability to engineer the metal surfaces has been crucial for tuning plasmonic responses. Several
chapters are devoted to outlining theoretical and experimental methods to control plasmons as well as
applications that result from such control. The chapter by Schatz and co-workers (Chapter 3.06) describes
popular computational approaches used to model the optical responses of nanostructured surfaces.
Electromagnetic properties of a simple system, such as a single isolated nano-aperture, are first introduced,
and then more complex behavior from arrays of apertures is discussed. The chapter by Wurtz e al.
(Chapter 3.05) demonstrates how a fine periodic structuring can alter surface plasmon properties and how
plasmons can be dynamically and actively controlled through nonlinear effects or an external electrical
command. The chapters by van Duyne and co-workers (Chapter 3.09) and Diaz and Khoo (Chapter 3.08)
discuss how surfaces patterned with metal nanoparticles can behave as ideal surface-enhanced Raman scatter-
ing (SERS) substrates and as platforms for manipulating the optical properties of liquid crystals.

Nonlinear optical phenomena are emphasized in the chapter by Brevet (Chapter 3.11), where a compre-
hensive review of second harmonic generation by nanostructures is provided. In particular, metal nanoparticles
are shown to have resonant enhancement and retardation in the yield of surface second harmonic. In addition to
these fundamentals chapters, the one by De La Rue and co-workers (Chapter 3.07) highlights a device-oriented
application of nanostructured surfaces. Here, the focus is on light-emitting diodes and the societal and
economical challenge of maximizing light extraction. The authors describe how photonic crystals can enhance
light emission and thus produce brighter sources compatible with low-cost mass production.

Besides chapters on light—matter interactions on nanostructured surfaces, others focus on substrates pat-
terned at length scales less than 100 nm through self-assembly or intrinsic material properties. The chapter by
Baddeley and Held (Chapter 3.04) focuses on the assembly of chiral nanomaterials, while Luo and co-workers
(Chapter 3.03) focus on bio-inspired assembly. Equally important is the characterization of nanostructured
surfaces, such as their tribological properties (Hu and Ma (Chapter 3.12) and Ohmae (Chapter 3.13)). The
chapter by Rao ez al. (Chapter 3.14) provide an extremely detailed overview on how to assemble molecules on
organic and inorganic nanostructures. Such molecule-nanostructure assembly is crucial for solubilizing these
nanomaterials for widespread applications. These works form the foundation of many applications and new
phenomena that result from nanostructuring.

Alexandre Bouhelier and Teri W. Odom
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Foreword

Nanotechnology and its underpinning sciences are progressing with unprecedented rapidity. With technical
advances in a variety of nanoscale fabrication and manipulation technologies, the whole topical area is maturing
into a vibrant field that is generating new scientific research and a burgeoning range of commercial applications,
with an annual market already at the trillion dollar threshold. The means of fabricating and controlling matter
on the nanoscale afford striking and unprecedented opportunities to exploit a variety of exotic phenomena such
as quantum, nanophotonic, and nanoelectromechanical effects. Moreover, researchers are elucidating new
perspectives on the electronic and optical properties of matter because of the way that nanoscale materials
bridge the disparate theories describing molecules and bulk matter. Surface phenomena also gain a greatly
increased significance; even the well-known link between chemical reactivity and surface-to-volume ratio
becomes a major determinant of physical properties, when it operates over nanoscale dimensions.

Against this background, this comprehensive work is designed to address the need for a dynamic, author-
itative, and readily accessible source of information, capturing the full breadth of the subject. Its five volumes,
covering a broad spectrum of disciplines including material sciences, chemistry, physics, and life sciences, have
been written and edited by an outstanding team of international experts. Addressing an extensive, Cross-
disciplinary audience, each chapter aims to cover key developments in a scholarly, readable, and critical style,
providing an indispensible first point of entry to the literature for scientists and technologists from inter-
disciplinary fields. The work focuses on the major classes of nanomaterials in terms of their synthesis, structure,
and applications, reviewing nanomaterials and their respective technologies in well-structured and compre-
hensive articles with extensive cross-references.

It has been a constant surprise and delight to have found, among the rapidly escalating number who work in
nanoscience and technology, so many highly esteemed authors willing to contribute. Sharing our anticipation of
a major addition to the literature, they have also captured the excitement of the field itself in each carefully
crafted chapter. Along with our painstaking and meticulous volume editors, full credit for the success of this
enterprise must go to these individuals, together with our thanks for (largely) adhering to the given deadlines.
Lastly, we record our sincere thanks and appreciation for the skills and professionalism of the numerous
Elsevier staff who have been involved in this project, notably Fiona Geraghty, Megan Palmer, Laura Jackson,
and Greg Harris, and especially Donna De Weerd-Wilson who has steered it through from its inception. We
have greatly enjoyed working with them all, as we have with each other.

David L. Andrews
Gregory D. Scholes
Gary P. Wiederrecht
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