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ABSTRACT

This report reviews the status of research and development in
nanoparticles, nanostructured materials, and nanodevices worldwide, with
particular focus on comparisons between the United States and other leading
industrialized countries.  Topics covered include particle synthesis and
assembly, dispersions and coatings of nanoparticles, high surface area
materials, functional nanoscale devices, bulk behavior of nanostructured
materials,  and biological methods and applications.  The final chapter is a
review of related government funding programs around the world.  The
report also includes site reports for visits conducted by the panel to leading
research laboratories in Japan and Europe.  The panel held workshops in the
United States, Germany, Sweden, and Russia to gather additional
information for this report on activities in those countries.  The proceedings
of the U.S. and Russia workshops are being published separately by WTEC.
The panel’s conclusions include the following:  (1) In the synthesis and
assembly area (Chapter 2), the U.S. appears to be ahead with Europe
following and then Japan; (2) In the area of biological approaches and
applications (Chapter 7), the U.S. and Europe appear to be rather on a par
with Japan following; (3) In nanoscale dispersions and coatings (Chapter 3),
the U.S. and Europe are again similar with Japan following; (4) For high
surface area materials (Chapter 4), the U.S. is clearly ahead of Europe and
then Japan; (5) In the nanodevices area (Chapter 5), Japan seems to be
leading quite strongly with Europe and the U.S. following;  In the area of
consolidated materials (Chapter 6), Japan is a clear leader with the U.S. and
Europe following.  These and other conclusions are reviewed in detail in the
panel’s executive summary.
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Foreword

Timely information on scientific and engineering developments
occurring in laboratories around the world provides a critical input to
maintaining the economic and technological strength of the United States.
Moreover, sharing this information quickly with other countries can greatly
enhance the productivity of scientists and engineers.  These are some of the
reasons why the National Science Foundation (NSF) has been involved in
funding science and technology assessments comparing the United States
and foreign countries since the early 1980s.  A substantial number of these
studies have been conducted by the World Technology Evaluation Center
(WTEC) managed by Loyola College through a cooperative agreement with
NSF.

The purpose of the WTEC activity is to assess research and development
efforts in other countries in specific areas of technology, to compare these
efforts and their results to U.S. research in the same areas, and to identify
opportunities for international collaboration in precompetitive research.

Many U.S. organizations support substantial data gathering and analysis
efforts focusing on nations such as Japan.  But often the results of these
studies are not widely available.  At the same time, government and
privately sponsored studies that are in the public domain tend to be "input"
studies.  They enumerate inputs to the research and development process,
such as monetary expenditures, personnel data, and facilities, but do not
provide an assessment of the quality or quantity of the outputs obtained.
Studies of the outputs of the research and development process are more
difficult to perform because they require a subjective analysis performed by
individuals who are experts in the relevant scientific and technical fields.
The NSF staff includes professionals with expertise in a wide range of
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disciplines.  These individuals provide the expertise needed to assemble
panels of experts who can perform competent, unbiased reviews of research
and development activities.  Specific technologies such as
telecommunications, biotechnology, and nanotechnology are selected for
study by government agencies that have an interest in obtaining the results of
an assessment and are able to contribute to its funding.  A typical WTEC
assessment is sponsored by several agencies.

In the first few years of this activity, most of the studies focused on
Japan, reflecting interest in that nation’s growing economic prowess.  Then,
the program was called JTEC (Japanese Technology Evaluation Center).
Beginning in 1990, we began to broaden the geographic focus of the studies.
As interest in the European Community (now the European Union) grew, we
added Europe as an area of study.  With the breakup of the former Soviet
Union, we began organizing visits to previously restricted research sites
opening up there.  Most recently, studies have begun to focus also on
emerging science and technology capabilities in Asian countries such as the
People’s Republic of China.

In the past several years, we also have begun to substantially expand our
efforts to disseminate information.  Attendance at WTEC workshops (in
which panels present preliminary findings) has increased, especially industry
participation.  Representatives of U.S. industry now routinely number 50%
or more of the total attendance, with a broad cross-section of government
and academic representatives making up the remainder.  Publications by
WTEC panel members based on our studies have increased, as have the
number of presentations by panelists at professional society meetings.

The WTEC program will continue to evolve in response to changing
conditions.  New global information networks and electronic information
management systems provide opportunities to improve both the content and
timeliness of WTEC reports.  We are now disseminating the results of
WTEC studies via the Internet.  Twenty of the most recent WTEC final
reports are now available on the World Wide Web (http://itri.loyola.edu) or
via anonymous FTP (ftp.wtec.loyola.edu/pub/).  Viewgraphs from several
recent workshops are also on the Web server.



Foreword iii

As we seek to refine the WTEC activity, improving the methodology and
enhancing the impact, program organizers and participants will continue to
operate from the same basic premise that has been behind the program from
its inception, i.e., improved awareness of international developments can
significantly enhance the scope and effectiveness of international
collaboration and thus benefit the United States and all its international
partners in collaborative research and development efforts.

Paul J. Herer
Directorate for Engineering
National Science Foundation
Arlington, VA
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Executive Summary

Richard W. Siegel 1

Rensselaer Polytechnic Institute
Panel Chair

INTRODUCTION

Nanostructure science and technology is a broad and interdisciplinary
area of research and development activity that has been growing explosively
worldwide in the past few years.  It has the potential for revolutionizing the
ways in which materials and products are created and the range and nature of
functionalities that can be accessed.  It is already having a significant
commercial impact, which will assuredly increase in the future.

A worldwide study of research and development status and trends in
nanoparticles, nanostructured materials, and nanodevices (or more concisely,
nanostructure science and technology) was carried out during the period
1996-98 by an eight-person panel under the auspices of the World
Technology (WTEC) Division of Loyola College. Led by the National
Science Foundation, a wide range of U.S. government agencies
commissioned and funded this study: the Air Force Office of Scientific
Research, the Office of Naval Research, the Department of Commerce
(including the National Institute of Standards and Technology and the
Technology Administration), the Department of Energy, the National
Institutes of Health, and the National Aeronautics and Space Administration.
Their support indicates the breadth of interest in and the far-reaching
potential of this burgeoning new field.  The purpose of the study was to
assess the current status and future trends internationally in research and
development in the broad and rapidly growing area of nanostructure science
and technology.  The goals were fourfold:
1. provide the worldwide science and engineering community with a

broadly inclusive and critical view of this field

1 Although written by the panel chair, this summary includes contributions from the full panel
and represents the consensus views of the panel as a whole.
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2. identify promising areas for future research and commercial development
3. help stimulate development of an interdisciplinary international

community of nanostructure researchers
4. encourage and identify opportunities for international collaboration

This report is the principal volume in a three-part publication of the
activities and findings of the WTEC panel; it is an overview of the panel’s
observations and conclusions regarding nanostructure science and
technology worldwide.  It includes reviews of panel workshops held in
Germany and Sweden, as well as site reports of panel visits to university,
government, and industry laboratories in Europe, Japan, and Taiwan.  An
earlier volume, published in January 1998, reported the proceedings of a
WTEC workshop on R&D Status and Trends in Nanoparticles,
Nanostructured Materials, and Nanodevices in the United States (Baltimore:
Loyola College, International Technology Research Institute, NTIS #PB98-
117914).  A third volume to be published by WTEC reports the proceedings
of a workshop held in St. Petersburg, Russia on related work.

FINDINGS

There are two overarching findings from this WTEC study:
First, it is abundantly clear that we are now able to nanostructure

materials for novel performance.  That is the essential theme of this field:
novel performance through nanostructuring.  It represents the beginning of a
revolutionary new age in our ability to manipulate materials for the good of
humanity.  The synthesis and control of materials in nanometer dimensions
can access new material properties and device characteristics in
unprecedented ways, and work is rapidly expanding worldwide in exploiting
the opportunities offered through nanostructuring.  Each year sees an ever
increasing number of researchers from a wide variety of disciplines enter the
field, and each year sees an ever increasing breadth of novel ideas and
exciting new opportunities explode on the international nanostructure scene.

Second, there is a very wide range of disciplines contributing to the
developments in nanostructure science and technology worldwide.  The
rapidly increasing level of interdisciplinary activity in nanostructuring is
exciting and growing in importance, and the intersections between the
various disciplines are where much of the novel activity resides.

The field of nanostructure science and technology has been growing very
rapidly in the past few years, since the realization that creating new materials
and devices from nanoscale building blocks could access new and improved
properties and functionalities.  While many aspects of the field existed well
before nanostructure science and technology became a definable entity in the
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past decade, it has only become a coherent field of endeavor through the
confluence of three important technological streams:
1. new and improved control of the size and manipulation of nanoscale

building blocks
2. new and improved characterization (spatial resolution, chemical

sensitivity, etc.) of materials at the nanoscale
3. new and improved understanding of the relationships between

nanostructure and properties and how these can be engineered
As a result of these developments, a wide range of new opportunities for

research and applications in the field of nanotechnology now present
themselves.  Table ES.1 indicates some examples of present and potential
applications with significant technological impact that were identified in the
course of this study.  Considerable resources are being expended around the
world for research and development aimed at realizing these and a variety of
other promising applications.  Government funding alone approached half a
billion dollars per year in FY 1997:  $128 million in Western Europe;
$120 million in Japan; $116 million in the United States; and $70 million
altogether in other countries such as China, Canada, Australia, Korea,
Taiwan, Singapore, and the countries of the former Soviet Union (see
Chapter 8).

Table ES.2 presents an overall comparison of the current levels of
activity among the major regions assessed (Europe, Japan, and the United
States) in the various areas of the WTEC study.  These broad areas—
synthesis and assembly, biological approaches and applications, dispersions
and coatings, high surface area materials, nanodevices, and consolidated
materials—constitute the field of nanostructure science and technology.
These are the areas around which the study was crafted.

In the synthesis and assembly area (Chapter 2), the United States appears
to be ahead, with Europe following and then Japan.  In the area of biological
approaches and applications (Chapter 7), the United States and Europe
appear to be rather on a par, with Japan following.  In nanoscale dispersions
and coatings (Chapter 3), the United States and Europe are again at a similar
level, with Japan following.  For high surface area materials (Chapter 4), the
United States is clearly ahead of Europe, followed by Japan.  On the other
hand, in the nanodevices area (Chapter 5), Japan seems to be leading quite
strongly, with Europe and the United States following.  And finally, in the
area of consolidated materials (Chapter 6), Japan is a clear leader, with the
United States and Europe following.  These comparisons are, of course,
integrals over rather large areas of a huge field and therefore possess all of
the inevitable faults of such an integration.  At best, they represent only a
snapshot of the present, and the picture is admittedly incomplete.
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TABLE ES.1.  Technological Impact: Present and Potential

Technology Present Impact Potential Impact

Thermal barriers Targeted drug delivery/gene therapy

Optical (visible and UV) barriers Multifunctional nanocoatings

Imaging enhancement

Ink-jet materials

Coated abrasive slurries

Dispersions
and Coatings

Information-recording layers

Molecular sieves Molecule-specific sensors

Drug delivery Large hydrocarbon or bacterial
filters

Tailored catalysts Energy storage

High Surface Area
Materials

Absorption/desorption materials Grätzel-type solar cells

Low-loss soft magnetic
materials

Superplastic forming of ceramics

High hardness, tough WC/Co
cutting tools

Ultrahigh-strength, tough structural
materials

Nanocomposite cements Magnetic refrigerants

Nanofilled polymer composites

Consolidated
Materials

Ductile cements

GMR read heads Terabit memory and
microprocessing

Nanodevices

Single molecule DNA sizing and
sequencing

Biomedical sensors

Low noise, low threshold lasers

Nanotubes for high brightness
displays

Biocatalysis Bioelectronics

Bioinspired prostheses

Single-molecule-sensitive biosensors

Additional
Biological Aspects

Designer molecules
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TABLE ES.2.  Comparison of Activities in Nanostructure Science and Technology
in Europe, Japan, and the United States

U.S.

Biological Approaches
& Applications

Dispersions and
Coatings

High Surface
Area Materials

Nanodevices

Synthesis & Assembly

Level 1 2 3
Highest

Consolidated Materials

U.S./Eur

U.S./Eur

U.S.

Japan

Japan

Japan

JapanEurope

Europe

U.S./Eur

U.S.

Europe Japan

Japan

More detailed findings in each of these major areas are included in the
individual chapters of this report, along with additional general findings and
observations in Chapter 1.  Chapter 8 compares the scope and funding levels
for the relevant nanostructure science and technology R&D programs around
the world.  The appendices give details on the site visits and workshops of
the panel: B contains the Europe site reports, C contains notes on workshops
held in Germany and Sweden, D contains the Japan site reports, and E
contains the Taiwan site reports.  Appendix A lists the professional
experience of panelists and other members of the traveling team.

CHALLENGES

We are now at the threshold of a revolution in the ways in which
materials and products are created.  How this revolution will develop, how
great will be the opportunities that nanostructuring can yield, and how
rapidly we progress, will depend upon the ways in which a number of
challenges are met.

Among the challenges facing us are those concerned with making the
necessary advances in enabling technologies in order for rapid progress to
continue in this field.  We must increase characterization capabilities in
visualization and chemical analysis at ever finer size scales.  We must be
able to manipulate matter at ever finer size scales, and we must eventually
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use computational approaches in directing this, if we are really going to take
full advantage of the available opportunities.  Experiment simply cannot do
it alone.   Theory and modeling are essential.  Fortunately, this is an area in
which the sizes of the building blocks and their assemblies are small enough
that one can, with the ever increasing capabilities in computational sciences,
now start doing very serious controlled modeling experiments to guide us in
the nanostructuring of matter.  Hence, multiscale modeling of
nanostructuring and the resulting materials properties across the hierarchy of
length scales from atomic, to mesoscopic, to macroscopic is an absolute
necessity as we go down the road in the next decades to realizing the
tremendous potential of nanostructure science and technology.

Furthermore, we need to understand the critical roles that surfaces and
interfaces play in nanostructured materials.  Nanoparticles have very high
specific surface areas, and thus in their assembled forms there are large areas
of interfaces.  We need to know in detail not only the structures of these
interfaces, but also their local chemistries and the effects of segregation and
interaction between the nanoscale building blocks and their surroundings.
We need to learn more about the control of nanostructure size and size
distribution, composition, and assembly.  For some applications, there are
very stringent conditions on these parameters; in other applications less so.
We must therefore understand the relationships between this stringency and
the desired material or device properties.

We also need to be concerned with the thermal, chemical, and structural
stability of nanostructured materials and the devices made therefrom, in the
face of both the temperature and changing chemistries of the environments
in which these nanostructures are asked to function.  A nanostructure that is
only a nanostructure at the beginning of a process is not of much use to
anybody, unless the process is over in a very short time or the process itself
is the actual nanostructure advantage.  So for many applications, stability is
an important consideration, and we must investigate whether natural stability
is sufficient or whether we must additionally stabilize against changes that
we cannot afford.

To effectively commercialize and utilize the nanostructuring of matter we
also need enhancements in statistically driven process control. Achieving
reproducibility and scalability of nanoparticle synthesis and consolidation
processes in nanostructuring are paramount if successful scale-up is to be
effected and if what we do in the laboratory is to contribute to the society
that pays for this research.  Given a commercial need, the viability of
nanostructure production and utilization is wrapped up in the costs of
precursors or raw materials, processing costs, and also the costs of dealing
with effluent.  It is the total integrated cost, in terms of raw materials,
synthesis of the building blocks, manufacture of parts from those building
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blocks, and effluent clean-up costs, that is important and that will ultimately
determine commercial viability.

Finally, in order for the field of nanostructure science and technology to
truly reach fruition, it is an absolute necessity to create a new breed of
researchers who can work across traditional disciplines and think “outside
the box.”  Educating this new breed of researchers, who will either work
across disciplines or know how to work with others in the interfaces between
disciplines, is vital to the future of nanostructure science and technology.
People must start thinking in unconventional ways if we are to take full
advantage of the opportunities in this new and revolutionary field.
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Chapter 1

Introduction and Overview

Richard W. Siegel
Rensselaer Polytechnic Institute

BACKGROUND

The field of nanostructure science and technology is a broad and
interdisciplinary area of worldwide research and development activity that
has been growing explosively in the past few years.  While an understanding
of the range and nature of functionalities that can be accessed through
nanostructuring is just beginning to unfold, its tremendous potential for
revolutionizing the ways in which materials and products are created is
already clear.  It is already having a significant commercial impact, and it
will very certainly have a much greater impact in the future.

During the years 1996-98, an eight-person panel under the auspices of the
World Technology Evaluation Center (WTEC) conducted a worldwide study
of the research and development status and trends in nanoparticles,
nanostructured materials, and nanodevices, or more concisely, nanostructure
science and technology.  The study was commissioned and sponsored by a
wide range of U.S. government agencies led by the National Science
Foundation (NSF), which included the Air Force Office of Scientific
Research, Office of Naval Research, Department of Commerce (including
the National Institute of Standards and Technology and the Technology
Administration), Department of Energy, National Institutes of Health, and
National Aeronautics and Space Administration.  Additional participating
U.S. government agencies for the study were the Army Research Office,
Army Research Laboratory, Defense Advanced Research Projects Agency,
and the Ballistic Missile Defense Organization.  The uniquely broad sponsor



2 Richard W. Siegel

list for this WTEC study mirrors the broadly based interests in and, in fact,
the reality of the field of nanostructure science and technology.

The panel study began in 1996, when panel co-chair Prof. Evelyn L. Hu
(University of California at Santa Barbara) and I came to Washington to
present our thoughts to WTEC and the sponsors on how the study could best
be configured and carried out, given the available resources (time, people,
and money).  After an extensive discussion with sponsors and potential
sponsors of the study, we assembled a team of experts for the panel from
industry and university, including Dr. Donald M. Cox (Exxon Research and
Engineering Company), Dr. Herb Goronkin (Motorola), Prof. Lynn Jelinski
(Cornell University during most of this study, now at Louisiana State
University), Prof. Carl Koch (North Carolina State University), John Mendel
(Eastman Kodak Company), and Prof. David T. Shaw (State University of
New York at Buffalo).  Two of us on the panel, Prof. Koch and I, although
presently in universities, had spent large fractions of our careers at Oak
Ridge and Argonne National Laboratories, respectively, lending national
laboratory perspectives to the study, as well.  Biographical sketches of the
panel members and other study participants are included in Appendix A of
the present volume.

The purposes of this study, which the panel determined in conjunction
with its sponsors, were to assess the current status and future trends
internationally in research and development in the broad and rapidly
growing area of nanostructure science and technology.  The study had the
following four goals:
1. to provide the worldwide science and engineering community with a

broadly inclusive and critical view of this field
2. to identify promising areas for future research and commercial

development
3. to help stimulate development of an interdisciplinary international

community of nanostructure researchers
4. to encourage and identify opportunities for international collaboration

Based on these goals, the panel formulated a number of questions, for
which we sought answers during our study:
• What are the scientific drivers (new properties and phenomena,

instruments, theory, and simulation methods) and advantages
(applications) to be gained from control at the nanostructure level?

• What are the critical parameters to control in nanostructured material
synthesis and device manufacturing?

• What are the likelihood of and the time scale for bringing these new
technologies to fruition?
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• What are the underlying research and development and educational
concepts and directions driving nanostructure science and technology
development?

• What are the expected financial dimensions of this effort over the next
five to ten years, and are there national programs in force or planned?

• Which areas of nanostructure science and technology would be most
fruitful for international collaboration?
These questions were posed in advance to the various workshop

participants and hosts of our panel visits so that answers could be considered
and prepared.  In every case, our hosts went to great lengths and
considerable efforts to prepare for our visits and to make our study both
effective and comfortable.  The various activities of the WTEC panel, in
addition to considerable reading, thinking, discussing, and writing, included
the following:
• a U.S. workshop on 8-9 May 1997 with presentations by 26 invited

expert participants from universities, industry, and national laboratories,
and by 23 U.S. government agency sponsors

• visits by panel members to 42 universities, industrial companies, and
national laboratories in Europe (France, Germany, Belgium, the
Netherlands, Sweden, Switzerland, and the United Kingdom), Japan, and
Taiwan

• three round-table workshops involving 27 additional institutions in
Germany, Sweden, and Russia
These activities represent a rather broad base of information for the study

from which the panel derived the findings and conclusions that appear in this
volume.  One must emphasize, however, that even though we visited many
places, listened to many presentations, and read much material, there is no
way that this study is, or could have been with the available resources,
encyclopedic.  The field of nanostructure science and technology is simply
too large, too geographically dispersed, and changing too rapidly to cover
exhaustively.  What this volume presents are only examples, the best
examples the panel could find, to describe what the field encompasses, its
current breath and depth, and where it appears to be heading.  The choices of
the places that we visited, and even the types of visits, were made from lists
and suggestions generated by all the panel members, with useful sponsor
input.  The final priorities were made according to where we felt the most
exciting research and development activities in nanostructure science and
technology were going on, overlayed with a realistic evaluation of which
sites and how many of them could be logically visited in the time allotted.
Unfortunately, this means that panel members on our limited schedule could
not visit many interesting institutions and could not accommodate visits to
entire countries that make significant contributions to nanostructure science
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and technology—Australia, Canada, China, Finland, India, Israel, Italy,
Mexico, Spain, and the Ukraine, to name just a few.

The initial public report of the findings of the WTEC study panel was
presented in Arlington, Virginia (http://itri.loyola.edu/nano/views/top.htm)
on 10 February 1998.  Full site reports from the panel’s visits in Europe,
Japan, and Taiwan are included as Appendices B to E in this volume.  A
separate volume covering the U.S. workshop has already been published by
WTEC under the title R&D Status and Trends in Nanoparticles,
Nanostructured Materials, and Nanodevices in the United States (see
bibliography at the end of this chapter).  WTEC will soon publish a third
volume of this study that consists of papers presented at its workshop in
St. Petersburg, Russia.

An introduction to and overview of the study and its conclusions are
presented in this chapter, including some of the technical highlights of
nanostructure science and technology that the panel observed.

The WTEC panel would like to take this opportunity to thank all of the
study participants around the world for their conscientious help and
contributions and for their generous hospitality.  We would also like to
extend our thanks to Dr. Mike Roco of NSF for the wonderful support he has
given us throughout the study and for his active participation in many of the
visits that we made around the world.  In addition, we would like to thank
Mr. Geoff Holdridge (WTEC Director) and his staff for their excellent
support, without which the study could not have been accomplished.

FINDINGS

There are two overarching findings from this WTEC study.  First, it is
now abundantly clear that we are able to nanostructure materials for novel
performance.  This is the essential theme of this field: novel performance
through nanostructuring.  Nanostructuring represents the beginning of a
revolutionary new age in our ability to manipulate materials for the good of
humanity.  The synthesis and control of materials in nanometer dimensions
can access new material properties and device characteristics in
unprecedented ways.  Panelists had seen the tip of the iceberg or the pinnacle
of the pyramid before starting this study, but only since undertaking the
study do we fully appreciate just how broad the field really is and begin to
understand what its exciting potential and impact may really be.  It is now
clear that work is rapidly expanding worldwide in exploiting the
opportunities offered through nanostructuring.

The second major finding is that there is a wide range of disciplines
contributing to the developments in nanostructure science and technology
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worldwide.  Each year sees an ever increasing number of researchers from
diverse disciplines enter the field and an increasing breadth of novel ideas
and exciting new opportunities explode on the international nanostructure
scene.  The rapidly mounting level of interdisciplinary activity in
nanostructuring is truly exciting.  The intersections between the various
disciplines are where much of the novel activity resides, and this activity is
growing in importance.

If nothing else, these are the two basic findings that you need to carry
away from this study.

“building blocks”

atoms

nanoparticles layers

nanostructures

dispersions and
coatings

high surface
area materials

functional 
nanodevices

consolidated
materials

synthesis

assembly

Figure 1.1.  Organization of nanostructure science and technology and the WTEC study.

The broad field of nanostructure science and technology can be most
conveniently organized according to the chart shown in Figure 1.1, which
indicates its tremendous breadth and potential impact.  The WTEC study
was organized along the same lines as Figure 1.1, as is this final report,
which has a separate chapter focused on each major area shown in the figure.
The basis of the field is any type of material (metal, ceramic, polymer,
semiconductor, glass, composite) created from nanoscale building blocks
(clusters or nanoparticles, nanotubes, nanolayers, etc.) that are themselves
synthesized from atoms and molecules.  Thus, the controlled synthesis of
those building blocks and their subsequent assembly into nanostructures is
one fundamental theme of this field.  This is the subject of Chapter 2 by
Evelyn Hu and David Shaw.  This theme draws upon all of the materials-
related disciplines from physics to chemistry to biology and to essentially all
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of the engineering disciplines as well.  In fact, there is a very strong thread
from all these disciplines running throughout the fabric of this study; the
biological aspects are so pervasive that special attention is given to them in
Chapter 7 by Lynn Jelinski.

The second and most fundamentally important theme of this field is that
the nanoscale building blocks, because of their sizes below about 100 nm,
impart to the nanostructures created from them new and improved properties
and functionalities heretofore unavailable in conventional materials and
devices.  The reason for this is that materials in this size range can exhibit
fundamentally new behavior when their sizes fall below the critical length
scale associated with any given property.  Thus, essentially any material
property can be dramatically changed and engineered through the controlled
size-selective synthesis and assembly of nanoscale building blocks.  Four
broadly defined and overlapping application areas that cover the tremendous
range of challenges and opportunities for nanostructure science and
technology are dispersions and coatings, high surface area materials,
functional nanodevices, and consolidated materials.

In the synthesis and assembly area (Chapter 2) we see that atoms,
molecules, clusters and nanoparticles can be used as building blocks for
nanostructuring.  However, the useful size of these building blocks depends
upon the property to be engineered, since the critical length scales for which
one is designing these building blocks depends upon the particular property
of interest.  For multifunctional applications, more than one property and one
length scale must be considered.  Every property has a critical length scale,
and if a nanoscale building block is made smaller than that critical length
scale, the fundamental physics of that property starts to change.  By altering
the sizes of those building blocks, controlling their internal and surface
chemistry, and controlling their assembly, it is possible to engineer
properties and functionalities in unprecedented ways.

The characteristics of the building blocks, such as their size and size
distribution, composition, composition variation, and morphology, must be
well controlled.  Also, the interfaces between the building blocks and their
surroundings can be critical to performance.  It is not sufficient simply to
make the building blocks; one must also worry about the structure and
chemistry of their surfaces and how they will interact one with another or
with a matrix in which they are embedded.  There is a very wide range of
diverse synthesis and assembly strategies being employed in
nanostructuring, all the way from fundamental biological methods for self-
assembling molecules to sophisticated chemical precipitation methods to a
variety of physical and chemical aerosol techniques for making clusters or
nanoparticles and then dispersing them or bringing them together in
consolidated forms.  All of these strategies contribute in essential ways to the
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growth of this field.  Each may have unique capabilities that will benefit a
particular property, application, or process.  The most generally applicable of
them are likely to have significant technological impact and commercial
potential.

In the area of dispersions and coatings, covered in Chapter 3 by John
Mendel, a wide range of new and enhanced functionalities are now
becoming available by means of nanostructuring.  They cover the whole set
of properties that are of interest in optical, thermal, and electrical
applications.  This is the most mature area of nanoscale science and
technology.  The many current commercial applications include printing,
sunscreens, photography, and pharmaceuticals.  Some examples of the
present technological impact of nanostructuring are thermal and optical
barriers, imaging enhancement, ink-jet materials, coated abrasive slurries,
and information-recording layers.  From our vantage point at present, there
appears to be very strong potential impact in the areas of targeted drug
delivery, gene therapy, and multifunctional coatings.   Nevertheless, certain
central issues must be addressed if work in this area is going to continue to
affect society in meaningful new ways in the coming years.  Successful
nanoscale dispersions require freedom from agglomeration and surface
control.  Process controls are required to ensure reproducibility, reliability,
and scalability.  There is also a need to develop process models that lead to
shorter cycle times in manufacturing, if commercialization is to be truly
effective.

In the area of high surface area materials, reviewed by Donald Cox in
Chapter 4, it is of primary importance to realize that nanostructured material
building blocks have inherently high surface areas unless they are
consolidated.  For example, a nanoparticle 5 nm in diameter has about half
of its atoms on its surface.  If the nanoparticles are then brought together in a
lightly assembled way, this surface area is available for a variety of useful
applications.  In fact, there is a wide range of new applications in high
capacity uses for chemical and electrical energy storage, or in sensors and
other applications that take copious advantage of this feature.  Already there
are numerous commercial applications in porous membranes or molecular
sieves, drug delivery, tailored catalysts, and absorption/desorption materials.
Clearly, what is required to optimize the impact of nanostructures to be
really useful to society in high surface area material applications is to create
materials that combine high selectivity, high product or function yield, and
high stability.  Thus, the major challenges in this area are critical
dimensional control and long-term thermal and chemical stability.  When
these problems are solved, considerable future technological potential is seen
in the areas of molecule-specific sensors, large hydrocarbon or bacterial
filters, energy storage, and Grätzel-type solar cells.
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The area of functional nanoscale devices, covered in Chapter 5 by Herb
Goronkin and his Motorola colleagues, is largely driven by the need for ever
smaller devices, which necessitate both new device and new circuit
architectures.  It is not very useful to make nanoscale devices if they cannot
be assembled in a circuit with interconnects that are themselves nanoscale.
Thus, a complete rethinking of this area is required.  The major research and
development effort worldwide in functional nanoscale devices is focused on
the single electron transistor (SET) using a variety of nanostructuring
approaches.  However, there is also considerable worldwide activity on
magnetic devices using giant magnetoresistance (GMR) of nanostructures
with architectures of various modulation dimensionalities.  In fact, it is the
nanostructuring with various modulation dimensionalities that has created an
expanding range of different functionalities that can be engineered into these
GMR devices.  There is also exciting carbon nanotube research being
actively pursued in areas of high-field-emission displays and several other
nanoscale electronic devices.  This is an area still very early in its
development, since nanotubes and their derivatives are a relatively recent
discovery, but one with tremendous potential.

While there is little technological impact already present in the nanoscale
device area other than GMR read heads, several potential areas of significant
impact do appear on the horizon.  These include terabit memory and
microprocessing; single molecule DNA sizing and sequencing; biomedical
sensors; low-noise, low-threshold lasers; and nanotubes for high brightness
displays.  Nevertheless, a major challenge looms in the efficient
manipulation of these nanoscale building blocks and their eventual
commercial scaleup, if any of this is really going to affect society as we
know it.  One shining example that indicates probable success in overcoming
such obstacles in the future is the ability to now translate SET devices made
by individual atomic manipulation into arrays of similarly functional devices
created by the biological self-assembly of large molecular arrays.  Such
cross-disciplinary transfers of nanostructuring ideas and capabilities can be
expected to increasingly impact the future successful implementation of
nanostructure science and technology.

In the area of consolidated materials, reviewed by Carl Koch in
Chapter 6, we have known for about a decade that the bulk behavior of
materials can be dramatically altered when constituted of, or consolidated
from, nanoscale building blocks.  This can significantly and favorably affect
the mechanical properties, magnetic properties, and optical properties of a
range of engineering materials.  We already know that the hardness and
strength of nanophase metals can be greatly increased by nanostructuring,
for example.  On the other hand, the ductility and superplastic forming
capabilities of nanophase ceramics have now become possible generically,
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leading to new processing routes that will be more cost-effective than
present methods. Nanoparticle fillers in metal, ceramic, or polymer matrices
can yield a very wide range of nanocomposites with unique properties.  This
is an area that in some cases is just beginning to be researched seriously, but
it could have huge technological impact in the future.  Nanostructuring can
also uniquely create both soft and hard magnetic materials with greatly
improved performances.  These materials are already having technological
impact in the areas of low-loss magnets, high-hardness and tough cutting
tools, and nanocomposite cements.  Potential technological applications with
high commercial impact can be expected in the areas of superplastic forming
of ceramics, ultrahigh-strength and tough structural materials, magnetic
refrigerants, a wide range of nanoparticle-filled polymer nanocomposites
based on elastomers, thermoplastics and thermosets, and ductile cements.

In Chapter 7 Lynn Jelinski describes nanoparticles, nanostructured
materials, and nanodevices from the point of view of biological applications
and biological analogies.  Current research directed toward biological
synthesis and assembly is highlighted as it pertains to the building blocks of
nanotechnology, and examples are presented of state-of-the-art research on
the biological aspects of dispersions and coatings, high surface area
materials, and functional nanostructures.  A primary finding is that although
biological applications of nanostructure science and technology may not be
as well developed currently as non-biological ones, they nevertheless present
a very promising research and development frontier that is likely to have
tremendous future impact.

Funding and research programs in nanotechnology around the world are
reviewed by Mike Roco in Chapter 8.  It is noteworthy that these funding
levels have been increasing very rapidly in recent years as the number of
researchers worldwide who are excited about this field have multiplied and
funding agencies have responded accordingly.  The various ways in which
nanostructure science and technology research is funded in the countries the
panel surveyed had often appeared quite different from a distance, but are
actually quite similar to one another at closer view.  Some countries, most
notably Japan, have tended to primarily fund their nanostructure research
through large national programs, with a rather monolithic appearance from
afar, centered at national laboratories or at major national universities.  On
the other hand, with some exceptions, most of the nanostructure research
funding in the United States and Europe tends to be based upon competition
among individual research groups for smaller amounts of support.  In both
types of nanostructure funding schemes, however, it seems that the
individual researchers actually dominate how the work proceeds.  In most
cases, any significant interactions among researchers occur through normal
personal and professional contacts; large-scale institutionalized cooperative
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research efforts in this field have often not been particularly effective.  A
particularly impressive national funding effort in nanostructure science and
technology occurs in France under the auspices of the Centre National de la
Récherche Scientifique (CNRS).  There, an extensive multidisciplinary
network of laboratories in universities, industries, and national laboratories,
funded partly by the CNRS and partly by industry, appear to interact
successfully.  It could be a very useful model to follow.

CONCLUSIONS

Table ES.2 (p. xvii) compares the current levels of activity of the major
regions assessed in this WTEC study (Europe, Japan, and the United States),
for the broad areas of synthesis and assembly, biological approaches and
applications, dispersions and coatings, high surface area materials,
nanodevices, and consolidated materials.  These comparisons are, of course,
integrals over rather large areas of a huge field and therefore possess all of
the inevitable faults of such an integration.  At best, they represent only a
snapshot of the present.  Nevertheless, the panel drew the following general
conclusions.  In the synthesis and assembly area, the United States appears
to be somewhat ahead, with Europe and then Japan following.  In the area of
biological approaches and applications, the United States and Europe appear
to be on a par, with Japan following.  In nanoscale dispersions and coatings,
the United States and Europe are again at a similar level, with Japan
following.  In the area of high surface area materials, the United States is
clearly ahead of Europe, which is followed by Japan.  On the other hand, in
the nanodevices area, Japan seems to be leading quite strongly, with Europe
and the United States following.  Finally, in the area of consolidated
nanomaterials, Japan appears to be a clear leader, with the United States and
Europe following.

Nanostructure science and technology is clearly a very broad and
interdisciplinary area of research and development activity worldwide.  It
has been growing explosively in the past few years, since the realization that
creating new materials and devices from nanoscale building blocks could
access new and improved properties and functionalities.  While many
aspects of the field existed well before nanostructure science and technology
became a definable entity during the past decade, it has really only become a
coherent field of endeavor through the confluence of three crucial
technological streams:
1. new and improved control of the size and manipulation of nanoscale

building blocks
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2. new and improved characterization (e.g., spatial resolution, chemical
sensitivity) of materials at the nanoscale

3. new and improved understanding of the relationships between
nanostructure and properties and how these can be engineered
These developments have allowed for an accelerating rate of information

transfer across disciplinary boundaries, with the realization that
nanostructure scientists can and should borrow insights and techniques
across disciplines, and for an increased access to common enabling tools and
technologies.  We are now at the threshold of a revolution in the ways in
which materials and products are created.  How this revolution will develop,
and how great will be the opportunities that nanostructuring can yield in the
future, will depend upon the ways in which a number of challenges are met.

Among the challenges facing nanostructure scientists and engineers in
order for rapid progress to continue in this field are the necessary advances
that must be made in several enabling technologies.  We need to increase the
capabilities in material characterization, be it in visualization or analytical
chemistry, at ever finer size scales.  We also need to be able to manipulate
matter at finer and finer size scales, and we must eventually use
computational approaches in directing this.  Experiment simply cannot do it
alone; theory and modeling are essential.  Fortunately, this is an area in
which the sizes of the building blocks and their assemblies are small enough
that it is possible, with the ever increasing capabilities of computational
sciences, to start doing very serious controlled modeling experiments to
guide researchers in the nanostructuring of matter.  Hence, multiscale
modeling, across atomic, mesoscopic, and macroscopic length scales, of
nanostructuring and the resulting hierarchical structures and material
properties is an absolute necessity as we attempt in the coming decades to
utilize the tremendous potential of nanostructure science and technology.

Another challenge is to fully understand the critical roles that surfaces
and interfaces play in nanomaterials, owing to the very high specific surface
areas of nanoparticles and the large areas of interfaces in the assembled
nanophase forms.  We need to know in detail not only the structures of these
interfaces, but also their local chemistries and the effects of segregation and
interaction between the nanoscale building blocks and their surroundings.
We also need to learn more about the control parameters of nanostructure
size and size distribution, composition, and assembly.  For some applications
of these building blocks, there are very stringent conditions on these
parameters; in other applications considerably less so.  We must therefore
understand the relationships between the limits of this stringency and the
desired material or device properties if efficient utilization of
nanostructuring is to be achieved.
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Since nanostructures are often inherently unstable owing to their small
constituent sizes and high chemical activity, a further challenge is to increase
the thermal, chemical, and structural stability of these materials and the
devices made therefrom, in the various temperatures and chemistries of the
environments in which the nanostructures are asked to function.  A
nanostructure that is only a nanostructure at the beginning of a process is not
of much use unless the process is over in a very short time or unless the
process itself is the actual nanostructure advantage.  So, stability is a real
concern in many applications.  Researchers must determine whether natural
stability or metastability is sufficient or if we must additionally stabilize
against the changes that we cannot afford.  Fortunately, it appears that many
nanostructures possess either a deeply metastable structure or they can be
readily stabilized or passivated using rather traditional strategies.

Reproducibility and scalability of nanoparticle synthesis and
consolidation processes in nanostructuring are paramount for successful
utilization of nanostructure research and development.  What is
accomplished in the laboratory must eventually benefit the society that pays
the bills for the research, or the field will simply die.  Also, significant
enhancements in statistically driven process controls are required if we are to
be able to effectively commercialize and utilize the nanostructuring of
matter.  New thinking is needed, not only about the materials, not only about
the processing and assembly of these materials, but also about the
manufacture of products from these materials and the economic impact of
dealing with effluents.  Given the commercial promise of net-shape forming
of nanoscale ceramics, for example, the viability of such nanostructure
production and utilization depends upon the total integrated costs of
precursors or raw materials, synthesis of the building blocks, manufacturing
of parts from those building blocks, and finally, disposition of the effluents.
Higher than normal up-front costs for the nanoparticles or building blocks
may be affordable if the processing steps save more than that.  It is the total
integrated costs, along with societal needs, that will determine commercial
viability

Education is also of tremendous importance to the future of the field of
nanostructure science and technology. The creation of a new breed of
researchers working across traditional disciplines and thinking "outside the
box" is an absolute necessity for the field of nanostructure science and
technology to truly reach fruition and to impact society with full force.  The
education of this new breed of researchers, who will either themselves work
across disciplines or know how to work with others across disciplinary lines
in the interfaces between disciplines, is necessary to make this happen in the
future.  People will need to start thinking in truly unconventional ways, if we
are to take full advantage of this excitingly new and revolutionary field.
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It appears that nanostructure science and technology at present resembles
only the tip of a pyramid that has recently been uncovered from the sands of
ignorance.  As the new and expanding research community of nanostructure
scholars worldwide digs away at these sands and uncovers more and more of
the exciting field of nanostructure science and technology, we will
eventually learn how truly important the field will have become and how
great its impact will be on society.  From our present vantage point, this
future looks very exciting.
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INTRODUCTION

The common theme of this WTEC study is the engineering of materials
with novel (i.e., improved) properties through the controlled synthesis and
assembly of the material at the nanoscale level.  The range of applications is
extremely broad, and these will be described in further detail in subsequent
chapters in this report.  The corresponding means of synthesis and assembly
are similarly wide-ranging.  But however multifaceted the synthesis
approaches and the ultimate applications, there are common issues and
unique defining features of these nanostructured materials.

First, there is the recognition of critical scale lengths that define the
material structure and organization, generally in the nanometer range, and
that ultimately determine the fundamental macroscopic properties of the
material.  Research in nanostructured materials is motivated by the belief
that ability to control the building blocks or nanostructure of the materials
can result in enhanced properties at the macroscale: increased hardness,
ductility, magnetic coupling, catalytic enhancement, selective absorption, or
higher efficiency electronic or optical behavior.

Synthesis and assembly strategies accommodate precursors from liquid,
solid, or gas phase; employ chemical or physical deposition approaches; and
similarly rely on either chemical reactivity or physical compaction to
integrate nanostructure building blocks within the final material structure.
The variety of techniques is shown schematically in Figure 2.1.
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Assemble from
Nano- building Blocks 

• powder/aerosol compaction 
• chemical synthesis 

'Sculpt' from Bulk 

• mechanical attrition
(ball milling) 

•lithography/etching...

Nanostructured Material

Figure 2.1.  Schematic of variety of nanostructure synthesis and assembly approaches.

The “bottom-up” approach first forms the nanostructured building blocks
and then assembles them into the final material.  An example of this
approach is the formation of powder components through aerosol techniques
(Wu et al. 1993) and then the compaction of the components into the final
material.  These techniques have been used extensively in the formation of
structural composite materials.  One “top-down” approach begins with a
suitable starting material and then “sculpts” the functionality from the
material.  This technique is similar to the approach used by the
semiconductor industry in forming devices out of an electronic substrate
(silicon), utilizing pattern formation (such as electron beam lithography) and
pattern transfer processes (such as reactive ion etching) that have the
requisite spatial resolution to achieve creation of structures at the nanoscale.
This particular area of nanostructure formation has tremendous scope,
warranting its own separate study, is a driving issue for the electronics
industry, and will not be a principal theme of this study.  Another top-down
approach is “ball-milling,” the formation of nanostructure building blocks
through controlled, mechanical attrition of the bulk starting material (Koch
1989).  Those nano building blocks are then subsequently assembled into a
new bulk material.

In fact, many current strategies for material synthesis integrate both
synthesis and assembly into a single process, such as characterizes chemical
synthesis of nanostructured materials (Murray et al. 1993; Katari et al.
1994).  The degree of control required over the sizes of the nanostructure
components, and the nature of their distribution and bonding within the fully
formed material varies greatly, depending on the ultimate materials
application.  Achieving selective optical absorption in a material (e.g., UV-
blocking dispersions) may allow a wide range of sizes of the component
nanostructure building blocks, while quantum dot lasers or single electron
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transistors require a far tighter distribution of size of the nanostructure
components.  Compaction methods may provide excellent adhesion for
nanocomposite materials of improved structural performance (e.g., ductility),
but such interfaces may be unsatisfactory for electronic materials.

The intention of this chapter of the report is not to recapitulate in detail
the various synthesis and assembly techniques that have been and are being
employed in the fabrication of nanostructured materials; that detail can be
found in succeeding chapters as well as in excellent summary descriptions
provided in the May 8-9, 1997 WTEC workshop proceedings (Siegel, Hu,
and Roco 1998).  Rather, in attempting to capture the salient features of a
new impetus for and interest in a field of nanostructure science and
technology, it is more useful to identify the emerging commonalities than the
differences among synthesis and assembly approaches.

CRITICAL ISSUES FOR NANOSTRUCTURE
SYNTHESIS AND ASSEMBLY

However broad the range of synthesis approaches, the critical control
points fall into two categories:
1. control of the size and composition of the nanocluster components,

whether they are aerosol particles, powders, semiconductor quantum
dots, or other nanocomponents

2. control of the interfaces and distributions of the nanocomponents within
the fully formed materials
These two aspects of nanostructure formation are inextricably linked;

nevertheless, it is important to understand how to exercise separate control
over the nucleation of the nanostructure building blocks and the growth (for
example, minimizing coagulation or agglomeration) of those components
throughout the synthesis and assembly process.  This latter issue is related to
the importance of the following:
• the chemical, thermal, and temporal stability of such formed

nanostructures
• the ability to scale-up synthesis and assembly strategies for low-cost,

large-scale production of nanostructured materials, while at the same
time maintaining control of critical feature size and quality of interfaces
(economic viability is a compelling issue for any nanostructure
technology)
All researchers in this area are addressing these issues.
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COMMON ENABLING TECHNOLOGIES

There has been steady technological progress in all fields of
nanostructure synthesis and assembly, in no small part because of the more
general availability of characterization tools having higher spatial, energy,
and time resolution to clearly distinguish and trace the process of
nanostructure formation.  As transmission electron microscopy and X-ray
diffraction techniques helped in an earlier period to relate the improved
properties of “age-hardened” aluminum alloys to their nanostructure (Koch
1998), today’s technological advances in materials characterization are
providing new insights into the role of the nanostructure in determining
macroscopic properties.  The tightly-coupled iteration between
characterizing the nanostructure, understanding the relationship between
nanostructure and macroscopic material properties (Figure 2.2), and
improved sophistication and control in determining nanostructure size and
placement have accelerated the rate of progress and helped to define the
critical components of this “new” field of nanostructure science and
technology.  Tightly focused (1-2 µm), high brightness synchrotron X-ray
sources provide detailed structural information on colloids, polymers, alloys,
and other material structures, highlighting the inhomogeneities of the
material with suitable spatial resolution (Hellemans 1998).

Improved characterization 
- higher spatial resolution 
- higher sensitivity

leads to m
ot

iv
at

es
Better control of size and 

placement

Understanding of 
- structure-property link 
- influence of interfaces 

stimulates

Figure 2.2.  Interactive cycle of characterization, understanding and enhanced control in the
synthesis and assembly of nanostructures.

Another important enabling technology has been the now widely
available scanning probe technology, including scanning tunneling
microscopy and atomic force microscopy.  The power of these techniques
has provided impetus for developing even higher performance scanning
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probe tips, fabricated through microfabrication techniques.  Development of
different tip structures in various materials has given rise to an entire family
of powerful scanning probe techniques that encompass such a wide range of
characterization capabilities that one can envision “a laboratory on a tip”
(Berger et al. 1996).  The development of a tip technology also impacts the
synthesis and assembly processes themselves: scanning probe technologies
have been used as the basis of materials patterning and processing at
nanometer scales (Held et al. 1997; Snow et al. 1997; and Wilder et al. 1997)
and have provided information on the mechanical and thermal properties of
materials at the nanoscale (Nakabeppu et al. 1995; Tighe et al. 1997; and
Zhang et al. 1996).

More sophisticated in situ monitoring strategies have provided greater
understanding and control in the synthesis of nanostructured building blocks,
particularly those formed in vacuum environments.  Molecular beam epitaxy
(MBE) represents a physical vapor (gas phase) deposition technique where
sub-monolayer control can be imposed on the formation of two-dimensional
and, more recently, three-dimensional nanostructured materials (Leonard et
al. 1993).  A great deal of the understanding and control derives from the
ability to carry out sensitive monitoring of the growth process in situ:
reflection high energy electron diffraction (RHEED) details the nature of the
surface and surface bonding, and oscillations of the RHEED intensity
provide information on the growth rate (Neave et al. 1983).

The improvements brought about by these advances in technology have
been substantial, but perhaps of greater importance for this nascent field of
nanostructure science and technology has been the development of strategies
and technologies that have been formed across the former disciplines.  More
reliable means of controlling nanostructure size and placement, with an end
view of being able to scale up the production of such materials while
maintaining the control over the nanostructure, have given impetus to a
common search for novel synthesis and assembly strategies.  In that search,
it is apparent that the naturally occurring synthesis and assembly of
biological materials can provide us with some critical insights.

NANOPARTICLE SYNTHESIS STRATEGIES

Gas Phase Synthesis and Sol-Gel Processing

Major efforts in nanoparticle synthesis can be grouped into two broad
areas: gas phase synthesis and sol-gel processing.  Nanoparticles with
diameters ranging from 1 to 10 nm with consistent crystal structure, surface
derivatization, and a high degree of monodispersity have been processed by
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both gas-phase and sol-gel techniques.  Typical size variances are about
20%; however, for measurable enhancement of the quantum effect, this must
be reduced to less than 5% (Murray et al. 1993).

Initial development of new crystalline materials was based on
nanoparticles generated by evaporation and condensation (nucleation and
growth) in a subatmospheric inert-gas environment (Gleiter 1989; Siegel
1991, 1994).  Various aerosol processing techniques have been reported to
improve the production yield of nanoparticles (Uyeda 1991, Friedlander
1998).  These include synthesis by combustion flame (Zachariah 1994,
Calcote and Keil 1997, Axelbaum 1997, Pratsinis 1997); plasma (Rao et al.
1997); laser ablation (Becker et al. 1997); chemical vapor condensation
(Kear et al. 1997); spray pyrolysis (Messing et al. 1994); electrospray (de la
Mora et al. 1994); and plasma spray (Berndt et al. 1997).

Sol-gel processing is a wet chemical synthesis approach that can be used
to generate nanoparticles by gelation, precipitation, and hydrothermal
treatment (Kung and Ko 1996).  Size distribution of semiconductor, metal,
and metal oxide nanoparticles can be manipulated by either dopant
introduction (Kyprianidou-Leodidou et al. 1994) or heat treatment (Wang et
al. 1997).  Better size and stability control of quantum-confined
semiconductor nanoparticles can be achieved through the use of inverted
micelles (Gacoin 1997), polymer matrix architecture based on block
copolymers (Sankaran et al. 1993) or polymer blends (Yuan et al. 1992),
porous glasses (Justus et al. 1992), and ex-situ particle-capping techniques
(Majetich and Canter 1993; Olshavsky and Allcock 1997).

Other Strategies

Additional nanoparticle synthesis techniques include sonochemical
processing, cavitation processing, microemulsion processing, and high-
energy ball milling.  In sonochemistry, an acoustic cavitation process can
generate a transient localized hot zone with extremely high temperature
gradient and pressure (Suslick et al. 1996).  Such sudden changes in
temperature and pressure assist the destruction of the sonochemical
precursor (e.g., organometallic solution) and the formation of nanoparticles.
The technique can be used to produce a large volume of material for
industrial applications.

In hydrodynamic cavitation, nanoparticles are generated through creation
and release of gas bubbles inside the sol-gel solution (Sunstrom et al. 1996).
By rapidly pressurizing in a supercritical drying chamber and exposing to
cavitational disturbance and high temperature heating, the sol-gel solution is
mixed.  The erupted hydrodynamic bubbles are responsible for nucleation,
growth, and quenching of the nanoparticles.  Particle size can be controlled
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by adjusting the pressure and the solution retention time in the cavitation
chamber.

Microemulsions have been used for synthesis of metallic (Kishida et al.
1995), semiconductor (Kortan et al. 1990; Pileni et al. 1992), silica
(Arriagada and Osseo-Assave 1995), barium sulfate (Hopwood and Mann
1997), magnetic, and superconductor (Pillai et al. 1995) nanoparticles.  By
controlling the very low interfacial tension (~10-3 mN/m) through the
addition of a cosurfactant (e.g., an alcohol of intermediate chain length),
these microemulsions are produced spontaneously without the need for
significant mechanical agitation.  The technique is useful for large-scale
production of nanoparticles using relatively simple and inexpensive
hardware (Higgins 1997).

Finally, high energy ball milling, the only top-down approach for
nanoparticle synthesis, has been used for the generation of magnetic (Leslie-
Pelecky and Reike 1996), catalytic (Ying and Sun 1997), and structural
(Koch 1989) nanoparticles.  The technique, which is already a commercial
technology, has been considered dirty because of contamination problems
from ball-milling processes.  However, the availability of tungsten carbide
components and the use of inert atmosphere and/or high vacuum processes
have reduced impurities to acceptable levels for many industrial
applications.  Common drawbacks include the low surface area, the highly
polydisperse size distributions, and the partially amorphous state of the as-
prepared powders.

Other Synthesis Issues

Means to Achieve Monodispersity

One of the most challenging problems in synthesis is the controlled
generation of monodispersed nanoparticles with size variance so small that
size selection by centrifugal precipitation or mobility classification is not
necessary.  Among all the synthesis techniques discussed above, gas-phase
synthesis is one of the best techniques with respect to size monodispersity,
typically achieved by using a combination of rigorous control of nucleation-
condensation growth and avoidance of coagulation by diffusion and
turbulence as well as by the effective collection of nanoparticles and their
handling afterwards.  The stability of the collected nanoparticle powders
against agglomeration, sintering, and compositional changes can be ensured
by collecting the nanoparticles in liquid suspension.  For semiconducting
particles, stabilization of the liquid suspension has been demonstrated by the
addition of polar solvent (Murray et al. 1993); surfactant molecules have
been used to stabilize the liquid suspension of metallic nanoparticles.



22 Evelyn L. Hu and David T. Shaw

Alternatively, inert silica encapsulation of nanoparticles by gas-phase
reaction and by oxidation in colloidal solution has been shown to be
effective for metallic nanoparticles (Andres et al. 1998).

New approaches need to be developed for the generation of
monodisperse nanoparticles that do not require the use of a size classification
procedure.  An example of this is a process developed in Japan where very
monodispersed gold colloidal nanoparticles with diameters of about 1 nm
have been prepared by reduction of metallic salt with UV irradiation in the
presence of dendrimers (Esumi et al. 1998).  Poly(amidoamine) dendrimers
with surface amino groups of higher generations have spherical 3-D
structures, which may have an effective protective action for the formation
of gold nanoparticles.  Although the specific role of dendrimers for the
formation of monodispersed nanoparticles has yet to be defined, good
monodispersity is thought to come from the complex reaction accompanying
the decomposition of dendrimers, which eventually leads to the conversion
of solution ions to gold nanoparticles.

Scaleup

Scaleup production is of great interest for nanoparticle synthesis.  High
energy ball milling, already a commercial high-volume process, as
mentioned above, has been instrumental in generating nanoparticles for the
preparation of magnetic, structural, and catalytic materials.  However, the
process produces polydispersed amorphous powder, which requires
subsequent partial recrystallization before the powder is consolidated into
nanostructured materials.  Although gas-phase synthesis is generally a low
production rate process (typically in the 100 milligrams per hour range) in
research laboratories, higher rates of production (about 20 grams per hour)
are being demonstrated at Ångström Laboratory at Uppsala University in
Sweden (see Appendix C of this report).  Even higher production rates
(about 1 kg per hour) are now being achieved commercially.  For sol-gel
processing, the development of continuous processing techniques based on
present knowledge of batch processing has yet to be addressed for
economical scaleup production of nanoparticles.  Other related sol-gel issues
concern the cost of precursors and the recycling of solvent.  Overall, sol-gel
processing is attractive for commercial scale-up production.

Building Nanoparticle Chains or Wires

A recent paradigm shift envisioned for optoelectronics and computational
devices involves the assembly of molecular or quantum wires (Chidsey and
Murray 1986).  Large polymeric molecules have been used as nano building
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blocks for nanoporous molecular sieves, biocompatible materials, optical
switching, data processing, and other nonlinear optical components.  Chain
aggregates of nanoparticles can be considered as polymer-like units with
their primary particles composed of a few hundred to a few thousand
molecules.  Thus, these chain aggregates can be considered “heavy”
quantum wires.  In fact, nanoparticle chain aggregates have been studied
extensively as magnetic materials (Zhang and Manthiram 1997), as
reinforced elastomers (Pu et al. 1997), and as additives in concrete (Sabir
1997).  These aggregates have been shown to have chemical and mechanical
properties different from those of individual primary particles (Friedlander et
al. 1998).  Depending on the particle size and its compositional material, the
bonding force responsible for holding the aggregates together varies from
weak van der Waals force for micrometer particles to strong chemical bonds
for nanometer particles to very strong magnetic dipolar bonds for nanosized
magnetic particles.  The mechanical, optical, and electronic transport
properties can be varied by controlling the diameter and the monodispersity
of the primary particles, the crystalline structure and morphology, aggregate
length, interfacial properties, and material purity.  These chain aggregates
can be formed by allowing agglomeration of nanoparticles generated by any
of the synthesis techniques discussed above, with the exception of high
energy ball milling, which generates particles with low surface area and high
anisotropic morphologies, both of which are detrimental for the formation of
chain aggregates.  Depending on the magnetic and electric charging
properties of the nanoparticles, an external applied magnetic or electric field
can be used to control the fractal dimension of aggregates.  For optical
applications of chain aggregates, lower fractal dimensions (i.e., relatively
straight chain aggregates with few branches) are desirable.

Building Nanometer Fibers or Tubes

Recent advances in the fabrication of nanometer fibers or tubes offer
another form of building blocks for nanostructured materials.  An effective
way to generate nanometer fibers (or tubes) is based on the use of
membrane-template techniques (Martin 1994).  Membranes, with
nanochannels generated by fission-fragment tracks or by electrochemical
etching of aluminum metal, are used as templates for either chemical or
electrochemical deposition of conductive polymers (Pathasarathy and Martin
1994), metal (van de Zande et al. 1997), semiconductor (Klein et al. 1993),
and other materials for the generation of nanofibers or tubes.  Since the
nanochannels on membranes are very uniform in size, the diameter and the
aspect ratio of the nanofibers (or tubes) synthesized by the membrane-
template technique can be precisely controlled.  This greatly facilitates the
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interpretation of optical data and the processing of these fibers (or tubes) into
2-D nanostructured materials (de Heer et al. 1995).  Single-crystal
semiconductor nanofibers can also be grown catalytically by metalorganic
vapor phase epitaxy and laser ablation vapor-liquid-solid techniques
(Hiruma et al. 1995; Morales and Lieber 1998).  The synthesis of these one-
dimensional structures with diameters in the range of 3 to 15 nm holds
considerable technological promise for optoelectronic device applications,
such as the p-n junctions for light emission at Hitachi Central Research
Laboratory in Japan (see Appendix D of this report).

The advent of carbon-based nanotubes has created yet another way to
fabricate nanometer fibers and tubes.  These nanotubes have been used as
templates for the fabrication of carbide and oxide nanotubes (Dai et al. 1995;
Kasuga et al. 1998).  Synthesis of nanotubes based on BN, BC3 and BC2N
have also been reported (Chopra et al. 1995; Miyamoto et al. 1994).  These
nanotubes potentially possess large third-order optical non-linearity and
other unusual properties (Xie and Jiang 1998).  Metallic nanofibers
synthesized by carbon-nanotube-template techniques are useful in the design
of infrared absorption materials.  The carbon nanotubes can now be
catalytically produced in large quantities and have been used for
reinforcement of nanostructural composite materials and concrete (Peigney
et al. 1997).

BIOGENIC STRATEGIES

The elegant complexity of biological materials represents the
achievement of structural order over many length scales, with the full
structure developed from the “nested levels of structural hierarchy” (Aksay
et al. 1992), in which self-assembled organic materials can form templates or
scaffolding for inorganic components.  These notions of a multilevel
material structure with strong interactions among levels and an interplay of
perfection and imperfection forming the final material was discussed earlier
by Cyril Stanley Smith (1981).  Along with characteristic length scales, there
are characteristic relaxation times of the material, bringing in the
consideration of the temporal stability of the structured materials (Zener
1948).

A more detailed discussion of the role of biological materials as both
paradigm and tool for the fabrication of nanostructured materials is given in
Chapter 7 of this report.  It is interesting how many of the synthesis and
assembly approaches seek out and adapt two key features of biogenic
fabrication: that of “self-assembly,” and the use of natural nanoscaled
templates.



2. Synthesis and Assembly 25

Self-Assembly as a Deliberate Strategy

“Self-assembly” is a term that by now figures prominently in the
literature of nanostructured materials and nanofabrication.  The term
therefore carries a variety of implicit or explicit meanings, and we cite the
definition given by Kuhn and Ulman: “Self-assembly is a process in which
supermolecular hierarchical organization is established in a complex system
of interlocking components.”  The mechanisms that produce the hierarchical
organization are determined by competing molecular interactions (e.g.,
interactions between hydrophobic versus hydrophilic components, van der
Waals, Coulombic, or hydrogen bonding), resulting in particular microphase
separation or surface segregation of the component materials.  Thus, the use
of a hierarchy of bond strengths and/or chemical specificity can produce a
hierarchy of lengths in the final nanostructured material (Muthukumar et al.
1998; Stupp and Braun 1998).

As one example of such self-assembled or self-organized materials,
McGehee et al. (1994) have mixed silica precursors with surfactants that
have self-ordered to form various surfactant-water liquid crystals, producing
various structures built from walls of amorphous silica, organized about a
repetitive arrangement of pores up to a hundred angstroms in diameter.  A
range of such structures is shown in Figure 2.3.  In the “natural” formation
of inorganic nanostructures, the addition of organic molecules can strongly
influence the resulting structure of inorganic components.  Such strategies
have been adopted in synthetic formation of nanostructures, such as in the
formation of networks of gold clusters (Andres et al. 1998).

Gold clusters 3.7 nm in diameter, formed in the vapor phase, are
encapsulated in organic surfactants, such as dodecanethiol, forming a
colloidal suspension.  The surfactants prevent the agglomeration of the gold
clusters.  Addition of small amount of dithiol precipitates out a 3-D cluster
network, which can in turn be deposited onto another solid substrate.  Figure
2.4 shows a transmission electron microscope (TEM) image of a cluster
array spin-cast onto MoS2.

The methodology of self-assembly has even been extended to physical
vapor deposition processes where it would seem more difficult to control the
nucleation and growth of three-dimensional nanostructures.  Utilizing the
strain inherent in the epitaxial growth of lattice-mismatched materials, and
the expected strain-induced transition from two-dimensional (layered) to
three-dimensional (islanded) growth, together with careful monitoring of the
growth process through RHEED analysis, researchers have been able to form
arrays of semiconductor quantum dots, ~ 200-300 Å in diameter, ~ 1011 cm-2

in density, and with a size variation of about ±7% (Leonard et al. 1993).  An
example of such “self-assembled” semiconductor quantum dots is shown in
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Figure 2.5.  The achievement of arrays of several billions of quantum dots of
these dimensions with such a size variation is beyond the capability of
standard high resolution lithographic and pattern transfer processes.
Moreover, the controlled formation of critical surfaces and interfaces
without the intercession of ion-assisted processing that can introduce
potential defects into the materials has produced a rich source of optically
and electronically efficient quantum structures.  A number of researchers
have already incorporated such self-assembled dots into laser structures
(Bimberg et al. 1998).

Chemical specificity may provide the most robust means of ensuring
control of size and placement of nanostructured building blocks, and recent
work in the synthesis of compound semiconductor quantum dots from
chemical precursors have provided even tighter distributions of size variation
(±5%) than those shown in the strain-induced self-assembled dots (Katari et
al. 1994; Murray et al. 1993).  The size-dependent and energy-selective
optical absorption properties of such chemically synthesized quantum dots
are shown in Figure 2.6.

Figure 2.3.  TEM images of (a) the lamellar morphology, (b) the cubic phase with Ia3d
symmetry viewed along its [111] zone axis, and (c) the hexagonal phase viewed along its
[001] zone axis of thesilica/surfactant nanostructured composites by co-assembly (McGehee
et al. 1994) (bars = 30 nm).
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Figure 2.4.  TEM image of unlinked cluster array of 3.7 nm Au clusters encapsulated by
dodecanethiol (Andres et al. 1998).

Figure 2.5.  Array of InAs quantum dot structures grown on GaAs substrates (Mirin et al. 1996).

Figure 2.6.  Variation of optical transparency with diameter of chemically synthesized CdSe
nanocrystals (Alivisatos 1996).
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Natural Templates or “Scaffolds”

Biogenic systems employ natural templates or scaffolding in the
construction of nanoscaled materials, where the templates and scaffolding
can help set the proper, critical dimensions that are characteristic of the final
material.  The templates can be formed “artificially,” through the use of
lithographically defined patterning and processing of the substrate material
in order to achieve selective nucleation and growth of the nanostructured
materials.  However, there are also a host of “natural” templating materials
that researchers can avail themselves of.  The zeolites have for a long time
been utilized as the basis of high surface area materials that enable catalysis.
Recent work has taken these natural cage structures and formed large cage
structures with varying pore sizes (Estermann et al. 1991; Ying and Sun
1997; Bu et al. 1998).  When zeolite cages are “loaded” with various
materials, the controlled proximity enforced by the cage structure can result
in various magnetically active or nonlinear optical materials.  More recently,
the C-based fullerenes and C-nanotubes have provided a tremendously rich
basis for nanostructure research; the impact of such materials is further
described in Chapters 4 and 5.  The by now “easy” formation of such
structures and ready availability of such materials provide a rich source of
nanostructures with nearly immediate applications for electronic devices,
storage, and enhancement of structural materials.  Further, these materials
can serve as the nanostructured precursors of nanostructure synthesis
approaches (such as the starting material for cluster or aerosol deposition), or
can provide an avenue for the synthesis of templates of varying sizes.  Such
templates can be electronically “doped” and filled with other materials.
Recent work reported the synthesis of “nanorods” of GaN through confined
reactions in carbon nanotubes (Han et al. 1998).

OUTSTANDING ISSUES: OPPORTUNITIES AND
CHALLENGES

The broad explorations of this WTEC study have shown a great diversity
of impressive work on nanostructured materials.  One could argue that many
aspects of the work on nanostructured materials have been long-established
efforts, with well-developed techniques that have been brought forth into the
manufacturing arena.  How do we then explain the current excitement and
interest in nanostructured materials as a promising new endeavor?  Part of
the answer lies in the recognition of common scientific issues and common
enabling technologies that link this group of researchers together.  Ready
availability of ever more sophisticated characterization methods that allow
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us to visualize and probe materials at the nanoscale has accelerated the pace
of activities in this field; at the same time, recognition of the common
critical issues of control over nanostructure size and placement motivates
sharing of solutions over the boundaries of conventional disciplines.  Thus,
some of the most exciting findings of this study manifest the cross-
fertilization of techniques and ideas; for example, aerosol particles are being
integrated with more traditionally fabricated electronic nanostructures, with
placement achieved through the manipulation of STM tips, in order to
explore ideas of electronic device enhancement at the nanostructure level
(Junno et al. 1998).  A sample structure is shown in Figure 2.7.  The ordered
assembly of diblock copolymers define three-dimensional nanostructures,
and those structures are transferred into electronic (semiconductor)
substrates through high resolution pattern transfer processes (Möller 1998).

Recognizing the need for effective utilization of ideas across disciplines
brings the responsibility of establishing the educational infrastructure that
will adequately train young scientists to more fully develop the concepts and
applications of nanostructured materials in the future.  Such an infrastructure
will require researchers and educators who are familiar with the properties of
a broad range of materials, including polymers, biomolecular materials,
metals, ceramics, and semiconductors.  It will benefit from an informed
perspective on critical applications, and must provide access to a wide range
of synthesis and assembly techniques and characterization methods that
currently reside separately in the disciplines of physics, chemistry, electrical
engineering, biology, etc. Finally, a critical enabler for the future of this field
and for its educational infrastructure is further development of computational
tools that encompass the full range of atomistic calculations to macroscopic
materials properties.  This will require a “systems approach” (Olson 1997)
that will span a variety of different computational models, addressing the
different critical length scales, starting with solutions of the Schrodinger and
Poisson equations, solving interatomic forces, and scaling all the way up to
simulations of macroscopic properties and behavior (Goddard 1998).

Increased appreciation of and access to the diverse means of nanoparticle
synthesis and assembly that have been developed within many different
disciplines, and a common development of enabling tools and technologies,
will enhance the pace of accomplishments in this new area of nanoscale
synthesis and assembly.
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Figure 2.7.  A sequence of 670 nm by 670 nm AFM images taken during the manipulation of
a 50 nm Au particle into the gap between two Au/Ti electrodes (Junno et al. 1998).
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