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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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Nanostructured Material
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Nano- building Blocks
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• powder/aerosol compaction
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• mechanical attrition
(ball milling)
•lithography/etching...

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., UVblocking 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).
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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 highenergy 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 (LesliePelecky 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 asprepared 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 nucleationcondensation 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.
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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

2. Synthesis and Assembly

23

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 membranetemplate 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 onedimensional 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.
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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 crossfertilization 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).

REFERENCES
Aksay, I.A., et al., eds. 1992. Hierarchically structured materials. MRS Proceeding 255.
Alivisatos, A.P. 1996. Perspectives on the physical chemistry of semiconductor nanocrystals.
Journal of Physical Chemistry 100:13226-13239.
Andres, R.P., S. Datta, D.B. Janes, C.P. Kubiak, and R. Reifenberger. 1998. The design,
fabrication and electronic properties of self-assembled molecular nanostructures. In The
handbook of nanostructured materials and nanotechnology, ed. H.S. Nalwa. San Diego:
Academic Press.
Arriagada, F.J., and K. Osseo-Asave. 1995. J. Colloid Interface Sci. 170:8.
Axelbaum, R.L. 1997. Developments in sodium/halide flame technology for the synthesis of
unagglomerated non-oxide nanoparticles. In Proc. of the Joint NSF-NIST Conference on
Nanoparticles: Synthesis, Processing into Functional Nanostructures and
Characterization (May 12-13, Arlington, VA).
Becker, M.F., J.R. Brock, H. Cai, N. Chaudhary, D. Henneke, L. Hilsz, J.W. Keto, J. Lee,
W.T. Nichols, and H.D. Glicksman. 1997. Nanoparticles generated by laser ablation. In
Proc. of the Joint NSF-NIST Conf. on Nanoparticles.
Berger, R., C. Gerber, H.P. Lang, and J.K. Gimzewski. 1996. Micromechanics: a toolbox for
femtoscale science: “Towards a laboratory on a tip.” Microelectronic Engineering,
35:373-9. (International Conference on Micro- and Nanofabrication, Glasgow, U.K., 2225 Sept. 1996). Elsevier.
Berndt, C.C., J. Karthikeyan, T. Chraska, and A.H. King. 1997. Plasma spray synthesis of
nanozirconia powder. In Proc. of the Joint NSF-NIST Conf. on Nanoparticles.
Bimberg, D., N. Kirstaedter, N.N. Ledentsov, Zh.I. Alferov, P.S. Kopev, and V.M. Ustinov.
1998. InGaAs-GaAs quantum-dot lasers. IEEE J. of Selected Topics in Quant.
Electronics 3:196-205.

2. Synthesis and Assembly

31

Brotzman, R. 1998. Nanoparticle Dispersions. In R&D status and trends, ed. Siegel et al.
Bu, X., P. Feng, and G.D. Stucky. 1998. Large-cage zeolite structures with multidimensional
12-ring channels. Science 278:2080-2085.
Calcote, H.F., and D.G. Keil. 1997. Combustion synthesis of silicon carbide powder. In
Proc. of the Joint NSF-NIST Conf. on Nanoparticles.
Chidsey, E.E.D., and R.W. Murray. 1986. Science, 231: 25.
Chopra, N.G., R.J. Luyken, K. Cherrey, H. Crespi, M.L. Cohen, S.G. Louie, and A. Zettl.
1995. Science 269:966.
Dai, H., E.W. Wong, Y.Z. Lu, S. Fan, and C.M. Leiber. 1995. Nature 375:769.
deHeer, W.A., W.S. Bacsa, A. Chatelain, T. Gerfin, R. Humphrey-Baker, L. Forro, and D.
Ugarte. 1995. Science 268:845.
de la Mora, J.F., I.G. Loscertales, J. Rosell-Llompart, K. Serageldin, and S. Brown. 1994.
Electrospray atomizers and ultrafine particles. In Proc. Joint NSF-NIST Conf. on
UltraFine Particle Engineering (May 25-27, 1994, Arlington, VA).
Estermann, M., L.B. McCusker, C. Baerlocher, A. Merrouche, and H. Kessler. 1991. Nature
331:698.
Esumi, A., A. Suzuki, N. Aihara, K. Uswi, and K. Torigoe. 1998. Langmuir, 14:3157.
Friedlander, S.K. 1998. Synthesis of nanoparticles and their agglomerates: aerosol reactors.
In R&D status and trends, ed. Siegel et al.
Friedlander, S.K., H.D. Jang, and K.H. Ryu. 1998. Appl. Phy. Lett. 72(2):173.
Gacoin, T., L. Malier, and J.P. Boilot. 1997. Chem. Mater. 9:1502.
Gleiter, H. 1989. Prog. Mater. Sci. 33:223.
Goddard, W.A. 1998. Nanoscale theory and simulation. In R&D status and trends, ed. Siegel
et al.
Han, W., S. Fam, O. Li, and Y. Hu. 1998. Synthesis of gallium nitride nanorods through a
carbon nanotube-confined reaction. Science 277:1287-1289.
Held, R., T. Heinzel, A.P. Studerus, K. Ensslin, and M. Holland. 1997. Semiconductor
quantum point contact fabricated by lithography with an atomic force microscope. Appl.
Phys. Lett. 71:2689-91.
Hellemans, A. 1998. X-rays find new ways to shine. Science 277:1214-15.
Higgins, R.J. 1997. An economical process for manufacturing of nano-sized powders based
on microemulsion-mediated synthesis. In Proc. of the Joint NSF-NIST Conf. on
Nanoparticles.
Hiruma, K., M. Yazawa, T. Katsoyama, K. Ogawa, K. Haraguchi, M. Koguchi, and H.
Kakibayashi. 1995. J. Appl. Phys. 77(2):476.
Hopwood, J., and S. Mann. 1997. Chem. Mater. 9:1819.
Junno, T., S.-B. Carlsson, H. Xu, L. Montelius, and L. Samuelson. 1998. Fabrication of
quantum devices by angstrom-level manipulation of nanoparticles with an atomic force
microscope. Appl. Phys. Lett. 72:548-550.
Justus, B.L., R.J. Tonucci, and A.D. Berry. 1992. Appl. Phys. Lett. 61:3151.
Kasuga, T., M. Hiramatsu, A. Hoson, T. Sekino, and K. Niihara. 1998. Langmuir 14:3160.
Katari, J.E.B., V.L. Colvin, and A.P. Alivisatos. 1994. J. Phys. Chem. 98:4109.
Kear, B.H., R.K. Sadangi, and S.C. Liao. 1997. Synthesis of WC/Co/diamond
nanocomposites. In Proc. of the Joint NSF-NIST Conf. on Nanoparticles.
Kishida, M., T. Fujita, K. Umakoshi, J. Ishiyama, H. Nagata, and K. Wakabayashi. 1995.
Chem. Commun. 763.
Klein, J.D., et al. 1993. Chem. Mater. 5:902.
Koch, C.C. 1989. Materials synthesis by mechanical alloying. Annual Review of Mater. Sci.
19:121-143.
Koch, C.C. 1998. Bulk behavior. In R&D status and trends, ed. Siegel et al.

32

Evelyn L. Hu and David T. Shaw

Kortan, A.R., R. Hull, R.L. Opila, M.G. Bawendi, M.L. Steigerwald, P.J. Carroll, and L.E.
Brus. 1990. J. Am. Chem. Soc. 112:1327.
Kyprianidou-Leodidou, T., W. Caseri, and V. Suter. 1994. J. Phys. Chem. 98:8992.
Kung, H.H., and E.I. Ko, 1996. Chem. Eng. J. 64:203.
Leonard, D., M. Krishnamurthy, C.M. Reaves, S.P. Denbaars, and P.M. Petroff. 1993. Direct
formation of quantum-sized dots from uniform coherent islands of InGaAs on GaAs
surfaces. Appl. Phys. Lett. 63:3203-5.
Leslie-Pelecky, D.L., and R.D. Reike. 1996. Chem. Mater. 8:1770.
Majetich, S.A. and A.C. Canter. 1993. J. Phys. Chem. 97:8727.
Martin, C.R. 1994. Science, 266:1961.
McGehee, M.D., S.M. Gruner, N. Yao, C.M. Chun, A. Navrotsky, and I.A. Aksay. 1994.
Synthesis of mesoscopic structures by co-assembly. In Proc. 52nd Annual. Mtg. MSA, ed.
G.W. Bailey and A.J. Garret-Reed. San Francisco: San Francisco Press.
Messing, G.L., S. Zhang, U. Selvaraj, R.J. Santoro, and T. Ni. 1994. Synthesis of composite
particles by spray pyrolysis. In Proc. of the Joint NSF-NIST Conf. on Ultrafine Particle
Engineering (May 25-27, Arlington, VA).
Möller, M. 1998. Ultrathin and micellar block copolymer films for nanopatterning. Bull. of
the Amer. Phys. Soc. 43:143.
Mirin, R., A. Gossard, and J. Bowers. 1996. Room temperature lasing from InGaAs quantum
dots. Elect. Lett. 32:1732-34.
Miyamoto, Y., A. Rubio, S.G. Louie, and M.L. Cohen. 1994. Phys. Rev. B., 50:18360.
Morales, A.M., and C.M. Lieber. 1998. Science 279:208.
Murray, C.B., D.J. Norris, and M.G. Bawendi. 1993. J. Am. Chem. Soc. 115:8706.
Muthukumar, M., C.K. Ober, and E.L. Thomas. 1998. Competing interactions and levels of
ordering in self-organizing polymeric materials. Science 277:1225-1232.
Nakabeppu, O., M. Chandrachood, Y. Wu, J. Lai, and A. Majumdar. 1995. Scanning thermal
imaging microscopy using composite cantilever probes. Appl. Phys. Lett. 66:694-6.
Neave, J.H., B.A. Joyce, P.J. Dobson, and N. Norton. 1983. Appl. Phys. A31:1.
Olshavsky, M.A., Allcock, H.R. 1997. Chem. Mater. 9:1367.
Olson, G.B. 1997. Computational design of hierarchically structured materials. Science 277:
1237-1242.
Pathasarathy, R., and C.R. Martin. 1994. Nature 369:298.
Peigney, A., C.H. Laurent, and A. Rousset. 1997. Key Eng. Mater., 132-136:743.
Pileni, M.P., L. Motte, and C. Petit. 1992. Chem. Mater. 4:338.
Pillai, V., P. Kumar, M.J. Hou, P. Ayyub, and D.O. Shah. 1995. Adv. in Colloid and
Interface Sci. 55:241.
Pratsinis, S.E. 1997. Precision synthesis of nanostructured particles. In Proc. of the Joint
NSF-NIST Conf. on Nanoparticles.
Pu, Z., J.E. Mark, J.M. Jethonalani, and W.T. Ford. 1997. Chem. Mater. 9:2442.
Rao, N.P., N. Tymiak, J. Blum, A. Neuman, H.J. Lee, S.L. Girshick, P.H. McMurry, and J.
Heberlein. 1997. Nanostructured materials production by hypersonic plasma particle
deposition. In Proc. of the Joint NSF-NIST Conf. on Nanoparticles.
Sabir, B.B. 1997. Mag. of Concrete Research 49(179):139.
Sankaran, V., J. Yue, R.E. Cahen, R.R. Schrock, and R.J. Silbey. 1993. Chem. Mater.
5:1133.
Siegel, R.W. 1991. Ann. Rev. Mater. Sci. 21:559.
Siegel, R.W. 1994. Physics of new materials. F.E. Fujita (ed.), Springer Series in Materials
Science, Vol. 27, Berlin: Springer.

2. Synthesis and Assembly

33

Siegel, R.W., E. Hu, and M.C. Roco, eds. 1998. 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.
Smith, C.S. 1981. A search for structure. Cambridge, Mass.: MIT Press.
Snow, E.S., P.M. Campbell, and F.K. Perkins. 1997. Nanofabrication with proximal probes.
Proceedings of the IEEE 85:601-11.
Stupp, S., and P.V. Braun. 1997. Molecular manipulation of microstructures: biomaterials,
ceramics, and semiconductors. Science 277:1242-1248.
Sunstrom, J.E., IV, W.R. Moser, and B. Marshik-Guerts. 1996. Chem. Mater. 8:2061.
Suslick, K.S., T. Hyeon, and F. Fang. 1996. Chem. Mater. 8:2172.
Tighe, T.S., J.M. Worlock, and M.L. Roukes. 1997. Direct thermal conductance
measurements on suspended monocrystalline nanostructures. Appl. Phys. Lett. 70:2687-9.
Uyeda, R. 1991. Prog. in Mater. Sci. 35:1.
Van de Zande, B.M.I., M.R. Bohmer, L.G.J. Fokkink, and C. Shonenberger. 1997. J. Phys.
Chem. 101:852.
Wang, C.C., Z. Zhang, and J.Y. Ying. 1997. Nanostructured Mater. 9:583.
Wilder, K., H.T. Soh, T. Soh, A. Atalar, and C.F. Quate. 1997. Hybrid atomic force/scanning
tunneling lithography. J. of Vacuum Science & Technol. B. 15:1811-17.
Wu, M.K., R.S. Windeler, C.K. Steiner, T. Bors, and S.K. Friedlander. 1993. Controlled
synthesis of nanosized particles by aerosol processes. Aerosol Sci. Technol. 19: 527.
Xie, R.H., and J. Jiang. 1998. J. Appl. Phys. 83(6):3001.
Ying, J.Y., and T. Sun. 1997. Research needs assessment on nanostructured catalysts. J. of
Electroceramics 1:219-238.
Yuan, Y., J. Fendler, and I. Cabasso. 1992. Chem. Mater. 4:312.
Zachariah, M.R. 1994. Flame processing, in-situ characterization, and atomistic modeling of
nanoparticles in the reacting flow group at NIST. In Proc. of the Joint NSF-NIST Conf. on
Ultrafine Particle Engineering (May 25-27, Arlington, VA).
Zener, C. 1948. Elasticity and anelasticity of metals. Chicago: University of Chicago Press.
Zhang, Z., M.L. Roukes, and P.C. Hammel. 1996. Sensitivity and spatial resolution for
electron-spin-resonance detection by magnetic resonance force microscopy. J. of Appl.
Phys. 80:6931-8.
Zhang, L., and A. Manthiram. 1997. Appl. Phys. Lett. 70(18):2469.

34

Evelyn L. Hu and David T. Shaw

