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PREFACE
Molecule-based electronics holds substantial promise for application in fields from information
technology to environmental management, from medicine to energy transduction. The idea of using
molecules in electronic systems has been around for some time. But it was not until the tools of
nanotechnology became widely available that serious work began toward implementing that idea.
During the past decade, remarkable progress has been made. Two-terminal molecular rectifiers
have been constructed, three-terminal single-molecule transistors demonstrated, and molecular
recognition transducers developed. Complex theoretical formalisms have been reduced to
algorithms. New sensing and switching paradigms have been proposed. In short, the progress has
been substantial. The promise of using molecules in electronic systems remains strong.
After more than ten years of solid progress in molecular electronics research, many of us working
in the field concluded that the time had come to assess where things stood and where things should
go. Some of the early findings and claims no longer seemed to represent general phenomena. Some
of the most interesting characteristics of nanoscale molecular junctions, at first assumed to be
molecular in origin, had been linked to interface effects. The metal-thiol attachment chemistry,
almost ubiquitous in device prototypes, had long been known to be labile, prone to oxidation, and
to result in a large mismatch between the metallic and molecular energy levels. In addition, sharppenciled engineers had raised issues of integration, heat management, and reliability. But the need
for inexpensive, ubiquitous sensors, information systems, adaptable neural networks, and
electronics components is large and growing. The progress of the past decade has only made
molecular electronics more interesting as a potential solution to those challenges.
For the science of molecular electronics to be transformed into a technology, a strong scientific and
engineering understanding must underpin the observed behavior of molecule-containing junctions.
Together with the World Technology Evaluation Center and the National Science Foundation, we
put together this workshop to address just that topic. The objectives were to evaluate the state of
the art, identify challenges and opportunities, and propose research directions and targets. The
horizon we proposed was long-term, ten or more years out. The scope was to be broad. We
considered a wide range of scientific approaches and engineering solutions, though the workshop
was organized around just three themes: (1) molecules and self-assembly, (2) measurements of
electronic function in molecular systems, and (3) theory. Or more simply put, the themes were the
“making,” “measuring,” and “modeling” of molecular electronic functionality. The workshop
spanned two days, encompassing a mixture of presentations and breakout sessions.
By our reckoning, the workshop was a success. The discussions were extensive and intense.
Workshop participants were diverse in every possible way. The themes that emerged are outlined
in this report, which provides a map to expanding the understanding and application of the
electronic function of molecules and molecular architectures.
Héctor D. Abruña
Cornell University
Ithaca, New York

Mark A. Ratner
Northwestern University
Evanston, Illinois

Roger D. van Zee
National Institute of
Standards and Technology
Gaithersburg, Maryland
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EXECUTIVE SUMMARY

T

he use of molecules—either singly or in small ensembles—as the elements in electronic
circuits offers the opportunity to enhance and transform electronic systems. Healthcare and
environmental sensors, energy harvesting and transformation technologies, and information
processing and storage systems were some of the many potential applications of such systems
identified during this workshop. Realizing this vision poses significant challenges to our
understanding of the electronic behavior of nanoscale molecular architectures. Considerable
progress has been made toward a molecular electronic technology. Use-inspired basic research will
lead to further discovery and innovation. New strategies for self-assembly of nanoscale molecular
architectures must be found. Instruments to measure electronic function and molecular structure in
devices must be developed. Refined and expanded models for describing the electronic behavior of
molecules are needed. The discovery and development process will equip a new generation of
scientists and engineers with the skills required to translate ideas into discovery and discovery into
product. Deployment of these transformational technologies will enhance U.S. competitiveness.
State of the Art. Current capabilities include the ability to prepare nanostructured materials and to
fabricate surfaces with atomic-level smoothness. Molecules and biological species can be attached
to these structures and surfaces. The physical structure and the way electrons are organized in these
chemically modified structures can be characterized with current measurement tools. These
nanostructures and surfaces can be connected into device prototypes. However, the local molecular
environment in those devices cannot be adequately characterized with existing metrology systems.
Only a crude understanding of the electronic behavior of nanoscale molecular architectures exists.
Challenges and Opportunities. The group discussed which advances would accelerate the
discovery and development process. They concluded that new approaches to attaching molecules to
surfaces are required to make stable chemical systems. A wide range of molecules needs to be
studied. Strategies must be developed to synthesize complex assemblies before integration into
systems. Linking the function of molecules within electronic junctions and devices to the structure
of the molecules in those junctions is perhaps the most important challenge.
The participants felt that advances in the measurement sciences are key to realizing this structurefunction relationship. Electrical and physical metrology tools that report the geometric and
electronic structure of molecules must be developed. These tools must report in real time and while
the device is subject to multiple stimuli. A standard measurement platform that can easily be
transported would allow researchers to compare results in a meaningful manner. A more complete
understanding of these systems must be developed. Better descriptions are needed of the process by
which electrical charge flows through molecules. New insights into how molecules interact with
each other are needed, especially under conditions where the local environment is changing.
Research Directions and Targets. The workshop participants identified many promising research
vectors. How can we control defects in molecular assemblies? What are the practical limitations to
characterizing molecules buried in a working device? How will predictive theories be reduced to
tractable algorithms? How do we formulate the response of a nonequilibrium transport process
involving the discrete states of molecules with continua of the electrodes? Realizing the full
potential of molecular electronics requires the joint efforts of multidisciplinary teams. Strategic
partnering must be encouraged. For solutions to emerge, research and development activities must
be sustained. Many efforts will benefit from working with existing nanotechnology centers and
networks. High-level science and technology workshops, summer schools, and coordination
activities must be supported. Industry representatives must be part of the process.
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1. FROM MOLECULES TO COMPETITIVENESS
BUILDING ELECTRONIC FUNCTION INTO MOLECULAR ARCHITECTURES

T

he atoms within molecules are joined in specific, controlled configurations. As a result, space
and energy are organized very differently in molecules than in solid metals, semiconductors, or
insulators. Electronic properties such as polarity, delocalization, charge density, and susceptibilities
are thus specific to a given molecular environment. In other words, the electrons holding a
molecule together are highly sensitive to their environment and respond to any local changes.
This sensitivity of electrons to their local environment provides the basis for building electronic
functionality into molecular architectures. For example, when a metal surface is covered with a
molecular monolayer, the energy required to pull an electron away from the metal is changed.
When a molecular ensemble is placed between two electrodes, electrical charge flows through this
junction in a manner specific to the molecule and the contact. When a nanowire is covered with
molecules that are sensitive to particular chemical groups, it becomes a sensor. These kinds of
functional structures are the simplest examples of what makes up the rapidly growing and dynamic
field of research known as molecular electronics. The number of potential applications—from
electronics and energy to sensing and medical diagnosis—is enormous.
Molecular structure and properties can be exquisitely controlled through synthetic chemistry, the
art of building molecules of specific composition, electronic properties, and coordination.
Molecular assembly, the science of attaching molecular entities to surfaces in controlled
configurations, provides the means for integrating molecules into nanoscale structures and then into
larger networks and systems. Understanding and controlling this complex process of chemical
synthesis, assembly, and measurement is both fascinating and highly promising technologically.

Relationship between “making,” “measuring,” and “modeling.” A molecule is synthesized (left). Single molecules
are often studied in monolayers in order to understand the electronic properties of individual molecules. Other
platforms allow for studies of molecular structure in device prototypes under stimulus. A variety of theoretical methods
model the behavior of individual molecules and the formation of supramolecular assemblies. When the electronic
properties of these nanoscale molecular architectures are understood and methods are developed for integrating them
into systems, transformative technologies are created (right). Image: a portion © 2002, American Chemical Society; a
portion © 2007, Macmillan Publishers, Ltd., both used with permission; created by J. D. Batteas; see credits p. 33.
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Significant discovery and innovation lie ahead. How does electrical charge flow though nanoscale
molecular architectures? How does electronic functionality relate to the geometry of molecules in
confined structures? What controls energy exchange and dissipation at metal/molecule junctions?
How will molecules be integrated into existing devices and systems? These outstanding problems
span the realms of basic and applied research. The basic science questions are substantive.
Discovery in basic science will lead to new devices.
The realization of single-molecule rectifiers, tunnel junctions, switches, and transistors, plus their
multiplexing into multicomponent functional structures, demonstrates a clear path towards
transformative devices and systems based on molecular electronics. The first applications of these
molecular technologies will be in value-added applications to existing systems, such as highly
selective sensors, high-density information storage modules, or improved organic semiconductor
transistors. The promise ahead includes entirely new sets of electronic components, perhaps ones
that are sensitive to electron spin or perhaps nanoscale switches driven by molecular conformation.
Ultimately, these molecular components will be integrated into technologies that are disruptive—
substantively different optoelectronic, information storage, and energy transformation and
transduction systems that portend major market changes.
The ability for molecular systems to enhance existing technologies in areas such as electronics,
energy, sensing, and information technology—and for inventing entirely new, revolutionary
technologies—could significantly add to our country’s innovative capabilities and thus ultimately
help strengthen our technological competitiveness. The field of molecular electronics, with its
inherent, dynamic synergies, will also help promote interdisciplinary links among the next
generation of scientists, engineers, and technicians in the skills required by the nanotechnologydriven economy of the future. Because research in the field of molecular electronics goes on in
academic, government, and industrial laboratories, growth in the field will promote both
educational and career opportunities for students, which will also help improve the quality of the
U.S. scientific workforce.
Molecular nanostructures are uniquely controllable, and as such, they offer a wealth of applications
and opportunities. Research, technological innovation, teaching, and training: all these perspectives
are caught up in the vibrant field of molecular electronics, and all are part of the worldwide
fascination with controllable nanostructures.
THE WORKSHOP
In light of the current excitement and promise surrounding the field of molecular electronics, the
National Science Foundation sponsored the workshop “Building Electronic Function into
Nanoscale Molecular Architectures” on 7–8 June 2007 in Ballston, Virginia. The charge was to
appraise the current status of and future prospects for research and development in the field. The
workshop addressed three themes: molecules and self-assembly, measurements, and theory.
The workshop began with a series of brief overview talks on the state of inorganic semiconductor
technology, the theory of electron transport, modeling of self-assembly, measurement of electronic
transport through nanoscale molecular junctions, and self-assembly on metal and semiconductor
surfaces. The purpose of these introductory presentations was to set the stage for three parallel
breakout sessions focused separately on the three themes of the workshop.
Participants in the breakout sessions, representing a wide range of disciplines and research sectors,
identified emerging research vectors in their respective sessions’ focus areas and defined the paths
forward. The first day’s work concluded with a series of ninety-second presentations in which each
participant was invited to share an idea, result, or observation with the whole group. During the
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second day, the brainstorming continued, and the workshop concluded with each breakout group
sharing its findings with the entire group. The writing group began its work the same day.
THE REPORT
This report of the workshop describes the major areas of consensus expressed by workshop
participants regarding existing research and priorities for future work in each of the three
interrelated topics of the workshop. Chapter 2 provides an overview of the field of molecular
electronics today and considers future applications. Chapters 3, 4, and 5 lay out the major issues
and future research directions in each of these three focus areas, that is, “making,” “measuring,”
and “modeling.” Each of these theme chapters assesses the current state of the art, key scientific
opportunities and challenges, relationships with the other focus topics, and institutional issues.
Appendix A provides the workshop agenda; Appendix B lists the attendees; Appendix C provides a
glossary of acronyms used in this report; Appendix D points interested readers to further reading;
and Appendix E gives the figure credits.
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2. MOLECULES & ELECTRONIC APPLICATIONS

M

olecular assemblies and devices that can
function in various ways—electronically, optically, magnetically, and even
biologically—constitute an exciting new area
of science with a broad range of important
applications. These molecular devices promise
new ways to transform and harvest energy,
enabling inexpensive conversion of solar
radiation into electrical and chemically stored
energy. They may be used to manufacture new
types of low-cost yet functional electronics.
Molecular architectures present obvious routes
to chemical and biological sensors and
diagnostics,
providing
“lock-and-key”
recognition and specificity of analytes for
homeland security and medical technologies.
There is a huge challenge involved in
understanding how single molecules and
molecular assemblies behave electrically,
magnetically, and optically.

Functional molecular architectures. A nanoscale
junction circuit formed with a DNA-functionalized
nanoparticle is assembled between two electrodes. The
background displays an electron microscopy image of a
device containing such a junction for use as a biosensor.
Such combinations of chemistry and biology with
electrical engineering and material science serve as
models for interdisciplinary work in this field. Image
© 2005 Wiley-VCH, used with permission; provided by
M. A. Ratner; see full credits on p. 33.

Given the broad range of application potential,
molecular systems can contribute greatly to
U.S. technological competitiveness. They will
be key to solutions as we push electronics
technologies forward; as mobile and
communication devices become more
pervasive; as the world’s demand for clean
renewable energy sources grows; and as national security concerns increase the need for new
sensing capabilities. Research in building greater functionality into molecular architectures is
transformative. It presents challenges that will both enlarge our scientific understanding and
contribute to a new technological and economic paradigm.
MOLECULES & MOORE’S LAW
The electronic function of nanoscale molecular architectures is a fundamental part of the
convergence of biology, chemistry, and digital technologies known as “More than Moore.” The
idea behind “More than Moore” is to integrate the incredible powers of existing electronic
computers with nanostructured materials, biological systems, and molecular architectures. In many
cases, the molecular component provides the functionality of these convergent systems. For
example, molecular assemblies can be made to bind selectively to specific biological species, say, a
disease marker. Now imagine covering a nanowire with this molecular assembly. The high surfaceto-volume ratio of a nanowire makes it very sensitive to small changes at its surface. So by
covering the nanowire with a molecular species that binds in a lock-and-key fashion to a disease
marker, a transducer that is very sensitive to a specific disease agent has been made. Integrate the
“decorated” nanowire with an information-processing system that analyzes the tiny electrical
signals pulsing along the nanowire whenever a binding event occurs, and a powerful diagnostic
tool is the result. In other cases, molecules are the interface linking the electronic structure of two
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different materials or providing optoelectronic activity in energy transformation systems. In all
these cases, the molecular component pulls together different technologies to make something new,
to make something “More than Moore.”
Additionally, molecules may play a part in the science and engineering solution of “Beyond
Moore’s Law” technology. This term refers to disruptive alternatives to the CMOS field-effect
transistor, engine of the modern computer. The semiconductor industry’s International Technology
Roadmap for Semiconductors (ITRS) calls for new approaches in computing and the integration of
emerging technologies, including molecular electronics, to make computational systems with
device dimensions of less than twenty nanometers.
ELECTRONIC APPLICATIONS OF MOLECULES
Connecting Nanomaterials and Devices
Materials made at nanometer dimensions, such as carbon nanotubes, graphene, and semiconductor
nanocrystals and nanowires, are exciting new materials. Applications include electronic logic and
memory devices, light-emitting diodes and photovoltaics, and sensors. Integrating nanomaterials
into devices and systems can be a challenge, however, because the electronic structure of the
nanomaterials is often poorly matched to that of the electrodes in the device. Here the electronic
function of molecules holds an enabling capability. Through chemical manipulation of molecular
assemblies, one can engineer the electronic interactions between molecular assemblies and
materials to which these assemblies are attached. From an atomistic perspective, understanding
interfacial charge transfer will make it possible to develop rational approaches for integrating
molecular systems with the other components of an electronic system. Specifically, such an
understanding will make it possible to optimize and control interactions between the electronic
structure of molecules and the electronic structure of the contact material. It is also possible to use
molecules as an intermediate between two materials in order to connect electronic systems of
different materials. This approach, for example, can greatly lower the resistance of nanomaterial
devices.
Biological and Chemical Sensors
The demand for systems to detect biological and
chemical agents and disease markers has grown rapidly
in recent years. Sensor systems made from molecular
assemblies can provide lock-and-key specificity and
structure that are unachievable in bulk inorganic
materials. Chemoresistive and transistor-based sensors
can integrate organic semiconductors with highly
specific molecular recognition sites. Semiconducting
nanomaterials can make use of certain molecular
structures to electronically sense chemical and biological
substances. Nano- and microelectromechanical systems
(NEMS and MEMS) can also be given additional
functionality for sensing purposes by adding functional
molecular assemblies. Gaining a better understanding of
the interactions at the interface between the chemical or
biological substance to be analyzed and the molecular
assembly, and between the molecular assembly and the
substrate, will allow this strategy to target a wider range
of species and enable new capabilities for their detection.
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Molecular sensors. Sensor systems made
from molecular assemblies can provide lockand-key specificity and structure that are
unachievable in bulk materials. Image created
by N. Rager Fuller.

Building Electronic Function into Nanoscale Molecular Architectures

2. Molecules & Electronic Applications

Additional research into interactions at the interface between molecules and biological systems
may also open up unprecedented opportunities to use molecular assemblies and devices to probe
living cells and understand their functions. Molecular assemblies may be designed to chemically
identify biochemical cellular reactions. In addition, they could be used to stimulate cell response.
Synergies between biological hosts and molecular devices may allow reactions between the
assemblies and biological energy sources to power electronic devices. Understanding the interface
of molecules in chemical and biological systems is just beginning, but the potential important
applications in technology, medicine, national security, energy, and the environment are numerous.
Organic Electronics
Electronics incorporating organic thin films is a growing area of research with multiple
applications, including organic light-emitting diodes (OLEDs), organic thin-film transistors
(OTFTs), organic photovoltaics, and sensors. OLEDs have been widely commercialized in car
stereo displays and car indicator lights, and more recently, have been demonstrated in large-area
flat panels and small flexible displays. To increase device stability and lower operating voltage,
engineering at the interface between metal and molecule at cathode and anode junctions remains
critical in these devices.
OTFTs
are
also
undergoing improved
performance. They are
being used to develop
radio-frequency identification tags to track
goods while being
shipped and to develop
the backplanes used to
control flexible video
displays.
Additional
research is still needed
to overcome limitations
to charge injection in
OTFTs arising from
energy barriers at the
metal-molecule interface.

Improving device performance with monolayers. Modifying the electrode surface of
organic thin-film transistors with a self-assembled monolayer that is structurally and
electronically complementary to the organic semiconductor between the electrodes
dramatically improves transistor performance. The larger on-currents in ID-VG
characteristics with modified (red) versus unmodified (blue) show this effect in device
prototypes made with 50 nm thick films of pentacene and a pentacenethiol-covered
electrode (right). Data provided by C. R. Kagan, © 2006 American Chemical Society,
used with permission; see credits, p. 33. Figure created by N. Rager Fuller.

These limitations are
observed in micrometer-scale devices and restrict the speed of circuits as well as require the
devices to be operated at higher voltages, where they are less stable. To address these problems and
lower the energy barriers at the interface, researchers are developing strategies using molecular
assemblies to help functionalize the electrode surfaces.
Organic electronics, photovoltaics, and sensors require improved charge transfer across the metalmolecule interface to boost performance. Engineering molecular assemblies to electronically and
structurally mediate metal-molecule junctions will do for organic materials what grading and
doping have done for metal-semiconductor junctions: it will permit successful and practical
manufacture of advanced devices.
Energy
The demand for energy is increasing worldwide. At the same time, evidence of the impact of the
world’s energy use on our environment necessitates a search for alternatives to fossil fuels. These
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concerns have generated a huge interest in advancing the use of solar power, hydrogen storage, and
fuel cells. Molecular systems with well-tuned electronic structures are naturally occurring
photosynthetic reaction centers that can efficiently harvest energy. Biomimetic technologies, based
on synthetic molecular structures with architectures tailored to control directionally the flow of
energy and charge, present exciting opportunities for fabricating more efficient solar cells for
energy generation and chemical fuel production.
Greater progress toward the use of solar power requires introduction of efficient, low-cost, largearea photovoltaic cells. Organic and low-dimensional inorganic materials and their composites are
currently leading future materials technologies for cost-effective renewable photovoltaics. Energy
harvesting in photovoltaics relies on chemical interactions that occur at the interfaces between
materials that harvest the light and materials that transport the resulting current away. These
interfaces can be either organic/organic or organic/inorganic composites. Rationally engineering
these interfaces using molecular assemblies is necessary to tailor the energy level structure of the
junction and drive the conversion of energy into charge or fuels and the collection of charge
without loss.
Switching and Logic
It is arguable that microelectronics has impacted the world more than any other technology in the
last half century. The decrease in the size of transistors by a factor of two every eighteen months,
the trend known as Moore’s law, has led to the fabrication of microelectronic devices that are
increasingly faster, more powerful, and ubiquitous. However, engineers project that the physical
limits of even the most advanced lithographic techniques currently under development will be
reached within a decade. Beyond that time, continued increases in circuit density will require a
radical shift in the design, make-up, fabrication, and operation of electronic components. Many
researchers believe that molecules and atoms, either singly or as nanometer-sized aggregates, will
serve as elementary units of future electronic systems having extremely high component density.
The semiconductor industry roadmap (ITRS) calls for
new approaches in computing and the integration of
emerging technologies, including molecular electronics
devices at dimensions of less than twenty nanometers.
Many anticipate that molecular electronics will provide
the ultimate in scaling of transistors and memory when
feature sizes go below ten nanometers. Molecular
devices may currently present the best models for
understanding—conceptually, computationally, and
experimentally—the physics of charge and thermal
transport underpinning the behavior of electronics at the
nanoscale.
Power dissipation in transistors increases proportionally
as they become smaller. This occurs partly from active
switching and increasingly from current leakage while
devices are in standby mode. Power dissipation may
limit device size and density. The unique properties of
molecules may provide the “ultimate” low-voltage, lowpower switch. The change in configuration achievable in
molecular systems, in addition to the electrostatic
modulation common in existing transistor structures,
may cumulatively contribute to device performance.

8

Molecular light. Molecules can be
designed and chemically synthesized to
emit light at specific wavelengths and with
high efficiency. These molecules can be
incorporated into optoelectronic systems
and light-emitting diodes. Image created
by N. Rager Fuller.
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With chemical synthetic techniques, molecular structure can achieve added functionality at smaller
dimensions than can be achieved with bulk inorganic materials. Functional groups of molecules
may be designed to introduce switching, memory, and light-emitting behaviors. Larger molecules
with multiple functional elements may enable, for example, unprecedented electronic
characteristics or combined electronic switching and optical communication that, so far, even with
substantial investment, have eluded conventional CMOS technology. Spintronics, a technique that
utilizes the spin of electrons to create new types of devices, is another area of advantage for
molecular structures. This may open opportunities in molecular quantum computing, an emerging
technology.
THE SCIENCE AND ENGINEERING OF MOLECULAR ELECTRONICS
Harnessing the electronic function of nanoscale molecular systems requires that the underlying
scientific and engineering principles be explored and developed. Synthetic methods need to be
advanced to prepare functional molecular and supramolecular architectures and to enable their
assembly on device surfaces. Better physical measurements are required to uncover the electronic,
optical, thermal, and magnetic properties of more complex molecular systems, their interfaces with
surfaces and chemical and biological species, and the correlation between molecular structure and
device properties. With more detailed physical data of this kind, it will be possible to construct
libraries of functional molecular building blocks. Theoretical techniques and models that describe
molecular assembly, the structure of molecular interfaces, and optical behavior and charge
transport on molecular length scales are essential to constructing pictures of molecular behavior.
Bringing together molecular synthesis, assembly, measurements, and theory will provide the
requisite insight to enable the integration of molecular systems for molecular, thin-film, and
nanostructured electronic, optoelectronic, chemical, biological, and medical applications.
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3. MAKING MOLECULAR ARCHITECTURES: MOLECULES & ASSEMBLY

M

olecular architectures is a term that broadly refers to the framework of individual molecules
and to the collective framework of larger ensembles of molecules. The term implies
synthesis of molecular components and their assembly onto surfaces and into devices and
integrated systems. The “bottom-up” synthesis and assembly of molecular components provides
atomic-level control over key structural features and energy and charge motion in the devices and
systems. Less precise “top-down” fabrication methods, which include surface preparation, thin-film
deposition, lithographic patterning, and etching, are required to provide the scaffolding for the
assembly of the molecular components and also to provide electrodes to control the electrostatic
potentials and to inject and collect electronic charge. This union of bottom-up and top-down
synthetic methods has been evolving rapidly and will enable a rich variety of new electronic
functions to be built into future molecular devices and systems.
STATE OF THE ART
Over the last few decades, there have been significant advances in making molecular architectures
for electronic purposes. Molecules are now routinely attached to the surfaces of both macroscopic
substrates and nanostructured materials. These attachments provide position and orientation
control, as well as one or more electronic contacts
to the molecular assemblies. Additional electronic
contacts can be formed on the molecular
assemblies by vapor- or liquid-phase deposition of
inorganic thin films or conducting polymers. The
assemblies can also be electrically addressed with
liquid contacts, for instance in an electrochemical
cell. Light can be used to change the electronic or
structural state of a molecular assembly.
Multiple, identical molecular assemblies are often
contacted in parallel. In many applications, a
highly ordered array of a single molecular species
is desirable. For instance, to form a photovoltaic
device, a high-surface-area electrode can be
coated with a layer of many identical assemblies,
each of which absorbs light energy and separates
charge to generate an electrical current. For
information processing and highly localized
sensing applications, individually separated and
addressed molecular assemblies may be required.
Individual molecules have been studied in the gap
formed by breaking an ultrathin wire in a
controlled manner and by nanolithographic
methods. Single molecule junctions can also be
formed by positioning a sharp probe above a
molecule on a surface.
Today’s makers of molecular assemblies have at
their disposal numerous techniques and tools to
aid them in their work. There are still, however,
opportunities to expand the scope of molecular

Example of a highly ordered molecular assembly.
This is an atomic-resolution, ultrahigh-vacuum
scanning tunneling microscopy image of onedimensional styrene molecular chains (green) on a
hydrogen-passivated Si(100) surface. The apparent
width of the styrene molecular chains is
approximately 1 nanometer. Image © 2004, Institute
of Physics, used with permission; courtesy of M. C.
Hersam; see credits p. 33.
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architectures in the future using these and other yet-to-be-developed synthetic tools. Some of the
existing capabilities used to assemble molecular structures include the following:
•
•
•
•

•

•

•
•
•

Preparation of structurally and chemically well-defined surfaces of metals, semiconductors,
and insulators
Preparation of diverse nanostructured materials, such as nanoparticles, nanowires, nanotubes,
nanostructured composites of organic and inorganic materials, and nanoporous films
Controlled deposition on planar and nanostructured substrates, using techniques such as
physical and chemical vapor deposition and electrochemical growth
Formation of molecular monolayers—including self-assembled monolayers—such as thiolate
and other organic chalcogenide monolayers on metals, aryl attachment to carbon surfaces, and
silane/siloxane monolayers on oxides
Attachment of additional species to molecular monolayers via many different surface reactions,
such as nucleophile-electrophile coupling, electrocyclic coupling, ring-opening metathesis, and
other kinds of polymerization
Molecular and polymer synthetic methods to create molecular complexity prior to assembly,
using modern synthetic methods such as Pd-catalyzed aromatic coupling reactions or solidphase organic reactions
Self-organizing molecular templates, such as “DNA origami” and nanoporous zeolites
Physical and chemical nanopatterning of surfaces by such methods as optical and electronbeam lithography, dip-pen nanolithography, nanoimprint lithography, and adsorbate stamping
Real-time characterization of molecular assemblies via methods such as scanning probes,
surface-enhanced and tip-enhanced Raman spectroscopy, and inelastic electron tunneling
spectroscopy

KEY SCIENTIFIC QUESTIONS AND OPPORTUNITIES
In making new forms of matter, almost every detail is important. Moreover, the overarching
questions or themes involved can often be vague until new modes of synthesizing matter are well
developed. The need for diverse yet precise synthetic tools in molecular electronics is driven by the
exquisite sensitivity of the electronic properties to the identity and conformation of the molecules
in an assembly. Despite the substantial synthetic toolbox now available for making molecular
architectures with electronic functions, a continuously larger and more precise set of tools will be
needed over a period of decades to realize the full promise of electronic functionality from
molecular assemblies. The box on page thirteen identifies several significant opportunity areas for
improving synthetic tools in this field.
CHALLENGES AND TECHNICAL HURDLES
At the current state of the art, makers of molecular assemblies face several challenges that limit
their ability to engineer electronic functionality into the assemblies. Tackling these challenges in a
systemic way can help overcome the technical hurdles as well as help the research community
identify approaches to bypass them. Many questions remain to be answered:
•
•
•
•
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How can we systematically control and/or change defects in molecular assemblies that impede
electronic functionality?
How can we create optimal, controllable molecular-level capacitors and resistors?
What should be the benchmarks for yield and chemical homogeneity of molecular assemblies?
Can we identify systematic tools, protocols, and best practices for the selection of optimal
methods in synthesis and assembly?
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•
•

Can we develop methods to integrate assemblies or to build more complex assemblies on
surfaces and in devices?
Can we synthesize molecules with new functionalities, based on derived structure/function
relations?

Ways in Which the Synthesis of Molecular Assemblies Can Be Improved
•
•

•

•
•
•

•
•

Explore more forms of molecular epitaxy, directed crystallization, and self-assembly to
control molecular assemblies at interfaces
Improve covalent bond formation at interfaces via
− greater control of and more diversity in bond-forming reactions
− improved modification of nanoparticle, nanowire, nanopore, and shaped
surfaces
− better understanding and control of bond formation in one and two dimensions
Improve methods to synthesize complex assemblies in solution prior to integration
with substrates and electrodes via
− better strategies for maintaining solubility and reactivity of rigid and highly
conjugated structures during synthesis
− better conjugated oligomer and polymer syntheses with high yield and wide
functional group tolerance
− better ways to install multiple and chemically orthogonal functional groups on
molecular assemblies for subsequent control of surface attachment and
electrical contacts
Build new organometallic and inorganic architectures with molecular-level definition
of structure and energy levels
Acquire better control of the alignment of molecular energy levels of molecular entities
relative to the band edges and Fermi levels of contacting electrodes
Devise systematic methods to tailor the molecular environment surrounding
electronically active molecules:
− control solvation, nature and location of counterions, and the vibrational
motions of the surroundings
− mimic the local environmental control of electron transfer found in redox
enzymes
Look at new architectures for amplification of electrical signals
Extend use of electromagnetic tools (lasers) to control surface molecular organization
and structure
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RESEARCH TARGETS
Over the next two decades, there are several exciting research challenges that can add significantly
to U.S. technological competitive advantage by extending electronic functionality into molecular
assemblies and providing electronic functionality beyond Moore’s Law.
Field-Programmable Chemical and Biological Information Processing Chips
One research challenge would be to extend the functionality of field-programmable gate arrays
(FPGAs). These are configurable semiconductor devices containing programmable logic
components and programmable interconnects. The logic components can be programmed to
perform basic logic functions or more complex mathematical functions. FPGAs are employed in a
wide range of specialized low-volume, high-performance information-processing applications.
Using FPGAs to extract and process “information” from chemical and biological systems will be a
major application for molecular assemblies with electronic functionality in the coming decades.
Molecular architectures can uniquely provide chemical and biological integration. We envision
specific chemical functionalities installed atop sophisticated silicon CMOS circuitry. Mechanical,
magnetic, and/or optical functionality might also be either integrated into the prefabricated chips or
field-programmed onto individual chips as needed.
Many other applications involving FPGAs are possible. A particularly exciting application will be
the interrogation and actuation of specific types of biological cells and cell networks that have been
cultured on top of these chips. Molecular assemblies will be developed to provide electronic
sensing as well as stimulation at the nanoscale of specific portions of individual cell membranes,
constituting an extension and generalization of patch clamps that are now used for this purpose.
Because these FPGAs are molecular, their interface with chemical and biological structures can be
controlled, and direct recognition and binding can be built in. Therefore, the development of new
field-programmable molecular assemblies will dramatically enhance the power of prefabricated
electronic, MEMS, and microfluidic circuitry for the purposes of chemical and biological sensing,
actuation, and information processing.
Electronically Tailored Interfaces for Energy Applications
Many of the key challenges in low-cost, high-performance energy transduction technologies occur
at the interfaces. For instance, all phases of the operation of organic electronics—from separation
of photoexcited electrons from holes in organic photovoltaic devices to the injection of carriers and
the radiative combination of carriers in organic light-emitting diodes—depend on electronic
transport processes that occur at interfaces in molecular assemblies. To date there have been only
limited efforts at rational design of these interfaces at the molecular level. However, making
controlled molecular assemblies at interfaces has now advanced to the stage that devices can be
engineered at the molecular level, with the promise of both greater efficiencies and longer lifetimes.
One example of an exciting opportunity for energy transduction “at the interface” would be a block
copolymer that self-assembles into continuous interpenetrating domains for efficient light
absorption, electron-hole pair separation, and charge collection. A smaller block might be designed
to self-assemble into a light-harvesting interface with appropriate energy levels. Significant
improvement in polymer synthetic methods will be necessary to fully explore such devices.
Energy Scavenging for Self-Powered Autonomous Electronic Devices
The development of miniature biological fuel cells powered by dissolved glucose and oxygen in
blood serum suggests a more general type of molecular interface for energy transduction that
scavenges small amounts of electrical energy from metastable combinations of chemicals in typical
fluid media. Such molecular devices could be distributed to provide continuous monitoring for
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environmental and national security applications. By avoiding the need for wiring or recharging,
these devices could be inexpensive, dramatically expanding use of distributed sensing.
Non-DNA Self-Organizing Templates with Electronic Functionality
The binding of complementary base pairs between strands of DNA-based oligonucleotides allows
the formation of intricate molecular architectures (“DNA origami”). These structures, however,
lack the broad range of electronic properties that would be required for many applications.
Additional research into the development of self-organizing scaffolds or templates based on
electronically active monomers would significantly enhance the capabilities of such systems. These
might be based on DNA itself or on totally different self-recognizing molecular scaffolds. Shape
and hydrogen bond pairing, like stabilized double-strand DNA, are one option for obtaining selforganizing templates. Molecularly structured electronic functions obtained in such self-organizing
assemblies could include devices such as diodes, transistors, memory elements, shift registers, and
adders. Self-organizing templates may also prove particularly appropriate for sensing and actuating
elements and for energy capture and transduction.
RELATIONSHIP TO MEASURING AND MODELING
Making new forms of matter using molecules must be tightly coupled with modeling and
measuring the structures and properties of that matter. Identifying the key scientific and technical
questions involved in this coupling can facilitate and promote needed interactions between the
makers of new molecular assemblies for electronic applications and the modelers and measurers of
those assemblies. For example, theoretical constructs are needed to provide a conceptual
framework—one that is easily accessible and both practical and quantitative—for molecular
assembly makers to use when planning their assembly procedures. Structure/function relationships
are needed to tell us what to make! In addition, new theories of the assembly process, which also
predict electronic properties, would greatly aid the assembly process. An especially desirable trait
of these theories would be the inclusion of simplified parameters that can be synthetically
controlled, measured, and compared using different tools and in different systems.
Another important issue involves identifying the structural features that can be incorporated into
molecular assemblies, in order to explore possibilities for enhancement of electronic function by
exploiting quantum mechanical features unique to molecules and molecule-like systems. It is also
important for researchers to learn how to systematically probe the composition, structure, and
energy levels of molecular assemblies between two or more electrodes. Finding appropriate tools to
provide sensitive and undistorted information about the composition, structure, and energetics of
molecular assemblies in a given junction geometry is another key challenge. Examples of such
junction geometries are two-dimensional “buried” interfaces, one-dimensional “line” junctions, and
zero-dimensional “point” contacts.
A similar challenge is determining how to compare the electronic properties of similar molecular
assemblies that are contacted by different types of electrodes and how the results of different types
of measurements compare. An example would be comparing results from buried interface types of
contacts to measurements using a break-junction contact. Another example would be comparing
results from electronic measurements using deposited contacts, electrochemical contacts, and
capacitive components to data from photoemission and other optical probe measurements.
Films of conjugated polymers are model systems for determining the effects of assembly and
noncovalent contacts on electronic properties. In order to use these films as electronic materials, we
must deconvolute the contributions of intrachain and interchain transport to the total current
through the film and learn how to synthetically modify the chains to induce the dominance of one
or the other mode of transport.
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STRATEGIES AND MECHANISMS; INSTITUTIONAL ISSUES
Many of the strategies and mechanisms that would facilitate improvements in molecular assemblies
with diverse electronic applications are similar to those needed for improved molecular modeling
and measuring. Makers of molecular assemblies require ready access to a broader range of
characterization tools than do other synthetic chemists. In addition to using the normal tools for
characterizing new molecules and bulk materials (e.g., chromatography; magnetic resonance
spectroscopy; infrared, visible, and ultraviolet spectroscopy; elemental analysis; mass
spectroscopy; and crystallography), makers of molecular assemblies need rapid access to surface
analytical tools. These include x-ray photoelectron and Auger electron spectroscopy, ellipsometry
and surface plasmon resonance spectroscopy, scanning and transmission electron microscopy,
scanning probe microscopy, surface-sensitive infrared and Raman spectroscopy, and various
similar analytical tools.
A focused effort to provide researchers in this field with access to these tools at the local and
regional levels would accelerate this effort. While the National Nanotechnology Infrastructure
Network and similar programs have been helpful, they do not yet provide the makers of molecular
assemblies with sufficient access to the kind of characterization capabilities to enable them to
actually perform and evaluate synthetic work. Improved access to university research centers and
to government labs for unaffiliated university researchers, and the establishment of satellite
facilities within remotely managed synthetic labs, could speed innovation in the field of molecular
assembly.
Preparation of components for molecular assemblies, and of the assemblies themselves, entails
synthesis challenges that can be very different from those facing more traditional fields of chemical
synthesis, such as polymer or natural product synthesis chemistry. It is therefore important to find
incentives to stimulate dissemination of new synthesis approaches for investigators who are not
specialized in this type of synthesis. In some cases, this may require highly tested methods that
less-than-expert users can employ. The best method may be to establish a professionally staffed
“synthesis service center” to provide molecular components and assembly functions for those who
lack either expertise or equipment. Funding will depend upon an assessment of the novelty of the
synthesis research and on the investigator’s track record in research and innovation, as well as his
or her plans for disseminating results and providing support to other scientists engaged in similar
pursuits.
Successful research in the area of preparation of nanoscale molecular assemblies will define new
areas in the chemical and materials sciences, will lead to substantial advances in structural
fabrication and invention, and will be a powerful scientific driver for training the U.S. science and
engineering workforce.
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S

ignificant progress has been made in the development of tools to characterize surfaces and
interfaces at the nanometer scale. These tools include spectroscopic and imaging instruments
that provide detailed information about structure, chemical composition, and electronic properties.
The physical insights gained from these measurements have resulted in applications such as
chemical sensors, photovoltaics, organic light-emitting devices, and memory cells. Advances in
measurement sciences are also opening new arenas for basic and applied research, including
photonics, plasmonics, ultrahigh-sensitivity biochemical assays, and even quantum computing.
Methods have also been developed for measuring the flow of electrical charge through nanoscale
junctions within optoelectronic devices. Molecule-scale measurements of electronic function link
the science of molecular electronics to the engineering of devices and systems.
STATE OF THE ART
Characterization of Surface-Bound Molecular Architectures
Basic spectroscopic techniques for the characterization of surface composition and molecular
structure on surfaces include infrared and Raman spectroscopies. These spectroscopies can be used
to study thin films and even single-molecule layers. When used in conjunction with a confocal
microscope, these methods can also determine interface structure. Electron spectroscopies, x-ray
and ultraviolet photoelectron spectroscopy,
inverse photoemission, and two-photon
photoemission provide information about
the electronic structure of materials.
Together, these methods provide critical
information to theorists about the energies
of molecular states and the conformation
of molecules within nanoscale structures
and at interfaces. This has spurred
developments in theoretical methods.
Conventional luminescence microscopies
and spectroscopies are also well-developed
techniques and can probe individual
molecules. Single-molecule experiments
provide exquisite probes into local
environments. At present, however, many
of these techniques lack routine spatial Measuring the electrical properties of molecules. This
resolution below one hundred nanometers, cryogenic, variable-temperature, ultrahigh-vacuum scanning
which is absolutely required for direct tunneling microscope can be used to study the electronic
properties of molecules and molecular assemblies. Image
characterization of many device structures © 2004, Institute of Physics, used with permission; courtesy of
at the nanoscale.
M. C. Hersam; see credits p. 33.
Measurements of Electrical Function
Several test platforms have been developed in recent years that enable electrical characterization of
single-molecule assemblies and thin films. These include cross-bar structures, crossed wires, break
junctions, nanopores, nanowire junctions, liquid mercury contacts, conducting probe atomic force
microscopy (AFM), scanning tunneling microscopy (STM), and nanoparticle junctions.
Electrochemical methods provide excellent insight into electron transfer rates at surfaces.
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These methods have proven to be useful for systematically evaluating a limited number of
compounds. Cross-correlation of measurements made on several platforms still may differ in terms
of molecular conduction, largely because it is not yet possible to adequately characterize molecular
structure within junctions. This problem is further compounded by the unique challenges of each
molecular species and by the differing conformations of each testbed. Measurements using inelastic
tunneling spectroscopy (IETS) can provide some insight into molecular systems in a junction and
under bias. Specifically, IETS provides evidence that molecules are indeed incorporated into a
junction and gives insight into the role of specific molecular vibrations in the charge transport
process. Additionally, tools such as conducting probe AFM and STM allow visualization of
localized molecular structure and measurement of electron transport behavior. But these scannedprobe methods largely lack chemical specificity. Moreover, the details of the junction structures
formed in such measurements remain ill defined.
KEY SCIENTIFIC QUESTIONS AND OPPORTUNITIES
The field of molecular electronics is poised to address numerous opportunities. Several key issues
must still be addressed in order to optimize the development of molecularly enhanced electronics
technologies:
•
•
•
•
•
•

Expand understanding of the electrical properties intrinsic to molecules and how these
properties vary between individual molecules and small ensembles of molecules
Determine the relationship between molecular structure and electronic function
Understand how the electronic properties of molecules change in different environments
Understand how molecular assemblies can improve the performance of or add function to other
electronic and optoelectronic systems
Determine the operational stability of molecular systems in device structures and how to create
stable devices
Attain mechanistic understanding of transport behavior in all experimentally available regimes

CHALLENGES AND TECHNICAL HURDLES
Several critical challenges remain for improving measurement techniques to characterize nanoscale
molecular structures in devices. Notably, in most applications, a buried interface is present. This
might be a molecular layer between two electrical contacts, the receptor site between the substance
to be analyzed and a transducer in a chemical sensor, or the interface between a conducting
polymer and a metal surface in an organic light-emitting device. One key challenge is simply
verifying that the molecules that have been assembled inside a test structure or device have the
desired geometry, state, and organization.
In general, measurements to deduce the molecular architecture of materials found at buried
interfaces are inadequate. Moreover, the capability does not exist to accurately quantify the amount
of material in conjunction with its electrical function and with the structure of the materials found
within buried interface structures. Some techniques that show promise for exploring these
interfaces include inelastic tunneling spectroscopy and Raman spectroscopy. Surface-enhanced and
tip-enhanced Raman measurements of molecular junctions may also provide direct probes of
interfacial structure, in parallel with other physical probes such as electrical tests. An even more
daunting challenge is to probe molecular structure and function within functioning devices and to
deduce the dynamics of the systems with the desired time resolution. Thus, significant work still
remains in terms of our ability to translate the clear scientific advantages of molecular assemblies
into high-end technologies.
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A second key challenge is to develop measurement testbeds that allow simultaneous electronic and
physical characterization of assembled device structures while under external stimuli. These
testbeds must characterize the geometric structure, configuration, bonding, and electronic structure.
Measurements must also be developed for improving the spatial and time resolution of optical and
electrical spectroscopies, including plasmon-enhanced spectroscopies, along with improving the
ability to probe buried interfaces. In conjunction with developing new measurement capabilities,
new tools for nanofabrication must likewise be developed that enable the precise placement of
molecular assemblies. These tools must also enable assembly of a wide range of materials, like
biomaterials, that are incompatible with the dry, airless environment used in electron beam
lithography. Thus, alternative fabrication approaches need to be developed. In conjunction with the
fabrication of new nanoscale testbeds and screening methods for molecular assemblies, standard
measurement protocols must also be developed. Here, in particular, partnerships with synthetic
chemists and theorists must be emphasized in order to create reliable, robust structures that will
yield predictable results and provide reliable reference metrics.
A third key challenge is to correlate the assembled structure and electronic properties of molecules
in confined geometries to those of isolated single molecules. Here it will be necessary to
understand the correlation between measurements taken in the junction and in solution phase (e.g.,
electrochemical charge transfer measurements). In addition, it is necessary to understand how the
electronic properties of molecules change in different environments. This includes, on the
molecular level, understanding how the nearest neighbor molecules influence the behavior of the
molecules being studied (e.g., in conformational switching). The structure/function relationship in
small ensembles of molecules should also be understood relative to their structure/function in
isolation.
RESEARCH TARGETS
There are several research targets that will move this field forward, advancing the current state of
the art and the level of first-principles understandings towards development and application of
molecular electronics technologies in the kinds of innovations that would boost competitiveness:
•

•

•
•
•

•

Create accessible, easily transportable, standard molecule-based measurement platforms with
detailed calibration standards and systematic measurement protocols. Such platforms should
provide the means for combined current, capacitance, and impedance measurements with
variable temperature capabilities.
Create standard measurement protocols that can enable less-than-expert users to take
advantage of these technologies and that can support more rapid implementation of
applications in technology sectors such as homeland security, health science, energy, and
national defense.
Develop measurement techniques and platforms to probe the details of molecular structure/
function for ensembles and single molecules under multiple stimuli.
Develop time-resolved optical spectroscopies and imaging schemes to probe molecular
structure in operating devices.
Build electrical and physical metrology tools for time-resolved measurements of molecular
systems. This includes developing a picoampere current amplifier with picosecond time
resolution.
Demonstrate technologically innovative, commercially viable molecular-based electronic
function. This could help us move beyond Moore’s Law, as explained above. For example, we
must still create measurement platforms for two-way electronic information exchange with
biological systems, as well as demonstrate a conformational transistor with a low on/off
supply voltage.
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RELATIONSHIP TO MAKING AND MODELING
In order to further the development of robust measurement platforms, there must be well-defined
strategies for making new molecular assemblies and for understanding, modeling, and predicting
their fundamental properties. In particular, researchers focused on measurement development must
work closely with theorists and chemists to develop the experiments, theories, and molecules
themselves that address the full range of complexity of such systems, from single small molecules
to large molecules and molecular assemblies. The effort is two-fold. First, reliable measurement
testbeds must be developed in cooperation with synthetic chemists, to design a number of standard
test molecules to be incorporated into the testbeds. This will ensure reliable comparisons from one
laboratory to another. Second, in order to develop the appropriate measurements, it is important
that experimentalists partner with theorists to develop “experimentalist-friendly” tools. This will
enable them to model, interpret, and predict the results obtained from standard
measurements/testbeds, and also explore ways to make inputs from experimentally measurable
quantities useful for models of electronic behavior.
STRATEGIES AND MECHANISMS; INSTITUTIONAL ISSUES
These new measurement methodologies also require significant improvement in the creation of
funded teams of researchers. These teams must have sufficient aggregate size and expertise to
foster interactions and create synergies between synthetic, measurement/characterization,
fabrication, and theoretical approaches. Such cross-cutting partnerships will also strengthen
multidisciplinary relationships in the field, especially in the education of students. Such
interweaving of education and training is necessary if we are to couple fundamental science with
innovation and applications to boost our technological competitiveness.
In addition to taking more integrated educational approaches, we should encourage partnerships
and knowledge/technology transfer with industry to aid in the transition from basic to applied
science and technology. The existing networks created by the National Nanotechnology Initiative
should serve as a resource in this undertaking. Finally, workshops should be regularly sponsored to
track new developments, identify benchmarks, and provide strategic assessments. Summer schools
and educational short courses at an engaging level would also add significantly to progress in this
field of research. Because of the enormous innovation potential, industry participation in all these
activities is critical.
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M

odeling is crucial to understanding the electronic function of nanoscale molecular
architectures. It is also crucial to technical progress. The problem is a very difficult one,
because the processes of interest occur in the nonequilibrium regime. As such, many of the most
powerful tools in the modeling field cannot be used. This makes the theoretical component of this
research both challenging and essential. Major challenges exist in the realm of theory, from the
most fundamental level of quantum kinetics to the most applied modeling of device behavior.
The role of theoretical and numerical work is to enable discovery, basic understanding, simulation,
and control of electronic function within nanoscale molecular architectures. The goal is to develop
a fundamental understanding of the mechanisms for energy, electronic, molecular, and ionic
dynamics that exist within functional molecular and systems architectures. The results from
modeling and theory guide
experimental and technical
advances by clarifying the
relationships between
molecular structure and
electrical function. Theory
helps us understand the
changes in transport
mechanisms as the system
size grows from single
molecules to molecular
mesostructures to bulk,
solid materials. A better
theoretical understanding
and new computational
models should enable
researchers to determine
how to exploit the potential
Development of theory. Better formal theories and faster computation systems
of molecular electronics
increase the predictive capabilities of theoretical models. Comparison to
for
applications
in
measurements validates models. Together, theory and measurement provide
insight into physical phenomena. Through the discovery and development process,
emerging fields such as
a new generation of innovators is born.
molecular computing,
molecular sensing, and
energy technology.
STATE OF THE ART
Theory and computational methods relevant to molecular electronics can be divided into two
categories: transport, and structure and dynamics. Each is discussed below.
Charge Transport

Charge transport refers to the flow of electrical current through a molecule-containing junction.
The simplest case is where electrons glide smoothly through the molecule and the junction, the
elastic limit. Here, theories that describe the transport process, most notably nonequilibrium
Green’s function (NEGF) theory, are combined with electronic structure calculations of the
molecules and contact materials to model transport through a specific junction. The approach
allows calculations to be made for systems of a few hundred atoms. One merit of this approach is
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that it can use simplified electronic structure calculations, which do not require high-end computing
resources, as input to the transport calculation, and it still provides meaningful physical insights.
But there are limitations to this approach. For example, sophisticated electronic structure
calculations, such as those that incorporate correlation effects, cannot be practically incorporated
into this scheme. There is no rigorous justification for its application to junctions to which a
voltage is applied. These issues are not easy to fix, because a fundamental assumption of the
commonly used, simplified version of NEGF theory is that electrons can be treated as moving in a
mean field. So rigorous new theoretical schemes are needed, not just better computer programs.
For the more interesting transport phenomena, polaron motion, dynamic geometry changes, charge
injection, and strong correlation, there are no robust computational schemes available. Indeed, even
the formal theories are mostly limited to greatly simplified models. Because some molecular
electronic junctions have been shown to operate in these regimes, this is a problem that must be
solved.
Structure Prediction and Long Time Dynamics
The structure of large systems, and the changes to these systems following an external stimulus,
can be modeled using a combination of classical and quantum theory. These methods (e.g., selfconsistent field theory, density functional theory, Monte Carlo techniques, transition path sampling,
and molecular dynamics) accurately predict some structural properties and certain dynamic
processes of large systems. These methods enjoy several advantages: the methods and their limits
are well understood, and the foundations are well defined. They have predictive power whenever
the underlying molecular potentials can be modeled with sufficient accuracy. They span the small
to intermediate scales of both length (up to millions of particles) and time (picoseconds to
milliseconds).
Important aspects of these theories could be improved. Developing a description of intermolecular
interactions is one example. Extending these theories to nonequilibrium situations, as would occur,
for example, in a molecular junction under applied fields, is another. Other opportunities for
enhancing this class of theoretical methods include extending these models to simulate field-driven
processes, validating force fields by comparing with molecular measurements and electronic
structure calculations, use of molecular dynamics to describe processes driven by external fields,
and implementing quantum methods for computing the underlying electronic structure.
Approaches to the Bulk Limit
Connecting bulk characteristics to single- or few-molecule behaviors raises two questions. First,
what is the theoretical framework that smoothly bridges the single molecule to larger dimensional
systems? Second, how can the essential molecular properties be embedded into functional
simulations of system-level properties?
In addressing these questions, an important lesson comes from the models used to describe
semiconductor switches. These are approximate—but calibrated—models, based on fundamental
semiconductor physics, that adequately describe the operation of devices with dimensions of just
tens of nanometers, dimensions where quantum phenomena are actually quite important. In these
models, the operation of silicon field-effect transistors is cast in this framework that provides
continuity with bulk semiconductor electronics.
Initial steps have been taken to formulate a “bottom-up” theoretical framework for transport at the
nanometer scale, including a connection to micrometer-sized systems of metallic leads and circuits,
for molecular electronics. This approach is widely incorporated into existing theories of ballistic
transport through molecular scale junctions. However, its value must still be demonstrated in terms
of building a hierarchical framework of theory and simulation that will connect fundamental
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understanding at the molecular scale (e.g., the coupled electron-vibrational dynamics highlighted
elsewhere) to that at the systems level. Further, the paradigm of hierarchical simulation is a model
for the wider impact of theory and simulation in the study of electronic junctions in molecular
architectures.
KEY SCIENTIFIC QUESTIONS AND OPPORTUNITIES
Single-Molecule Electronics
As stated above, the elastic tunneling regime (in which the molecule acts as a tunneling barrier) is
now being modeled successfully. But major issues remain unexplained by current theory/modeling
approaches. Inelastic conductance, that is to say, when electrical charge interacts with the
molecules, and other dynamical processes in junctions are very important to understand. These
effects heat the junction, which can lead to device failure. These situations present a challenge, as it
is difficult to describe such processes in formal theories.
Generally applicable theories need to be developed to describe these effects. These methods may
not be highly accurate, but they should be capable of extracting the essential physics and be helpful
in modeling and explaining experimental results. Numerical methods will have to provide data of
comparable accuracy to state-of-the-art experiments, and they must describe the effects of
resonances, inelastic collisions, vibronic coupling, and strong correlation.
To understand the dynamics within a molecular junction, reliable theoretical models and numerical
calculations will be required. These models must go beyond the standard formulations of energy
transfer to harmonic phonons via linear coupling, and account for large-amplitude dynamics,
including rotation, torsion, isomerization, and intermode energy transfer.
Progress both in theory and in numerical methods is required to reliably describe the transport
properties and the molecular dynamics in junctions under the influence of electric current, fields, or
light. Modeling these nonequilibrium behaviors will be crucial both for real-world applications and
for fundamental understanding.
Other Issues
A more reliable grasp of the underlying theory of molecular electronics is required to account for
the effects of different environments on the electronic transport properties of molecular junctions.
This is particularly significant in the context of the nanoscale molecular architectures approach.
Theory and numerical techniques are required to reliably describe and utilize the spin property in
the context of nanoelectronics. Problem areas where such theories may find application include
polarization, magnetism, chirality, and broken symmetry. Both theoretical work and numerical
simulations should provide a bridge between molecular electronics and the large and growing
discipline of nanoplasmonics, by exploring plasmonic routes to nanoscale light sources for
application in control and characterization of molecular electronics.
CHALLENGES AND TECHNICAL HURDLES
The existing challenges in theoretical and computational areas are both conceptual and technical in
nature.
Modeling and Designing Interfaces
Interfacial processes are rate-controlling for many behaviors of interest in this field, from organic
field-effect transistors to photovoltaics, from single-molecule junctions to heat conduction.
Currently, modeling of molecule/metal and molecule/semiconductor interfaces is based on singledeterminant electronic structure calculations. Changes to the contact material caused by a
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molecular dipole are being investigated, and quasianalytic models being developed. This approach
is providing insight into the phenomena that control charge transport through the molecule/contact
interface. Several hurdles will have to be overcome: the interface structure is often poorly
characterized, defects can dominate the observations, image and polarization effects are difficult to
evaluate, and many-electron effects are as yet largely unexplored.
Describing Inelastic and Vibronic Effects on Transport
The coupling between molecular vibrations and the charge
traveling through the molecules must be understood if we are
to characterize temperature dependence, voltage dependence,
and stability in these molecular electronic junctions. They are
also crucial for most of the device functions that molecular
electronics can provide. Theoretical research in this area has
led to some advances; for example, inelastic tunneling
spectroscopy now is understood. Moreover, recent theoretical
and numerical work has addressed the problem of currentdriven dynamics and current-driven molecular machines.
The challenges ahead are many. The NEGF for simultaneous
treatment of the electrons and the phonons is formally
complicated and has been implemented only in simplified
limits. Proper understanding is still lacking of dynamic
polaron formation and phonon contributions to noise. Internal
relaxation—the eventual dissipation of current-induced
internal excitation due to coupling with phonons and electronhole pairs in the electrodes—is of crucial importance, as it can
result in heating and in molecular decay. At present, neither a
complete theory nor a computational scheme to address these
problems is available.

A molecular oscillator. Recent
theoretical studies have investigated
the feasibility of current-driven
molecular machines, like the
buckyball oscillator shown here.
N. Rager Fuller created this image.

Molecular charge transport in the so-called Coulomb blockade and Kondo regimes has been
experimentally observed and characterized in a few pioneering experiments. This regime is not
well described by any current modeling method. Dealing with these strong-correlation problems,
for which standard mean field models fail, is a great intellectual and theoretical challenge. Progress
here could also have major device implications; for example, a perfect Kondo molecule/electrode
interface might allow for highly efficient charge injection between molecules and electrodes,
substantially improving the efficiency of devices such as organic photovoltaics or thin-film
transistors.
In nanoscale architectures, heat transport occurs by quantum processes. Generalizations of the
NEGF method have been advanced to describe this, but no real quantitative results are yet
available. This is a significant issue, as heat may lead to thermal spiking and device failure. From a
fundamental viewpoint, the heat problem involves the boson excitations of the system and is
therefore complementary to the fermion problems.
Experimental techniques are starting to emerge for using light to characterize, trigger, and control
dynamic events in molecular electronics. Theory has played a role in identifying these
opportunities, as well as in designing molecules and pointing to undesired competing effects.
However, these tasks still require the development of useful theoretical frameworks, along with
practical numerical methods to simultaneously address the dynamics of the electrons, the photons,
and the molecular modes in the dissipative device environment comprising molecular bonds
coupled to the leads.
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RESEARCH TARGETS
Both theory and simulations can play leading roles in addressing what could be considered four
grand challenges in nanoscale molecular architectures:
•
•
•
•

Describing the formation, stability, and electron transport properties of molecular interfaces
and devices
Modeling mechanistic behavior in molecular devices with new capabilities and applications,
including energy harvesting, transduction, and storage
Incorporating and controlling electrically functional molecules in supramolecular architectures,
and the general problem of modeling molecular assembly
Bridging the behaviors of nanoscale and bulk molecular transport, optics, and functions

Within the next decade, progress toward meeting these overarching challenges will result from
investments in the following research areas:
•
•
•
•
•

Interfacial structure, dynamics, and electron transport
Quantum mechanical behavior in the transport of energy and other quantum properties of
molecules such as charge and spin
Photonics, plasmonics, and phenomena induced by external (e.g., electric) fields
Equilibrium and nonequilibrium assembly and structure
Development, validation, and implementation of theoretical methodologies and computational
tools

RELATIONSHIP TO MAKING AND MEASURING
It is important that stronger links be formed between theory/computation and the experimental
aspects of fabrication and characterization. At the qualitative level, simplified theories should
provide an interpretative tool that is easy to apply and to teach and is capable of generating insight
into general effects. Quantitatively, numerical methods should enable a direct comparison between
computationally modeled and experimentally measured observables, not only for direct, elastic
transport but also for more general cases. This would both allow researchers to analyze the origin
of experimentally observed features and enable benchmarking of numerical methods using
experimental data.
Theory and computation together will aid in the design of molecular devices with desired electron
transport properties and functionalities. With synthetic and fabrication capabilities advancing, we
believe that improved numerical design will be able to provide direct input to experiments. This, in
turn, will permit new structures and behaviors to be predicted and understood. If the community
can address these challenges in making, measuring, and modeling, then we can use electronic
function in nanoscale molecular assemblies as a significantly new way to understand how nature
works, as an engine for new devices and processes, including in the fields of electronics and
energy, and as a challenging theme to train U.S. scientists of the twenty-first century.
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APPENDIX A. WORKSHOP AGENDA
THURSDAY, JUNE 7, 2007
8:15 am

Welcome ................. M. A. Ratner, J. S. Sunley, L. S. Echegoyen, & L. A. Haworth

8:30 am

State of the Art ....................................................... M. A. Ratner, Discussion Leader
The Ultimate Switch: Silicon or Something Else? ...................... M. S. Lundstrom

9:45 am
10:15 am

Break
Molecular Measurements ...................................... D. R. Stewart, Discussion Leader
Metal-Molecule-Metal Devices and Measurements .............................T. S. Mayer
Measuring the Conductance of Single Molecule Circuits ...........L. Venkataraman

11:30 am
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Modeling Approaches to Molecular Assembly .................................J. J. De Pablo

12:00 noon
1:00 pm
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Molecular Measurements .........................................................J. G. Kushmerick
Theory and Modeling ................................................................ M. S. Hybertsen
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FRIDAY, JUNE 8, 2007
8:00 am

Welcome and Announcements....................................... R. D. van Zee & T. F. Chan

8:15 am

Breakout Sessions Continue
Molecules & Self-Assembly ...................A. S. Blum & H. D. Abruña, Facilitators
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10:00 am
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Molecules & Self-Assembly ................................................................. A. S. Blum
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12:30 pm
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Closing Remarks ....................................................L. S. Echegoyen & M. A. Ratner

1:30 pm

Writing Group Convenes

5:00 pm

Writing Session Concludes
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APPENDIX C. GLOSSARY
AFM

Atomic force microscopy

CMOS

Complementary metal oxide semiconductor

FPGA

Field-programmable gate array

IETS

Inelastic electron tunneling spectroscopy

ITRS

International Technology Roadmap for Semiconductors

LED

Light-emitting diode

MEMS

Microelectromechanical systems

NEGF

Nonequilibrium Green’s function theory or method

NEMS

Nanoelectromechanical systems

OLED

Organic light-emitting diode

OTFT

Organic thin-film transistor

STM

Scanning tunneling microscopy
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