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Summary

Molecular and nano-electronics using single molecules or nano-structures as active
components are promising technological concepts with fast growing interest. It is the
science and technology related to the understanding, design, and fabrication of
electronics devices based on molecules or nano-structures. Molecular and
nano-electronics will push advances in future computer technology far beyond the limits
of silicon. "Single molecule electronics”, which is the ultimate molecular
nano-electronics, would make it possible to realize information systems of more than
1000 times higher performances using less than 1/1000 resources, which would satisfy
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the social requirements for high performance information systems several decades from
now.

Nano-electronics refer to the use of nanotechnology on electronic components, especially
transistors. Although the term nanotechnology is generally defined as utilizing
technology less than 100 nm in size, nano-electronics often refer to transistor devices that
are so small that inter-atomic interactions and quantum mechanical properties need to be
studied extensively. Unique materials and properties such as quantum electronic
transports will be reviewed for various structures such as molecular switches, rectifiers,
memories, transistors for next generation electronic devices and circuits.

Nano-materials electronics is an important route. Besides being small and allowing more
transistors to be packed into a single chip, the uniform and symmetrical structure of
nanotubes allows a higher electron mobility (faster electron movement in the material), a
higher dielectric constant (faster frequency), and a symmetrical electron/hole
characteristic. Also, nanoparticles can be used as quantum dots.

Single molecule devices are another possibility. Molecular electronics is a new
technology which is still in its infancy, but also brings hope for truly atomic scale
electronic systems in the future. These schemes would make heavy use of molecular
self-assembly, designing the device components to construct a larger structure or even a
complete system on their own. This can be very useful for reconfigurable computing, and
may even completely replace present technology.

Also, there are other approaches and applications. For example, nano-materials have been
proposed as a cost effective alternative for developing hybrid solar cells because of their
excellent solution processing ability, well-suited optical properties, and compatibility
with molecular materials. Molecularly-resolved bioelectronics is an extremely attractive
for the development of molecular devices, in particular when a combination of
information processing and chemo-mechanical tasks is desired. This chapter presents an
in-depth discussion on molecular and nano-electronics in an easy-to-understand manner,
aiming at chemists, computer scientists, surface scientists, physicists. Current status and
prospects for molecular nano-electronics are reviewed, which are expected to supersede
the present information technology paradigm based on "solid state electronics”.

1. Introduction

It is well recognized that conventional lithography based very-large-scale integration
(VLSI) technology is fast approaching the limits of its capabilities (Reichmanis et al.,
1991). However, there is no doubt that the fundamental physical constraints will
eventually limit the process of further miniaturization, even though the predictions for
this final limit have continuously been adjusted towards smaller sizes. The underlying
issues responsible are numerous: ultra-thin gate oxides (Varzgar, Kanoun et al. 2006),
short channel effects (Tan, Buiu et al. 2008), doping fluctuations (Colinge, Xiong, et al.
2007), and last but not least increasingly difficult and expensive lithography.
Nonetheless, devices with dimensions approaching the wavelength of free electrons
cannot be described anymore by purely semi-classical theory. Rather, quantum
mechanical effects like tunneling, coulomb blockade, and wave interference have to be
taken into account (Tilke, Simmel, et al. 2001). To surmount these problems, molecular
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and nano-devices and circuits have been proposed for some time (Wada, 2001). Over the
last two decades, demonstrations of many of these technologies have been accomplished.
These include resonant tunneling diode (RTD) and resonant tunneling transistor (RTT)
devices (Ando, Cappy, 1998) and circuits that promise compact multi-valued logic and
memories; quantum dot (Asahi, 1997) and single electron devices(Bhattacharya, Ghosh,
et al. 2004); and others.

An alternative is the bottom-up approach, where molecules are synthesized to possess
some inherent function, then assembled with other components to build the electrical
device. Recently, molecular electronics-based computation has attracted attention,
because it addresses the ultimate in a dimensionally scaled system: ultra-dense and
molecular scale (Jortner, 1997, Ratner, 1998). The significant scaling factor gained from
molecular-scale devices implies eye-opening comparisons: a contemporary computer
utilizes ~10" silicon-based devices, whereas one could prepare ~10% devices in a single
beaker using routine chemical syntheses. An additional driving factor is the potential to
utilize thermodynamically-driven directed self-assembly of components such as
chemically synthesized interconnects, active devices, and circuits (Kato, Mizoshita, et
al.2006). This is a novel technological approach for post-VLSI electronic systems, and
can conceivably lead to a new era in ultra-dense electronic systems. This approach for
spontaneously assembling atomic scale electronics attacks the interconnection and
critical dimension control problems in one step, and is implicitly atomic scale.

Single molecules as an active electronic unit have attracted huge attention both from the
research community and industry. (Reed, 1999) Single molecules can offer several
unique properties as an electronic unit. The size is within several nanometers for most
simple molecules and hence the electronic spectrum is quantized with the typical energy
scale of ~ eV. They also allow self-assembly, which is very useful in fabricating
electronic devices at such a small length scale. Another huge advantage is their
tremendous diversity and functionality. There exist an incredibly large number of
chemicals and their different chemical and electrical functions can open up many new
possibilities that have never been available.

2. Molecular and Nano-Electronics in General
2.1. The Electrodes

Once the molecules and nano-structures have been synthesized, a key problem is their
attachment into a system in which it can be tested and eventually integrated into a circuit.
This has proven to be difficult because, until recently, there has been no way of
addressing individual molecules.

A good rule of thumb in single-molecule experiments is to be initially skeptical of any
experiment which only measures a two-terminal conductance, because such a
measurement is very dependent on the contacts, and short circuits (very common in gold
electrodes due to weak bonding) can be easily misinterpreted (Wada, Tsukada, et al.
2000). More reliable measurements have at least one additional technique to distinguish
transport through a single molecule from other artifacts. Such techniques include
observing transport modulated by a gate electrode (Yu, Keane, et al. 2004), an optical
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probe (Wang, Zou, et al. 2007) or an applied magnetic field (Hod, Rabani, et al. 2006).
Other approaches are to use a setup which will allow for thousands of identical
experiments to be performed in rapid succession, so that averaging can be used to sort out
random fluctuations from more reproducible effects, or to directly image the molecule
during the measurement using scanning tunneling microscopy (STM). Another rule of
thumb is to avoid experiments where voltages of more than 100 mV are dropped across a
molecule during measurement because electric fields this strong often cause the
electrodes to become unstable.

There is also a difference between the transfer of an electron and the conductance of a
current, which the molecules and nano-structures would experience in an electrical
circuit. It is not known if the molecules and nano-structures will carry the charge or
simply decompose. This problem has become less of an issue with the design of
molecular alligator clips and the use of STM.

2.2. The Molecules and Nano-Structures as Active Components

Several types of molecules have been suggested as “molecular wires’ and they all have
the same key requirements (James and Tour, 2005). The most obvious fact is that they
have to be electron or hole conducting in order to carry a current through the circuit. Thus
the wire provides a pathway for transport of the electrons from one reservoir to another
that is more efficient than electron transport through space. Quantification of the
properties of a wire has been approached in different ways that generally depend on the
technique used to analyze the wire properties. Measurements have been carried out of the
rate of electron transfer across the wire using spectroscopic techniques and by techniques
such as STM to obtain current-voltage characteristics and to classify wires as metallic or
semiconducting (Zhang, He, et al. 2006). Conjugated molecules, comprising alternating
single and double (or triple) carbon—carbon bonds, can conduct electrons through their
n-system, and this has been the basis of many wires. The wire must also be linear and of a
defined length in order to span the gap between two components in the circuit.

2.3. The Molecule-Electrode Interface

The attachment of ‘molecular alligator clips’ allows the wire to be attached to metal
surfaces. One method of attachment is via thioacetates, which upon hydrolysis will form
thiols (Nuzzo and Allara, 1983). The thiols then form gold-thiolates on exposure to gold
surfaces. However thiols are oxidatively unstable and the optimal method is likely to be
via an in-situ approach. Some research has been carried out with arylformamides, which
after coupling to oligomers can be converted to isonitriles, providing good adhesion to
tungsten surfaces (Schumm, Pearson, et al. 1996). These alligator clips allow the
molecular wire to be attached to two electrodes so that a current can be passed.

In the previous examples, the contacts were made by the strong S—Au bonding. This
served as a very good mechanical and chemical bonding for a single molecule device,
which leads to a good electrical contact, too. If the thiol end group (-SH) was replaced by
another end group (for example, —CHj3), it did not form a stable bond to gold any more
and the conductance is predicted to change according to the exact placement of the end
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group relative to gold (Cui, Primak, et al. 2001).
3. Approaches to Nano-electronics
3.1. Nanofabrication

To perform conductance measurements on an object, one needs at least two electrodes
contacting the object. However, conductance measurements on single molecules usually
require a different experimental scheme, due to their exceedingly small size. Typically,
two contact wires with a sub-10 nm gap are made first, and then single molecules are
self-assembled between the contacts. People have thus developed various new
experimental techniques for wiring up single molecules. They include scanning probe
microscopy (SPM) techniques and unconventional fabrication techniques for making
nano-electrodes. Current attempts to fabricate the contacts have included: break junctions
(Osorio, Bjornholm, et al. 2008), vertical sandwich structures (Chou, Krauss, et al. 1996),
electron beam lithography (EBL) and shadow evaporation (Dreyer, Fu, et al. 1993),
electron beam deposition (Ellenbogen and Love, 2000), electrochemical growth (Klein,
Roth, et al. 1997), and electromigration (Li, He, et al. 2000). Although successful, these
processes are ill suited for large-scale integrations, as each gap must be fabricated
individually in a time consuming fashion. Figure 1 summarizes some of the methods that
have been used for studying electron transport in molecules.
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Figure 1. Schematic diagrams of different three-terminal device techniques. ()
Electromigrated thin metal wire on top of an Al/Al,O3 gate electrode. (b) Angle
evaporation technique to fabricate planar electrodes with nanometer separation on top of
an Al/Al,O3 gate electrode. (c) Gated mechanical break junction. (d) The dimmer
contacting scheme.
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Electron beam lithography (EBL) has long been established as the premier technique for
defining structures at the nanoscale. Electron Beam Lithography (EBL) refers to a
lithographic process that uses a focused beam of electrons to form the circuit patterns
needed for material deposition on (or removal from) the wafer, in contrast with optical
lithography which uses light for the same purpose. Electron lithography offers higher
patterning resolution than optical lithography because of the shorter wavelength
possessed by the 10-50 keV electrons that it employs. Given the availability of
technology that allows a small-diameter focused beam of electrons to be scanned over a
surface, an EBL system doesn't need masks anymore to perform its task (unlike optical
lithography, which uses photo masks to project the patterns). An EBL system simply
‘draws' the pattern over the resist wafer using the electron beam as its drawing pen. Thus,
EBL systems produce the resist pattern in a 'serial’ manner, making it slow compared to
optical systems.

3.2. Nanomaterial Electronics

Nano-electronics refer to the use of nanotechnology on electronic components, especially
transistors. Although the term nanotechnology is generally defined as utilizing
technology less than 100 nm in size, nano-electronics often refer to transistor devices that
are so small that inter-atomic interactions and quantum mechanical properties need to be
studied extensively.

Nano-electronics are sometimes considered as disruptive technology because present
candidates are significantly different from traditional transistors. Some of these
candidates include: hybrid molecular/semiconductor electronics, one dimensional
nanotubes/nanowires, or advanced molecular electronics. The sub-voltage and
deep-sub-voltage nano-electronics are specific and important fields of R&D, and the
appearance of new ICs operating almost near theoretical limit (fundamental,
technological, design methodological, architectural, and algorithmic) on energy
consumption per one bit processing is inevitable. The important case of fundamental
ultimate limit for logic operation is reversible computing.
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Figure 2. Overview of 3D NW circuit integration. (a) Contact printing of NWs from
growth substrate to prepatterned substrate. In general, NWs are grown with random
(nonepitaxial) orientation and are well-aligned by sheer forces during the printing
process. (b) Three-dimensional NW circuit is fabricated by the iteration of the contact
printing, device fabrication, and separation layer deposition steps N times. (Javey, Nam,
et al. 2007)

Recently, a general approach for three-dimensional (3D) multifunctional electronics
based on the layer-by-layer assembly of nanowire (NW) building blocks was developed
as shown in Figure 2. Using germanium/silicon (Ge/Si) core/shell NWs as a
representative example, ten vertically stacked layers of multi-NW field-effect transistors
(FETSs) were fabricated. Transport measurements demonstrate that the Ge/Si NW FETs
have reproducible high-performance device characteristics within a given device layer,
that the FET characteristics are not affected by sequential stacking, and importantly, that
uniform performance is achieved in sequential layers 1 through 10 of the 3D structure.
Five-layer single-NW FET structures were also prepared by printing Ge/Si NWs from
lower density growth substrates, and transport measurements showed similar
high-performance characteristics for the FETs in layers 1 and 5. In addition, 3D
multifunctional circuitry was demonstrated on plastic substrates with sequential layers of
inverter logical gates and floating gate memory elements. Notably, electrical
characterization studies show stable writing and erasing of the NW floating gate memory
elements and demonstrate signal inversion with larger than unity gain for frequencies up
to at least 50 MHz. The ability to assemble reproducibly sequential layers of distinct
types of NW-based devices coupled with the breadth of NW building blocks should
enable the assembly of increasing complex multilayer and multifunctional 3D electronics
in the future.

©Encyclopedia of Life Support Systems (EOLSS)



NANOSCIENCES AND NANOTECHNOLOGIES - Molecular And Nano-Electronics = Weiping Wu, Yungi Liu, Daoben Zhu

TO ACCESS ALL THE 40 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sample AllChapter.aspx

Bibliography

1. Reichmanis E., Houlihan F.M., Nalamasu O., and Neenan T.X. (1991) Chemical amplification
mechanisms for microlithography. Chemistry of Materials 3(3), 394-407. [This paper reviews the
continued advances in microelectronic device fabrication are trying the limits of conventional lithographic
techniques.].

2. Varzgar J.B., Kanoun M., Uppal S., Chattopadhyay S., Tsang Y.L., Escobedo-Cousins E., Olsen S.H.,
O'Neill A., Hellstrom P.E., Edholm J., Ostling M., Lyutovich K., Oehme M., and Kasper E. (2006)
Reliability study of ultra-thin gate oxides on strained-Si/SiGe MOS structures. in Symposium on From
Strained Silicon to Nanotubes - Novel Channels for Field Effects Devices held at the Spring Meeting of the
E-MRS. Nice, FRANCE. [This paper evaluates the reliability of gate oxides on bulk Si and strained Si (s-Si)
using constant voltage stressing (CVS) to investigate their breakdown characteristics.].

3. Tan L., Buiu O., Hall S., Gill E., Uchino T., and Ashburn P. (2008) The influence of junction depth on
short channel effects in vertical sidewall MOSFETS. Solid-State Electronics 52(7), 1002-1007. [This work
addresses a fundamental problem of vertical MOSFETS, that is, inherently deep junctions that exacerbate
short channel effects (SCEs).].

4, Colinge C., Xiong W., Cleavelin C., and Colinge J.-P. (2007) Nanoscaled Semiconductor-on-Insulator
Structures and Devices. 165-170, Springer, Heidelberg: [This book chapter presents random doping
fluctuation effects are studied in multiple-gate SOl MOSFETs (MuGFETS) using numerical simulation.].

5. Tilke A.T., Simmel F.C., Blick R.H., Lorenz H., and Kotthaus J.P. (2001) Coulomb blockade in silicon
nanostructures. Progress in Quantum Electronics 25(3), 97-138. [This review presents a brief survey of
different realizations of single-electron devices fabricated in silicon-on-insulator (SOI) films.].

6. Wada Y. (2001) Prospects for single molecule information processing devices. Proceedings of the IEEE
89(8), 1147-1171. [This paper first reviews the architectures suitable for single molecule information
processing, in which it is claimed that the performances of information processing is higher if speed and
element number product is larger in almost all architectures.].

7. Ando Y. and Cappy A. (1998) Proposal of low-noise amplifier utilizing resonant tunneling transistors.
Electron Devices, IEEE Transactions on 45(1), 31-35. [This paper proposes a low-noise amplifier utilizing
the negative input resistance of resonant tunneling transistors (RTT's).].

8. Asahi H. (1997) Self-organized quantum wires and dots in I11-V semiconductors. Advanced Materials
9(13), 1019-1026. [This review presents the fabrication of quantum wires and quantum dots in 11-V
semiconductors using self-organization phenomena.].

9. Bhattacharya P., Ghosh S., and Stiff-Roberts A.D. (2004) Quantum dot opto-electronic devices. Annual
Review of Materials Research 34(1), 1-40. [This article reviews the growth and electronic properties of
InGaAs quantum dots and the characteristics of inte-rband and inter-sublevel lasers and detectors and
modulation devices.].

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-152-18-00

NANOSCIENCES AND NANOTECHNOLOGIES - Molecular And Nano-Electronics = Weiping Wu, Yungi Liu, Daoben Zhu

10. Jortner M.R.a.J. (1997) Molecular Electronics: Blackwell Science, Oxford, UK: [A book provides a
current, unified treatment of the research, technology and applications fueling the rapid growth of
molecular electronics.].

11. Ratner A.A.a.M. (1998) Molecular Electronics: Science and Technology: Annals of the New York
Academy of Sciences, New York, USA: [This book presents contributions from makers, measurers, and
modelers of molecular electronic species.].

12. Kato T., Mizoshita N., and Kishimoto K. (2006) Functional liquid-crystalline assemblies:
Self-organized soft materials. Angewandte Chemie-International Edition 45(1), 38-68. [This review
describes new approaches to the functionalization of liquid crystals and show how the design of liquid
crystals formed by supramolecular assembly and nano-segregation leads to the formation of a variety of
new self-organized functional materials.].

13. Reed M.A. (1999) Molecular-scale electronics. Proceedings of the IEEE 87(4), 652-658. [This is a
review of nonequilibrium electronic transport in molecules and molecular-scale synthetic systems using
new fabrication techniques that create metallic contacts.].

14. Wada Y., Tsukada M., Fujihira M., Matsushige K., Ogawa T., Haga M., and Tanaka S. (2000)
Prospects and problems of single molecule information devices. Japanese Journal of Applied Physics Part
1-Regular Papers Short Notes & Review Papers 39(7A), 3835-3849. [This paper reviews the prospects and
problems of single molecule devices, including switching devices, wires, nanotubes, optical devices,
storage devices and sensing devices for future information technologies and other advanced applications in
the next paradigm.].

15. Yu L.H., Keane Z.K., Ciszek J.W., Cheng L., Stewart M.P., Tour J.M., and Natelson D. (2004)
Inelastic electron tunneling via molecular vibrations in single-molecule transistors. Physical Review Letters
93(26), 266802. [This work observes inelastic cotunneling features in single-molecule transistors that
correspond energetically to vibrational excitations of the molecule, as determined by Raman and infrared
spectroscopy.].

16. Wang Y.L., Zou X.Q., Ren W., Wang W.D., and Wang E.K. (2007) Effect of silver nanoplates on
Raman spectra of p-aminothiophenol assembled on smooth macroscopic gold and silver surface. Journal of
Physical Chemistry C 111(8), 3259-3265. [This paper assembles self-assembled monolayers (SAMs) of
p-aminothiophenol (p-ATP) are formed on a smooth macroscopic gold and silver surface, and colloidal
silver nano-plates onto the SAM surface to form the silver nano-plates-moleculegold (silver) junctions for
the first time.].

17. Hod O., Rabani E., and Baer R. (2006) Magnetoresistance of nanoscale molecular devices. Accounts
of Chemical Research 39(2), 109-117. [A review of recent work done with the aim of finding the conditions
for magnetic fields to significantly affect the conductance of such junctions.].

18. James D.K. and Tour J.M. (2005) Molecular wires. Molecular Wires: From Design to Properties 257,
33-62. [This paper briefly reviews the measurement of conduction in molecular wires and concludes that
fully conjugated organic aromatic molecular wires are the best candidates for introduction into new
electronic devices as replacements for the Al or Cu wiring presently used in logic and memory devices.].

19. Zhang C., He Y., Cheng H.P., Xue Y.Q., Ratner M.A., Zhang X.G., and Krstic P. (2006)
Current-voltage characteristics through a single light-sensitive molecule. Physical Review B 73(12),
125445, [This work investigates the stability of the molecular switch under finite bias.].

20. Nuzzo R.G. and Allara D.L. (1983) Adsorption of bifunctional organic disulfides on gold surfaces.
Journal of the American Chemical Society 105(13), 4481-4483. [This paper is the first report on the
adsorption of bifunctional organic disulfide onto a gold surface.].

21. Schumm J.S., Pearson D.L., Jones L., Hara R., and Tour J.M. (1996) Potential molecular wires and
molecular alligator clips. Nanotechnology 7(4), 430-433. [This is a synthesis study of
oligo(2-ethylphenylene-ethynylene)s, oligo(2-(3'-ethylheptyl)phenylene-ethynylene)s and
oligo(3-ethylthiophene-ethynylene)s via an iterative divergent convergent approach.].

22. Cui X.D., Primak A., Zarate X., Tomfohr J., Sankey O.F., Moore A.L., Moore T.A., Gust D., Harris
G., and Lindsay S.M. (2001) Reproducible measurement of single-molecule conductivity. Science

©Encyclopedia of Life Support Systems (EOLSS)



NANOSCIENCES AND NANOTECHNOLOGIES - Molecular And Nano-Electronics = Weiping Wu, Yungi Liu, Daoben Zhu

294(5542), 571-574. [This work developed a reliable method for making through-bond electrical contacts
to molecules.].

23. Osorio E. A., Bjornholm T., Lehn J. M., Ruben M., and van der Zant H. S. J., (2008) Single-molecule
transport in three-terminal devices. Journal of Physics-Condensed Matter 20: 374121. [This article focuses
on three-terminal devices in which a molecule bridges the gap between two gold electrodes and a third
electrode—the gate—is able to modulate the conduction properties of the junction.].

24. Chou S.Y., Krauss P.R., and Renstrom P.J. (1996) Imprint lithography with 25-nanometer resolution.
Science 272(5258), 85-87. [This proposes and demonstrates a high-throughput lithographic method with
25-nanomotor resolution and smooth vertical sidewalls.].

25. Dreyer M.L., Fu K.Y., and Varker C.J. (1993) An electromigration model that includes the effects of
microstructure and temperature on mass-transport. Journal of Applied Physics 73(10), 4894-4902. [This
paper presents a model for electromigration in thin metal film interconnects that includes two components
of diffusion.].

26. Ellenbogen J.C. and Love J.C. (2000) Architectures for molecular electronic computers: 1. Logic
structures and an adder designed from molecular electronic diodes. Proceedings of the IEEE 88(3),
386-426. [This paper reviews those developments and shows how demonstrated molecular devices might
be combined to design molecular-scale electronic, digital computer logic.].

27. Klein D.L., Roth R., Lim AK.L., Alivisatos A.P., and McEuen P.L. (1997) A single-electron
transistor made from a cadmium selenide nanocrystal. Nature 389(6652), 699-701. [This study presents the
measurements of electrical transport in a single-electron transistor made from a colloidal nanocrystal of
cadmium selenide.].

28. Li C.Z., He H.X,, Bogozi A., Bunch J.S., and Tao N.J. (2000) Molecular detection based on
conductance quantization of nanowires. Applied Physics Letters 76(10), 1333-1335. [This paper studies
molecular adsorption onto stable metallic nanowires fabricated with an electrochemical method.].

29. Javey, A., Nam, Friedman, R. S.; Yan, H., Lieber, C. M. (2007) Layer-by-Layer Assembly of
Nanowires for Three-Dimensional, Multifunctional Electronics. Nano Letters 7(3), 773-777. [This work
developed a general approach for three-dimensional (3D) multifunctional electronics based on the
layer-by-layer assembly of nanowire (NW) building blocks.].

30. Bumm L.A., Arnold J.J., Cygan M.T., Dunbar T.D., Burgin T.P., Jones L., Il, Allara D.L., Tour J.M.,
and Weiss P.S. (1996) Are Single Molecular Wires Conducting? Science 271(5256), 1705-1707. [This
work studies molecular wire candidates inserted into non-conducting n-dodecanethiol self-assembled
monolayers on Au{111} by scanning tunneling microscopy (STM) and microwave frequency alternating
current STM at high tunnel junction impedance (100 Gigohms) to assess their electrical properties.].

31. Park H., Park J., Lim A.K.L. Anderson E.H., Alivisatos A.P., and McEuen P.L. (2000)
Nanomechanical oscillations in a single-Cg transistor. Nature 407(6800), 57-60. [This work reports the
fabrication of single-molecule transistors based on individual Cgo molecules connected to gold electrodes.].

32. Stipe B.C., Rezaei M.A., and Ho W. (1998) Single-molecule vibrational spectroscopy and
microscopy. Science 280(5370), 1732-1735. [In this work, vibrational spectra for a single molecule
adsorbed on a solid surface have been obtained with a scanning tunneling microscope (STM).].

33. Piva P.G., DiLabio G.A., Pitters J.L., Zikovsky J., Rezeq M.d., Dogel S., Hofer W.A., and Wolkow
R.A. (2005) Field regulation of single-molecule conductivity by a charged surface atom. Nature 435(7042),
658-661. [This work presents scanning tunneling microscopy observations and classical electrostatic and
quantum mechanical modeling results that show that the electrostatic field emanating from a fixed point
charge, regulates the conductivity of nearby substrate-bound molecules.].

34. Bannani A., Bobisch C., and Moller R. (2007) Ballistic Electron Microscopy of Individual Molecules.
Science 315(5820), 1824-1828. [This paper analyzes the transport of ballistic electrons through organic
molecules on uniformly flat surfaces of bismuth grown on silicon.].

35. Leatherman G., Durantini E.N., Gust D., Moore T.A., Moore A.L., Stone S., Zhou Z., Rez P., Liu
Y.Z., and Lindsay S.M. (1999) Carotene as a Molecular Wire: Conducting Atomic Force Microscopy.
Journal of Physical Chemistry B 103(20), 4006-4010. [This study conducts on the development of

©Encyclopedia of Life Support Systems (EOLSS)



NANOSCIENCES AND NANOTECHNOLOGIES - Molecular And Nano-Electronics = Weiping Wu, Yungi Liu, Daoben Zhu

molecular wires using a variety of proposed materials including the use of organic molecules with large
de-localized pi electron systems such as carotenoid polyene.].

36. Champagne A.R., Pasupathy A.N., and Ralph D.C. (2005) Mechanically adjustable and electrically
gated single-molecule transistors. Nano Letters 5(2), 305-308. [This work demonstrates a device geometry
for single-molecule electronics experiments that combines both the ability to adjust the spacing between the
electrodes mechanically and the ability to shift the energy levels in the molecule using a gate electrode.].

37. Park J., Pasupathy A.N., Goldsmith J.I., Chang C., Yaish Y., Petta J.R., Rinkoski M., Sethna J.P.,
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metal-molecule-metal junction consisting of pi-conjugated molecular wires in a densely packed monolayer
as a function of junction area.].

55. Durig U., Zuger O., Michel B., Haussling L., and Ringsdorf H. (1993) Electronic and mechanical
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Oriented Conjugated Polymer-Mesoporous Silica Composites. Science 288(5466), 652-656. [This works
controls energy transfer in semiconducting polymers embedded in the channels of oriented, hexagonal
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Materials 8(8), 681-684. [This work achieves the control of chirality by optical molecular switches.].

82. Feringa B. and Wynberg H. (1977) Torsionally distorted olefins. Resolution of cis- and
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synthetic approaches towards the preparation of most frequently encountered discotic liquid crystals.].
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monolayer films by the spontaneous assembly of organic thiols from solution onto gold. Journal of the
American Chemical Society 111(1), 321-335. [This work uses contact angles and optical ellipsometry to
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core/shell nanowire heterostructures configured as FETs using high-kappa dielectrics in a top-gate
geometry.].

108. Cui Y., Zhong Z., Wang D., Wang W.U., and Lieber C.M. (2003) High Performance Silicon
Nanowire Field Effect Transistors. Nano Letters 3(2), 149-152. [This work examines the influence of
source-drain contact thermal annealing and surface passivation on key transistor properties, to explore the
potential limits of silicon nanowire transistors.].
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Optical Switches. Advanced Materials 14(2), 158-160. [This work presents highly sensitive nanowire
switches using ZnO nanowires.].

112. Konenkamp R., Robert C.W., and Schlegel C. (2004) Vertical nanowire light-emitting diode. Applied
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