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1. Introduction

Chemically modified electrodes were first introduced to
the scope of electrochemistry by Anson, Bard, Murray,
Savéant, and others about three decades ago in an effort to
provide selectivity to highly sensitive electrode surfaces.’
While electrochemical techniques had high sensitivity be-
cause of the availability of accurate current measurement
techniques, the lack of any differential selectivity of elec-
trodes for analytes over impurities complicated the analysis.
A functionalized electrode however would and does give the
opportunity to chemically modify the surface of an electrode,
providing the means to make the surface much more
chemically selective.

In addition to the numerous contributions to the field of
electrochemical biosensors® (for example, in the field of
electrochemical biosensing, the lock and key enzyme sub-
strate relationship can be exploited by immobilizing an
enzyme on the electrode surface to analyze a solution of the
substrate even in the presence of impurities; major contribu-
tions in this field are presented in a recent review by Bakker
and Qin?), chemically modified electrodes opened up the
possibility for electrochemists to be able to investigate
electron transfer on electrode surfaces while side-stepping
most of the mass transport problems (note that counterion
diffusion and solvent rearrangement still have to take place).
Once reliable techniques for modifying electrode surfaces
were established, molecules with well positioned redox
centers and with tunable redox potentials could be placed
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on electrode surfaces to be able to systematically vary and
observe the effects of important parameters such as distance,’
and chemical environment,* among others. For example, the
work by Chidsey et. al® describes long-range electron transfer
making use of exquisite control over the placement of the
redox active site relative to the electrode surface. In more
recent work, Amatore et. al* investigated the effects of
chemical environment on electron transfer by making mixed
monolayers of electroinactive alkanes with compounds with
well-defined redox centers.

Molecular electronics can also be dated to similar times
as chemically modified electrodes. Though it has been argued
that molecular electronics dates back to the days of Mulliken
and his proposals of charge transfer salts,® the general
consensus is that the popularization of the field dates back
to the cornerstone paper by Aviram and Ratner in 19747 in
which they proposed a molecular structure that should act
as a diode when electron transport was measured across it.
They designed the molecule based on a donor-bridge-
acceptor model and calculated the electron transport with a
semi empirical INDO approach. A number of experimental
methods have been proposed to measure conductance through
molecules and molecular assemblies since then including
scanned probe techniques, mercury drop electrodes, electrical
or mechanical break junctions, sandwich electrodes, and
others. The common concept in all of these methods is to
be able to “wire” the molecules between two electrodes
(generally metallic, though semiconductors are also employed
in some rare cases) and measure current as a function of an
applied potential. A third electrode (gate) coupled through
an electronically insulating dielectric is generally used to
modulate the electrostatics around the active material,
changing, in a deliberate fashion, its electronic energy levels.
If the device is immersed in an electrolyte solution, the gate
electrode takes on the role of the more traditional reference
electrode with identical function.

In nearly all efforts related to measuring conductance
across molecules and molecular assemblies, the experiments
have been based on making a chemically modified electrode
to establish the first electrode—molecule contact. The second
electrode is then either brought into contact temporarily
(scanned probe) or permanently (crossbar, sandwich) or the
single electrode is broken into two (break junctions) to
measure those molecules that are statistically trapped across
the junction. The over three decades experience in modifying
electrodes’ electronic and physical properties puts electro-
chemistry at center stage for the molecular electronics efforts
along with nanofabrication.

The experimental efforts on molecular electronics were
pushed forward by two separate events. First, the develop-
ment of scanning tunneling microscopy (STM) by Binnig
and Rohrer in 1981, and second, the ever shrinking micro-
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electronic fabrication techniques approaching the dimensions
of single molecules. Both developments made it possible to
controllably and reversibly contact single molecules. In STM,
because of the exponential decay of the tunneling current
with tunneling distance, the current only involves those atoms
that are on the very end (apex) of the microscope’s tip.
Depending on how sharp the tip is, there are only a small
number of atoms (ideally a single atom) at the very end,
making one of the contacts a single atom. Microfabrication
techniques, on the other hand, have reached nanometer
resolution with developments in e-beam lithography. Metallic
electrodes with nanometer (and even subnanometer) spacing
can be fabricated using a very tightly focused electron beam
(~1 nm spot size) and appropriately designed resist materials.

On the theoretical side, the well-established theory of
electron transfer of Marcus® has been applied to electron
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transfer between and within molecules. In a 1997° review
by Marcus, he discussed a number of areas to which his
theory has been applied. These include photosynthesis,
organic reactions, and donor acceptor complexes, among
others. Despite all the success on molecular charge transfer,
the usual form of Marcus theory is not applicable to the
electron transfer between electrodes and molecules because
of the continuum of states involved in the electrodes. New
theories of electron transfer, using the nonequilibrium
Green’s functions formalism (NEGF), have been developed
by Ratner, Nitzan, Hush, Datta, Guo, and Mujicalo and they
have been able to successfully reproduce a number of
different experimental findings.

In this paper, we will review some of the transport
measurements that have been carried out with experimental
schemes based on chemically or physically modified elec-
trodes and some of the theoretical models used to understand
them. However, in the interest of keeping this review
manageable in size, it will not be exhaustive, given the vast
amount of literature on the topic. We will only be able to
cover some of the major contributions with the most general
applicability. We will first briefly review the theoretical
models outlining the major assumptions and the achievements
of each one. We will then review different electrode
geometries and fabrication methods to make metal —molecule—
metal junctions and the resulting experimental findings.
Finally, we will discuss relevant scanned probe techniques
and their application to electron transport through assemblies
on electrodes.

There are a number of excellent previous review papers
in the literature including the reports by McCreery,'"' James
et al.,'?> Chen et al.,'* and Nitzan et al.'*

2. Theoretical Models

The first theory of conduction for atomic scale systems
was proposed by Landauer'® in 1957. Assuming that elastic
scattering dominates conduction, the scattering equations are
solved to get the conductance. The theory predicts the total
conductance as integral multiples of the quantum of con-
ductance (go = 2¢°/h = (12.9 k)™ "). The number of
(parallel) channels between the two electrodes (traverse) that
the electron can move on determines how many quanta of
conductance will be observed. The experimental test of this
theory came out of a number of experiments with metal
chains'® where the width (number of atoms) of the metal
chain at the thinnest point determined the number of quanta
as seen in Figure 1.

Even though the Landauer theory explains experimental
results of conduction through a chain of metal atoms very
well, it fails to explain conduction through molecules because
it neglects two distinct properties: (1) the inelastic scattering
and (2) the coupling of the contacts to the molecules. The
first improvement over the Landauer theory was to include
the coupling of electronic and nuclear motions to electron
transfer rates as in the Marcus—Hush—Jortner formulation."”
(This formulation is an extension of the Marcus theory to
include the higher frequency vibrational modes of the
molecules involved, in addition to the phonon modes
accounted for by the Marcus approach. The formulation was
developed to explain photosynthetic phenomena.) The next
improvement was to include the electrodes and the coupling
of molecules to them. Early attempts at this problem were
to include a small cluster of metal atoms bound to the
molecules and to solve for the electronic structure accord-
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Figure 1. An electrochemical metal deposition carried across two
closely spaced electrodes. The conductance of the electrochemically
deposited metallic wire, as it grows, is plotted as a function of the
growth time. Properly adjusting the growth conditions and following
the conductance across the wire during the growth, discrete
conductance steps of 2e*/h (quantum of conductance) can be
observed as the wire gets increasingly wider. The number of metal
atoms at the thinnest point of the wire limits the conductance to a
small number of conductance quanta (Reprinted with permission
from ref 16. Copyright 1998 American Institute of Physics).

ingly.'® Even though the models were successful at predicting
the geometry of the binding site, they were not useful for
predicting conduction because they do not capture the
continuum of electronic states in the metal. Using the NEGF
formulation of transport theory,'® one can incorporate the
coupling between the continuum of states in the metal and
the discrete electronic states in the molecule. The calculations
using the NEGF formulation and density functional theory
(DFT) methodology have resulted in effective potential
energy surfaces that lead to a qualitative agreement with the
conductivity data taken for benzenedithiol molecules'*'?
(Figure 2). The molecular vibrations can also be incorporated
in the NEGF-DFT calculations to predict the inelastic
electron tunneling spectroscopy (IETS)'*! characteristics.
The theory matches experiments very well for oligophenyle-
neethynelene (OPE), oligophenylenevinylene (OPV), and
hexanedithiol (HDT) measured by Kushmerick et al.?
However, the theory does not capture any features arising
from the -S—Au bond, and the authors attribute the unex-
plained features to the metal molecule coupled vibrations.

A particularly important result using the NEGF method
emphasizes the importance of the specifics of the contact
between the molecule and gold electrodes.”” Given the
vastness of the structures that can arise during the formation
of the break junctions, it is crucial to assess how much the
electronic structure and conductivity are sensitive to the
specifics of the geometry. Within the framework of
the NEGF method, the transmission is shown to be a very
strong function of the exact geometry over certain relevant
length scales.

There have been a number of recent developments to the
NEGF work explained above. A very significant development
was reported by Sai et al.>* in 2005. Using “time-dependent
current-density functional theory” the correction to the static
DFT calculations was analytically calculated and shown to
increase the overall resistance for molecular junctions.
Another improvement was reported by Toher et al.>* also in
2005. This report involved an improvement over the ex-
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Figure 2. Potential energy calculations employing the DFT
methodology. (A) The electrical potential plotted as a function of
distance between two electrodes. The molecule in the middle was
assumed to be a homogeneous cylinder (1,2,3 represent cylinder
of increasing radii). Notice that with increasing diameter, the
potential drop gets concentrated more toward the contacts. (B) The
two-dimensional surface representing the potential drop plotted as
a function of potential using a cylindrical model for the electrodes
and a full benzene molecule in the middle. Notice the largest drop
occurring on the actual atoms of the benzene molecule (Reprinted
with permission from Science (http://www.aaas.org), ref 14.
Copyright 2003 American Association for the Advancement of
Science).

change correlation that was used in the previous reports,
whereby the lack of derivative discontinuity that was inherent
in the continuous local density approximation was removed
by the implementation of an “atomic self-interaction cor-
relation” that also resulted in an increase in the calculated
overall resistance. The lack of derivative discontinuity in the
electron density approximations (and the underestimation of
the resistance thus resulting) were also addressed more
recently by Koentopp et al.’® The study yielded a new
approach to calculate the exchange correlation corrections
that have also shown that the previous standard NEGF studies
overestimate the conductance.

The other model that has been very widely used is the
one developed by Simmons in 1963.%” The main reason that
this model is employed is its simplicity, providing a
convenient scale to compare different molecules. Current
through an arbitrarily shaped potential barrier is exponentially
dependent on the distance across the barrier and is given as
J=J eiﬁd, where Jj is the portion of the current defined at
the minimum distance (i.e., contact resistance), d is the
distance across the barrier, and f is a molecule-dependent
parameter that defines how quickly the current density decays
(for a detailed explanation of 5 and implications see Monnell
et al.?®). B can be experimentally measured using a number
of molecules of the same class, plotting the current density
as a function of distance on a logarithmic plot and determin-
ing the slope. We will later refer to specific values of 5 and
how they are measured.
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An alternative method to the NEGF approaches was
developed recently by Ortiz et al.*® The method is based on
the uncertainty relation (AE 0¢ =h/2 combined with I = AQ/
Ab):

/< 2A%AE )

where AE is given as the potential difference across the
system, and AQ is defined as the charge difference between
the potential applied and free of potential on a chosen slab
of the system using standard DFT codes. The currents
calculated are of the same order of magnitude of the
measured values. Different geometries have yielded quali-
tatively and quantitatively different [—V curves. Moreover,
in certain geometries, the method yields nonmonotonous
curves that exhibit peaks and negative differential resistance
(NDR) which have been reportedly measured in some
systems.

Finally, we would like to briefly mention the connection
between the electron transfer rates used extensively to
understand redox events and intramolecular charge transfer
events to molecular conduction. The two events are intu-
itively similar given that in both systems electrons are
flowing through molecules. The major difference, however,
arises due to the continuum of states in a metal contact vs
discrete levels in molecular electron transfer, and the energy
dissipation mechanism being an electronic bath in the metal
contacts vs a vibronic bath in the molecules. An excellent
review on the similarities and differences of various theoreti-
cal aspects can be found in a chapter in the Introduction to
Molecular Electronics.*® For a donor—bridge—acceptor
(DBA) system placed between two metallic electrodes, a
linear expression can be shown®' within some assumptions:

- 8¢ >
$ Prorwp DA @
where g is the conductance, I'n™ and T, ® are widths of D
and A levels due to their couplings to the left and right metal
leads, F is the Franck—Condon weighted density of states,
and kp—, is the rate of electron transfer from the donor to
the acceptor. The weakest assumption on the proof is that
the electronic structure of the molecular DBA complex is
assumed to be the same in solution and between the
electrodes. Though this assumption certainly will fail for
nearly all experimental setups, it is still a good starting point
since it captures the intuitive linear relationship.

3. Monolayer Experiments

A number of experiments attempting to measure conduc-
tance across single molecules make use of monolayers to
achieve the decrease in dimensionality. Making and using a
monolayer fixes one dimension to a single molecule thick-
ness, allowing the use of already known techniques to
achieve single molecule measurements. Break junctions,
scanning tunneling microscopy, sandwich electrodes, and
shadow evaporation are the four major methods that will be
reviewed in what follows.

3.1. Break Junctions

In order to carry out electron transport measurements on
single molecules, one needs to be able to interface macro-
scopic electronic measurement circuitry, that is, to “wire up”

Ulgut and Abrufia
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Figure 3. A triple beam mechanical break junction setup with gate
electrode. (a) Schematic depicting the triple beam bending mech-
anism: the two red support pieces hold the two ends of the sample
(Si-chip) and the pushing screw lifts the middle part. In this way,
the sample is bent allowing for control of the gap across the
electrodes. (b) An SEM of the active part of the device before
breaking the gold bridge. The image was acquired with some tilt
angle to make the space between the gold bridge and the gate
visible. (Inset) The device after electromigration. (Reprinted with
permission from ref 39. Copyright 2005 American Chemical
Society).

individual molecules on two ends. Because conventional
lithography is still short of delivering resolution at the
molecular scale, break junctions, formed using several
methods, have been employed.

Broadly, break junctions are formed by breaking a single
metal wire into two sections leaving a gap between them.
Three common methods to make junctions of this type are
(1) mechanically through a triple beam bending mechanism,
(2) mechanically through an STM based pulling mechanism,
and (3) electromigration. None of them, however, allows for
any control over the exact shape of the electrodes and thus
contact to the molecule under investigation.

They do, however, provide some control on the width of
the gap. With all the techniques, gaps in the sub nanometer
range can routinely be achieved, allowing single molecule
measurements to be done.

3.1.1. Triple Beam Mechanical Break Junctions

Triple beam mechanical break junctions (MBJs) were first
established in 1985°% in an attempt to make Josephson
Junctions (i.e., superconductor—insulator—superconductor),
where appropriately chosen metals would act as the super-
conductors and vacuum would be the insulator. With a triple
point bending mechanism (Figure 3) the strain on a glass
slide (or silicon chip) is transferred, in turn, to the metallic
electrode on the slide causing a break in the electrode. The
metal vacuum metal junction is what is studied afterward
with controlled electrode spacing to control the width of the
insulating layer.

The first example of MBJs to make molecular junctions
was by Reed et al. 1997.% The experimental procedure can
be described as follows: a gold wire was covered with a self-
assembled monolayer of 1,4-benzenedithiol, an organic
molecule that can bind to two gold electrodes through the
two thiol groups. The gold wire was subsequently stretched
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Figure 4. The assumed configuration and the I—V curves of the break junction experiment. (Left) The assumed configuration when the
measurements are made. The benzenedithiol monolayer on the electrode is assumed to get trapped between the electrodes as the breaking
proceeds. (Right) I—V curves taken. A and C represent two different configurations where two different conductance levels were observed
with the configuration in C having twice the conductance of that of A. Graph B represents three independent measurement to show
reproducibility, where the offset is added for clarity. (Reprinted with permission from Science (http://www.aaas.org), ref 33. Copyright

1997 American Association for the Advancement of Science).

until breakage while in the assembly solution. Once the wire
was broken, the solvent was evaporated and the wires were
brought together until the “onset of conductance”. With the
proper negative control experiments (performed the same
way except without the molecules), the observed conductance
could be ascribed to a small number (ideally one) of
benzenedithiol molecules bridging the gap. Once the junction
was established, current voltage curves were obtained as
shown in Figure 4.

As seen in the figure, the data exhibit a conductance gap
of ~2 V centered around zero bias, and conductance values
of ~0.05 uS at higher biases in either direction. The I-V
curves are symmetric consistent with the fact that the
molecule is also symmetric.

This work led to an explosion of experimental as well as
theoretical work, in addition to subsequent controversy. The
major concern centered on the stability of a gold junction
under a 5 V bias across 8 A. With such a high electric field,
and the known room temperature mobility of the gold
atoms,>* it is difficult to achieve a stable junction. Neverthe-
less, the paper was cited over 1300 times, and there has been
an enormous amount of theoretical work attempting to model
the observed conductance traces. Decent agreement has only
recently been achieved, using the NEGF-DFT formalism
explained above.*

Using the same geometry, Reichert et al.”” measured the
conduction of different molecules both at room temperature
and 30 K. They observed that the conductance curves
reflected the symmetry, or asymmetry of the molecules.
Employing modified triphenylene-ethynelenes, they used two
different molecules as shown in Figure 5. The anthracene
derivative (i.e., symmetric) had peaks in conductance that
were symmetrically placed with respect to zero bias, whereas
the nitro derivative (i.e., asymmetric) only exhibited peaks
of different intensity in forward and reverse bias. One general
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Figure 5. Two different molecules measured using a two-electrode
mechanical break junction. The conductance of a symmetric (top)
and an asymmetric (bottom) oligophenyleneethynelene derivative
measured using the same setup. Multiple measurements are
presented to show the variation of the curves. Notice the apparent
symmetry (or lack thereof) of the molecules being reflected in the
conductance curves as symmetric (or not) about zero voltage.
(Reprinted with permission from ref 36. Copyright 2002 by the
American Physical Society).

assumption in these experiments is that the two contacts are
chemically and electrostatically equivalent. However, in
general, the positions of the peaks in the conduction plots
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Figure 6. Schematics showing the ideal switching mechanism of
the thienylthiophene molecule. Using light of different wavelengths,
the molecule can be switched from a less conjugated isomer (open)
to a more conjugated isomer (closed) and back. Light of higher
energy (with wavelengths between 300 and 400 nm) is needed to
transform the molecule from the open state to the closed state, while
light of lower energy (with wavelengths between 500 and 700 nm)
is needed to switch the molecule from the closed state to the open
state. While this transformation can be completed in solution without
any problems, the constrained geometry and electronic effects from
the electrodes complicate the process in the setup shown with the
electrodes. (Reprinted with permission from ref 38b. Copyright 2005
American Chemical Society).

will be a strong function of the exact details and the
energetics of the metal—molecule contacts.

Chronologically, the next experiment using MBJs to study
molecular conductance®” demonstrated optoelectronic switch-
ing of photochromic molecules (Figure 6). Dithienylcyclo-
pentenes have been demonstrated to switch between a fully
conjugated (“closed”) isomer to a less conjugated (“open”)
isomer upon illumination with different wavelength light
sources, both in solution and in the solid state.*® To follow
the process, UV —vis spectroscopy was used in solution, and
conductance measurements were done in the solid state. The
conductivity decreased by 3 orders of magnitude once the
molecule was switched from the conjugated (“closed”) state
to the unconjugated (“open”) state. Once the molecule was
placed across the break junction they were able to success-
fully switch the molecule from the fully conjugated state to
the open state with switching times varying from 20 s to 9
min. The reverse process (i.e., starting with the unconjugated
“open” state and switching to the conjugated “closed” state)
however could not be achieved. The authors attributed this
to quenching of the excited-state by the metal electrodes.
They reinforced this argument by performing optical experi-
ments using gold colloids. When the molecules were in
solution, they could readily carry out both transitions.
However, once the monothiol version of the molecule was
attached to a gold colloid, the transformation from the open
form to the conjugated form could not be observed, whereas
the “closing” process was successfully demonstrated. This,
again, reflects the importance and effects of the molecule —metal
contact.

The next major improvement to the triple beam MBIJs
came with a report in 2005 from Champagne et al.** where
a gate electrode was incorporated into the setup to be able
to achieve electrostatic control in addition to the control over
the coupling (Figure 3). In this study, they were able to place
a single fullerene (Cqo) between the metal contacts and study
its transport properties. The electrostatic control provides an
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additional “knob” on the electronic levels of the molecules
and their alignment (or lack thereof) with the metal’s Fermi
level. Using the gate, as well as the mechanical control, they
studied the Coulomb blockade as a function of the strength
of the coupling to the electrodes and found that the
degeneracy point in the Coulomb blockade measurements
could be changed through the coupling of the fullerene to
the electrodes. A more recent study by the same group™
explored the Kondo effect (see Kouwenhoven et al.*' for
further reading) as a function of the electrode coupling. They
also elaborated on the distortions of the fullerene molecule
as a function of the electrode distance as evidenced by
changes in the lowest energy intracage vibrational mode of
the molecules.

3.1.2. Break Junctions Based on STM

Break junctions can also be made quickly using a gold
STM tip and a gold substrate. The gold tip is first pushed
into contact with the substrate causing it to fuse and in the
process make a wire. As the tip is subsequently pulled away
and the current is measured, the metallic wire that was
formed between the tip and the surface gets thinner and
thinner, and the measured conductivity decreases in a discrete
manner as integer multiples of the quantum of conductance.
Eventually the single chain of gold atoms breaks and the
conductivity drops to zero unless there are molecules to
bridge the gap formed. If there are molecules in the medium
in which the breaking process is taking place, they can bridge
the gap formed. This technique provides the opportunity of
quickly forming over 1000 junctions, and getting good
statistics. A histogram, plotted as the number of occurrences
vs conductance, has strong peaks around multiples of the
quantum of conductance. More peaks will be observed in
the region of the histogram between O and 1 quantum of
conductance. The first examples of this method were reported
by Xu et al.** where they applied the technique to two
different sets of molecules (Figure 7). First, they used
different chain-length alkanedithiols in which the tunneling
was in close agreement with earlier reports using AFM
techniques. Second, they used 4,4'-bipyridine, which can also
coordinate to the gold electrodes through the nitrogens’ lone
pairs.

After the initial report, the Tao group, as well as others,
used similar methods to measure conductance of single
molecules of various chemical compositions.** In all cases,
the data exhibited distinct peaks at integer multiples of the
first peak observed in the conductance plots. The f value
(defined through the Simmons model that was described in
the theoretical overview section and that represents a measure
of how fast the tunneling rate decays as a function of
distance) could be measured by doing the experiment with
a series of molecules of the same chemical composition but
different lengths. For example, § is around 1 per -CH»- in
an alkane chain (0.84 A™"), 0.87 A™! in a peptide chain,
and 0.22 A" in a carotenoid chain.*® This approach is very
useful, not only because it allows for single molecule
measurements, but also because it allows a convenient way
of measuring many junctions and distinguishing the statisti-
cally significant portion of the data. More recently also by
the Tao group™ two separate types of conductance quanta
were observed when alkanethiols were measured. The
conductances of both sets were also shown to be temperature
independent, and the force needed to stretch either type of
junction was measured to be the same. Owing to these
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Figure 7. Conductance data for 4—-4'-bipyridine (A—D) using the STM-based break junction setup of the Tao group. A and B represent,
respectively, the conductance vs distance curves and the histograms collected in the range where metallic filaments dominate the conductance,
where C and D show the same plots in the range where molecular conductance is observed. Notice the very large number of repetitions to
get useful statistics. E and F represent the conductance vs distance curves and the histogram collected in a control experiment without any
bipyridine molecules. Notice the lack of any discrete steps over the relevant range of fractions of the conductance quanta (2¢*/h). (Reprinted
with permission from Science (http://www.aaas.org), ref 42. Copyright 2003 American Association for the Advancement of Science).

observations, the differences were ascribed to differences in
the molecule electrode contact geometry.

Nishikawa et al.** have extended the STM-based break
junction method work on alkanethiols to an ultra high
vacuum setup. Their work was able to differentiate between
different configurations of the chains being frans vs gauche.
The conductance of the trans-rich isomers is measured to
be higher than the gauche-rich conformations suggesting
better electronic coupling.

In a recent review, Ratner and Lindsay*® compared a
number of experimental results out of the STM-based break
junction method to theoretical results using the NEGF-DFT
type formalism. Under some reasonable assumptions (i.e.,
(1) the electronic structure at zero bias does not change at
higher biases, (2) the voltage drop is symmetric at the two
electrodes, and (3) a metallic slab can be used for the
geometry) they calculated the expected conductance. The
agreement in most cases is remarkable among a series of
alkanes, carotenoids, and polyaniline with the observed and
the calculated conductances being of the same order of
magnitude (see Table 1). Keeping in mind the historical 5
orders of magnitude discrepancy,*’ the progress is significant.

A similar setup has been used by Venkataraman et al.*® It
is interesting to note that the results of Venkataraman et al.
and Tao et al. do not confirm each other. In the work by
Venkataraman et al., they were not able to observe any peaks
in the conductance histograms when using alkanedithiols.
Furthermore, they have not been able to observe more than
a single conductance peak for benzene derivatives. Their
initial report dealt with the use of different anchoring groups
to the metallic surfaces. The conductance histograms showed
peaks spread over 2 orders of magnitude for thiol and
isonitrile groups (Tao’s group uses thiol groups). The amino
group, used as an anchor, however, has resulted in the
sharpest conductance peaks in the histograms. They have
investigated a number of different chain length alkanedi-
amines and found the same f value as Tao did for thiols

(i.e., 1 per -CH,-). The total conductance, however, was
different and would be expected to be different between the
amino groups and the thiol groups. In a subsequent report,
they studied the effect of twist angle between two phenyl
rings and the number of coplanar phenyl rings, on the overall
conductance using amino groups as contacts.*” The intuitive
exponential decrease of conductance with the number of
phenyl rings was confirmed. Increased twist angles also
decreased the overall conductance with a cos® € functional
dependence. This indicates, as would be anticipated, that
conductance is strongly correlated with the degree of
conjugation which also follows a cos® 6 dependence (Figure
8). Next, they varied the chemical substituents on the benzene
ring to study the effects of the electronic energy levels on
the transport.”® By systematically varying the substituents,
the ionization potentials of the molecules were changed. The
conductance and the calculated tunnel coupling (based on
the theory developed by McConnell’') were found to be
inversely dependent on the ionization potential. Moreover,
the conductance and the tunnel coupling behaved in a
qualitatively similar fashion as a function of the ionization
potential. This finding suggested that the conduction arose
from hole tunneling through the HOMO levels of the
molecules. This is consistent with the fact that most organic
conductors are hole conductors: a fact that can simply be
explained by comparing the work functions of most electrode
materials and the frontier orbital energies of most organic
molecules.

The difference between the results of Tao and Venkat-
araman has been attributed to differences in the selection of
the data. The Tao group reports that they select those data
sets with a molecule trapped. The Venkataraman work, on
the other hand, reportedly proceeds without any prior
selection of the data.

The STM-based break junction method can also be
extended to include a counter electrode and a reference
electrode akin to scanning electrochemical microscopy
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Table 1. Comparison of Theoretical and Experimental Values for Conduction Across Different Classes of Molecules®

G (measured) G (theoretical)

Molecule [nS] [ns] Ratio

1 95+ 6 185 0.51
2 19.6+2 25 0.78
3 1.6+0.1 3.4 0.47
4 833+90 47 000 0.02
5 2.6+ 0.05 7.9 0.33
6 0.96 + 0.07 2.6 0.36
7 0.28 +0.02 0.88 0.31
3 0.11+07 0.3 0.36
9 19+3 0.8 2.4
10 250+ 50 143 1.74
n raa— =i = e ~13 190 0.07
A 0.32+0.03 0.043 7.4

12 1 _/O/NO\. /OA_@\. OMO\ )i)”"@\/‘-’\

“ All experimental data are from the STM-based break junction measurements of Xu and Tao, and the theoretical calculations were performed
with the DFT methodology of Tomfohr and Sankey. Reproduced with permission from ref 46. Copyright 2007 Wiley-VCH Verlag GmbH &Co.
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Figure 8. Conductance histograms obtained using an STM-based
break junction method by the Venkataraman group. In contrast with
the Tao group measurements, there is only one peak corresponding
to the molecules. (Left) Dependence of the conductance histograms
of modified butanes on the anchoring chemical group. Amines
(blue), thiols (red), and isonitriles (green) are explored and compared
to a control (yellow) experiment. (Reprinted with permission from
ref 48. Copyright 2006 American Chemical Society.) (Right)
Modified biphenylene molecules with varying twist angles between
the phenyl rings are studied with amino anchoring groups. The
effect of the twist angle between two phenylene rings on the
conductance is studied (Reprinted with permission from ref 50.
Copyright 2007 American Chemical Society).

(SECM). This kind of an approach enables the modulation
of the electronic energy levels of the molecule in question
through modulations in the potential of the solution relative
to the tip and the substrate. This type of solution gating
through an electrolyte is much more effective than the
conventional solid state gates because the ratios of the
capacitances are much more favorable (this is because the
potential of an electrolyte solution can be very effectively
controlled using a high contact area counter (gate) electrode
compared to the contact area of the source and drain). The

pioneering work in this area was done by Tao,”> who
described the use of the electrochemical potential to amplify
or suppress the STM resolution and contrast between an iron
containing porphyrin vs a free-base one. When the electro-
chemical potential is adjusted to the redox potential of the
iron porphyrin, the iron center appears higher on the STM
image since the tunneling current can be sustained over larger
distances when the redox process is added to the base
tunneling. When the electrochemical potential is outside the
redox peak, there is no contrast because the molecules do
not have appreciably different dielectric constants (Figure
9).

The Lindsay group®® has studied a number of aniline
oligomers using the above-mentioned STM-based break
junction technique under electrochemical potential control.
Using this technique they have been able to switch the
oligoanilines from the neutral, insulating form, to the
oxidized, conducting form, and study the molecular conduc-
tance in both cases. It is important to note that assuming
tunneling transport leads to a 8 of 0.08 A~! and thus a
tunneling gap of 5 mV, which is inconsistent with the very
low room temperature conductivity of these materials.
Therefore, they suggest that the conductance through oli-
goanilines is through an activated hopping-type mechanism
instead of via direct tunneling (shown in Figure 10).

3.1.3. Electromigrated Break Junctions

Starting from a lithographically defined wire of nanoscale
dimensions (typically <100 nm x 30 nm in cross section)
one can prepare a small gap by applying large biases across.
Generally, breaking is not thermal and is termed “‘electromi-
gration”. Electromigration has been known and studied as
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Figure 9. Electrochemical STM images of an iron porphyrin
surrounded by free-base porphyrins imaged at different electro-
chemical potentials ((A) —0.15 V, (B) —0.30 V, (C) —0.42 V, (D)
—0.55 V and (E) —0.65 V, with corresponding line traces (F-J)).
Notice the change in contrast when the electrochemical potential
is outside the window where the iron porphyrin is redox active.
The redox conduction at the intermediate potentials enhances the
STM signal on the iron porphyrin. (Reprinted with permission from
ref 52. Copyright 1996 by the American Physical Society).

one of the major failure modes in electronic circuits.”* When
the breaking is properly controlled, one can consistently
achieve gaps that are ~1 nm: the gap size needed to be able
to wire up individual molecules.

The initial work using this technique was reported by
Hongkun Park et al.”® in 1999. Using e-beam lithography
and shadow evaporation, they prepared gold electrodes that
were 10 nm thick and ~150 nm wide at the smallest region.
The rest of the contacts to the bonding pads are thicker and
wider to be able to keep the largest resistance confined to
the region where the break is expected to occur. When a
voltage was applied across the wire through a series resistor
to limit the current, a sudden increase in the total resistance
was observed due to the break forming. The gap size can be
estimated using the tunnel resistance right after breaking, or
through scanning electron microscopy. The gaps are esti-
mated to be ~1 nm using either technique. To deposit the
nanocrystals (or molecules), two different approaches can
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Figure 10. Measured conductance (red dots) and the electrochemi-
cal response (blue line) for an aniline oligomer in an STM-based
break junction setup embedded in an electrochemical cell. The
electrochemical potential control allows for modulating the con-
ductance of the oligoaniline molecules where the state between 0.2
V and 0.6 V vs Ag wire is much more conductive than the states
outside of the window. The black dashed line represents a
conductance trace of a bulk polyaniline that is converted to the
potential scale here and the maximum is scaled to fit the maximum.
(Reprinted with permission from ref 53. Copyright 2005 American
Chemical Society).

be taken. One can either deposit the nanocrystals and then
form the break, or break first and then assemble the
nanocrystals. Provided the nanocrystals can survive the
breaking process, it is more advantageous to break after
deposition for three reasons: (1) the setup does not need to
be warmed up between breaking and measurement, (2) the
electric field formed during the breaking can assist in trapping
the nanocrystals in the gap, and (3) the crystal or molecule
“sees” a fresh (and ostensibly clean) gold surface.

After the initial demonstration with nanocrystals, there
have been a number of different reports focusing on different
properties studied at the single molecule level using this
methodology. The initial report on single molecule conduc-
tance using electromigrated break junctions by Park et al.*
explained conductance through a Csy molecule at 1.5 K.
Studying the conduction in the Coulomb blockade regime,’’
information can be obtained not only about the conduction,
but also about the coupling of vibrations to the conduction
(Coulomb blockade refers to the effect where the Coulomb
energy of adding more than one electron to a given island is
more than the thermal energy. This dictates that only one
electron can be transported through the island at any one
time at low biases. Further information can be found in
Kouwenhoven et al.**). Because the vibrational energy is
higher than the thermal energy available, it can only be
excited through the applied potential. Therefore, the vibra-
tional scattering is only effective after the bias across the
molecule reaches a certain level which corresponds to the
energy of the vibration being studied. The particular mode
that was observed was the “bouncing” of the molecule on
the electrode surface. To further study vibrations and their
coupling to electron transport, Pasupathy et al.’® studied a
Cl40 in the same geometry. C,4 is made of two Cy molecules
tied back-to-back similar to a dumbbell. The major vibra-
tional mode is the stretching of the two C; portions, and
the energy associated with it is ~11 meV. The study found
that, in all devices that were made, the line at 11 meV was
always prominent indicating that this mode is highly coupled
to the transport.

The Kondo effect was also a major topic of research that
made extensive use of electromigrated break junctions. In
short, the Kondo effect refers to a second order quantum
mechanical process where a spin impurity (e.g., a cobalt atom
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Figure 11. Break junction measurements of transition metal based coordination complexes exhibiting Coulomb blockade and Kondo
effect. (a,b) Two separate devices made using a divanadium complex exhibiting both Coulomb blockade and Kondo effect. Notice that the
zero bias conductance peak (characteristic of the Kondo effect) only appears when there is an unpaired spin in the molecule. (Reprinted
with permission from Nature (http://www.nature.com), ref 60. Copyright 2002 Nature Publishing Group.) (c) Device exhibiting Coulomb
blockade for a bis-terpyridine complex of cobalt with long spacers from the electrode which decrease the coupling between the electrode
and the cobalt center. (d) Device exhibiting Kondo effect where alkane spacers were not used thus enhancing the coupling between the
electrode and the cobalt center. (Reprinted with permission from Nature (http://www.nature.com), ref 59. Copyright 2002 Nature Publishing

Group).

in bulk copper) decreases the overall conductance by
increasing the scattering. For transport across a single
molecule where the molecule itself serves as the spin
impurity and there is no other conduction channel than the
molecule, the Kondo resonance actually enhances the zero
bias conduction because it provides another transport mech-
anism across the dot. In order to observe the Kondo effect
in molecular transport experiments, the major requirement
is a high degree of coupling between the metallic leads and
the spin impurity (note that for Coulomb blockade behavior,
a low degree of electrode coupling is required). Two
excellent examples, reported back-to-back in 2002 in Nature,
used organometallic complexes. Park et al.>® reported on
terpyridyl cobalt complexes where they could tune the
coupling of the electrode to the Co center using different
alkyl chains and switch the system from one that displayed
the Kondo effect to one that displayed Coulomb blockade.
In the other report, Liang et al.® employed a system where
the coupling was suitable for both the Kondo effect and
Coulomb blockade to be present. At some gate electrode bias
the molecule has an unpaired spin displaying Kondo effect,
and at some other gate bias, the molecule is completely
diamagnetic so that only Coulomb blockade behavior was
observed (Figure 11). A more recent report®" on the Kondo
effect using break junctions employs a more controlled
breaking process whereby the breaking potential is controlled
to keep the breaking rate (defined as (1/R)(0R/df)) constant.
Reportedly, the Kondo effect has been observed in ~30%
of the devices without any molecules present. The interpreta-
tion of the observation is through the leftover gold grains
after the breaking process.

3.2. Sandwich Junctions

The junctions referred to in this section are built by
depositing (permanently) an electrode on top of a monolayer.
The most important experimental variable that has to be
investigated is the method of the deposition of the top layer,
and the resulting changes to the monolayer due to the specific
process employed. We will review a number of methods
ranging from e-beam evaporation to electroless deposition
followed by electrodeposition, and give examples of each
method from the literature.

3.2.1. Evaporation of Metals

Deposition of metals from the vapor phase is a very
common technique in semiconductor processing. The metal
is heated up until it evaporates and the metal atoms in the
vapor phase condense on the desired substrate resulting in a
conformal metallic layer. Even though the applicability of
this kind of method is suspect when organic monolayers are
concerned, there are a number of different reports in the
literature reporting devices with this type of top contact. Here
we will concentrate on mainly two particular groups: The
group at HP Research & Development led by Stan Williams
and the collaborative efforts between Mark Reed at Yale and
James Tour at Rice. Both groups rely on an evaporated top
contact on top of a monolayer of organic molecules using
two very different geometries.

Because of the very harsh conditions under which the
evaporation process takes place, the stability of the underly-
ing monolayer can be compromised. There have been studies
of buried monolayers, trying to assess the effects of the
deposition of the top metal layer. In one particular example,
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using reflection IR spectroscopy through a thin layer of
titanium deposited via the evaporation method,®* they found
that for an alkanethiol monolayer, the metal reacts with the
monolayer resulting in some damage to the top few carbon
atoms of each molecule.

The work by the HP group and their collaborators is based
on a crossbar geometry where the bottom electrode is either
a platinum metal layer, or a titanium oxide layer. Both
devices exhibit hysteretic current voltage characteristics, but
they are interpreted very differently due to distinct charac-
teristic differences.

The devices with the Pt electrode as the bottom contact
have been employed extensively with a number of different
molecules.®> The common characteristic in all of these
devices is a symmetric hysteretic current voltage profile. This
indicates that the physical effect causing the hysteresis is
not molecule specific. Additional scanning probe work
performed in collaboration with the Bockrath group at
CalTech indicated, unequivocally, that specific conduction
channels were formed and destroyed through the voltage
sweeps. The nature of the conduction channel is still a subject
of discussion; however, the current explanation is the
formation and dissolution of metallic filaments across the
junction.

The devices with the oxide bottom layer, on the other hand,
are interpreted to have a different mechanism of operation
for two distinct reasons: (1) an asymmetric hysteresis
response and (2) a time-dependent current compared to the
time-independent current in the devices with metallic elec-
trodes. The behavior is ascribed to a localized charge trap
that lowers the tunneling barrier once filled. The barrier
empties out once a sufficiently positive potential is applied
and subsequently refills once a negative potential is applied
again.®*

The devices that were made by Reed and co-workers in
the beginning of this decade relied heavily on the modified
phenylene ethynelene oligomers synthesized by the Tour
group at Rice. The device architecture is based on a
suspended silicon nitride membrane® where a hole smaller
than 100 nm in diameter is formed through the membrane
and is subsequently metallized from both ends with the
molecules deposited in the middle section thus forming a
sandwich structure (Figure 12). Temperature-dependent
negative differential resistance (NDR) was observed using
the modified phenylene ethynelenes. The reported peak to
valley ratio was 1030:1 at 60 K (Figure 13). The reports
also suggest that the NDR effect is not present when
alkanethiols are used instead of the phenylene ethynelene
oligomers. The interpretation is that the change in the redox
state of the molecule is the actual cause of the effect. The
interpretation is highly suspect however, since later measure-
ments have indicated®®®’ that the NDR effect is not an
intrinsic property of the molecules.

3.2.2. Electroless Deposition Followed by
Electrodeposition

A milder method of making the top contact is through
electroless deposition of a seed layer followed by elec-
trodeposition. No hot metal atoms are involved in the process
and the deposition is all performed in solution. This technique
was demonstrated by Cai et al.® in 2004 making use of track
etched membranes as templates.

The manufacturing process involves electrodeposition of
the bottom metallic electrode (generally gold, but palladium
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Figure 12. Device schematics used in the “nanopore” measure-
ments. Any self-assembled monolayer can be employed instead of
the alkanethiol monolayer depicted here. Note that the bottom
“physisorbed” contact is achieved through vapor phase metalliza-
tion, leaving the integrity of the organic molecules suspect.
(Reprinted with permission from ref 65b. Copyright 2004 American
Chemical Society).

1.2
Ipéﬂk= 1.03 nA

T=60K

" Ivalley= 1pA
0.04

5 " T ] x L] * Ll

00 05 10 15 20 25
Voltage (V)
Figure 13. The NDR exhibited by sandwich structures using
substituted oligophenyleneethynelene molecules. The experimental
setup is depicted in Figure 12. Notice the 1030:1 peak to valley
ratio at 60 K. (Reprinted with permission from ref 65a. Copyright
2000, American Institute of Physics).

and silver were also used), followed by potential assisted
formation of the monolayer, forming a seed layer on top of
the molecular layer from a solution (a process known as
electroless deposition), and finally electrodepositing the top
electrode on the seed layer deposited out of solution. Once
the process is completed, the track etched membranes can
be dissolved away, leaving isolated nanowires that have the
molecules trapped in the middle. The nanowires are then
aligned between two electrodes and the electrical character-
ization is subsequently performed. In general, current voltage
characteristics observed had no unexpected hysteretic loops
nor any NDR. They were mostly exponentially dependent
tunneling current curves. Three molecules that were studied
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were an alkanethiol, an oligophenyleneethynelene (OPE), and
an oligophenylenevinylene (OPV).%>’" The tunneling cur-
rents were much smaller for the alkanethiol when compared
to the more conjugated molecules. When the conjugated OPE
and OPV were compared with each other, devices made with
OPV were found to be more conducting by a factor of more
than 5. This was interpreted as being due to a smaller
HOMO—-LUMO gap due to the increased conjugation
through the increased planarity. Furthermore, the study
addressed the effect of the contacts on the overall conduction.
When palladium rather than gold is used, the conductance
measured across the devices made using OPE increased by
a factor of 15.

3.2.3. A Liquid Metal Brought into Contact

Historically, mercury drop electrodes have been used by
electrochemists mostly due to the ease of obtaining a clean,
defect free, metallic surface. For purposes of measuring
conductance across assemblies on electrode surfaces, mercury
provides a soft (liquid) top electrode in addition to the
advantages listed above. Mercury enables researchers to
mechanically bring a metallic electrode that can conform to
the bottom surface in contact with a molecular assembly.
This provides the opportunity of using metallic electrodes
for the second contact without the use of any further chemical
treatment (electroless deposition) or any hot metal atoms
(evaporation).

Even though mercury has historically been very popular
and useful, its toxicity limits its utility and other liquid metal
surfaces have been explored. A eutectic mixture of gallium
and indium is liquid at room temperature and has also been
employed in some measurements. In what follows we will
focus on mercury, keeping in mind that any liquid metal can
be employed for similar measurements.

Experiments using mercury can be divided into two
distinct classes: (1) interfaces between two mercury drops
and (2) interfaces between mercury and a solid electrode.

3.2.3.1. Mercury—Mercury Junctions. Work done using
mercury—mercury junctions has focused on studying electron
transport through alkanethiols.”' Placing two hanging mer-
cury drop electrodes facing each other, the current voltage
profile can be monitored as the two mercury surfaces
approach each other. Making monolayers on the mercury
electrodes allows electron transport through the monolayers
to be studied. Even though the stability of these junctions is
limited before the two mercury electrodes coalesce and allow
only short experimental times, transport could be studied
within the 100—1000 s time frame (Figure 14) during which
the junctions are stable. Two important conclusions were
drawn from these studies: First, the junctions act as perfect
parallel plate capacitors, and second, the electron transport
does not obey the simple Simmons theory.

When the capacitance of the junction is measured and a
plot of inverse capacitance vs the distance between the
electrodes is made, a linear dependence is observed. This
signifies that the assembly actually acts as an ideal parallel
plate capacitor. Furthermore, the dielectric constant obtained
from this plot matches previous measurements. Using this
dielectric constant, the calculated thicknesses imply no
intercalation in the middle, and further imply a perfect
bilayer.

Within the Simmons theory, (3 is predicted to have a square
root dependence on the potential difference across the barrier.
However, when the data are compiled for a number of
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Figure 14. Current vs time traces of two different mercury—mercury

junctions immediately after the junctions are formed. Both the

mercury drops had self-assembled monolayers of (A) Ci¢, (B) Cyo

alkanethiols formed out of hexadecane solutions. Notice the

junctions fail in the 100—1000 s regime. (Reprinted with permission
from ref 71b. Copyright 2000 Elsevier).

alkanethiols, only a weak dependence of 3 on the potential
difference was observed. This indicates that the tunneling
across alkanethiols cannot be modeled accurately with a
square potential barrier.

3.2.3.2. Mercury - Solid Metal Junctions. Bilayers of
alkanethiols have also been studied using a mercury drop in
contact with a solid metal electrode. The Whitesides group’?
has studied the electron transport through alkanethiol bilayers
using a silver bottom layer and a mercury top contact. They
describe, in detail, how the defects on the silver surface affect
the conduction across such systems. As illustrated in Figure
15, the density and the nature of the defects in the substrate
are very important parameters to keep in mind. When as-
deposited silver films are used as the bottom contact, the
measured current varies by over 8 orders of magnitude.
However, using a substrate prepared by template stripping
(obtained by stripping the Ag deposited on a smooth substrate
and using the side that was in contact with the smooth
substrate), the spread in the current densities measured were
brought down to 2 orders of magnitude. The spread in the
measured current, when the relatively defect-free substrates
were used, was attributed to the effects related to voltage
dependent solvent repulsion out of the gap in addition to
the defects that are still present on the silver substrate. These
junctions were analyzed in detail, and the distribution of the
currents was averaged over a very large number of measure-
ments. The calculated 3 value turned out to be smaller than
previously measured. The discrepancy was attributed to the
previous experiments being more affected by the surface
defects when compared to these.”> Another important
observation from the study is the fact that nonbonded
junctions did not greatly differ from the bonded ones.
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Figure 15. Current density vs potential for three different molecules in the Ag-molecule//molecule-Hg configuration. (Left) The data with
a relatively defect free Ag electrode (obtained via the “template stripping” method). (Right) The data with the defect prone “as deposited”
Ag electrode. Notice the significance of the use of a defect free substrate in enhancing the reproducibility in the experiments. The spread
in the data decreased dramatically when the substrate was smooth. The averages (drawn as heavy black lines) also show a trend of decreasing
current density with increasing chain length, consistent with intuition and theoretical predictions. (Reprinted with permission from ref 72.

Copyright 2007 American Chemical Society).

In a further study,’”* asymmetric bilayer junctions were
prepared using two different chain length alkane thiols on a
gold surface and a mercury top electrode. The resulting
current voltage curves were asymmetric, reflecting the
asymmetry of the junction. A theoretical method was also
developed to interpret and understand the asymmetry in the
IV curves.

In another experiment using a mercury electrode and a
silicon oxide surface,”” a deliberately used redox couple
between a thiol mercury bond and a thiolate resulted in stable
NDR behavior (Figure 16). The molecule used has a six-
membered ring that contains a disulfide bond as shown in
the figure. During monolayer formation, the disulfide bond
breaks and two mercury sulfur bonds are formed. When an
appropriate bias is applied, the mercury sulfide bonds get
reduced and two thiolates are formed. Once the thiolates are
formed, the conductance drops for two reasons: the contact
gets worse, and the negative charge that is formed at the
interface creates a barrier. The decreased conductance at
higher biases manifests itself as an NDR behavior. The NDR

stability is due to the reversibility of the redox reaction on
the mercury electrode.

3.2.4. Mechanical Contact Electrodes

Another area that deserves mention is the area of bringing
solid metal electrodes in contact. Two major methods and
pioneering groups thereof will be mentioned in this section.
The use of conducting probe AFM(CP-AFM) pioneered by
the Frisbie group in Minnesota and the use of two cross wires
brought together in the presence of a magnetic force
pioneered by the Kushmerick group at the Naval Research
Laboratory.

The CP-AFM technique is an extension of the standard
AFM setup to be able to perform conductance measurements
in addition to the force measurements. The major advantage
over the scanning tunneling microscope is the ability to
control the tip sample separation independently of the
conductance, providing a knob on the tip sample contact in
addition to the ability to measure conductance of poorly
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Chemical Society).
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Figure 17. STM experiment with gold nanoparticles on top of an alkanedithiol monolayer and the resulting Coulomb staircase. (Left) The
experimental setup where a single crystal surface of Au(111) and a gold nanoparticle were used as the two contacts to the molecular layer.
The contact between the STM tip and the Au nanoparticles was facilitated with the feedback loop of the STM circuitry. (Right) The [-V
curves with varying setpoints for the tunnel current. Notice the stepwise behavior for different degrees of coupling between the tip and the
gold nanoparticle. (Reprinted with permission from Science (http://www.aaas.org), ref 80. Copyright 1996 American Association for the

Advancement of Science).

conducting samples. The use of CP-AFM in characterizing
electronic transport across molecular structures was pioneered
and developed by the Frisbie group.”®’” This technique was
successfully employed to study organic crystals’® as well as
self-assembled monolayers.’

The work published by Kushmerick and co-workers
has focused on bringing two crosswires together by means
of a magnetic force applied to one of the wires. This
technique was successfully applied to self-assembled mono-
layers of a variety of molecules and a couple of important
conclusions were drawn. First, because the conductance is
found to scale linearly with the area of contact, it is concluded
that the molecules do not interact appreciably in a SAM.
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Second, when the junction is a rectifying junction (as in
Kushmerick et. al), the rectification behavior is very strongly
correlated with the strength of the contact between the
molecules and the electrode.

3.3. Scanning Tunneling Microscopy

Scanning tunneling microscopy (in addition to the ap-
plications mentioned above) has been employed in a number
of attempts to study electron transport across molecular
assemblies on surfaces. Most of these studies suffered from
an uncertainty in the number of molecules contacted by the
tip and the nature of that contact. A number of different



Electron Transfer through Molecules and Assemblies

methodologies were devised to be able to understand and
control the contact between the STM tip and the molecules
in question. Here we will review three separate examples,
one employing gold clusters, and the other two employing
various ways to obtain a low coverage of the molecule in
question.

In 1996 Andres et al.*” reported on the use of gold clusters
on top of a monolayer in an effort to eliminate the
complications of the contact between the molecules and the
tip itself. The data exhibited a Coulomb staircase due to the
large Coulomb energy of adding more than one electron to
the cluster. This is because the coupling between the tip and
the cluster is nonmetallic. Therefore, the cluster is only
capacitively coupled to both the tip and the underlying gold
substrate. Using the Coulomb staircase data, the authors were
able to extract a resistance value for the monolayers of the
molecule to be 18 + 12 MQ, a value that is within a factor
of 4 of the calculated one of 4.5 + 0.5 MQ®' by some of
the same authors in collaboration with others (Figure 17).

An alternative approach was to isolate the molecule in
question by making a dilute monolayer of it in the gags and
defects formed by a shorter alkanethiol monolayer.®* This
work has enabled a thorough investigation of the STM work
on oligophenyleneethynelene molecules. The molecules were
found to switch between an “ON” and an “OFF” state. The
nature of the differences between these states was speculated
to be conformational, and not electrostatic through a number
of different observations, including, but not limited to the
fact that the molecules would switch more often when they
are in a less crystalline alkanethiol SAM.

Using another very dilute monolayer technique employing
a semiconductor electrode and a metallic tip, the Hersam
group at Northwestern reported NDR behavior using two
separate molecules of very different nature:®® styrene and
TEMPO (2,2,6,6,-tetramethyl-1-piperidinyl-oxy). The NDR
was explained through the mechanism that was put forward
by Datta and co-workers® using a resonant tunneling
argument involving the empty orbitals of the molecules.

4. Conclusions

To sum up, both theoretical and experimental methods
have been developed in the past two decades to study electron
transport through single molecules and assemblies. The
theoretical methods are only recently getting to the level of
accurately describing molecular assemblies on electrode
surfaces. The experience of making exquisitely designed
chemically modified electrodes has contributed a great deal
to the efforts of measuring conductance through molecules.
Experimental methods of making the “second” contact have
been developed, even though some are under scrutiny. This
remains a very active and fertile area of research that will
continue to engage those ininvoled in the basic science and
its applications.
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