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A review with 228 references on experimental investigation of conductor/molecule/metal
molecular electronic junctions is presented. Devices based on covalent and Langmuir—
Blodgett bonding of single molecules or molecular monolayers to conducting substrates are
reviewed, as characterized by scanning probe microscopy and microelectronic techniques.
Phenomena observed to date include molecular rectification, conductance switching, and
nonlinear current/voltage behavior. Prospects and problems for the application of molecular
junctions to the more general area of molecular electronics are discussed.

1. Introduction and Scope

The term “molecular junction” came into use rela-
tively recently, but has conceptual roots which span at
least the latter half of the 20th century. Several diverse
areas of chemistry and physics provide the context for
a discussion of molecular junctions, and will be reviewed
briefly here to serve as an introduction. The theme
which is common to all is electron transport through
organic molecules, often involving metallic or semicon-
ducting solids with which the molecules are in electrical
contact.!=® First, organic thin film devices are qualita-
tively similar to molecular junctions, in that they consist
of an organic layer between two or more conducting or
semiconducting solids. Examples include classical ca-
pacitors with an organic dielectric layer, organic light-
emitting diodes, and conducting polymers. While the
literature on such devices is extensive, they are gener-
ally not considered molecular junctions because the
organic film is much thicker than the molecular dimen-
sions, and is generally disordered. Second, electron
transfer in donor—bridge—acceptor (DBA) molecules
(Figure 1a) has been actively investigated, in part to
determine which aspects of bridge structure control the
electron-transfer (ET) rate.6~12 Third, closely related
electrochemical experiments, in which the donor or
acceptor is replaced by a conducting solid (Figure 1b),
also seek to reveal how the ET rate depends on the
“pbridge” structure.!3~2! In addition, electron transfer in
thin films of polymers containing redox centers has been
investigated with respect to transport of both electrons
and ions in the associated electrolyte.22-27 Fourth,
significant progress has been made in theoretically
modeling ET through molecules®422.28-36 since the idea
of a molecular rectifier was proposed by Aviram and
Ratner in 1974.37 Related theory and experiments on
bulk organic conductors provide important analogues
for ET in molecular junctions.38-44

Many of the concepts and results of these diverse
investigations are directly related to molecular junction
behavior, and will be cited as appropriate. However,
several fundamental aspects of junction electronic be-
havior are not encountered in bulk organic films, DBA
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Figure 1. Electron transfer in donor—acceptor molecules (a),
modified electrodes in solution (b), and molecular junctions (c).
In all three cases, a key issue is the effect of bridge structure
on electron-transfer kinetics.

molecules, or electrochemical experiments. Although
there is not yet a widely accepted definition of the term
“molecular junction”, some of these special character-
istics serve to define their nature, and they are dis-
cussed in more detail below. For now, let us assume that
a molecular junction incorporates one or more molecules
in electrical contact with two (usually) conductors, such
that electrons are transmitted through the molecule-
(s), as shown schematically in Figure 1c. In this review
bulk organic materials, DBA molecules, or electrochemi-
cal kinetics will not be discussed in detail, except as they
bear on molecular junction behavior. Although carbon
nanotubes might be considered together with more
traditional molecules, space prevents discussion of the
many interesting electronic effects observed in nanotube
devices.*245-52 In all cases, the discussion is limited to
junctions with molecular layers with thickness no more
than a few times the dimensions of a monomeric
molecule. In addition, the review emphasizes experi-
mental results rather than theoretical modeling. Over-
all, the principal objectives of investigations of molecular
junctions are both fundamental and practical: elucida-
tion of the factors which control ET through single
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Figure 2. Schematic energy levels of a metal/molecule/metal
molecular junction at zero bias (left) and with an imposed
voltage (right). The curved portion of the metal contacts
represents the density of electronic states in the metal, and
E¢is the Fermi level. The green hashed region represents the
filled orbitals when V' = 0, and blue regions are filled orbitals
when a bias is applied. The dashed lines in the right drawing
represent the imposed electric field, and ®r is the tunneling
barrier at zero bias.

molecules or molecular monolayers, and possible incor-
poration of molecular properties into electronic circuits.

2. Elements of a Molecular Junction

A complete understanding of a molecular junction
would view the entire structure as one electronic system,
to consider perturbations of each component by elec-
tronic interactions with others. To make the problem
tractable, the junction is usually broken down into
several components, often separated by one or more
energy barriers. The conductors to which the molecules
of interest are bonded are often called “contacts”, and
are characterized by a distribution of electronic energy
levels and associated densities of electronic states
(DOS). Metals have a high, generally uniform DOS,
while semiconductors have conduction bands, valence
bands, and band gaps. These levels may be partially or
fully occupied, as predicted by the Fermi distribution
function. Application of a voltage across the junction
causes the electrons in the contacts to redistribute, with
the negative electrode having a larger fraction of filled
orbitals. A schematic representation of energy levels and
densities of states of the contacts is shown in Figure 2.

The connection between contacts and molecule(s) has
received significant attention, due to its importance as
the interface between molecular and conventional elec-
tronics. If molecular electronic devices are ever to be
interfaced with conventional power sources, displays,
sensors, etc., we will need “alligator clips” of some sort
to establish electronic contact. A major consideration of
such an alligator clip is the energy barrier an electron
must cross (or tunnel through) to be transmitted from
the contact to the molecule.?3173353-55 If this barrier is
very large, the molecule and conductor are effectively
isolated and do not interact electronically. The opposite
limit is often called an “ohmic contact”, in which the
electron may move freely between molecule and conduc-
tor and the electronic coupling between the molecule
and contact is strong. Specific examples of contact/
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Table 1. Conduction Mechanisms in Metal/Molecule/
Metal Thin Film Junctions®

monolayer
temperature (T) voltage (V) thickness (d)
dependence dependence dependence

linear (low V) exp(—pd)

coherent tunneling, none
“superexchange”

Incoherent, diffusive none
tunneling “tight (see the text)
binding model”

“hopping” (i.e., “ohmic”) exp(—a/T)

linear (low V) exp(—cd)

linear (low V) d1!

Poole—Frenkel effect  exp(—a/T) exp(bV172) exp(—cd¥?)
(“traps”)
thermionic (Schottky) exp(—a/T) exp(bV172) exp(—cd'?)

emission

field emission none
(high E field,
“Fowler—Nordheim”)

V2 exp(—=b/V) exp(—cd)

%q, b, and ¢ denote constants which are independent of
temperature, voltage, and thickness, respectively. Compiled from
refs 2, 3, 30, 53, 57, 58, 76, and 85, using a format similar to that
of Sze.8?

e =

Coherent: 3

Energy %

il

==

M, M,
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Figure 3. Schematic energy level diagrams for coherent and
diffusive tunneling. ®r is the barrier for coherent tunneling,
o is the potential well depth of N sites spaced apart by a
distance a. M; and M, are the metallic contacts. See ref 77 for
a detailed description.

molecule interfaces are discussed at some length below,
but they cover a wide range between “ohmic” and
“insulating”.

2.1. Electron Transport in Molecules. As noted
earlier, the ET mechanisms in single molecules have
been investigated in some detail, mainly in the context
of donor—bridge—acceptor molecules studied by spec-
troscopic techniques. A variety of ET mechanisms have
been considered which depend on molecular size and
structure, as well as temperature and the magnitude
of the free energy difference between donor and accep-
tor. Table 1 lists a few mechanisms reported for ET in
molecules, along with more classical processes reported
for bulk materials. Several of these mechanisms are
particularly relevant to molecular junctions, and a brief
elaboration of Table 1 is warranted. More complete
discussions are available in several reviews.57:56

2.1.1. Coherent Tunneling. Classical, or coherent,
tunneling dictated by quantum mechanics is based on
the probability of an electron traversing a barrier of
some thickness and barrier height, and maintains the
phase of the electron (Figure 3). The rate of coherent
tunneling decreases exponentially with the thickness of
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the barrier, and is given in its simplest form by the
Simmons relation, eq 1,°758 where J = current density,
A/em?, g = electron charge, V = applied voltage, h =
Plank’s constant, m = electron mass, ® = barrier height,
and d = barrier thickness.

—4nd

B (2m®)"? 1)

2
J = (}]LTZ(Zm(ID)l/2 exp

Equation 1 shows only the linear term for a rectan-
gular tunneling barrier, but it does show the exponential
dependence on d. In the case of a molecular junction
such as that of Figure 2, d is the distance between
conductors and @y is the tunneling barrier height in
joules or electron volts. Equation 1 is often simplified
to a form useful for comparison to experiment, eq 2,
where B is a constant and [ has units of inverse
angstroms or inverse nanometers. By comparison to eq
1, we note that  is proportional to the square root of
the barrier height.

J=Be ™ (2)

Although observed tunneling rates in molecular junc-
tions often depend exponentially on the junction thick-
ness, the observed value of § is at times surprising. For
a vacuum gap between two metals with work functions
of 5.0 eV, eq 1 predicts f = 2.3 A1, while observed
values in molecular junctions®®~6! are often near 1.0 A™1.
This difference is significant, since the tunneling rate
depends exponentially on § and d. For example, an
increase in d from 5 to 10 A should decrease the ET
rate from coherent tunneling by a factor of 150 for 8 =
1.0 A1, but by a factor of ~105 for 8 = 2.3. Conversely,
an observed 5 of 1.0 yields a barrier height of 0.96 eV
according to the Simmons formula. This value is much
smaller than the HOMO—LUMO gap of typical junction
molecules (5—10 eV), so there must be more to the story
than the Simmons model.

A generally accepted explanation for faster than
expected tunneling is “superexchange”.11:62-68 Interac-
tions of the electron with the orbitals and electronic
structure of the molecule enhance the tunneling rate,
making “through bond” tunneling more efficient than
“through space” tunneling. However, even a relatively
small  of 0.5 A~! predicts a decrease in the ET rate by
a factor of >20000 for a 20 A molecule, leading to the
conclusion that coherent tunneling is effective only for
short distances.

Although tunneling, with or without superexchange,
should not depend on temperature, the conformation of
the molecule does. If molecular vibrations or internal
rotations create a geometry with a smaller barrier to
tunneling, the tunneling itself will appear to be tem-
perature dependent.®® Enhanced tunneling as a conse-
quence of conformational changes is an example of an
“activated” process which is expected to be temperature
dependent, and examples are provided below. As a rule
of thumb, coherent tunneling, even assisted by super-
exchange or conformational changes, is not effective over
distances greater than ~25 A, often less. ET over such
distances is usually ascribed to more complex phenom-
ena, such as “diffusive tunneling” or “hopping”.

2.1.2. Incoherent, Diffusive Tunneling. A surprising
observation of the early 1990s was ET of an electron
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through ~40 A of a DNA helix.6570-75 Since this distance
was too large for coherent tunneling, and DNA was not
known to be a “conductor” in the usual sense, another
mechanism must be involved. Incoherent tunneling or
the “tight binding” model proposes that the electron
tunnels coherently along a series of sites, which are
characterized by potential wells (Figure 3).76.77 The
residence time of the electron in a potential well is long
enough to disturb the phase of the electron, and the
process may be viewed as a series of discrete steps. It
is “diffusive” because the path of the electron may follow
a random walk between sites. However, it is important
to recognize that the electron tunnels through the
barriers between sites, and the process is not dependent
on temperature to a first approximation. In one theo-
retical treatment, the occupied “sites” are considered to
be organic anion radicals, and the barrier to tunneling
is related to the reorganization energy between neutral
and anion geometries of each site.”®

2.1.3. Hopping Mechanisms. The term “hopping”
usually refers to thermally activated ET which follows
a classical Arrhenius relation such as eq 3, where kgr

is the ET rate, E, is an activation barrier, and % is the
Boltzman constant. Like incoherent tunneling, the
electron may traverse one or more sites, but the differ-
ence between tunneling and hopping is the involvement
of nuclear motion.?230.79-81 ET does not occur until
thermal motion of nuclei results in a favorable molecular
geometry. Hopping involves electron motion over the
barrier (meaning the molecule must rearrange for ET
to occur), while tunneling involves ET through the
barrier (meaning there is a finite probability of finding
the electron on the other side of the barrier, without
requiring nuclear motion). Since hopping involves a
series of transfers between relatively stable sites, it does
not exhibit the exponential distance dependence of
coherent tunneling, but instead varies as ~d 1. It is also
the basis of ohmic conduction, and follows a dependence
on driving force predicted by Marcus theory. A com-
parison of the distance and temperature dependence of
coherent tunneling with hopping is shown in Figure 4.
The slope of the slanting line for tunneling depends on
the tunneling barrier but not on temperature, while the
series of lines for hopping are strongly temperature
dependent. For a homologous series with varying length
(e.g., polyphenylene oligomers), we expect coherent
tunneling for small d, but hopping for larger d. For large
d, the distance is too great for coherent tunneling, and
the electron can propagate more efficiently by a series
of “hops”.

Although in this review experimental results on
molecular junctions are stressed, a theoretical aspect
of metal/molecule contacts and electron transport in
molecules bears on the brief discussions of tunneling
and hopping in the previous three sections. The problem
may be approached from the perspective of activated
electron transfer associated with Marcus theory and
familiar to electrochemists, or from a Landauer ap-
proach involving electron transport with limited nuclear
motion.?6:66,76,77.82-84 The Marcus approach involves
discrete reactants and products (e.g., a neutral species
and an anion radical), while the Landauer picture is
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Figure 4. Theoretical comparison of the coherent tunneling
current (3 eV barrier height) with the current arising from
thermal activation over a 0.3 eV barrier, both as functions of
the junction thickness. For the thermal case, the imposed field
is assumed to increase the current according to the thermionic
mechanism depicted in Figure 5. Note also that tunneling is
temperature independent, while the thermal mechanism is
strongly T dependent. Note that the current scale is logarith-
mic. See ref 191 for further discussion.

based on electron tunneling without (necessarily) mo-
lecular reorganization. While it is tempting to refer to
a Marcus mechanism as activated and temperature
dependent, while electron tunneling is neither, there are
shades of gray between these two limits. For example,
ET in a molecule with several subunits might be viewed
as tunneling between a series of potential wells,”” or as
successive electron transfers between radical ion cen-
ters.” The time an electron resides in various potential
wells relative to the time for molecular reorganization
is a key parameter in assessing the importance of
nuclear motion to electron transport.

2.1.4. Poole—Frankel Effect. Poole—Frankel conduc-
tion is related to hopping, and was developed to explain
the effect of “traps” in semiconductors.?”8 A trap in this
context is a “Coulombic” site whose potential well depth
varies in an electric field. Like Schottky emission (see
below), it varies exponentially with the square root of
the electric field, but the energy barriers for Poole—
Frankel conduction are within the molecule rather than
at the molecule/contact interface. Schottky emission and
Fowler—Nordheim tunneling are definitely interfacial
effects, and are discussed next.

2.1.5. Fowler—Nordheim Tunneling. Also called “field
emission”, Fowler—Nordheim tunneling refers to an
enhanced tunneling rate which occurs in high electric
fields. “High” usually means that the applied voltage
exceeds the barrier height and is well beyond the linear
voltage behavior implied by the Simmons relation. It is
nominally independent of temperature, but decreases
exponentially with distance, as indicated in Table 1.57:85

2.1.6. Schottky Emission. Sometimes referred to as
thermionic emission, Schottky emission was investi-
gated originally to explain ET at interfaces of semicon-
ductors with metals or other semiconductors. A Schottky
barrier usually arises from partial charge transfer from
one phase to another at an interface, generating a
“depletion layer”, and an electrostatic barrier. As shown
in Figure 5, the barrier height is influenced by the local
electric field, with the result being a nonlinear depen-
dence of ET on the applied voltage. The Schottky—
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Figure 5. Schottky or thermionic emission over a barrier with
height ®g. Application of a voltage (right diagram) lowers the
barrier height due to the imposed electric field.

Richardson relation (eq 4) has been shown to apply to
a variety of semiconductor interfaces,?”8586 and has
been invoked to explain several molecular junctions, as
discussed later. In addition to the variables defined

V1/2q3/2 ]

2kT€1/2d1/2 (4)

D AT o] =2
i =AT exp[le exp[

earlier, eq 4 includes the dielectric constant, ¢, the
Boltzmann constant, %, the Richardson constant, A, and
the absolute temperature, 7. Note that the ratio V/d
equals the applied electric field, and that a plot of In(J)
vs V2 should be linear.

2.2. Classifications of Molecular Junctions. Given
that molecular junctions as defined here include con-
tacts, contact/molecule interfaces, and molecules, there
remains a fairly wide variety of junction structures.
These may be subdivided according to fabrication chem-
istry (Langmuir—Blodgett, self-assembled monolayer
(SAM), etc.), basic structure (single or multiple mol-
ecules, two or three terminals, etc.), or experimental
paradigm (scanning probe microscopy, break junction,
nanopore, etc.). Since junction chemistry and experi-
mental paradigms are likely to evolve with time, we will
use a classification based on junction structure. The
term “single-molecule junction” will be reserved for
junctions in which single molecules behave indepen-
dently and the molecular “layer” of the junction contains
a small number of molecules, usually fewer than 10. A
“monolayer junction” has many molecules (e.g., 103—
10'2) in a single, oriented monolayer between the
conducting contacts. It is important to distinguish
monolayer junctions from thin film devices, in which the
molecular layer is usually more than 10 nm thick. The
latter case may involve a crystalline or disordered
molecular layer, such as an organic transistor or con-
ducting polymer. However, the molecular layer in a
conventional thin film device is many molecules thick
(>10), and its properties approach those of a bulk
material. It is useful to note that a monolayer junction
may exhibit molecular electronic properties such as
rectification and conductance switching, which are
distinct from those observed in bulk materials. At least
in practical terms, a monolayer junction is intermediate
between a single-molecule junction and a disordered or
crystalline thin film device. Strictly speaking, a mono-
layer junction is a thin film device, of course, but the
oriented monolayer imports distinct properties not
observed in traditional thin film junctions.
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Table 2. Examples of Molecular Junctions
top no. of
substrate molecule/binding mode contact molecules section references
Au xylyldithiol/SAM STM ~1e 3.1 118
Au phenylethynyl/SAM STM ~1 3.1 116, 127, 132,133
Au alkane/SAM CP-AFM 1-5 3.1 59, 131, 149
Al/A1,03 porphyrin/adsorption Pb ~1 3.1 135
graphite heteropolyacid/adsorption STM ~1 3.1 139
Au biphenyl/SAM/BJ® Au ~1 3.2 86, 156
Au bypyridine, etc./BJ® Au/STM ~1 3.2 125, 158
graphite porphyrin STM 4.1 172
Au, Si porphyrin, ferrocene Age ~106 4.1 106, 160, 166, 168, 171
Au phenylethynyl/SAM Ti ~1000 4.2.1 156, 182
Au dithiol/SAM Au ~1000 4.2.2 184
Hg, Ag SAM Hg ~1011 4.2.3 61, 185—188
AlyO3, Au DBA/LB Au ~1012 5.1 87, 88, 91, 199
AlyO3 rotaxane/LLB Ti ~106 5.2 90, 92, 201
Si olefin/irreversible STM ~1 6.1 107, 115, 210
C (glassy) diazonium/irreversible Hg ~101 6.2.1 190—-192
C (glassy) diazonium/irreversible Ti ~101 6.2.2 227

@ “~1” denotes a junction with 1—10 molecules, and in several cases the small number of molecules probed by an SPM tip. ® Break

junction. ¢ Electrolyte present; Ag was the counter electrode.

Au cluster Au film

§5555 B
T

metal surface
sp? carbon

metal or metal oxide

irreversible:

Figure 6. Three junction structures, based on SAMs, LB
monolayers, and irreversible bonding to a substrate. In each
case, the junction is completed by application of a top contact,
possibly with a covalent bond such as that shown for a Au
cluster on dithiol SAMs.

The discussion of single-molecule and monolayer
junctions will comprise most of the remainder of this
review, but some general comments about junction
chemistry and paradigms are appropriate at this point.
As noted earlier, the nature of the contact/molecule
interface is quite important to junction behavior, and
it is defined mainly by the “linker chemistry” used to
attach the molecules to the contact material. Such
chemistry falls into three categories, two of which (SAM
and irreversible) are used for both single-molecule and
monolayer junctions. These general linker types are
shown in Figure 6. The Langmuir—Blodgett (LB) tech-
nique uses hydrophobic interactions to orient and as-
semble a monolayer on the surface of water, and then
the film is transferred to a conducting substrate.87-92
The interaction between molecule and contact is gener-
ally a weak electrostatic interaction, similar to the
physisorption which occurs at many solid/gas and solid/
liquid interfaces. SAMs are most often based on chemi-
sorption of thiols to a metal contact, often Au, Ag, or
Hg 61937102 The 40 kcal/mol Au—S bond forms reversibly,
so that the monolayer can anneal by repeated desorption

and adsorption to result in a close-packed structure with
aregular lateral orientation of monolayer molecules. In
particular, the alkanethiol SAM on Au has been char-
acterized in detail, and is the basis of many electro-
chemical studies of ET through molecules.20-93:103,104 The
third class of linkers depicted in Figure 6 is used in a
minority of applications, and involves formation of an
irreversible molecule—surface bond. The Si—C, Si—0—
C, and C—C bonds in these systems are generally quite
strong (~80—100 kcal/mol), so surface rearrangement
after chemisorption is unlikely.1%5-115 In a few cases, the
adsorbate layer is ordered due to the initial geometry
of the Si surface,107.110.115 hut the irreversibly bonded
monolayers do not undergo an annealing process similar
to that occurring in Au/thiol SAMs.

Examples of molecular junctions are given in Table
2.

3. Single-Molecule Molecular Junctions

One could argue that single-molecule junctions are
the most elegant, not only because they represent the
lower limit in dimensions for molecular electronics, but
also because their behavior is not complicated by
intermolecular interactions. Although the fabrication
and characterization of single-molecule junctions present
formidable technical problems, their electron-transfer
behavior should be related to that of the well-studied
donor—acceptor molecules. Combined with the ability
to theoretically model single-molecule junctions, the
D—B—A precedent provides a good initial base for
understanding the structural factors which control
single-molecule conductance in molecular junctions.

3.1. Scanning Probe Microscopy (SPM). SPM in
the form of scanning tunneling microscopy (STM) and
conducting probe atomic force microscopy (CP-AFM)
were natural techniques for early experiments on single-
molecule conductivity,!1® with the junction being formed
by the substrate, monolayer, and SPM tip (Figure 7).
The STM or CP-AFM tip interacts with one or a few
molecules, and the “single” molecule involved in the
junction need not be isolated from its neighbors (neces-
sarily). In CP-AFM, the junction is similar, but the
pressure of the top contact on the molecule is controlled,
rather than the tunneling current.
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Figure 7. Schematic of a molecular junction composed of a
monolayer on a metal surface and a top contact from a
scanning probe microscope. The SPM tip may be a metal probe
of a scanning tunneling microscope or a conducting tip of an
atomic force microscope.
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Figure 8. Current/voltage curve of xylyldithiol obtained with
STM: +, experimental observations; solid and dashed lines,
theoretical curves for # (defined in Figure 10) of 0.5 and 0.0,
respectively. Adapted from ref 118.

Kubiak et al.9117-123 reported an early STM study
of a xylyldithiol monolayer on gold which yielded the
current/voltage curve shown in Figure 8. Distinct steps
in the current response were considered strong indica-
tions that the conductivity is controlled by a molecular
property, most likely the matching of the Fermi level
of a metal contact to the HOMO of the molecule. In such
a case, the HOMO provides a channel for ET through
the junction, which should be much more efficient than
tunneling. The importance of the molecule—tip distance
was emphasized, and was included as an adjustable
parameter during comparisons to theory. An alternative
and often more useful representation of i/V curves for
molecular junctions is shown in Figure 9, for the same
xylyldithiol junction structure shown in Figure 8. The
differential conductance, dI/dV, plotted vs V accentuates
the current steps of Figure 8, but more importantly is
related to fundamental concepts in STM. Equation 5

_dI_2_e2)
%W—ar(hﬂ&+W) (5)

shows that dI/dV is a product of a transmission factor,
T, and a factor incorporating the electron charge, e, and
Planck’s constant, A. If the transmission factor has its
maximum value of 1.0, g, equals the quantum mechan-
ical limit119:124.125 for single-molecule conductance, 2e%/
h, or (12.9 kQ)~ L
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Figure 9. Differential conductance vs substrate voltage for
a xylyldithiol monolayer probed with STM: +, experimental
observations; solid and dashed lines, theoretical curves for the
various conditions shown. Adapted from ref 123.
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Figure 10. Energy level diagrams showing the effect of an
applied voltage on the energy of the LUMO, for the case of a
molecule positioned symmetrically between two contacts in a
linear electric field. In the simple case shown, the molecular
orbitals are all shifted together in response to the applied
voltage. See refs 118—120 and 123 for a detailed explanation.

Kubiak et al. proposed a parameter to characterize
how the electric field within the junction affects con-
ductance.!!® The energy of the orbitals in the molecule
depends on the local potential relative to the Fermi
levels of the contacts. For example, an orbital positioned
at the midpoint between the contacts in a linearly
varying electric field has an energy displaced by oV
from the Fermi level of both contacts (Figure 10).
Unfortunately, the potential profile is usually unknown
and difficult to determine, so the HOMO energy (for
example) is difficult to determine. As will become
apparent below, the potential profile is very often a
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Figure 11. Schematic of a mixed monolayer of phenylethynyl
thiolates diluted by alkanethiols, in which the conjugated
molecules exhibit higher tunneling probability. See refs 98 and
126—128 for a detailed description.

“sticking point” in attempts to correlate theory and
experiment.

The STM results shown in Figures 8—10 and their
associated papers reinforce the point made earlier that
conductivity in even a single molecule is not a simple
issue, involving (at least) the Fermi levels of the
contacts, the molecule/contact interface, and the electric
field profile in the junction. These variables are in
addition to the energy levels associated with the mol-
ecule and how they are influenced by a possibly large
applied electric field. It has not been easy to determine
which of these or other factors control conductivity. In
addition, the temptation to cite a “single-molecule
resistance” should be tempered by an appreciation that
molecules may exhibit complex, nonohmic behavior. A
single-molecule resistance may provide an indication of
relative conductivity at low bias, but it is already clear
that molecules do not behave like classical resistors
except under highly restricted conditions.

Weiss et al. studied a longer molecule by STM in a
study contemporary with that of Kubiak et al.?8:116,126-129
Phenylethynyl oligomers have been proposed as “mo-
lecular wires” due in part to their rigid, linear, highly
conjugated structures. A mixed monolayer of the phen-
ylethynyl molecule shown in Figure 11 was prepared,
with the majority of the monolayer being an alkanethiol.
An enhanced STM current was observed at randomly
distributed points in an STM image of the mixed mono-
layer. These points of high current were attributed to
higher conductivity through the conjugated phenylethy-
nyl molecule, relative to the surrounding alkanes. In a
related paper, some nontrivial effects of the tip—mol-
ecule spacing, and how they affect the STM image, are
discussed.?®128 The mixed monolayer depicted in Figure
11 also exhibited an unexpected effect attributed to
conductance switching. Randomly oriented sampling po-
sitions on the mixed monolayer exhibited stochastic
“switching” between high-conductivity and low-conduc-
tivity states, as evidenced by random variation in the
observed STM height.!26 These spots appeared to switch
on and off randomly with time and repeated STM scans,
and the effect was proposed to originate in conforma-
tional changes in the phenylethynyl molecule. The effect
of substituents was examined, but a detailed structural
basis for conductance switching was not revealed. Gor-
man et al. reported that stochastic switching occurred
in redox-active thiol monolayers with different struc-
tures, and also proposed a conformational mecha-
nism.!3% In a subsequent report from a third laboratory,
it was noted that similar conductance changes were
observed for alkanethiols, and more rapid switching at
higher temperature.'3! Since a molecular mechanism for
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conductance changes in alkanes is hard to imagine, it
was proposed that the conductance switching was
actually due to repeated breaking and re-forming of the
Au—S surface bond.

Bard et al.132133 ysed STM combined with sheer force
microscopy to determine i/V curves for a variety of con-
jugated and nitro-substituted SAMs on Au. A threshold
voltage for the onset of a dramatic current increase was
observed to depend on molecular structure, and 3 values
were determined as a function of voltage. Several of the
monolayer structures studied exhibited one or more
spikes in the i/V curve, attributed to negative dif-
ferential resistance (NDR), which was first reported for
larger molecular junctions (section 4.2). They also re-
ported that molecules with nitro groups can store
electrons in the monolayer, presumably by formation
of an anion radical. Preliminary results comparing a
Au—aryl surface bond to a Au—S—aryl bond showed a
significant reduction in threshold voltage in the absence
of the sulfur atom, implying a larger electron injection
barrier for the Au—S bond. In a subsequent paper the
NDR peaks were correlated with the reduction poten-
tials of the SAM molecules and the energy of the LUMO
of each molecule.!33 There was a 1:1 correspondence be-
tween the number of negative NDR peaks and the num-
ber of low-lying LUMOs of the molecules studied. Fur-
thermore, the correlation of reduction potentials, LU-
MOs, and NDR peaks strongly suggests that an electron
may be injected into the molecule’s LUMO when the
applied voltage corresponds to a LUMO energy,!3¢
resulting in a current spike. A similar correlation of
redox properties and tunneling was reported earlier by
Hipps et al., for tunneling junctions consisting of metal
phthalocyanines and porphyrins doped into aluminum
oxide between aluminum and Pb contacts.1?57138 Reso-
nant tunneling through LUMOs which might also be
involved in a redox process was observed, with both
inelastic tunneling spectroscopy and STM.135 A more
recent study of monolayers of heteropolyacid catalysts
(e.g., HsPMo3WyOy9) on graphite also demonstrated a
correlation of NDR behavior observed in STM experi-
ments with electrochemical reduction potentials in
solution.13? Furthermore, Gorman et al. showed that the
peak NDR voltage of ferrocene-containing SAMs probed
with STM could be shifted systematically by varying the
composition of the junction.!? Although there is not yet
a consensus on the mechanism of NDR observed with
STM experiments, the correlation of LUMO energies,
reduction potentials, and NDR peak voltages provides
strong evidence for a mechanism involving resonant
tunneling through the molecule’s LUMO.124,133,135,139,140

A recent report of rectifying molecular junctions by
Ashwell et al.1*! is based on STM junctions of the type
Au(substrate)—S—C1oHo1/D—a0A—C19Hgo—S—Au(tip),
where D—n—A represents a donor—acceptor molecule
with a conjugated bridge. Rectification ratios of 5—18
(at 1 V) were observed, depending on the lengths of the
alkane chains. A change in the orientation of the
D—n—A moiety caused reversal of the rectification
direction, as did exposure to HCI vapor, which proto-
nated a quinoline-containing D—7—A segment. The
change in rectification direction with structural changes
in the molecular layer supports a molecular mechanism
for rectification, rather than some property of the



4484 Chem. Mater., Vol. 16, No. 23, 2004

6
A o ——s 7
C6
c7
o5 cs

o]
Cc10 C9

*C10

¢ arOe
1 \
[}
@

tar o
b_144 o0

Current (nA)
(=]
o

-0.5

03 -02 -01 00 01 02 03
Voltage (V)

Resistance {Q)

8 7 8 9 10
Number of Methylene Groups

Figure 12. Current/voltage curves at low bias for CP-AFM
experiments of a series of alkanethiol monolayers, all acquired
with a tip force of 2 nN. The lower plot shows the dependence
of the resistance on the chain length, resulting in a j of 1.45
per CH; unit. Adapted from ref 143.

Table 3. Observed dV/di for Single Molecules, Q

tip/molecule/substrate method dv/idi note  ref

Au/xylyldithiol/Au STM (18 £12) x 108 a 117
Au/decane thiol/Au CP/AFM >1.3 x 1010 b 59
Au/dodecanedithiol/Au CP-AFM (8.3 +£1) x 10° b 147,149

Au/phenyldithio/Au  BJ¢ 2.2 x 107 a 155
Au/bipyridine/Au BJ 1.3 x 108 125
Au/decanedithio/Au  BJ 6.3 x 108 125
Au/benzenedithio/Au BJ 1.2 x 108 158
Au/xylyldithiol/Au BJ 2.1 x 107 158

Au/dodecanedithiol/Pd nanowire 2 x 101 d 184

@ Reported for the first plateau of the di/dV vs V curve. ® Low-
voltage resistance. ¢ BJ = break junction. ¢ Per molecule, from a
3500-molecule junction.

contacts. Several examples of molecular rectifiers which
do not involve STM are discussed in section 5.1.

CP-AFM has been used to make and study thiol
monolayers on Au.?9:131.1427147 The force exerted on the
molecular layer was variable, and 2 nN was found by
Frisbee et al. to yield reproducible i/V curves.!*3 Higher
force resulted in larger currents until penetration of the
SAM occurred at ~100 nN. The current/voltage response
was linear for small bias (£0.3 V), and a semilog plot of
the observed junction resistance vs the number of CHy
units in the alkanethiol was linear with a slope of 1.45
per methylene unit (Figure 12). The junction resistance
for decanethiol and 2 nN force was 1.3 x 101° Q, which
is listed with other reported values for single-molecule
resistance in Table 3. The CP-AFM approach yielded
good reproducibility and a clear exponential dependence
on molecule length. However, the number of molecules
involved in conduction is uncertain, but apparently quite
consistent. The resistance listed in Table 3 is >1.3 x
1010 Q for a single decanethiol molecule, since multiple
parallel conductance paths should reduce the observed
resistance.
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Figure 13. (a) Schematic of an octanedithiol monolayer with
a Au nanoparticle top contact, probed with CP-AFM. (b) Series
of i/V curves observed for several nanoparticles, showing
quantization of the observed current. (c) Histogram of the
observed current multiplier for a large number of junctions.
The observed current was approximately an integer multiple
of a “fundamental curve”, the smallest observed in panel b.
See refs 131, 142, and 147—149 for details.

Both Kubiak et al. and Lindsay et al. have used gold
clusters to reduce the uncertainty associated with the
tip/molecule interface.117.121,122,131,146,148 A dithiol mol-
ecule adsorbed conventionally on a Au surface has
pendent SH groups which can react with Au nanopar-
ticles. The particle/molecule/substrate assembly is a
nearly symmetric molecular junction which may be
interrogated with an STM or CP-AFM probe. A sche-
matic diagram and representative results are shown in
Figure 13. The particle/molecule/substrate structure
with covalent Au—S bonds at both ends yielded two
important conclusions. First, the conductance was much
higher when a covalent bond existed at both ends of the
molecule, indicating faster ET for the covalent contact
over the physisorbed contact. Second, a series of i/V
curves was observed for different probe positions, as
shown in Figure 13b. At all points along these curves,
the current was an integral multiple of a “fundamental
curve” with the smallest current.!48149 A histogram of
these integer multipliers for >1000 junctions is shown
in Figure 13c. The authors argue that the apparent
quantization of conductivity could be caused by the CP-
AFM tip contacting multiple particles or by a given
particle being bonded to multiple molecules in parallel.
In either case, the “fundamental” i/V curve must be that
of a single molecule suspended between the Au sub-
strate and the Au nanoparticle, with covalent Au—=S
bonds at both ends.

Finally, a few examples are available of spectroscopic
probes of electron transfer in single-molecule or mono-
layer devices, based on STM,150 single-molecule fluo-
rescence,!5! inelastic tunneling spectroscopy (IETS), and
Raman spectroscopy.!35:138.152-154 Scanning tunneling
spectroscopy of Au/Cu(phthalocyanine)/Au junctions
revealed the distribution of electrons over the bridge
molecule, and the density of electronic states on an
isolated bridge molecule as well as a molecule coupled
to a varying number of Au atoms.!®® IETS provides
vibrational information about a bridge molecule, by the
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Figure 14. Break junction consisting of a break in a Au wire
spanned by one or more phenyl-1,4-dithiol molecules. Adapted
from ref 155.
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Figure 15. Current (left axis) and differential conductance
(right axis) for a phenyldithiol break junction. Adapted from
ref 155.

effect of the molecule’s structure on a tunneling elec-
tron.135:153.154 Although STS and IETS generally require
liquid helium temperatures, they provide direct probes
of structure in junction molecules. Given the difficulty
in characterizing single-molecule or monolayer devices
in operation, it is likely that spectroscopic probes of
molecular junctions will become more important with
time.

3.2. Break Junctions. A break junction provides a
means to suspend one or a few molecules between
conducting contacts formed by breaking a thin metallic
conductor to form a very narrow gap. An early example
reported by Reed and Tour in 1997155157 stimulated
both excitement and controversy, as well as extensive
theoretical modeling. As shown schematically in Figure
14, the gap between two Au contacts was controlled by
piezoelectrically stressing a “bending beam” substrate
on which a gold wire was vapor deposited. A break in
the gold occurred when the beam was stressed, and the
gap width was a monotonic function of the stress
applied. After the gap was formed, a solution of phen-
yldithiol was introduced, and one or more dithiol
molecules bridged the gap to form a molecular junction.
The observed current and differential conductance are
shown in Figure 15. The conductance corresponding to
the first step in the dI/dV curve corresponded to a
resistance of 22 MQ, close to that reported for the
xylyldithiol junction probed with STM.!17
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Figure 16. (A), (C), and (E) are conductance vs time curves
as a Au STM tip is drawn away from a Au surface after contact
in a solution of 4,4'-bipyridine. (B), (D), and (F) are histograms
of 1000 measurements, plotted as the observed conductance
in units of 2e%h. Reprinted with permission from ref 125.
Copyright 2003 American Association for the Advancement of
Science.

A conceptually similar approach by Xu and Tao had
the same objectives as the Reed and Tour experiment
but had the advantage of permitting a large number of
break junctions to be observed and analyzed statisti-
cally.125:158 A gold STM tip was repeatedly contacted
with a Au surface in a solution of a dithiol or bipyridine.
As the probe was lifted slowly off the surface, gold atoms
formed a nanofilament and then a break junction. A 4,4-
bipyridine molecule in solution (for example) presum-
ably bridged the gap as the break formed, and the
conductance was monitored throughout withdrawal of
the probe. The results show discrete steps of conduc-
tance corresponding to formation of a Au filament, then
a bipyridine molecular junction, and then an open gap
(Figure 16A,C,E). A histogram of 1000 such experiments
(Figure 16B,D,F) shows that the observed conductance
falls into a pattern of discrete values, with the Au
nanofilament exhibiting the maximum value of 2e%/h.
On the basis of these results, the low-voltage resistance
of a single 4,4'-bipyridine molecule is 1.3 £ 0.1 MQ,
which is listed along with several other resistance
values in Table 3. For the case of decanedithiol, the
observed resistance was 630 MQ, and a determination
of B from three alkanedithiols yielded a value of 1.04 +
0.05 per CHj unit. In addition,  was found to be weakly
dependent on the bias in a fashion consistent with a 5
eV energy gap between the HOMO of the molecule and
the Fermi level of the contacts. The theoretical model
assumed a linear potential profile in the junction, with
the HOMO assumed to reside at the midpoint of the
profile.

4. Monolayer Molecular Junctions

As noted in the Introduction and Scope, monolayer
molecular junctions are related historically to both
organic thin film devices and redox polymer films
between two conductors. We are restricting the discus-
sion here to junctions involving a molecular monolayer
with at most a few subunits and a thickness of less than
50 A. Redox concepts are often invoked in discussions
of molecular junctions, since they involve electron
transfer, reorganization energy, and electric fields. Our
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Figure 17. Redox storage cell currently under development
by ZettaCore, Inc. The porphyrin redox center (P) is oxidized
to a cation to effect charge storage in a memory device. Read/
write cycles have been repeated 10?2 times with minimal
degradation. The structure (right) is reprinted with permission
from ref 106. Copyright 2003 American Association for the
Advancement of Science. See also refs 160, 163, 165, 168, and
169.

discussion will start with a redox-based molecular
junction in which the concepts are well understood and
then progress to thinner junctions in which electron
transport through the junction is more direct, but the
mechanism less clearly understood. Note that the redox
junction discussed in section 4.1 is not the first example
of a monolayer molecular junction, but serves as a
conceptually useful starting point.

4.1. Redox Charge Storage Junction. A monolayer
molecular junction introduced in 2000159160 is currently
under development as a commercially viable alternative
for computer random access memory.161-164 The struc-
ture shown schematically in Figure 17 is an electro-
chemical cell with a monolayer of porphyrin redox cen-
ters acting as one of the half-reactions. As is well-known
for electrochemical cells, charge transport between the
conducting contacts involves electrons at the two contact
surfaces, ions in the electrolyte, and faradic reactions
to convert between electron flow and ion flow. In the
case of the structure of Figure 17, the positive charge
stored by the oxidized porphyrin persists for several
minutes at open circuit, so the charge state of the por-
phyrin layer is the basis of a memory de-
vice.101,102,159,160,165-171 The porphyrin monolayer was
shown to be tolerant of processing in a production
environment at 400 °C, and the 0/4+1 redox reaction
could be cycled at least 102 times.1% These attributes
make a porphyrin-based redox junction attractive for
incorporation into silicon microelectronic devices, and
a prototype 1 MB molecular memory chip is currently
being tested.163

Although the active region of the redox junction is a
monolayer, the electron transport and charge storage
of interest to possible electronic applications are ac-
companied by ion motion and redox reactions. Snyder
and White (1995) investigated redox “junctions” in
which the electrolyte layer was made very thin, to model
how an STM tip interacts with a redox-active mono-
layer.1”? As a layer of solution containing Fe(CN)g*~/
Fe(CN)g®~ was made progressively thinner, the observed
current exhibited the symmetric, sigmoidal response of
Figure 18. This behavior was compared to that of a
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Figure 18. Voltammetry of a ferri/ferrocyanide redox couple
in bulk solution (a), a 200 um thin layer cell (b), and a 10 yum
thin layer cell (c). As the cell becomes thinner, the mass
transport rate increases, and the response approaches a
sigmoid. Reprinted from ref 172. Copyright 1995 Elsevier.
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Figure 19. Current/voltage curves of graphite/porphyrin/STM
junctions, for an iron porphyrin near monolayer (curve a) and
thin film (curve b). Reprinted with permission from ref 172.
Copyright 1995 Elsevier.

porphyrin monolayer on graphite, in which a layer of
the redox-active molecules lies flat between a conducting
substrate and the STM tip. For a multilayer of iron-
(ITI) porphyrin, the i/V curve of Figure 19b was ob-
served, whereas a near monolayer yielded Figure 19a.
The STM i/V curves were obtained in the absence of
solvent or intentional counterions. The observed cur-
rents in the STM experiments were attributed to
electron transport by one or more redox events, in which
an electron injected from the negative tip reduces Fe-
(ITT) to Fe(II) and then the Fe(Il) transfers the electron
either to the positive substrate or to another Fe(III)
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Figure 20. Schematic electron transfer in a conventional electrochemical cell (a), a redox polymer thin film (b), and a monolayer
tunneling junction (c). Charge is carried by mobile ions in the electrochemical cell, following conversion of electrons to ions by a
faradic reaction.'” In a redox polymer, electrons may hop from center to center, with or without motion of a counterion.?? In the
tunneling junction, the electron may tunnel directly (red arrow), or resonantly through the LUMO of the redox center.!?® The
figure uses iron(II/ITI) porphyrin as an example, with A~ representing a generic anion.

center. This experiment is distinguished from the redox
monolayer cell of the previous section and from redox
polymer thin films?2 with regard to the role of counter-
ions. As the molecular layer thickness approaches a
monolayer, there must be a point where counterions are
absent or irrelevant. The electron transfers directly from
the negative contact into the redox center (presumably
into its LUMO) and then into the positive contact. In
contrast to a conventional redox cell, electron transport
need not be accompanied by ion transport. Although the
model of a thin layer redox cell is macroscopic, it
embodies the same concepts as the STM experiments
described in section 3.1 and Figure 19. Three electron-
transfer mechanisms for metal/molecule/metal junctions
are shown in Figure 20. These illustrations should be
considered schematic, but they do indicate the progres-
sion from a redox cell to a tunnel junction with decreas-
ing junction thickness. The common thread that is
emerging from experiments in different laboratories is
the relationship among reduction potential, LUMO
energy, and rapid electron transfer in a tunnel junc-
tion.133.135,139,172,173

4.2. SAM-Based Monolayer Junctions. Some for-
midable technical issues arise in the investigation of
monolayer junctions which involve many molecules in
parallel. In the absence of electrolyte, the two conductors
are separated by only a monolayer of organic molecules.
Pinholes in the monolayer may permit metallic short
circuits to occur, with presumably much higher conduc-
tivity than that of the molecules. Vapor deposition of a
variety of metals on SAMs has been investigated in
some detail, and the success of this method for making
a top contact depends in part on reactions between the
SAM and the metal. Allara et al. showed that Au and
Ag atoms penetrate aliphatic SAMs, with the SAM re-
forming on top of the deposited metal.?6:97.128,174=176 T
was possible to keep the metal on top of the SAM if it
reacted with the SAM headgroup, e.g., Al on carboxy-
late-terminated SAMs. Ti caused destruction of aliphatic
SAMs, as judged by mass spectrometry!7%177 and FT-
IR.178 FTIR of a naphthalene—alkane SAM showed that

Ti disordered the aliphatic segment but left the naph-
thalene centers intact.!”® Due to concerns about defects
in SAMs, many of the monolayer junctions studied to
date have small areas, often as small as the domain size
of the SAM.86:180 Early examples of metal/SAM/metal
junctions were conceptual extensions of STM and break
junction experiments, motivated partly by the desire to
examine molecular junctions which might be amenable
to mass production in microelectronic devices.

4.2.1. Nanopore Junctions. The Reed and Tour col-
laboration investigated Au/monolayer/Au junctions in-
corporating the phenylethynyl molecule shown in Figure
21.86,157,180-183 The junction was a circle of 30—50 nm
diameter made with electron beam lithography and
reactive ion etching. The authors estimated that each
junction contained ~1000 oriented molecules, and re-
producibility was sufficient to collect statistically sig-
nificant results. Figure 21 shows an i/V curve for the
“nanopore” junction at 60 K. The sharp peak at ~2.0 V
is a clear signature of “negative differential resistance”
(NDR). Unlike a conventional diode, whose differential
resistance decreases but remains positive as the voltage
is scanned, dV/di for NDR becomes negative, in this case
for V > 2 V. This phenomenon is quite unusual, and
was an early stimulus to consider practical applications
of molecular electronic devices.

In subsequent papers the temperature dependence for
nanopore structures based on the asymmetric Au/
thiobiphenyl/Ti junction%® and a symmetric Au/1,4-
phenylene diisocyanide/Au junction!8! is reported. As
noted in Table 1, variations of current with temperature
can be useful for distinguishing ET mechanisms. The
asymmetric junction showed rectification, with larger
currents when the Ti was negatively biased. The sym-
metric junction exhibited nearly symmetric i/V curves
with minimal rectification. Both junctions showed a
dependence on T and V consistent with thermionic
emission across one of the metal/molecule interfaces,
with a barrier height of 0.22 eV for the Ti/biphenyl
interface and 0.35 eV for the Au/isocyanide interface.
The authors concluded also that the Ti/phenyl “contact”
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Figure 21. Structure (left) and i/V curve (right) of a nanopore junction made from phenylethynyl molecules substituted with
amino and nitro groups. The peak current density is ~50 A/ecm? on a junction of approximately 1071° cm? area. Adapted from ref
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Figure 22. Semilogarithmic plots of current vs voltage for

Au/SAM/Pd nanowire junctions formed from dodecanethiol

(C12) and oligomers of phenylenevinylene (OPV) and phenyl-

eneethynylene (OPE). Error bars are based on 10 or more

nanowire junctions. Adapted from ref 184.
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presented a lower energy barrier than the Au/S/phenyl
contact.

4.2.2. Nanowire Junctions. A quite different junction
design with a similar cross-sectional area was produced
by Cai et al., using electrodeposition in ~100 A diameter
pores in polycarbonate membranes.!® A first metallic
contact was electrodeposited in a large collection of
pores, and then a dithiol was allowed to adsorb to the
contact surface. After a second metal contact was
deposited, the polycarbonate was dissolved in methylene
chloride to yield a large number of nanowire junctions.
Individual wires were suspended between metal elec-
trodes spaced 3—5 um apart for electronic characteriza-
tion. The i/V curves were generally symmetric, with a
strong dependence of current on molecular structure.
Semilogarithmic plots of current vs voltage for single
nanowires are shown in Figure 22 for three dithiol
molecules. The larger resistance compared to that of the
CP-AFM experiment on the dodecanedithiol molecule
(Table 3) was attributed to differences in contacts and
sample preparation.

The conductance of nanowire junctions made from
conjugated dithiols was significantly higher than for the
alkanedithiols, by 2—3 orders of magnitude for conju-
gated oligomers with lengths similar to that of dodecane
(Figure 22). The phenylethynyldithiol showed both
larger currents and a lower voltage threshold for
increased conductivity. The authors reported a smaller
voltage gap between the positive and negative onsets
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Figure 23. Schematic drawing of Hg/SAM/Hg and Hg/SAM/
Au junctions. In both cases, the Hg drops are macroscopic (~1
mm diameter), and the drawings are not to scale. For the Hg/
SAM/Hg junction, the two Hg drops are brought together in a
solution of an alkanethiol. For the flat Au substrate on the
right, the Hg drop is lowered through the thiol solution onto
the preformed SAM on Au. See refs 60, 61, and 186—188 for
details and results.

of increased conductivity, in the order 0.2 V for phe-
nylvinyl (OPV), 0.7 V for phenylethynyl (OPE), and 1.2
V for dodecane (C12).1%¢ This sequence was attributed
to the smaller energy gaps for the conjugated molecules,
and is consistent with the order observed for ET through
similar monolayers in electrochemical investigations in
solution. In addition, the conductivity for Pd contacts
was higher than that observed for Au contacts, a
difference which was attributed to better metal—
molecule electronic coupling for Pd than for Au.

4.2.3. Mercury/SAM Molecular Junctions. The labo-
ratories of Majda et al.1857187 and Whitesides et al.61.188
reported molecular junctions made between two mer-
cury drops or between Hg and a solid metal (Ag, Au,
Cu). One motive for this junction design was ease of
fabrication, which permitted observation of a statisti-
cally significant number of junctions, and avoided
lithography and the risk of monolayer damage by vapor-
deposited top contacts. Furthermore, the high surface
tension of Hg should reduce the likelihood of metal
penetration into the SAM, thereby reducing the likeli-
hood of short circuits. Two junction designs are shown
in Figure 23; in both cases the junction was formed
while the Hg drop(s) was immersed in a solution
containing the SAM of interest. It is important to note
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that the Hg/SAM interface is much larger in area than
the “nanopore” and “nanowire” junctions, measuring
01-1.0 mm in diameter and containing 101-1013
molecules.

The original papers should be consulted for the
detailed experimental and theoretical investigations of
Hg/SAM junctions, but several conclusions deserve
special note. First, the junction conductance depended
strongly on the junction thickness, with observed fj
values of 0.8—1.0 A~ for well-ordered alkanethiols. For
phenylene oligomers, 3 decreased to 0.61 A~1. Second,
the junction capacitance varied with thickness, in a
manner quantitatively consistent with that of a parallel
plate capacitor having a dielectric constant close to
2.0.186.187 Thig value is expected for hydrocarbons, so the
junction capacitance provides good support for the
structural model shown in Figure 23. Third, the bilayer
Hg/SAM/metal junctions exhibited very large current
steps at high voltage (2—4 V), attributed to dielectric
breakdown. The electric field at breakdown was 10—
107 V/em, which is consistent with breakdown fields of
bulk materials.!® Fourth, the Simmons tunneling model
with a rectangular barrier was not adequate for quan-
titatively describing junction behavior. The observed
for Hg/SAM/Hg junctions did not depend strongly on the
applied voltage,'8” and the observed currents were
significantly larger than predicted from the Simmons
model. A parabolic barrier yielded predictions closer to
the experimental currents,?! but necessarily involved an
additional adjustable parameter. Finally, the existence
of opposing SAMs on the two contact surfaces permitted
asymmetric Hg/SAM/SAMg/metal and related junctions
to be studied with a variety of molecular struc-
tures.61:185.188 Sych junctions exhibited asymmetric i/V
curves which were modeled theoretically.

A related paradigm involving a Hg drop is described
in section 6.2.1 rather than here, because it does not
involve a thiol-based SAM.190-192 In the laboratory, the
Hg-based junctions provide a convenient test bed while
the molecular structure and substrate are varied, but
they are mechanically unstable and not amenable to
incorporation in a practical microelectronic device. In
my opinion, they are indeed useful test beds, but
practical devices will require alternative, more rugged
junction structures which are amenable to massively
parallel fabrication.

5. LB Molecular Junctions

The LB technique for constructing monolayers or
multilayer films is well characterized and is not re-
stricted to thiols or Au surfaces. A molecule with a
hydrophilic “head” and a hydrophobic “tail” will orient
on the surface of water. The resulting film is compressed
laterally until monolayer formation is detected by a
change in surface tension. This monolayer may be
transferred to metal or metal oxide surfaces, with its
order and density maintained. The LB approach pro-
vides good control of coverage and leads to a well-defined
structure, but the bonding to the substrate is usually
electrostatic and weak compared to the Au—thiol bond.
Hence, the junction is prone to disordering upon metal
deposition or with time after fabrication.

5.1. LB Molecular Rectifiers. Metzger et al. have
used LB techniques to construct and investigate mo-
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Figure 24. Aviram—Ratner model for a molecular rectifier
based on a donor—acceptor molecule. ®; and ®; are the work
functions of the two metal contacts, and V is the applied
voltage. As drawn, facile electron transfer is from the Fermi
level of metal 2 (Mg) to the LUMO of the acceptor, and from
the donor HOMO to metal 1 (M;). Reprinted from ref 91.
Copyright 2003 American Chemical Society.

lecular rectifiers based on donor—acceptor mole-
cules.87:8891,193-199 The Au/molecule/Au junctions are
experimental manifestations of the original Aviram and
Ratner proposal of 1974.37 The energy level diagram of
a DBA molecule in a molecular junction is shown in Fi-
gure 24. The acceptor molecule has a relatively low en-
ergy LUMO, while the donor has a relatively high en-
ergy HOMO. For the voltage depicted in Figure 24, an
electron may transfer into the acceptor LUMO, accom-
panied by ET out of the donor HOMO, resulting in a
Dt B—A" excited state. The electron transfers are fast
if the orbitals align with the metal Fermi levels as
shown. Intramolecular ET from A~ to D* completes the
transfer of one electron from the right contact to the
left. Note that the reverse ET is energetically uphill;
hence, rectification results, with fast ET from right to
left in Figure 24.91

The Metzger group studied a variety of D—B—A mol-
ecules which exhibited rectification, for both symmetric
junctions with contacts of the same metal and asym-
metric junctions with different metals. The case of
hexaqdecylquinolinium tricyanoquinodimethide is shown
in Figure 25. This junction had Au for both contacts,
with the top contact deposited slowly while the sample
was cooled with LNy. The polarity of the i/V curve in
Figure 25 corresponds to rapid ET from the acceptor to
donor, as predicted from Figure 24. The Au junctions
showed current densities 3—5 orders of magnitude
higher than those for aluminum oxide contacts, due to
decreased contact resistance.8” The current density for
an applied voltage of 2 V was 0.3 A/cm? or ~10* (e /s)/
molecule. However, the rectification degraded with
repeated scanning, with the rectification ratio (J/—<J-)
at 2 V decreasing from 27.5 to 1.9 during five voltage
scans. Degradation was attributed to disordering in the
alkane chains due to transport of hot electrons, or to
chemical degradation of the A~ excited state.

A related but distinct molecular rectifier structure
used an asymmetric molecule, 2-tetradecoxynaphth-6-
ylpropanethiol.1” The molecule has an aliphatic chain
and an aromatic naphthalene center. Although the
molecule was bonded to Pt by a Pt—S linkage, it is
appropriate to compare it to the LB rectifiers just
discussed. The top contact was titanium, applied by
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Figure 25. Current/voltage curve for an LB monolayer of
hexadecylquinolinium tricyanoquinodimethide with gold con-
tacts on the top and bottom. The direction of electron flow at
positive bias is from the cyanoquinodimethane end to the
quinolinium end of the junction molecule. Reprinted from ref
87. Copyright 2001 American Chemical Society.

electron beam deposition. FTIR showed that the Ti
disordered the alkane portion of the monolayer, but had
little effect on the aromatic center. A high current
density (160 A/cm? at 2.3 V) and a high rectification
ratio (>5 x 10° at 2.3 V) were reported, and attributed
to the action of naphthalene as a quantum dot. Although
these values are higher than those shown in Figure 25
for an LB rectifier, the fact that the contacts are made
from different metals complicates interpretation of the
rectification mechanism.

5.2. Conductance Switching in LB Junctions.
The significant economic value of molecular electronic
switches stems from their possible utility as logic and
memory devices. Whether one molecule or many in
parallel are used as switches, the result would be a
potentially much higher density of active devices than
is currently possible with silicon or CMOS electronics.
The basic concept of conductance switching is a revers-
ible change in conductance caused by some electrical
stimulus. However long the conductance remains in a
low or high resistance state, it can act as a memory or
logic element. As with existing memory devices, the
performance of a molecular memory cell is judged by
speed, persistence, power consumption, and device
density. If the conductance of a molecule can indeed be
repeatedly switched between persistent “on” and “off”
states, it could be the basis of nonvolatile, high-density,
low-power molecular memory.

An early approach to memory devices using LB
structures was based on interlocking organic molecules
rotaxanes and catenanes developed at UCLA.46:89:92,200-204
Figure 26 shows a “rotaxane” structure, consisting of a
viologen-containing “ring” around a “post” containing a
tetrathiafulvalene (TTF) center. Note that the post has
hydrophobic and hydrophilic ends to permit assembly
of an oriented monolayer with the LB technique. The
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Figure 26. Structure of the a “single-station” rotaxane
molecule, with a hydrophilic base, hydrophobic tail, and
viologen-containing ring. Reprinted from ref 201. Copyright
2001 American Chemical Society.

rotaxane monolayer was positioned between a thin layer
of AlyO3 on Al or silicon (hydrophilic end) and a vapor-
deposited Ti/Al top contact (hydrophobic end). A current/
voltage curve shown is in Figure 27, with the polarity
defined as the Al/Al;Os contact relative to the Al/Ti
contact. The devices exhibited a sudden decrease in
resistance at about —2 V, which could be reversed at
positive voltage.?2-204205 The high- and low-conductivity
states implied a bistable “switch,” and these states could
be accessed repeatedly during potential cycling. The
observations were interpreted with a mechanism based
on motion of the viologen ring along the TTF post,
accompanied by oxidation or reduction of the rotaxane
supermolecular structure. Although the switching rate
was slow by microelectronic standards (<100 Hz), the
possible implications of a bistable molecular switch are
profound. The on/off conductance ratio and cycle lifetime
varied for different molecular structures, and were
interpreted in the context of the donor—acceptor behav-
ior underlying molecular rectifiers.20!

Although the concept of a molecular switch generated
considerable excitement, uncertainty arose about the
mechanism. The possibility that metal filaments might
form under high electric fields was considered as an
alternative switching mechanism which does not di-
rectly involve the molecular monolayer.198:206 If a metal-
lic short circuit were alternately formed and broken
during potential scanning, the i/V curve of Figure 27
might result. Reconstruction of gold STM tips has been
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Figure 27. Current/voltage curve of a pseudorotaxane monolayer in an LB molecular junction, showing hysteresis and bistable
conductivity. Reprinted from ref 92. Copyright 2001 American Chemical Society.

reported in response to an applied electric field,!” and
metal filaments have been reported for LB rectifiers
under certain conditions.!®® The formation of metal
filaments may be weakly dependent on the molecular
structure in the junction, and represents a serious
artifact if present. The observation of conductance
switching in metal/molecule/metal junctions based on
both rotaxane and alkane molecules resulted in the
conclusion that the observed switching was controlled
by properties of the metal/molecule interface rather than
the molecule itself.207

6. Irreversibly Bonded Molecular Junctions

As noted in section 2.2, a third class of molecular
junctions based on Si—C, Si—0—C, and C—C bonds may
be added to the much larger groups of LB and SAM
structures. The term “irreversibly bonded” is not meant
to necessarily imply fundamental differences from LB
and SAM junctions, but it does serve as a label which
indicates strong, covalent bonding between a molecular
layer and at least one contact. Three examples were
shown in Figure 6, for the case of olefin addition to Si-
(001), Si—O—C bonding on Si, and C—C bonding on sp2-
hybridized carbon. The Si—O—C linkage was the basis
of the redox storage junction already discussed in section
4.1. The Si—C and C—C cases have been investigated
in molecular junctions in single-molecule and monolayer
junctions, respectively.

6.1. Irreversibly Bonded Junctions on Silicon.
The Hamers group has extensively investigated covalent
bonding by olefin cycloaddition to silicon!07.108,110,115,208-214
and diamond.199-208215 The Si(001) surface has Si=Si
double bonds in an ordered array when prepared in
UHV. Cycloaddition of olefins to these bonds results in
two covalent Si—C bonds. XPS, FTIR, and STM were
used to provide a detailed structural model for the
resulting surface, and the cycloaddition mechanism was
reported. An STM image of cyclopentene chemisorbed
to Si(100) showed that the tunneling barrier was
reduced when the tip was positioned over an adsorbed
molecule.?%? Conjugated adsorbates were also examined,

and the importance of 7 conjugation to the addition
reaction was investigated.198:115 The STM studies of Si/
adsorbate surfaces are analogous to those of Au/SAM
surfaces described in section 3.1, but without the second
covalent bond provided by a dithiol.

Wang et al. have reported silicon/molecule/metal
junctions based on covalent bonding to silicon via
diazonium ion reduction.?’6 A Ti/Au top contact com-
pleted the junction, and nonlinear current/voltage curves
were observed for 6—32% of the finished junctions. The
current was weakly dependent on temperature, leading
the authors to conclude that the dominant ET mecha-
nism was tunneling rather than a thermally activated
process such as Schottky emission. An alternative
silicon-based junction design was investigated by Liu
and Yu, consisting of a Hg drop top contact on a alkane
monolayer bonded to silicon via a Grignard reaction.?1”
The junctions were modeled as modified semiconductor/
metal Schottky diodes, and the ET behavior was exam-
ined as a function of alkyl chain length. The relatively
low B of 0.63 per CHy unit was attributed to lower
density packing of alkanes and Si compared to metals.
Given the importance of silicon in microelectronics, and
the stability of the Si—C bond, molecular junctions
based on Si substrates are likely to become more
common.

6.2. Carbon-Based Molecular Junctions. Covalent
bonding of organic molecules to carbon, silicon, and
metals via reduction of diazonium reagents has been
studied extensively. In most cases, the diazonium
reagent is reduced electrochemically from solution, to
yield a phenyl radical.112-114.218-222 Since the reactive
radical is formed at the conducting surface, it may
rapidly bond to the substrate to form a densely packed
mono- or multilayer. The strong Si—C or C—C surface
bond forms irreversibly, so no annealing or restructur-
ing has been observed following chemisorption. Modi-
fication layers formed by diazonium reduction have been
characterized by XPS, STM, AFM, Raman, FTIR, ellip-
sometry, etc, and the relevant reactions are shown in
Figure 28. Chemisorption has been shown to occur
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of diazonium ions in acetonitrile. After synthesis from an
aromatic amine, the diazonium reagent is dissolved in aceto-
nitrile or dilute aqueous acid. Phenyl radical may add to either
an unsatisfied valence on the carbon surface or to double bonds
in the graphitic substrate.
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Figure 29. Current/voltage curves for 0.0078 cm? junctions
formed by lowering a Hg drop onto monolayers on carbon
substrates. The labels refer to the diazonium reagent used to
form the monolayer, in all cases derivatives of phenyldiazo-
nium tetrafluoroborate. Adapted from ref 190.

spontaneously without an applied potential, via electron
transfer from the substrate to the diazonium re-
agent.223:224 Although diazonium ions are not particu-
larly strong oxidizing agents, the irreversibility of their
reductions drives electron transfer from a conducting
or semiconducting surface. The resulting C—C and Si—C
bonds are quite stable, but formation is not self-limiting
as with thiols, so care is required to control and verify
the layer thickness. A brief discussion of a Au/molecule/
STM junction based on diazonium reduction appeared
in 2002,32 but the majority of diazonium-based molec-
ular junctions have been on carbon substrates.

6.2.1. Carbon/Molecule/ Hg Junctions. Very flat sp*-
hybridized carbon surfaces (rms roughness <5 A) may
be prepared by pyrolysis of photoresist materials in a
hydrogen-containing atmosphere.225226 After modifica-
tion by diazonium reduction, a top contact was made
with a pendent Hg drop.190-192 Figure 29 shows i/V
curves for junctions made from several diazonium
reagents with different lengths. The observed conduc-
tance was strongly dependent on the monolayer thick-
ness, and was significantly higher for conjugated struc-
tures (e.g., stilbene) compared to aliphatic structures.
A detailed study of carbon/terphenyl/Hg junction con-
ductance as a function of temperature showed an
activated region above 0 °C and a T-independent region
at lower temperature.19! This behavior was interpreted
as a transition from a tunneling mechanism at low T
to hopping or thermionic emission at high 7'. The room
temperature resistance of such junctions varied strongly
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Figure 30. Current/voltage curves of carbon/nitroazobenzene/
Ti/Au junctions, with a 3.7 nm thick NAB layer (1 V/s, room
temperature, junction area of 0.00196 cm?2). For curve a, Ti
was deposited at 0.03 nm/s with a back pressure of 8 x 1076
Torr. For curve b, Ti was deposited at 0.1 nm/s with a back
pressure of 4 x 1077 Torr. Adapted from ref 227.

with molecule length, being 34 Q, 13.8 kQ, and 41.0 kQ
for phenyl, biphenyl, and terphenyl, respectively.

6.2.2. Carbon/Molecule/Titanium Junctions. The
carbon/molecule surfaces described in section 6.2.1 have
been used to make a molecular junction with vapor-
deposited titanium followed by a protective layer of Au.
Although Ti is considered a reactive metal (section 4.2)
capable of destroying SAMs on Au,'76-178 Raman spec-
troscopy showed that Ti reacted with the nitro group
on a nitroazobenzene monolayer on carbon, but did not
significantly affect the remaining monolayer struc-
ture.22* XPS showed a Ti—N bond, implying that Ti
deposition on carbon modified with NAB resulted in a
carbon/NAB/Ti junction with covalent contacts at both
interfaces. The i/V curve for such a junction with a 37
A NAB multilayer is shown in Figure 30a.227 The
junction is strongly rectifying, and shows hysteresis
when scanned at 1 V/s at room temperature. The
hysteresis was temperature and scan rate dependent,
and the transition from a low-conductance state to a
high-conductance state was faster for larger applied
voltage. The thermally activated, potential-dependent
nature of the transition led to the conclusion that the
process was a redox reaction driven by the applied field,
probably involving rehybridization of the nitroazoben-
zene structure.192.227

Subsequent experiments showed that the hysteresis
and rectification were strongly dependent on trace gases
present during Ti deposition.?28 Upon reduction of the
back pressure by a factor of 20, the i/V curve of Figure
30b resulted. The junction resistance was significantly
lower, and the rectification and hysteresis were absent.
The presence of titanium(II) and titanium(III) oxides
revealed by XPS depth profiling indicated that the
original deposition conditions produced a Ti film which
was partially oxidized. The details are currently under
investigation, but it appears that the behavior of Figure
30b is at least partly a result of redox reactions in the
Ti/TiO, and/or NAB films in the carbon/NAB/Ti/Au
junction.

7. Issues and Challenges

Although the characteristics of molecular electronic
junctions are only beginning to emerge, some conceptual
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and technical challenges are already apparent. The list
below is certainly not comprehensive, and undoubtedly
additional issues will arise as junction properties are
understood. Nevertheless, it is useful to consider a few
of the many technical challenges posed by investigations
of molecular junction behavior.

First, the persistent problem of avoiding defects and
short circuits is a major roadblock to reproducible
results. When junction behavior is unknown and/or hard
to predict, defects can be very misleading. On the
practical side, it is likely a large number of molecular
junctions (i.e., 102—107) will be required to perform a
useful microelectronic task, e.g., memory or processing.
It will be necessary to devise methods for massively
parallel fabrication, either with near-perfect yield or
with fault-tolerant architecture or software.

Second, the search for a low-barrier ohmic contact
between a conductor and a molecule is far from com-
plete. Most currently used interfaces have significant
barriers to electron injection, which can dominate
junction behavior.

Third, the alignment of the Fermi levels of the contact
with the energy levels in the molecule is generally
unknown, as is the electric field distribution through
the junction. The energy of the HOMO and LUMO
relative to the contact Fermi level(s) determines the
electron transport barrier in many situations, yet this
important parameter is difficult to determine. Further-
more, the HOMO and LUMO energies both vary with
their position in the imposed electric field (Figure 10).
Generally, it is not known if the highest fields are at
the molecule/contact interface(s) or within the molecular
layer.

Fourth, lateral interactions between molecules in
multiple-molecule junctions are likely, and may be
difficult to model. Such interactions may be electrostatic,
such as a Coulombic barrier caused by electron transfer
to an adjacent molecule, or they may result in orbital
mixing and energy splittings from intermolecular in-
teractions. Lateral interactions will affect the “scaling
laws” that apply when a single-molecule observation is
extended to a possibly large collection of molecules in a
monolayer junction.

Finally, realization of useful electronic devices based
on molecular junctions will require a combination of
empirical characterization of particular junctions with
a sophisticated application of theoretical approaches to
electron transport. By analogy to conventional micro-
electronics, we need to determine how molecular com-
ponents may be combined to realize useful electronic
functions.’ Such a “rational design” of molecular elec-
tronic devices will presumably be based on a set of
“rules” on how molecules behave as circuit components,
combined with quantum mechanical modeling of mo-
lecular or supermolecular components. Although the
theoretical and practical barriers to designing molecular
circuits may be formidable, the large number of degrees
of freedom in molecular structures yield vast flexibility
in how molecular electronic devices may be exploited.
Much of the driving force for understanding molec-
ular junctions stems from possible applications in
microelectronics, chemical and biological sensing, and
the realm of photonics and the photonic/electronic
interface.
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