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T
he past decade has witnessed a
growing body of literature measur-
ing electrical resistance of individual

molecules.1–4 At a base level, this work is
driven by the need to miniaturize electronic
circuits for smaller and faster computers,
sensors, and other instrumentation. Propos-
als to build electronic devices where a
single molecule functions as the active ele-
ment in the circuit date back at least as far
as the molecular rectifier of Aviram and
Ratner in 1974.5 It is in this sense that the
term molecular electronics is now com-
monly used.

Molecular Electronics. A molecule repre-
sents the smallest unit of matter with well-
defined connectivity; thus, molecules are
obvious candidates for bottom-up assem-
bly of electronic devices. Perhaps the most
intriguing aspect of this idea is that there
exists a good understanding of molecules.
Chemical synthesis is a massively parallel
method to create identical molecules by the
mole. Their structures and electronic prop-
erties can be tailored and tweaked. We can
also characterize them by any manner of
spectroscopy and structural probe. Thus,
molecules could be ideal building blocks for
electronic devices.6

However, to make even the simplest mo-
lecular electronic device—a molecule con-
nected between two electrodes—presents
several practical difficulties (Figure 1). Fabri-
cation is a challenge because of the differ-
ence in scale between a molecule, the elec-
trodes, and the small gap between the

electrodes. Ironically, making a
metal�molecule�metal (M-m-M) junction
is not as difficult as verifying that the in-
tended molecule is in the junction, con-
nected and oriented to the electrodes in
the intended way. Many clever methods
have been employed to create M-m-M
junctions.2,3,7 Examples are mechanical
break junctions,8 crossed wires,9 mercury
junctions,10 nanopores,11 electrochemical
interfaces,12,13 and scanning probe micro-
scope (SPM) junctions.9,14,15 Each technique
has its own advantages, for example, the
ability to provide images of the contact
area, easily cooled to low temperature, or
controllable electrode spacing.

Electrical measurement of the junc-
tion is straightforward; unfortunately, its
interpretation is not straightforward in
real laboratory systems where the elec-
trode surface is seldom perfectly con-
trolled. What may not be obvious at the
outset is that the electrode�molecule
contacts typically present a substantial
electronic mismatch because the Fermi
level of the metal electrode is not aligned
with the HOMO or LUMO of the mol-
ecule, but lies between them. As a conse-
quence, measured electrical resistances
of M-m-M junctions are typically in the
G� range, compared to 12.9 k� resis-
tance (G0 � 2e2/h) of a quantum point
contact. The molecular bridge also con-
tributes to the measured resistance, but
the measurement is a property of the
M-m-M junction, not of the molecule it-

self. A thorough understand-
ing requires separating out
each contribution.

The typical approach is to
compare measurements of a
series of junctions, where the
molecules and electrodes are
varied systematically. The most
frequently measured param-
eter is the decay constant � for
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Figure 1. A simplified schematic demonstrating the most
basic molecular electronic device—a molecule connected
between two electrodes. The three regions are shown:
electrode, molecule, and the molecule�electrode contacts.

ABSTRACT Accurate measurements

of electronic properties of molecular

junctions are important for both

fundamental and practical

applications. Often the molecule-

electrode contacts are poorly

characterized, leading to wide

variation in the measured resistance

values. A new paper in this issue

demonstrates the use of a reference

molecule as an internal standard to

compensate for the varying conditions

of the molecular contact in

conductive-tip atomic force

microscopy measurements and yields

consistent resistances relative to the

reference despite variations in

absolute resistance.
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tunneling through the molecular
bridge. The junction resistance for
a homologous series of molecules
of different length, for example, al-
kanethiols, is measured as a func-
tion of alkyl chain length. Provided
the molecule�electrode contacts
are reproducible, the resistances
obey an exponential law where R
� R0 exp(�l). The bridge length is l.
The contact resistance R0, the resis-
tance of the molecular bridge ex-
trapolated to zero length, contains
information about the molecule
electrode contact.16,17

Accurate experimental mea-
surements of resistance are re-
quired to test and to refine theo-
ries. This is in turn used to make
more accurate predictions of mo-
lecular junction properties and to
suggest new molecules for experi-
mental study. Many examples of
transport measurements through
molecules can be found in the lit-
erature; however, there is little
agreement on the values. This is
because the experiments actually
measure the resistance of the
M-m-M junction. Generally one or
both of these metal�molecule
contacts is ill defined.

Internal Reference. In this issue,
Scaini et al. use a self-assembled
monolayer (SAM) of alkanethiols on
the Au(111) surface.18 The Au sub-
strate acts as one electrode. Be-

cause the SAM is highly ordered,

the Au(111)�SAM interface is uni-

form; hence, the Au substrate�SAM

contact is highly reproducible. The

other contact is formed by a con-

ductive tip of an atomic force micro-

scope (CT-AFM), which is brought

into contact with the top of the

SAM, completing the M-m-M junc-

tion. The junction resistance is ob-

tained by measuring the current

through the junction as a voltage is

applied between the probe tip and

the substrate. The absolute resis-

tance measured in this way is not

reproducible due to a contamina-

tion layer on the probe tip. Scaini et

al. circumvent this problem by use

of an internal reference SAM to ob-

tain reproducible relative resistance

measurements (Figure 2).

The AFM platform provides

several important advantages for

going beyond this basic measure-

ment capability. The contact force

of the probe tip with the SAM

can be precisely controlled. The

AFM can image the surface with

nanometer resolution so that the

structural characteristics of the

contact region can be selected to

avoid defects and imperfections

in the SAM. The ability to image

the surface and to position the

probe tip precisely is central to

the work of Scaini et al. To set up

the differential measurements, is-

lands of longer or shorter al-

kanethiol SAM were nanografted

into the SAM matrix of a reference

alkanethiol.19 Both images and

electrical measurements are per-

formed in the same experiment so

that the resistance of both the is-

land and the reference SAMs are

obtained repeatedly and in rapid

succession. This provides nearly

simultaneous measurements of

the island-reference relative resis-

tance and the island-reference ab-

solute resistance. The former is

the desired measurement, while

the latter tracks the condition of

the probe-tip. The height differ-

ence between the island and the

reference SAM is also obtained.

Up Close and Personal with the Probe

Tip. It is important to emphasize that

the requirements for high-resolution

imaging using SPM are much less

stringent than for electrical measure-

ments. This is because high-

resolution imaging only requires a

sharp, stable probe tip, either the ide-

alized clean tip or the original tip in-

tentionally or unintentionally modi-

fied by a contamination layer,

nanoparticle, or a molecule from the

sample or elsewhere. On the other

hand, electronic measurements re-

quire precise knowledge of the

molecule�probe tip contact in or-

der to interpret the absolute conduc-

tance. In SPM, the probe tip is the

least well-characterized part of the in-

strument. This is because the atomic-

and nanometer-scale structure of

each probe tip is different and

changes during use. This might

sound discouraging, but a few mol-

ecules jumping on and off between

the probe tip and the “clean” surface

is not uncommon. Imagine scanning

over a carpet of 108 molecules (e.g.,

the 3 �m � 3 �m areas Scaini et al.

image in their paper); one stray mol-

ecule in this area would still produce

Making a

metal�molecule�metal

junction is not as

difficult as verifying that

the intended molecule

is in the junction,

connected, and oriented

to the electrodes in the

intended way.

Figure 2. Absolute resistance measurements show large variations due to vari-
able “thickness” contamination layers (dark green) on the CT-AFM probe tip.
Scaini et al. demonstrate that the resistance ratio of the unknown to an internal
reference SAM gives reproducible values across many measurements, despite the
large observed variations in absolute resistance of the junction across the same
measurements.
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images representative of a clean

surface.

An additional molecular layer

on the probe tip can have a pro-

found effect on the resistance of

the junction, modifying it to an

M-m-m=-M junction. Here m= is

the adventitious layer on the tip

and m is the molecule of interest.

This m-m= interaction is a bilayer

junction, which is interesting in its

own right.20 Scaini et al. over-

come this difficulty by using a ref-

erence molecule as an internal

standard. Because m is part of a

homologous series, m-m= is ex-

pected to be the same for both

the unknown and the reference

m. Scaini et al. demonstrate this

method for alkyl chains from 8 to

18 carbons in length. Although

the absolute resistances mea-

sured for the same molecule vary

with probe tip and condition, the

ratio of the resistance to the

internal standard is

reproducible.

Scanning Tunneling Microscopy vs

Conductive-Tip Atomic Force Microscopy.

The scanning tunneling microscope

(STM) is often used to study mol-

ecules on surfaces because of its

high spatial resolution. The strong

exponential decay of electron tun-

neling with distance largely con-

fines the tunneling current to the

atom at the end of the probe tip.21

The STM also interacts with the

sample directly via electron tunnel-

ing. Feedback control of the tip–

sample distance is accomplished us-

ing the tunneling current, which

requires a bandwidth of �1 kHz,

practically limiting the tunneling

current to �0.1 pA. Constant cur-

rent (topographic) mode controls

the tip–sample distance to maintain

a constant tunneling current, con-

volving the electronic properties of

the tunnel junction with the sample

topography. When high-resolution

images of SAMs are required, the

STM operating conditions are set to

position the tip so that it is not in

contact with the monolayer surface,

creating an additional SAM�tip

gap, further complicating the issue

(Figure 3).22 The ideal measurement

of resistance would be made when

the tip is just in contact, but not

penetrating the SAM so that the

SAM�tip gap goes to zero—a more

complex STM experiment.14

CONDUCTIVE PARAFFIN?
The alkanethiol SAMs studied by Scaini et al. are essentially monolayers of crystalline paraffin with a thickness de-

termined by the length of the alkyl chain. Conductance of the molecules is measured along their length. How can par-
affin be a conductor? Bulk paraffin is a good insulator! The resolution is that these molecules conduct more than
vacuum, but much less and differently than metals.

For conventional ohmic conduction (e.g., current flowing in a copper wire), the electrons are in thermal equilib-
rium at each point along the wire due to collisions with the copper lattice, losing energy to the lattice and heating
the wire.

For the M-m-M junction, the mechanism for electron transport is nonresonant coherent tunneling,11 which only
operates over very short distances because of its strong exponential decay with distance. The electrons originate in
one electrode, pass through the junction (predominantly) without collision, and ultimately deposit all their energy in
the second electrode. The measured conductance is really the probability of an electrode tunneling across the junc-
tion, or, put another way, the electronic transparency of the junction. If a junction has multiple layers, the total resis-
tance is approximately the product of the tunneling probability of each layer alone.

At first sight, it seems odd that it is easier for an electron to tunnel through an alkyl chain than to tunnel though
the equivalent distance in vacuum. This is because the alkyl chain is more polarizable than vacuum, so the barrier
to tunneling is lowered. The charge of the electron passing through the molecule can be partially screened by the po-
larization of the molecule. In contrast, the electron in vacuum is naked. Although the alkyl chain has no delocalized
electrons to participate directly in the charge transport, it is more conductive than a vacuum gap of the same length.

Although the details of the mechanism are different from familiar resistors, conductance—the ratio of current to
voltage—is still a useful operational concept. For molecules with wide energy gaps and no energy levels near the
Fermi level (such as alkanethiols) the tunneling current increases monotonically with applied voltage (nonresonant
tunneling). If the molecule has low-lying energy levels, resonant tunneling can be observed, characterized by con-
ductance maxima when the applied voltage aligns a molecular energy level with the energy of the tunneling elec-
trons. This interesting behavior is one basis for the design of molecular switches and memory.6 A small fraction of
electrons traversing the junction do suffer energy loss in the molecule by inelastic processes. This phenomenon is ex-
ploited in inelastic tunneling spectroscopy, which gives vibrational information about the molecules in the
junction.25,26 For ordinary transport measurements, inelastic processes are small effects that can be safely ignored.

Returning to bulk paraffin, it is instructive to turn the original question around: why is bulk paraffin an insulator?
This is because it has no free carriers and there are no low energy sites to hold an electron were one to tunnel into
it. At high voltages, dielectric break down occurs, where the electric fields are sufficient to cause ionization of the par-
affin and multiplication of these generated or injected electrons by an avalanche process. However, this is generally
a destructive process causing irreversible changes in the material.
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Conductive-tip AFM uses the

contact force between a metalized

tip and the sample for feedback to

maintain a constant tip–sample dis-

tance, which is a straightforward

way to make comparable SAM�tip

contacts with SAMs of different

length alkyl chains. The electrical

measurements are decoupled from

the tip–sample distance, permitting

smaller tunnel current measure-

ment bandwidths to be used, en-

abling measurements of tunneling

currents 2–3 orders of magnitude

lower than typically used for the

STM. Consequently, longer and

more resistive molecules can be

studied. Although current is sensi-

tive to contact force, the force can

be made small enough that the

probe tip contacts the SAM but

does not appreciably distort its

structure.

Conclusion and Outlook. Although

the resistance of molecular junc-

tions can be measured, the values

vary widely. In the future, measure-

ments are likely to use internal stan-

dards to measure relative transport

as demonstrated by Scaini et al. One

can imagine using a reference mol-

ecule with a well-established con-

ductivity and electrode contact be-

havior in much the same way a

reference electrode is used in elec-

trochemistry. This will require estab-

lishment and agreement on such a

standard as well as definitive mea-

surements of it.

The CT-AFM measurement tech-

nique can be expanded to study

transport across bilayer junctions,

the contact between multiple mo-

lecular layers, that is, one molecule

on the substrate and the second on

the CT-AFM tip.17,23 Such a configu-

ration is a nanometer-scale version

of the electronic tongue,24 which

would reveal chemical information

at the molecular scale and form an

ultrasensitive chemical detector.
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