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Abstract

Although research on molecular electronics has drawn increasingly more attention in the last
decade, the large spread in obtained results for the conduction rescaled to a single molecule
indicates a strong dependence of the measured data on the experimental testbed used. We

subdivided a generalized metal-molecule—metal junction into different components and discuss
their influence on electrical transport measurements of a single organic molecule or an assembly
of molecules. By relating the advantages and disadvantages of different experimental testbeds
to the more general view of a molecular junction, we strive to explain the discrepancies between
the obtained results on molecular conduction. The reported results on molecular conduction of

molecules with an alkane backbone can be categorized into three groups with different
resistance values, depending on the device area of the molecular junction and the nature of the

contacts.
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number of transistors every year, but later Moore adjusted
this to every 2 years. Although it remains unclear when
the end of Moore’s Law is reached with current silicon-
based technology and whether it will lead to serious problems
for technological development, molecular electronics is often
proposed as a candidate to overcome the possible downscaling
limitation in silicon. In 1974, Aviram and Ratner proposed
a method of making a rectifier based on a single organic
molecule [3]. The concept of making a functional device,
based on the properties of a single molecule offers, in
theory, unlimited possibilities for technological development,
since the electrical properties of organic molecules can be
altered by molecular design and synthesis. Furthermore, by
using 2-terminal devices with a single organic molecule, the
inevitable downscaling limit in silicon integrated circuits might
be overcome and Moore’s Law would continue to thrive for
the coming decades. The decrease in lateral size is only
one of many development requirements for transistors on
silicon chips. Operation speed, reliability, stability, power
consumption and, perhaps most important, production costs
are all critical for an emerging technology that is intended to
compete with or follow-up silicon-based technology. There is
no evidence so far that electronic components based on organic
molecules can compete with silicon on all these requirements,
especially operation speed. ~When molecular electronics
cannot live up to these requirements, perhaps the future of
molecular electronics is in low end applications. In low end
applications the operation requirements are less critical, but
processing costs should be as low as possible. Instead of
using single molecules to provide the electronic functionality,
self-assembled monolayers (SAMs) might be used, where the
functionality is still incorporated in the molecular structure
but an assembly of molecules is used. SAMs are formed
by molecules in solution which attach themselves with an
end group to a specific substrate to form a densely packed
molecular monolayer. The name self-assembled monolayers
already explains the low production costs, the molecules
assemble themselves at the designated surface or electrode,
without any external influences. Furthermore, the costs are
low since only small quantities are required to cover large
areas, making self-assembled monolayers a very inexpensive
primary product. For example, with only 1 g of dodecanethiol
molecules (HS-C>Hs), a densely packed SAM on gold can
be formed over an area of ~600 m?. Whether molecular
electronics will be used in the next generation computer chips
or whether it will provide the future for low end applications,
only time will tell. No matter what direction the future will
hold for molecular electronics, it is certainly worth developing
this emerging technology for future applications and, perhaps
even more interesting, fundamental scientific understanding.
Research on molecular electronics has drawn increasingly
more attention since the last decade (figure 1), but the first
electrical measurements on SAMs were already performed
as early as 1971, by Mann and Kuhn [4]. They fabricated
monolayers of fatty acid salts, (CH3(CH,),-»C0O0),Cd, of
different chain lengths with n = 18-22. These monolayers
were formed on Al electrodes and mercury was used to
fabricate the top electrode. Although, lacking sophisticated
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Figure 1. The number of citations each year to the seminal article by
Aviram and Ratner published in 1974 ([3]), proposing a rectifier
based on a single organic molecule. The last decade shows a
tremendous increase in the number of citations, clearly indicating a
strong growth in attention for molecular electronics [5].

fabrication techniques such as photolithography, they still
managed to obtain an exponential decrease in the current
with increasing molecule length, i.e., layer thickness of the
insulating barrier, clearly demonstrating the tunneling nature
of the electron current through these SAMs.

For the development of every emerging technology, the
fundamental principles underlying this technology need to
be understood before significant progress can be made in
the field. For exactly that reason alkane-based molecules,
as were used by Mann and Kuhn, are a perfect benchmark
for any new experimental testbed in molecular electronics.
SAMs of alkane(di)thiols are known to form densely packed
and well-ordered mono-domains up to several hundred square
nanometers on gold [6-8]. Comprising an alkane backbone
and either one thiol end group (monothiol) for anchoring the
molecule to Au, or a thiol at both ends of the alkane chain
(dithiol), these molecules can easily be varied in length by
varying the number of carbon atoms in the alkane chain. Since
alkane(di)thiols possess a large energy gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of about 8-10 eV [9, 10], these
molecules are insulating and, consequently, a tunneling current
is expected which decreases exponential with increasing
molecule length and is temperature independent. This property
allows for a solid verification whether or not the properties
of the molecules under study are indeed measured. Since
the first measurements on alkane-based SAMs were already
performed more than 3 decades ago [4] and the alkane-based
molecules make an ideal benchmark for molecular electronics,
we might expect that the electrical properties of alkanes are
already fully understood. This is, unfortunately, not the case.
A large spread in conduction per molecule is obtained for these
types of molecules for different molecular junction geometries
or molecular electronics testbeds [10, 11]. The differences in
conduction per molecule vary up to 8 orders of magnitude.
The true cause behind this large spread in results still remains
unclear and is subjected to analysis at the end of this review.

Nevertheless, alkane(di)thiol molecules can be considered
as a perfect benchmark for any new technology related to
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Figure 2. Schematic representation of a molecular junction. One or
more molecules are sandwiched between two electrodes.

molecular electronics since the exponential length dependence
and temperature independence are the well-defined electrical
characteristics of the tunneling current, which can be
measured. However, the large spread in absolute value
for the conduction per molecule from different experiments
makes it extremely hard to relate the experiments to
theory [12—15]. Therefore, we investigate in this review the
different experimental testbeds used and compare the obtained
results on alkane(di)thiols after a thorough analysis of the
different aspects of each measurement set-up. This provides
not only an overview of the current status of the field, but
hopefully also delivers a clear insight in the cause behind the
variations in the obtained results.

2. Molecular junctions in general

To analyze the different testbeds used in molecular electronics,
we first need to generalize and simplify a molecular junction
to obtain the different elements of the junction, which are
influencing or even critical for the electrical measurements. A
schematic drawing of a molecular junction is shown in figure 2,
where one or more molecules are sandwiched between two
electrodes. The junction can be divided into 3 major regions,
i.e., the electrodes, the molecule(s) and the interfaces between
each contact and the molecules.

2.1. The electrodes

Except for the break junction techniques, all other types of
molecular junctions do not have both electrodes fabricated
simultaneously.  First, one electrode is fabricated, then
a SAM is formed on this electrode, and the final step
involves the formation of a second electrode. Depending
on the atomic structure of the type of substrate/metal used,
SAMs can form with differences in packing density and tilt
angle [7, 16]. Since the molecules are typically about 2
nm in length, the surface topography and roughness of the
electrodes are strongly determining the final configuration of
the junction, and thus the observed electrical characteristics of
the molecular junction [17-22]. The local contact geometries
in nanoscale junctions for single molecule measurements are
never identical. Therefore, statistics need to be done on a large
collection of measurements to average out these geometrical
variations [23-30]. For larger junctions, where large
assemblies of molecules are measured simultaneously, contact

geometries will also never be identical. However, due to the
large collection of different local geometries in one junction,
the large scale junctions result in an average conduction
value [31]. Consequently, single molecule experiments and
measurements on SAMs result often in different conductance
values [10, 11, 32]. The exact dimensions of these electrodes
or the device area are important in combination with the
metal type (Au, Ag, Pt, Pd, Hg, GaAs, etc) and roughness,
to determine accurately the number of molecules in the
junction. Another obvious requirement for a well-defined
bottom electrode is the cleanness of its surface. Thiols cannot
attach themselves easily on polluted gold surfaces, it requires
a significantly longer time or they do not assemble at all.
Thiols are most likely able to displace any adsorbates at the
surface [7], but to ensure a well-defined system, adsorbates at
the electrode surface must be avoided.

The second or top electrode is perhaps even more critical
than the bottom electrode. Evaporating metals on top of SAMs
results likely in filamentary growth of the metal atoms through
the SAM, introducing short circuits [33-35].  Therefore,
evaporating metals directly on SAMs results in a very low
yield of working devices [36] and results will be unreliable
and irreproducible when only few devices are fabricated.
Top electrodes that do not create short circuits need to be
well defined and reproducible. The majority of the wide
range of experimental testbeds discussed in this review can
be subdivided based on their top contact and the method of
applying this top contact.

2.2. The molecules

Any kind of molecule used in molecular electronics can be
divided into three parts:

(1) The surface-active head group that anchors the molecule
to the first electrode,

(2) The backbone of the molecule, and

(3) The functional end group that might contain the proper
functionality to ensure a good contact to the top
electrode [7, 37, 38].

The molecules studied can vary in length, composition,
orientation and packing. In this review, however, we limit
ourselves to studies on alkane(di)thiols.  Alkanedithiols,
just as alkanemonothiols, are also known to appear in
different phases; a flat phase with the molecules parallel
to the surface [39], a standing-up phase with only one
thiol bonded to gold, a looped phase with both thiols
attached or a combination of both looped and standing-up
molecules [40, 41]. The flat lying molecules most likely
form when they are assembled from the gas phase or in
solution at extremely low concentrations. The looped and
standing-up phases appear when the alkanedithiol monolayers
are assembled from a low concentrated solution and a highly
concentrated solution, respectively. Several aspects during the
self-assembly will affect the final phases formed, namely:

(1) Increasing the chain length will enhance the possibility for
the alkanedithiols to loop back to the surface [40, 41].
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(2) The use of different solvents or solvent mixtures can play
a decisive role in the formation of the final phase on the
surface [42, 43].

(3) The kind of metal or semiconductor surface used [7, 16, 22].

(4) The temperature during the self-assembly [41, 44].
(5) The optional addition (and concentration) of deprotection
agents when thioacetyl groups are utilized [45].

Clearly, different phases might lead to significant changes
in conduction [19, 41].

2.3. The molecule—electrode interface

The interface or the contact between the molecules and the
electrodes can be a chemisorbed or physisorbed contact [7].
For a chemisorbed contact, the end group of the molecule is
chemically bonded to the electrode. Although the formation
is not fully understood yet, the Au-S bond is known to
be a chemisorbed contact [7, 8, 46, 47]. The difference
between a chemisorbed contact and a physical contact can
lead to a change of a few orders of magnitude in conduction
of the junction [23, 48, 49]. In the case of alkane(di)thiol
molecules this difference in conduction between physisorbed
and chemisorbed contacts can be understood by describing
current through the molecular junction with the Landauer
formula [10, 25, 49-53], stating that the conductance G is
given by:
2¢?
G=7XT1XTm01XTra

where e is the elementary charge, 4 Planck’s constant and 73, T;
and T, are the transmission coefficients of the left contact,
right contact and the molecule, respectively. It is clear from
this formula that a change in transmission of one of the contacts
will change the absolute value of the current with the same
factor. Therefore, to make a good comparison between the
obtained currents per molecule, the differences in transmission
of the second contact must be accounted for. One prime
example is the contact difference between alkanemonothiols
and alkanedithiols.

3. Molecular electronics testbeds

3.1. Scanning tunneling microscope

A scanning tunneling microscope (STM) scans over a surface
with an, preferably, atomically sharp conducting probe. A bias
is applied between the STM tip and the conducting substrate
and the tunneling current between both is monitored [54].
When the tunneling current is kept constant (constant current
mode), the height profile of the surface is recorded. When
the position of the probe is kept constant (constant height
mode), the change in current is recorded. Often an STM
operates best when a combination of both is used, i.e., height
and current vary both while scanning the surface. By using a
conducting sample, a SAM of alkane(di)thiols on top of a metal
film can be studied, see figure 3. Its usability makes STM
one of the most widely used techniques to study molecular
monolayers [23, 24, 55-63], even though alkanedithiols might
chemisorb to the STM tip.

ELECTRODE

Figure 3. Schematic representation of an STM. The tunneling
current between the STM tip and bottom electrode is recorded to
measure the conducting properties.

The STM is capable of recording very small currents. This
is also a necessity because of the presence of a tunneling gap
between the STM tip and the surface studied, that severely
lowers the total current between both electrodes. The major
advantage of an STM is to record simultaneously the current
and morphology of the sample at the atomic level and,
therefore, the tip can be used to address and measure at
specific locations or molecules. This also implies that single
molecules can be measured, but in densely packed SAMs it
is never exactly clear how many molecules will be measured
since the exact size and morphology of the tip is unknown.
To circumvent this problem, conducting molecules embedded
in an insulating SAM matrix have been studied [64, 65].
However, this creates other challenges like circumventing the
inherent instability of the probed molecules due to the fact
that the inserted molecules pack at less dense areas in the
SAM, originating from defect sites on the substrate surface
and grain boundaries [66]. The major disadvantage of STM
arises from its major advantage. Since the STM operates in
constant current mode, constant height mode or a combination
of both, it is actually unclear what the distance is between
the tip and the surface and whether changes in current are
due to changes in height or due to a change in conduction
of the molecules. Furthermore, because of the additional
tunneling distance due to the gap between the molecules
and the tip together with the extremely small device areas,
lower currents are measured. This is a limiting factor for the
maximum measurable length of the insulating alkane(di)thiols,
i.e., when the alkanethiols exceed more than ~14 carbon atoms
in length, electrical measurements by scanning tunneling
microscopy are extremely difficult [67, 68]. The advantages
of using STM are the possibility for studying in situ the
assembly and performing measurements in solution [62, 69].
This gives rise to the opportunity to measure molecules
bridging the gap with both endgroups anchored to the tip and
substrate [23, 28-30, 63]. The chemisorbed contact at both
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ends greatly reduces the influence of contact resistance on
the total resistance. Furthermore, since the tip can be moved
repeatedly up and down to fabricate each time a new single
molecule junction, statistics can be done and fluctuations due to
different contacts will be excluded from the results. Research
to develop the STM is still in progress and resulted in video
rate STM with frame rates up to 200 images per second while
maintaining atomic resolution [70].

3.2. Conducting probe atomic force microscope

Although STM and AFM [71] are often enveloped by the
more general term scanning probe microscopy [8, 11, 12],
significant differences between both techniques lead us to treat
them separately in this review. In a conducting probe atomic
force microscope (CP-AFM) a conducting probe is brought
into contact with the molecules on a conducting substrate (or
electrode), see figure 4. By applying a DC bias between the
probe and the substrate, electron transport through an ensemble
of molecules in the SAM can be studied [72]. In general,
the main difference between AFM and STM is the fact that
an AFM does not require a conducting substrate. With an
AFM the force and deflection of a tip is registered, instead
of measuring the tunneling current between tip and substrate.
Therefore, AFM is a widely used tool for studying, for
example, the morphology of thin polymer layers and polymer
structures [73-76]. However, to study the electronic transport
though a monolayer of molecules, a conducting substrate
acting as electrode is a necessity. The main argument for
using an AFM instead of an STM in molecular electronics
is the fact that the AFM probe is brought into contact with
molecules. This eliminates the current reduction caused by
the extra tunneling gap in the STM set-up [77-80]. However,
the conducting probe tip of the CP-AFM is coated with a
metallic layer, which implies that this tip is also significantly
larger than an STM tip and, most likely, not atomically
sharp [72, 78]. This induces a higher uncertainty in the
number of molecules measured. Furthermore, one has to
take the roughness and morphology of the bottom contact into
account to make an estimation of the number of molecules
under study. Since an STM tip can be localized at a certain
position on the nm scale, measurements at every preferred
location can be performed with an STM. In the AFM set-up
the surface roughness is unimportant when a larger AFM tip
contacts atomically flat regions of a surface, such as obtained
by annealing Au(111) on mica. With higher surface roughness,
however, the amount of molecules making contact to the tip
might vary between different measurement sites at the same
sample, causing a variation in the obtained current—voltage (/-
V) characteristics [19, 81]. Another application of the AFM
is, first, the deposition of a metal nanoparticle on the SAM
and, second, contact of the nanoparticle with the AFM tip
(NP-AFM) [25, 82, 83]. Since the size of nanoparticles is
well defined, the number of molecules contacted is known.
Side effects in a metal/SAM/nanoparticle/conducting AFM
probe configuration, such as charging of nanometer-sized
nanoparticles [83] and the contact resistance between the AFM
tip and the nanoparticle do need to be accounted for. With

ELECTRODE

Figure 4. Conducting probe AFM. Schematic representation of a
CP-AFM tip in contact with molecules on a conducting substrate. By
applying a voltage between the tip and the bottom electrode,
electronic transport through a SAM can be studied.

the sensitive AFM cantilever, the applied force of the AFM tip
to the substrate can be varied [84, 85] but it remains unclear
whether the contact force of the tip to a SAM causes any local
deformations or rearrangements of the molecules [26, 72, 84].
Another important aspect of AFM compared to STM, is the
possibility to study the effect of chemisorbed and physisorbed
contacts. For example, a gold-coated AFM tip brought into
contact with an alkanedithiol monolayer might result in higher
currents compared to measurements on alkanemonothiols due
to the chemisorbed nature of the S—Au bond [20, 48, 49].
Furthermore, since an AFM tip can be coated with different
metals, it offers the possibility to determine the influence of
metal work function on the electronic transport through the
junction. This is a more reliable method than varying the
metal of the bottom electrode, since these might influence
other features of the SAM, such as packing density and tilt
angle [7, 16].

3.3. Break junction

Break junctions can be divided in two classes, mechanically
controllable break junctions and electromigration break
junctions.  The mechanically controllable break junction
(MCBJ) was first developed in 1992 [86], based on an earlier
design by Moreland and Ekin who studied the tunneling
characteristics for super conductors [87]. The technique
consists of a lithographically defined metallic free suspended
bridge or a notched wire above a gap etched in an insulating
(polymer or oxide) layer on a, preferably, bendable substrate
(figure 5). A piezo controlled pushing rod bends the substrate
with micrometer precision in z-direction, while the counter
supports at the sides of the sample keep the sample at a fixed
position. Bending the substrate leads to an elongation in the
plane of the electrodes causing the metallic bridge to break.
Due to the high reduction factor between the piezo micrometer
precision in z-direction and the in-plane elongation, the
gap between the electrodes can be altered with sub-nm
control [88-92]. This ensures a well-defined distance between
the electrodes and a stable configuration of the junction, down
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Au

fZ control

Figure 5. Schematic depiction of a mechanical break junction set-up.
A piezo controlled pushing rod bends the substrate with pm control.
The large reduction factor between the Z-movement and the
elongation in-plane allows for sub-nm control of the electrode
distance.

to 0.2 pm h™' [88]. The stability is further enhanced by
performing measurements at low temperatures [92, 93]. The
bendable substrate is most often made from a phosphor-bronze
sheet for its superior mechanical deformation properties and
an insulating layer of polyimide is spin coated to insulate
the contacts from the substrate and to level the surface of
the substrate. Polyimide can than be etched underneath the
metallic bridge with an rf plasma to make the bridge suspended
above the substrate [88, 91, 94-96]. In the final step the
molecules can be assembled between the leads. This can
be done by different methods; breaking the electrodes while
molecules are present either in solution [91] or in the gas
phase [96], or by adding a solution with the self-assembling
molecules after the contacts are broken [94, 95]. The main
advantage of the MCBJ technique is the sub-nm control of
the contacts with the possibility to measure single molecules.
Furthermore, the back and forth bending of the substrates
allows for doing statistics on a large number of measurements
with a single junction [27, 96-98]. This is an essential aspect
for reliable measurements on single molecules.

Since the local configuration of the electrodes cannot be
controlled, the exact configuration of the junction is unknown.
From theoretical studies it is clear that the exact shape,
configuration and mechanical stress of the electrodes are very
important and influencing the outcome of experiments on
single atom chains or single molecules [18, 20, 21, 99, 100].
Next to morphology issues related to the use of different
metals, as discussed in section 2.1, the conduction from
monatomic wires changes for different metals [88, 92, 97, 99],
these changes have to be accounted for.

In a break junction formed by electromigration, the gap
between two electrodes is created by passing a large electrical
current through a lithographically defined nanowire [101, 102].
Due to the high current, electromigration of the Au atoms
takes place, resulting in breaking of the nanowire. With
this technique a reproducible gap between the two electrodes
of typically 1-2 nm is created [32, 101, 103, 104]. This
process can be done on rigid substrates such as Si/SiO,
wafers. Since processing equipment is often intended for using
standard Si wafers with a certain dimension, fabrication of
the electromigration break junctions is complementary with

ELECTROBE

Figure 6. Nanotransfer printing of metallic electrodes onto a SAM.
Due to the chemical interaction between the evaporated metallic
layers on the PDMS stamp and the end group of the SAM (e.g.,
S—Au bond), the metallic electrodes will be transferred from the
stamp onto the SAM.

current industrial techniques. However, using a rigid substrate
implies that the gap between the electrodes cannot be varied
after its formation. When junctions are fabricated with the
same distance between the electrodes but with a variation in
the length of the molecules, this will result in a different type of
junction, mainly at the molecule/electrode interface. Contrary
to mechanically controllable break junctions, junctions formed
by electromigration cannot perform a large repetitive collection
of measurements with the same junction. Therefore, a large
number of devices need to be fabricated to do statistics [101].
Furthermore, due to a rigid configuration of the electrodes, the
number of molecules in the junction is not accurately known.
The size of the electrodes is sufficient for catching tens of
molecules when a droplet of the self-assembling molecules in
solution is deposited onto the nanogap. The advantages and
disadvantages of this technique are similar to those of MCB
junctions, except for the lack of control of the gap size between
the electrodes. The morphology of the electrodes at the gap has
been studied with scanning electron microscopy [105, 106] and
in situ imaging of the nanogap formation has been done with
transmission electron microscopy [107]. From the electron
microscopy studies it is clear that the shape of the electrodes
is highly irregular. The breaking of the narrow Au finger can
result in an asymmetric shape of the junction when breaking
occurs while a bias is applied and a symmetric configuration
when a final narrow region breaks spontaneously [107]. It is
unclear whether this difference in symmetry of the electrodes
will lead to a difference in the obtained current per molecule
when molecules are inserted in the junction. Furthermore, local
heating of the junction during gap formation can increase the
temperature up to the melting point of gold, resulting in large
gaps and the possibility of gold islands inside the gap [108].

3.4. Nanotransfer printing

Nanotransfer printing (nTP) is a technology where a thin metal
layer is transferred from elastomeric stamps as well as hard
stamps onto a designated surface [109], for example onto a
self-assembled monolayer, see figure 6. Nanotransfer printing
is similar to the widely used microcontact printing technique,
where surfaces can be patterned by transferring SAMs from
a PDMS stamp onto a substrate [110-114]. However, nTP
is a purely additive printing technique based on the surface
chemistry of the appointed surface, which bonds chemically
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with the metallic layer at the stamp. By bringing the stamp with
the thin evaporated metallic layer in contact with the substrate,
the metallic layer is chemically bonded to the substrate and
released from the stamp, resulting in highly reproducible and
well-defined structures with nanometer resolution over large
areas [115-117]. The most common material used for the
elastomeric stamps is poly(dimethylsiloxane) (PDMS). PDMS
is patterned by casting and curing a pre-polymer of PDMS on a
pattern in a resist layer on a silicon wafer. The resulting pattern
in the PDMS stamp is then the negative image of the pattern in
the resist layer. Afterwards, a thin metallic layer is evaporated
onto the PDMS stamp. Rigid stamps are made from GaAs by
locally etching the GaAs with a patterned resist layer as an
etching mask.

Since the electrodes or metallic films on the stamp are
transferred in their entirety, the resulting structures do not
suffer from short circuit formation, as with direct evaporation
of metals on SAMs [33-35]. Moreover, due to the chemical
interaction between the end group of the SAM and the metallic
film on the stamp, a necessity for transferring the electrodes
onto the SAM, a chemisorbed contact at both ends of the
molecules is ensured. This results in a lower contact resistance,
compared to a physisorbed contact [23, 48, 49]. It also implies
that the difference between chemisorbed and physisorbed
cannot be investigated with this method. The bottom electrode
roughness is of less importance for the elastomeric PDMS
stamps compared to the rigid GaAs stamps, since the flexible
PDMS will adapt to small variations in height. Due to the
~100 nm scale of the top contacts, differences in height
will be limited to a minimum and roughness of the bottom
contact might be a non-critical factor. More important is the
size and aspect ratio of the pattern on the stamp in order
to determine the number of molecules under study. It was
found that the edge resolution can be as high as 5-15 nm,
comparable to the grain size of the Au. Furthermore, a
rigid stamp will not deform when it is brought in contact
with a substrate, but elastomeric stamps are easily deformed
when a small force is exerted on the stamp, which has to
be accounted for when the final device size is determined.
Any possible local deformations or reorganization of the SAM
when a stamp is brought in contact with the molecules might
be influencing the outcome of the measurement; hence this
technique ideally allows for a simultaneous fabrication of many
different electrode patterns and sizes to perform profitable
statistics on the data obtained [117].

3.5. Hanging mercury drop junction

As described in the section 1, first experiments to measure the
electronic properties on molecular monolayers used mercury
as a top electrode onto a SAM [4]. The first well-defined
hanging mercury drop electrodes (HMDE), coated with a
molecular monolayer were fabricated to mimic a biological
membrane [118]. By a clever combination of both concepts,
a molecular junction of Hg—SAM-SAM-metal with a well-
defined area [119-121] can be fabricated, see figure 7.
When the second metal electrode is also Hg, the processing
is relatively straightforward and leads to very reproducible

junctions. In a glass capillary two drops of Hg are brought in
contact. The area is defined by the cross section of the capillary
and the distance between the Hg drops by the length of both
SAMs. Since alkanethiols have a very high affinity for Hg and
form a densely packed SAM on the defect free surface of the
Hg drop, the junctions are well defined [119, 121]. Moreover,
since alkanethiols are perfectly perpendicular oriented with
respect to the Hg surface, the exact configuration of these
tunnel junctions is known [7, 120, 122—124]. When the second
electrode is not Hg but a metallic layer, junctions can be made
repeatedly with the same mercury drop at the same location
of the bottom contact substrate. Moreover, the simplicity
of this technology allows for performing measurements on
a large number of molecular junctions at different sites on
one substrate, but also for measuring on different substrates.
Therefore, large amounts of data can be collected rapidly for
different situations. This will ensure the validity of statistics on
the data and results in reproducible molecular junctions. When
a bottom electrode on a substrate is used, other aspects also
play a role for the junction quality. Firstly, the bottom contact
roughness is a critical factor. Abrupt changes in height will
not be compensated for by the Hg drop and the solvent for
the SAM might remain partially in the junction or the contact
area might be locally distorted [19, 121]. Secondly, the device
area can be varied but the area has to be determined with
high accuracy to calculate the current density or the current
per molecule [125-127]. Thirdly, different bottom electrode
metals will result in a change in tilt angle of the first SAM and
this gives rise to a less defined contact between both SAMs and
this has to be taken into account together with the change in
work function [7, 121, 128—-130]. Finally, Hg has a high affinity
for Au and they form an amalgam easily. The adsorption of Hg
by Au films is an irreversible process which leads possibly to
short circuit formation in hanging Hg drop experiments when
defects are present in the SAM [131-134]. By using a bi-layer
of SAM the possibility for short circuit formation is greatly
reduced and the reproducibility is increased [120, 121, 135].
This is also a limiting factor since the study of a single SAM
(e.g., the current dependence on the length of alkanethiol
SAMs) can only be performed by comparing relative changes
when one SAM is altered with respect to the total junction.

3.6. Nanopores

Direct evaporation of metals on top of SAMs is likely to
result in filamentary growth of metals through the SAM
and thus short circuits are created [33-35]. The number
of metallic pathways through the SAM is mainly dependent
on the number of defect sites in the SAM, which increases
with device area. When extremely small device areas are
fabricated with a device area smaller than the domain size of
the SAM, the SAM might be defect free and metal contacts
can be created via vapor deposition [136]. Evaporation with a
low evaporation rate further reduces the possibility for metal
atoms to penetrate the SAM [136, 137]. Another improvement
might be cooling of the substrate during evaporation [137],
but it is under debate if this indeed improves the yield of
working devices [138, 139]. The creation of a nanopore



J. Phys.: Condens. Matter 20 (2008) 013001

Topical Review

-.?
3

. .
S

;_ A
@ﬁ?ﬁﬁ%ﬁﬁiﬁ; @ﬁwﬁax&ﬁﬁ&
R x‘f S =’=‘ff -
| ELECTRODE |

Figure 7. Schematic representation of a hanging mercury drop
experiment. The He—SAM-SAM-metal junction is fabricated by
coating a controlled drop of Hg with a SAM and bringing this drop
with SAM in contact with a metal surface containing another SAM.
By applying a bias voltage over the Hg and metal bottom electrode
the electrical properties of a double layer of SAM can be measured.
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Figure 8. Schematic representation of a nanopore device. The device
diameter is typically in the range of 30—60 nm, i.e., smaller than the
domain size of the SAM. The nanopore is fabricated in a SizNy
membrane by E-beam lithography and plasma etching. A densely
packed SAM of a single domain can prevent the penetration of metal
atoms through the SAM when a metal contact is evaporated.

or nanowell is done in an insulating material like SiO, or
SizsNy [136, 139, 140]. The insulation layer can be etched
away locally using E-beam lithography and plasma etching
or focused ion beam, resulting in nanopores with a typical
diameter between 30 and 60 nm. By inspection with a SEM,
the device area can be verified to nm accuracy [141, 142].
The substrate underneath the etched layer can be any metal or
semiconductor suitable for SAM formation [7, 138, 143]. In
the final step the top contact is evaporated on the other side of
the substrate on top of the SAM, see figure 8.

This technology offers a number of significant advantages
compared to many other molecular junction testbeds. A large
number of devices can be made simultaneously, i.e., large
arrays of nanopores can be fabricated by E-beam lithography.
This allows for determining the device yield out of a large
collection of devices and statistics can be done on the data
obtained for the working devices [136, 138, 139]. Since
the device area can be controlled and measured accurately,
the number of molecules in the junction is known with high

1,

Figure 9. Schematic representation of a crossed wire junction with
one wire coated with a SAM perpendicular to the applied magnetic
field B. The low current through the wire coated with a SAM creates
a Lorentz force, by which both wires can be brought into contact and
the electrical transport through the SAM can be studied.

ef

accuracy. Furthermore, the metal is evaporated directly onto
the SAM, creating an intimate contact between the metallic
electrodes and the molecules, independent of the end group
of the SAM. The fact that the working devices are not shorted
does not provide a guarantee for a perfect layer of metal on top
of the SAM. Perhaps a partial penetration of Au atoms takes
place into the SAM. A clear indication for this fact is provided
by the yield of working devices when only the type of SAM and
the bottom electrode material are changed in the same junction
configuration, fabricated by the same method. By changing the
backbone of the SAM and the type of substrate, the packing
density of the molecules in the SAM will be different [7, 16].
With a larger spacing between the molecules the probability
of metal filament formation in the SAM will increase. The
yield for the same type of nanopore junctions can decrease
from 80% working devices to as low as 6% when only the type
of SAM and bottom electrode are changed [136, 138]. Another
major advantage for the use of nanopores is the possibility to
do temperature dependent measurements. These are crucial
for determining the direct tunneling mechanism for conduction
through alkane(di)thiol monolayers [11, 141]. The nanopore
junctions are stable and can be measured in any measurement
station and temperature dependent measurements can be
performed. Although reasonable variations in device area can
be easily made with this technology, the area of the nanopores
has an upper limit defined by short circuit formation and a
lower limit by pore opening or E-beam resolution. Both limits
are within the same order of magnitude (30—-60 nm), therefore,
large changes in device area cannot be achieved.

3.7. Crossed wires

A recent method for the fabrication of a molecular junction is
the so-called crossed wire junction [144]. The concept of the
crossed wire junction is schematically illustrated in figure 9.
To fabricate a crossed wire junction, two metallic wires of
10 pum in diameter are mounted on a test stage in a crossed
geometry. One of the wires is covered with a SAM and
perpendicular to an applied magnetic field (B). A small
current (Iqer) through this wire controls the deflection of this
wire by the generated Lorentz force. Therefore, the two
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wires can be brought into contact gently and the electrical
transport characteristics can be measured by applying a voltage
between both wires [145, 146]. Since different metallic wires
can be used [147], the change of work function and junction
asymmetry can be studied. Moreover, due to the perfect control
of the deflection of one of the wires, the contact force between
the wires can be varied by small amounts. Therefore, it is
possible to do experiments on scaling of molecular junctions,
i.e., more molecules are contacted when the deflection current
in the wire is increased [148, 149]. These changes in contact
can be as large as contacting between 1 and ~1100 molecules
by increasing the deflection current [148]. The number
of molecules in the junction was determined afterwards by
dividing the obtained /-V characteristics by integers. The
exact amount of contacted molecules by both wires during a
measurement is unfortunately unknown. Furthermore, how a
SAM is exactly oriented on a curved surface is unclear, but
the relatively large diameter (10 pm) of the wire eliminates
most likely this issue. With the relatively large radius, the
local surface curvature of the wire at the place of contact (for
a maximum ~1000 molecules) is minimal. The small local
surface curvature of the wire might even be the reason why the
contact area between different experiments can be varied with
such accuracy.

3.8. 2D nanoparticle array

A recent method for measuring in-plane the transport through a
large collection of molecular junctions involves the formation
of a Langmuir—Blodgett monolayer of nanoparticles on a large
scale. The Langmuir-Blodgett monolayer consists of gold
colloidal nanoparticles encapsulated with alkanethiols [150].
To fabricate the large scale array, gold particles of a few
nm in diameter can be encapsulated with alkanethiols by
mixing a gold nanoparticle ethanol solution with an alkanethiol
solution [151, 152]. After separation of the encapsulated
gold nanoparticles from the ethanol, the nanoparticles can
be dispersed in chloroform. The dispersed suspension of
the alkanethiol-encapsulated gold nanoparticles in chloroform
can be cast by the Langmuir-Blodgett technique to get a
monolayer of nanoparticles over an area of several micrometers
squared [153]. Best results with this method were obtained by
using an alkanethiol concentration above 0.1 mM and a gold
nanoparticle concentration between 0.06 and 0.3 mgml~'.
With these conditions the monolayers are formed with a
hexagonal packing of the encapsulated nanoparticles and
exhibit long range order [151, 153]. Moreover, when the
monolayers are formed on a water surface the long range
uniformity can be increased to macroscopic scales [154].
These uniform monolayers of several millimeters squared on
a water droplet can be transferred by microcontact printing
with a PDMS stamp to different substrates, preserving the
uniformity of the monolayer [150, 154]. By structuring
the PDMS stamp with parallel lines and evaporating top
contacts, a well-defined two-dimensional array of alkanethiol-
encapsulated gold nanoparticles can be fabricated [150]. The
resulting structure of the array is schematically depicted in
figure 10. Since the monolayer is extremely uniform between

Figure 10. Schematic representation of a 2D nanoparticle array
measurement. Gold colloidal nanoparticles with a diameter of 10 nm
are encapsulated with alkanethiols, after which a two-dimensional
array of nanoparticles is transferred by PDMS stamping onto a
substrate into parallel lines. By evaporation of two larger electrodes
the /-V characteristics of the encapsulated nanoparticle array
(~1000 molecular junctions in series) can be measured.

the two electrodes, consisting of ~1000 molecular junctions
in series, the resistance of one molecular junction (Ry) can be
accurately estimated by measuring the sheet resistance (Rtor)
of the monolayer. By modeling this array as a hexagonal
network of nodes interconnected by identical molecular
junctions the resistance of one molecular junction will be given
by Ry = (2/\/§) X Rror [150]. By measuring with this
clever method many junctions at once, a reproducible average
of different molecular conformations is obtained. Stability of
the junctions is ensured by the well-defined structure of the
array. Although the gold nanoparticles in these networks are
only 10 nm in diameter, it is unclear by how many molecules
two neighboring nanoparticles are contacted. Furthermore,
the junction resistance deduced from the sheet resistance will
decrease slightly when gold nanoparticles will contact each
other or increase when defect sites are present in the array.
By electron microscopy it was found that virtually all particles
are separated with equal spacing and number of defect sites is
very low compared to the number of nanoparticles [150, 154],
resulting in an accurate estimation of the junction resistance.

3.9. Large area molecular junction

A very recent technology for the fabrication of molecular
junctions with large devices areas, incorporates a conducting
polymer as a top electrode [11]. The devices are fabricated
in an insulating photoresist matrix for exact control of
device area and to prevent degradation of the device in
ambient conditions. Au bottom contacts are first evaporated
on a Si/SiO, wafer and photoresist is spin coated. By
standard photolithography vertical interconnects are made
in the photoresist layer ranging from 10 to 100 pum
in diameter.  After the self-assembly of the monolayer
in the vertical interconnects on the bottom electrode, a
water-based suspension of poly(3,4-ethylenedioxythiophene)
stabilized with ploy(4-styrenesulfonic acid) (PEDOT:PSS) is
spin coated over the wafer. PEDOT:PSS is a commercially
available highly conducting polymer and comes in a wide
range of conductivities and viscosities. The final step in the
processing is the evaporation of a gold top contact on top
of the PEDOT:PSS, which not only ensures a good contact
of the measurement probes to the device, but also acts as an
etching mask when the redundant PEDOT:PSS is etched away
using reactive ion etching to prevent parasitic currents form
top to bottom electrode when probed [11, 31]. The cross
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PEDOT:PSS

Figure 11. Schematic cross section of a large area molecular
junction. The devices are processed in an insulating photoresist
matrix to protect de device from degradation in ambient conditions
and to allow for an easy variation of device area. A top contact of the
highly conducting PEDOT:PSS is spin coated on top of the SAM.
The molecules of PEDOT:PSS are too large and too hydrophilic to
penetrate the SAM and short circuit formation is therefore prevented.

section of a large area molecular junction is schematically
depicted in figure 11. The macromolecules of the PEDOT:PSS
are too large to penetrate the densely packed SAM and
PEDOT:PSS is too hydrophilic to penetrate the hydrophobic
interior of the SAM. Consequently, the formation of short
circuits is prevented. As described in section 3.6, the direct
evaporation of metals on SAMs for extremely small devices
is possible when the domain size of the SAM is larger than
the device area [136]. However, when device areas are larger,
the evaporation of metal electrodes results in short circuit
formation and a typical yield of ~1% of working devices is
obtained [33, 36].

The use of a conducting polymer as a top electrode on
top of a SAM in an insulating photoresist matrix has proven to
result in a device with a stability of at least several months in
air, no degradation upon sweeping, and working devices with
diameters up to 100 um. Furthermore, the yield of working
devices is close to 100% and the technology is compatible
with standard integrated circuit fabrication processes [11].
Large area molecular junctions have a number of advantages
in common with the nanopores. Temperature dependent
measurements are easily performed, a large collection of
devices is fabricated simultaneously and the device area is well
defined. Besides these similarities, a number of significant
differences are present. The device area of nanopores is
limited to a maximum of 60 nm in diameter, whereas the large
area molecular junctions have a device area range of several
orders of magnitude, i.e., device range from 10 to 100 um
in diameter. This also implies that measurements in large
area molecular junctions are not done on a monodomain of
a SAM, as was done in the nanopores. The SAM in a large
area molecular junction will be less ordered and can contain
pinholes. This has to be accounted for when the current
per molecule is calculated. Furthermore, in the nanopores
experiment, the intimate contact between the electrodes and the
molecules is better defined than the contact of PEDOT:PSS to
the molecules. The exact nature of this PEDOT:PSS/molecule
physisorbed contact is not yet established. In a spin coated
PEDOT:PSS film lamellas of PSS separate pancake-shaped
PEDOT-rich islands [155]. Therefore, it is unclear whether the
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Figure 12. A nanoparticle bridging the gap between two electrodes
covered with a SAM, forming a double molecular junction in series.
After the creation of the two electrodes separated by a small gap, a
SAM is applied to the electrodes and a nanoparticle is trapped in the
gap by an alternating electric field or by a magnetic field.

molecules are contacted at the molecule/PEDOT:PSS interface
by the more conductive PEDOT regions, by the PSS, or
both. A strong indication for the latter is provided by the
perfect overlap in current density for a device ranging from
10 to 100 pm in diameter. Furthermore, the analysis of the
PEDOT:PSS morphology, albeit for a different type than used
for the large area molecular junctions, shows that the PEDOT-
rich islands are typically 20-25 nm in length and 5-6 nm in
height [155]. Furthermore, since the PEDOT:PPS is a water-
based suspension, spin coating on a SAM with a hydrophobic
end group will be difficult and results possibly in pinholes in
the PEDOT:PSS layer. As with all measurements on devices
containing a large number of molecules, differences in local
molecular confirmation, binding sites and contacts will be
averaged, resulting in reproducible measurements.

Another technique to fabricate large area molecular
junctions combines the hanging mercury drop technique
with the previously described fabrication of large area
molecular junctions. By spin coating a thin film of
the semiconductor poly[(m-phenylenevinylene)-co-(dioctoxy-
p-phenylenevinylene)] (PmPV) on top of a SAM, the
formation of short circuits is prevented. The contact to PmPV
is made by a hanging mercury drop as described in section
3.5 [156]. With this method the use of a bi-layer of SAM is
no longer a requirement and single monolayers of SAMs can
be investigated.

3.10. Nanoparticle bridge molecular junction

A nanoparticle bridge junction (NP bridge) is a hybrid
assembly technique to fabricate a molecular junction. Two
electrodes separated by a small gap are fabricated by E-beam
lithography [157], electromigration [158] or oblique angle
evaporation [159]. A monolayer is self-assembled on to the
electrodes and nanoparticles are deposited to bridge the gap
(figure 12).

There are several methods to trap gold nanoparticles
within the gap. The first reported method is by trapping
deposited nanoparticles in the gap by applying an alternating
electric field [157]. Commercially available Au colloids in
water can be suspended on the substrate and an ac bias is
applied to the electrodes. The nanoparticles are pulled in
the direction of the maximum field strength, i.e., within the
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gap. Another method is by trapping Au-coated magnetically
susceptible silica colloids in a local magnetic field between the
electrodes, containing a ferromagnetic core [160, 161]. By
applying an external magnetic field, the ferromagnetic core
of each device is aligned and the magnetically susceptible
nanoparticles are trapped at the maximum magnetic field
within the gap. Other methods for trapping nanoparticles
require simply evaporating gold at the gap region at slow
evaporation rates [158] or the deposition of Au nanoparticles
from solution on the electrodes [159]. The latter methods are
less controlled than trapping nanoparticles of specific size at
a well-defined location. The deposition of the nanoparticles
to bridge a gap between electrodes is a relatively simple
and reproducible processing technique where the diameter
of the nanoparticles is related to the distance between both
electrodes. An increase in gap size between electrodes implies
an increase in nanoparticle size and thus a variation in the
number of molecules under study. Furthermore, the technology
offers new possibilities when the gap and nanoparticles are
sufficiently small for the metal nanoparticles to be charged
noticeably by single electrons [158]. The number of molecules
contacted by the nanoparticle at each electrode is unknown, but
relative changes in current are easily observed when different
types of molecules are inserted. Since the nanoparticles
bridging the gap cannot be contacted by macroscopic probes,
two molecular junctions in series, a double junction, is the
result. This gives rise to an uncertainty when the absolute
value of the current per molecule at a certain bias needs to
be determined. However, with sufficiently large nanoparticles
where charging effects can be neglected and the nanoparticle
can be regarded as a bulky contact, this problem is avoided
since the voltage drop over both junctions will be equal for an
applied bias over the electrodes.

3.11. Soft contact deposition

Soft contact deposition techniques for applying a top electrode
to a molecular monolayer, without the formation of short
circuits or damaging the monolayer, can be divided in the
lift-off—float-on (LOFO) process and the polymer-assisted lift-
off (PALO) process. In the LOFO process, a thin metal
film is detached from a suitable solid support in a specific
solvent [162]. The detachment of the metal film from the
substrate can be done when the binding to the substrate is
weak. When the binding is strong, such as Al/Si0O,, a sacrificial
layer can be used between the substrate and metal film that
can be etched away selectively [162]. Dipping the substrate
in a suitable solvent at the moment when the metal film
starts to detach, will results in the floating of the metal film
on the liquid. The metal film can than be transferred to
another substrate with pre-patterned metal electrodes with a
SAM. The repulsion between the floating metal film and the
substrate is lowest when one of them is hydrophobic [162].
The amount of wrinkling and tearing of the metal film on the
substrate is reduced by a rapid evaporation of the solvent. The
PALO process combines the soft contact deposition advantages
of LOFO with the advantages of patterning freedom of
nanotransfer printing [163]. The main difference between
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Figure 13. A schematic depiction of the final stage of the PALO
process. Multiple floating electrodes stabilized by a polymer layer
can be transferred from a liquid surface onto a substrate with
pre-patterned electrodes covered by a SAM to form a large number of
molecular junctions at once. The technique allows for a wide range in
device areas and the obtained yield of non-shorted devices is >90%.

PALO and LOFO is the use of a polymer layer on top of
a sacrificial substrate with patterned metal electrodes. The
polymer layer is then detached together with the electrodes
from the substrate onto a suitable liquid surface. The polymer
layer allows for the transfer of many electrodes simultaneously
and ensures stability of the electrodes by preventing wrinkling
and tearing of the metal films. The collection of electrodes
can then be transferred onto a substrate with multiple metal
electrodes covered with a SAM (figure 13). Many junctions
can be fabricated simultaneously and device areas range from
100 umz to 9 mm? [163]. Furthermore, the deposition of
metal electrodes with this soft deposition technique results in a
yield of greater than 90% non-shorted devices. This high yield
of working devices together with the possibility to fabricate
a large number of molecular junctions in parallel allows for
doing excellent statistics on the obtained data.

The presence of solvent between the SAM and the top
electrode must be avoided. An intimate contact between the
metal film and the molecules will be the most likely result
due to capillary forces when a suitable solvent is used [162].
The soft deposition method combines a number of advantages
from different techniques, i.e., an intimate metal/molecule
top contact, assemblies of molecules can be measured, a
reproducible averaged electrical transport characteristic, and
statistics are easily obtained due to the possibility of processing
multiple junctions at once with a high yield of working devices.

3.12. Metal evaporated molecular junction

As discussed in previous paragraphs, the direct thermal
evaporation of metals on a molecular monolayer is likely
to result in filamentary pathways of metal atoms through
the monolayer, specially at pinhole defect sites in the
SAM [33-35]. The possibility of metal penetration is greatly
reduced by decreasing the device area to a dimension smaller
than the domain size of the SAM, as was done in the nanopores
experiment [136]. For larger device areas, the short circuit
formation can be reduced by using the so-called cold-gold
evaporation technique [164]. With cold-gold evaporation,
macroscopic contacts can be evaporated onto glass substrates
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Figure 14. Schematic cross section of a molecular junction
fabricated in a vertical interconnect through an insulating oxide layer,
with the top electrode thermally evaporated. Although the yield of
working devices is extremely low, by making a huge collection of
devices a substantial amount of working devices can be obtained.

containing patterned electrodes covered with a monolayer. The
sample is loaded in the vacuum chamber of the evaporator
facing away from the boat. The samples are mounted on
a copper block cooled by liquid nitrogen. The vacuum
chamber is purged with Argon and is kept afterwards at
a constant Ar pressure. The evaporated Au atoms from
the boat will release most energy in collisions with the Ar
atoms, before they land on the cooled substrate. Since the
technique relies on scattered Au atoms to land on the side
of the substrate facing away from the boat, the deposited
thickness was reported to be only 17 nm for every 600 nm
recorded by the quartz crystal monitor; the latter is directly
in line with the evaporation boat [164]. Another method to
fabricate molecular junctions on the micrometer scale with a
vapor-deposited top contact, is by simply making a very large
amount of devices [36]. Schematically depicted in figure 14,
Kim et al fabricated 13440 devices by this method with a
diameter of 2 um. The devices in vertical interconnects were
fabricated by reactive ion etching of SiO,, covering structured
electrodes on a Si/SiO, wafer. After the formation of the
SAM inside the holes, top electrodes were evaporated. 156
working devices were measured by this method, out of the total
13440 devices fabricated [36]. The yield of working devices
is thus ~1.2%. Clearly, 156 devices are a large collection of
working devices to perform statistics on. Therefore, although
the technology can be discarded for future applications in
industry, valuable experimental data can be obtained by this
method. The intimate contact by the metal and the molecule
on both sides reduces greatly the influence of the contacts on
the current obtained through these junctions. Furthermore, the
data obtained from the large number of molecules can easily
be compared to experiments with the same device structure,
but on a much smaller scale, such as the nanopores. Partial
penetration of metal atoms into the monolayer, but not short
circuiting the bottom and top contact, cannot be excluded and
has to be included in the statistical analysis of the results.

4. Comparison of reported data on currents through
alkane-based molecules

To compare reported conduction values on alkane-based single
molecules or SAMs, we limited ourselves to published data
within the last 5 years (2002-2007). For research groups that
published multiple articles on alkane-based molecules with
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Figure 15. Resistance per molecule obtained in different
experimental testbeds (references are given between brackets) versus
the number of carbon atoms in the alkane chain. By varying the
length of the molecules the decay factor By can be determined.

one type of molecular junction, most recent published results
were used. Furthermore, instead of concentrating on the true
molecule lengths in the junctions, which commonly include
bond lengths to the electrodes, we used the number of carbon
atoms in the alkane chain. In the case of expressing the length
in the number of carbons, unknown bond lengths and undefined
contacts are considered to be incorporated in the contact
resistance and simply raise the absolute value of the obtained
contact resistance. This comparative study is thus primarily
focused on the exponential decay of current along the backbone
of the alkane chain, excluding the fundamental physics
behind the resistance originating from the electrode/molecule
interface. However, by comparing the absolute values for the
conduction per molecule obtained in different experiments, the
relative changes due to different end groups or electrodes can
be quantified. Furthermore, certain assumptions were made to
calculate the resistance per molecule. Firstly, when the number
of molecules in the molecular junction is not specifically
mentioned, the grafting density of alkane(di)thiols is assumed
to be equal to the maximum grafting density of alkanethiols on
Au(111),i.e.,4.6 x 10'® m~2 [7]. This applies to reported data
where the current or resistance is given per unit area, or when
only the device area is mentioned. Secondly, when the device
areas of the molecular junctions vary in size and the specific
device area used for the reported data is not given, a device
area in between the reported minimum and maximum device
area is assumed to calculate the number of molecules in the
molecular junction.

In general, the current (J) through a molecular tunneling
barrier will decrease exponentially with increasing molecule
length (d), i.e., J o exp(—pd) [11, 28, 79, 82, 141], where
B is the decay constant in A™'. When the resistance per
molecule (Rpop) is plotted versus number of carbon atoms
in the alkane chain (N), the decay constant per carbon (By)
can be obtained with Ry, = Roexp(ByN), where Ry is the
contact resistance [78]. The reported results within the last
five years on the length dependence of alkane-based molecules
are plotted in figure 15 and listed in table 1, where all
data is converted to resistance per molecule using the above-
mentioned considerations.
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Table 1. Comparison of the measured decay coefficient Sy for alkane-based molecules in different molecular junctions and by different
research groups, within the last five years.

Number of carbons (N)  Contacts Technique Number of molecules® By (per carbon)®  Figure 15  Reference
6,8, 10 Au-S/S—-Au STM 1 1.09 [ | [23]
6,8 Au-S/S—-Au STM 1 0.99 O [28]
6,8,9 Au-S/S—-Au STM 1 0.51 [ [29]
6,8, 10 Au-S/S—-Au STM 1 1.09 i | [30]
2,3,4,5,6,7,8 Au-NH,/NH,-Au  STM 1 0.86 m [63]
6, 8,10, 12 Au-S/CH3;-Au CP-AFM 100-1000 0.88 ) [78]
4,6,8 Au-S/S—-Au CP-AFM 100-1000 1.16 [e) [78]
6, 8,10, 12 Au-S/CH3;-Au CP-AFM 1000 1.01 ® [80]
8,10, 12 Au-S/S-Au Nanoparticle AFM 1 0.54 [ [82]
8,10, 12 Au-S/S—-Au Nanoparticle AFM 1 0.95 © [83]
9,10, 11,12, 15,16, 18  Au-S/S-Hg Hanging Hg 2.5 x 101 1.06 A [123]
drop junction
16, 18, 20, 22, 24 Au-S/S-Hg Hanging Hg 2.5 x 101 1.01 A [123]
drop junction
20, 24, 28 Ag-S/S-Hg Hanging Hg 3.7 x 10" 0.85 A [19]
drop junction
8,12, 16 Au-S/CH;-Au Nanopores 7300 0.83 v [141]
8,10, 12, 14, 16 Au-S/SH-PEDOT  Large area 3.2 x 10%-3.6 x 10 0.66 > [41]
junction
8,10,12, 14, 16 Au-S/CH;-PmPV  Large area 3.2x10"-3.2x 10  1.13 > [156]
junction
6, 10, 12 Au-S/CH;z— Nanoparticle 100 0.87 v [159]
Au/Au-CHj3/ bridge
S—-Au
17,18, 19, 20, 21, 22 Al,03-0~CO/ PALO 9.2 x 10'2 0.85 < [163]
CH;3-Au
8,12,16 Au-S/CH3;-Au Thermally 1.5 x 107 1.08 < [36]
evaporated

2 To calculate the number of molecules in the junctions, the maximum grafting density of 4.6 x 10'® m~2 for alkanethiol molecules on

Au(111) is assumed.
® The decay constant By is determined from figure 15.

Figure 15 demonstrates that in all experiments an
exponential increase of the resistance with increasing molecule
length or the number of carbons in the alkane chain is observed.
At first glance, the trend for the resistance increase with an
increasing number of carbons in the alkane chain looks similar
for each experiment, irrespective of the experimental testbed
used. The obtained decay factors (8y) from figure 15 are listed
in table 1.

The calculated values of 8y range from 0.51 to 1.16, with
an average value of 0.92 4= 0.19, where the error represents the
standard deviation. From the vast majority of these testbeds
the same Sy value is calculated within the error. However,
some experiments lead to lower [29, 41, 82] or higher [78, 156]
values for By, outside the range defined by the standard
deviation. The reason for a significant different value of
By that deviates from the value obtained by the majority of
the experiments is unclear. No clear correlation is observed
between the different values of Sy obtained from similar
molecular junctions, and the different experimental conditions
of these experiments. For example, two experiments using
an STM to contact a single alkanedithiol molecule on both
sides, creating a molecular junction between the Au-coated

tip and the Au substrate, with 2 chemisorbed contacts, find
completely different values for By [23, 29]. The data plotted
in figure 15 from Xu and Tao leads to Sy = 1.09 [23] and the
data from Haiss er al leads to By = 0.51 [29]. Both groups use
three alkanedithiol molecules that differ in length to determine
the decay factor. The only noticeable difference between
the experiments is the number of repeated measurements,
where Xu and Tao performed on average ~20 times more
repeated measurements to obtain the average conduction for
each molecule and have, therefore, determined By, most likely,
with higher accuracy. However, a general trend where By
is related to the number of repeated measurements was not
observed, e.g., the data from York et al is obtained from only
5-10 measurements per molecule and they calculate a By of
1.06 £ 0.04 [123]. Another clear example is the data from
the two large area molecular junction experiments. In both
cases, a polymer is applied on top of the SAM, before the
fabrication of the metal top electrode. The data obtained from
the Au/SAM/PEDOT:PSS/Au junctions by Akkerman et al
results in By = 0.66 and the data from the Au/SAM/PmPV/Hg
junctions results in Sy = 1.13. To further illustrate the spread
in the obtained By values, By versus the number of molecules
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Figure 16. Decay constant By versus the number of molecules in the
molecular junction. Values of Sy range from 0.51 to 1.16, with an
average value of 0.92 & 0.19. The solid line represents the average
value of By = 0.92 and the dotted lines the standard deviation
(£0.19) from this average. The majority of all experiments find a
decay constant Sy within this error and the obtained value is
independent of the experimental technique used.

in the molecular junctions of different experiments is plotted in
figure 16, where the solid line at 0.92 represents the average By
from all experiments and the dotted lines represent the standard
deviation (£0.19) from this average value. Clearly, the vast
majority of all experiments calculate a By parameter within
the error given by the standard deviation from the average
value. Therefore, it can be concluded that, irrespective of
the molecular electronics testbed used, similar values of By
are obtained. Similar plots were made by the authors for By
versus the number of repeated measurements performed to
obtain the average conductance value, and for Sy versus the
number of different alkane(di)thiol molecules used to establish
Bn. Both plots did not show any obvious trend, demonstrating
the validity of the claim that the observed exponential decay
factor is independent of the experimental testbed used.

Besides the similar trend in the exponential increase in
resistance with increasing molecule length, something more
striking can be observed in figure 15. Despite of the different
contacts, the molecular end groups, and/or the experimental
testbeds that were used, the obtained resistance per molecule
as plotted in figure 15 can be categorized in 3 resistance
regimes. This is more clearly illustrated in figure 17, where
each resistance regime is given a different symbol. The low
resistance collection of data (open triangles) is dominated
by the single molecule measurements, the medium resistance
regime (open squares) encompasses measurements performed
on a SAM and the high resistance group (open diamonds)
contains the experiments where an extra resistive layer is
present in the molecular junction. To illustrate the major
differences between these three groups, a linear fit is plotted
through all the data from each group. The low resistance
group has an average contact resistance (Ry) of 0.8 M2 and
a decay constant (By) of 0.76. Both values increase for the
medium resistance group to Ry = 54 MQ and Sy = 1.05.
For the high resistance group Ry is even 6.1 x 10° M, but
BN 0.92, equal to the average value obtained from all
experiments (figure 16).
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The origin for only three resistance subgroups is related
to the nature of the contacts of the molecular junction
under study. This is clearly demonstrated by the data from
Engelkes et al, who performed CP-AFM measurements on
alkanemonothiol and alkanedithiol monolayers with a gold-
coated AFM tip [78]. The measurements on alkanedithiol
monolayers, where both ends of the molecules are chemically
bound to the electrodes by the Au-S bond, resulted in a
lower contact resistance compared to the measurements on
alkanemonothiol monolayers. The measurements with the
same experimental set-up on molecules chemically bound at
one or at two sides leads thus to a significant difference
in resistance. The reported data of Engelkes et al on
alkanedithiols are within the low resistance group and the data
on the alkanemonothiols in the medium resistance group [78].
In fact, all data in the low resistance group is obtained from
experiments where molecules are contacted at both ends by a
chemisorbed contact.

The difference in resistance by changing the nature of
the contacts is clearly illustrated by plotting the resistance per
molecule for C8 and C12 versus the number of molecules
measured simultaneously in the junction, see figures 18(a)
and (b). C8 and C12 are chosen since these are the only
molecule lengths represented in all three resistance groups.
Furthermore, to make the most reliable comparison, data is
added from mechanically controllable break junctions [98] and
2D nanoparticle array experiments [150] to figure 18(a), which
were omitted in figures 15 and 16 since no length dependence
of the current was investigated. The spread in absolute value
for the molecular resistance for both C8 and C12, when the
resistance is converted to that of a single molecule, spans at
least 8 orders of magnitude. The lowest resistance is obtained
for molecules which are chemisorbed with both ends of the
molecule to the electrodes. The majority of the chemisorbed
contacts are made by an Au-S bond on both sides of the
molecule, but the Au—NH, bonded molecules [63] are within
the same low resistance group.

The medium resistance group, indicated in figures 18(a)
and (b) by the shaded area, is a collection of data from
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Figure 18. Resistance per molecule as a function of the number of
molecules in the junction. (a) Obtained results with alkane-based
molecules containing 8 carbons in the backbone. (b) Results obtained
on molecules containing 12 carbon atoms in the alkane chain. For C8
as well as C12, a clear division in resistance is observed, solely due
to the nature of the contacts.

experiments consisting of molecular junctions with one
chemisorbed contact and one physisorbed contact. A SAM is
chemisorbed on a bottom electrode and further in the process
a top electrode is applied to the SAM by various techniques to
create a physisorbed contact. Although the medium resistance
group is clearly one collection of results, the number of
molecules measured in the experimental molecular junctions
range from 100 molecules up to 10'! molecules, encompassing
nine orders of magnitude. If the increase in resistance per
molecule with increasing device area would be due to physical
effects, as previously suggested by Selzer et al, who reported
a change in the conduction per molecule of several orders
of magnitude due to presence or absence of neighboring
molecules [32], there would be a significant shift in resistance
within this medium resistance group. Due to the absence
of such large differences in resistance within this group, it
can be concluded that large differences between experiments
originate solely from a difference in contacts. However, we can
expect an increase in contact resistance with increasing device
area from the general fact that the possibility for short circuit
formation increases with increasing device area. In order
to avoid short circuits in large area devices, the interaction
between the applied top contact and the monolayer has to be
less intimate (more gentle) for larger devices areas compared
to small area devices, since the probability for short circuit

15

formation is less likely in a small area due to a pinhole free
SAM. A weaker and moderate physisorbed contact leads to
an increase in contact resistance or a decrease in transmission
probability at the molecule/electrode interface, compared to a
chemisorbed contact [23, 48, 49].

Alkanedithiol molecules were measured in large area
molecular junctions [11, 31, 41], but since PEDOT:PSS is also
weakly bound to thiol end groups, these molecular junctions
cannot be regarded as junctions with chemisorbed contacts
at both ends of the molecules and are, therefore, within the
medium resistance group.

The high resistance group in figure 17 has an average
contact resistance (Ry) of 6.1 x 10° MQ per molecule in the
junction. This high contact resistance can be explained by
the presence of a second insulating layer or a high resistive
interlayer in the junction. Shimizu et al use the PALO
technique to fabricate Au electrodes on a SAM [163]. They
use fatty acids, CH3(CH2),_,COOH, to form monolayers on
Al,O3. The insulating Al,O3 layer thickness was assumed
to be 3 nm thick. Therefore, the total junction configuration
consist of two tunnel barriers in series and this will result in
a high contact resistance when the Al,Os layer is regarded
as part of the contacts, i.e., when the reported resistance per
molecule is studied exclusively as a function of the alkane
length (see figures 15 and 17). The other data of the
high resistance group is by Milani er al, who spin coated
a layer of PmPV with a thickness of 80 nm on top of a
SAM [156]. They showed that the current flows only through
the polymer region contacted by the hanging mercury drop
top electrode. Similar to the PALO experiment, the PmPV
layer is regarded as part of the contacts when the resistance
per molecule is investigated as a function of the alkanethiol
length of the SAM. The conductivity of a pure PmPV film was
determined to be 2 x 1072 Scm™! [165]. Due to the low
conductivity of the PmPV top layer, the total resistance of the
molecular junction will be increased. This also explains the
large difference observed, despite similar Au/SAM/polymer
structure, between this technique and the other reported large
area molecular junction experiments [11, 31, 41]. The
latter contained a PEDOT:PSS layer with a conduction of
~20 S cm™! on top of the SAM. Due to this high conduction
of the PEDOT:PSS, similar resistances were obtained as in
the CP-AFM experiments on monothiols and hanging mercury
drop experiments, with the Hg drop directly in physical contact
with the SAM.

5. Summary and perspective

We subdivided a general molecular junction into different
components to determine their influence on the absolute values
obtained for the resistance of alkane-based molecules and to
determine their influence on the quality of the measurements.
We described in detail the advantages and disadvantages of
different techniques to measure the electronic transport through
single molecules or self-assembled monolayers. When scaled
to a single molecule, 8 orders of magnitude difference in
conduction was found for C8 and C12 molecules. The
obtained resistance per molecule (Ryo) was plotted versus
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the number of carbon atoms present in the alkane chain,
which resulted in three larger clusters of data compiled
from different experimental testbeds. The low resistance
group consists of STM and CP-AFM measurements, with
alkanedithiol molecules chemically bonded to both electrodes,
resulting in a low contact resistance. The medium resistance
group consists of measurements on larger device areas with
only one end of the molecule chemisorbed at an electrode. The
other end is physically bound to the other electrode, resulting
in the possibility to measure larger device areas without the
formation of short circuits, but with a higher contact resistance
compared to the low resistance group. The third collection of
reported data demonstrates a high contact resistance, which is
most likely due to the presence of an extra tunneling barrier
or a poorly conducting layer in the molecular junction. All
reports show a similar exponential increase of resistance with
increasing alkane chain length, independent of the technology
used. The obtained decay constants (8y) range from 0.51 to
1.16, with an average value of 0.92 £ 0.19 per carbon from all
experiments. Similar values of Sy are obtained in completely
different device structures and device sizes, indicating that
the decay constant By of alkane chains is ~0.9 per carbon,
irrespective of the experimental testbed used to measure the
electrical properties of alkane-based molecules.

What is the best technique to study the electrical properties
of molecules? This is a question without a true answer. Since
all recently reported molecular junctions consisting of alkane-
based molecules result in a similar trend of an exponential
increasing resistance with increasing molecule length, we have
to conclude that proper measurements are done, irrespective
of the configuration of the molecular junction. The same
holds for the conductance of a single molecule. A different
technique leads to a change in the absolute value of the
conduction of a (single) molecule, due to a different nature
of the contacts. Therefore, the conduction of a molecule can
only be quantified with respect to the molecular junction used.
This makes alkane(di)thiol molecules even more important
as the reference system for any new technology related to
molecular electronics. For benchmarking the technology, two
electrical measurements have to be performed: (a) the length
dependence of alkane-based molecules on the tunnel current,
and (b) temperature dependence of the /-V characteristics.
Only then, the tunneling mechanism of the electrical transport
through the molecules can be established. This will exclude the
possibility of electrical properties observed due to electrodes,
metal filaments or interface effects, which might otherwise be
attributed to the properties of the molecules in the junctions.
Furthermore, when the end group and the backbone of a
molecule under study are varied at the same instant, it is
impossible to attribute the change in conduction solely to
the change in conjugation, packing, tilt angle or any other
effect arising from a change of molecular backbone. The
change in conduction due to a change of contact to the
electrodes by changing the end group of the molecule can
easily be a few orders of magnitude and needs to be taken
into account. The decision of what technique to use in
molecular electronics will thus depend on the motivations for
the work. Fundamental studies might be best represented
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by single molecule techniques from the low resistance group,
whereas application oriented research is more promising with
reproducible techniques from the medium resistance group.
Macroscopic devices based on a single molecular layer can be
realized by using one of the techniques from the high resistance
group and might lead to interesting low end applications. All
techniques, when pursued, will for sure lead to more interesting
and promising new results in the field of molecular electronics.
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