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ABSTRACT
This thesis presents research aimed at tackling two issues in the field of molecular
electronics. The first issue is the large range of molecular conductance values reported by
various research groups for identical molecules. This is addressed by studying the same
molecule in dissimilar environments. The second issue is experimental uncertainty –
whether the observed effects are inherent to the molecule or due to external causes. This
is addressed by performing in-situ spectroscopy of the molecule as part of its electrical
characterization.
Oligo(phenylene-ethynylene)s are a well studied class of molecules in the field of
molecular electronics, and this work focuses on charge transport through nitro substituted
oligo(phenylene-ethynylene) molecules. The electrical characterization of these
molecules was performed utilizing two testbeds. An electromigrated break-junction
testbed was used to probe individual molecules, while a nanowire molecular junction
testbed was used to probe self-assembled monolayers of the molecule.
Experiments performed on individual molecules revealed a temperature
dependent transition in the dominant charge transport mechanism. Above 50K, hopping
is the dominant charge transport mechanism, while below 50K direct tunneling is the
dominant charge transport mechanism. Experiments performed on self-assembled
monolayers did not reveal any temperature dependent transitions. The dominant charge
transport mechanism appears to be direct tunneling throughout the temperature range
investigated.
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The results also indicate that molecules embedded in a self-assembled monolayer
have significantly lower conductance than individual molecules. This is primarily due to
a second charge transport mechanism (hopping) that opens up above 50K that is available
only to individual molecules, and secondarily due to better potential screening properties
of the self-assembled monolayers. Inelastic electron tunneling spectra obtained for the
molecules in a self-assembled monolayer show a characteristic three-peak structure. Each
of the peaks can be associated with a specific vibrational mode of an oligo(phenyleneethynylene) molecule.
The results presented here directly address two issues in the field of molecular
electronics. Firstly, the discrepancy in the reported molecular conductance values was
addressed by establishing the important role played by the molecular environment in
determining molecular conductance. Secondly, confidence in the results was established
by obtaining an in-situ inelastic tunneling spectrum of the molecule under study.
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Chapter 1
Introduction

1.1 Contents of Thesis
This thesis presents an analysis of electron transport in nitro substituted
oligo(phenylene-ethynylene) (NOPE) molecules. The charge transport is investigated
though individual molecules using an electromigrated junction testbed, and through
monolayers using molecular nanowire junction testbed. The effect of temperature on the
electron transport through NOPE is analyzed. Inelastic electron tunneling spectroscopy
(IETS) is used to identify the molecule under test.
Chapter 1 is an introduction to the field of molecular electronics. Current issues
are presented, common processes and terms are introduced, and past work is examined.
Chapter 2 presents the theoretical framework in which the data will be analyzed. Chapter
3 presents the data collected in electromigrated break junctions. Current-voltage (I-V)
data as a function of temperature is analyzed. Chapter 4 presents the data collected in
molecular nanowire junctions. I-V data as a function of temperature is analyzed and
compared to the results from Chapter 3. Conclusions on the nature of electron transport
through NOPE in both monolayer and individual configurations are drawn. Chapter 5
presents IETS data obtained in the molecular nanowire junction and provides an analysis
of the NOPE spectrum. Chapter 6 summarizes what was learned as a result of this work
and suggests future avenues of exploration.
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1.2 Moletronics
The term moletronics is a contraction of the terms “molecular” and “electronics”,
and refers to the study of utilizing single molecules or small groups of molecules to
perform electronic functions. The term does not include organic devices that use bulk
materials (and thus exhibit bulk-effect electron transport), such as organic microscale
transistors. The term does include macromolecules such as carbon nanotubes and
deoxyribonucleic acid (DNA), but they are not part of the present discussion.
Aviram and Ratner were the first to propose a moletronic device in 1974 [1].
They proposed a rectifier based on a single molecule, consisting of a donor and an
acceptor group separated by a tunneling bridge. Once connected between similar metal
leads, the difference in electron affinity between the two ends of the molecule was
expected to result in asymmetric current transport. Electron transport calculations
confirmed this behavior, a phenomenon which has since been observed in monolayer
Langmuir-Blodgett (LB) films [2].

1.2.1 Motivation
Moore’s law is the empirical observation that the number of transistors per
integrated circuit grows exponentially [3], a feat made possible by the progressive
shrinking of integrated circuit components. However, conventional complementary
metal-oxide-silicon (CMOS) technology fabrication techniques and devices are not
expected to be able continue this trend over the coming years [4]. For example, over the
next 5 years the dynamic random access memory (DRAM) cell 1⁄2 pitch is expected to
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shrink from today’s 80 to 45 nm, a size for which no manufacturable lithographic
solution yet exist [4]. Furthermore, scaling of CMOS technology beyond 100nm is
limited by quantum phenomena such as increased tunneling through oxides and silicon
(Si), as well as dopant atom distribution [5]. More recent work has shown that as
transistor sizes decrease, the threshold voltage will become ever more sensitive to device
geometry. This will strongly affect the reproducibility of device characteristics [6]. These
facts, coupled with the increasing costs of fabrication according to Moore’s second law
[7], are spurring research into alternatives to CMOS technology.
Since a molecule is the smallest component whose electrical properties can be
engineered, it is easy to conclude that the ultimate integrated circuit will be constructed at
the molecular level. This last fact has been the driving force behind moletronics research.
However, before molecular circuits able to store and process information in a manner
similar to today’s integrated circuits become a reality, several issues need to be
addressed. The experiments conducted as a part of this work are aimed at overcoming
some of these issues and increasing the knowledge base of the field.

1.2.2 Moletronic Devices
A basic issue in moletronics is the synthesis of a device that can be used as a
building block for more complex circuits, the way CMOS transistors can be used to build
logic gates and eventually central processing units (CPU). The simplest conceivable
device is a two terminal switch. Two-terminal devices significantly decrease fabrication
complexity, since there is no need to position a third gating electrode with molecular
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accuracy [8]. Furthermore, recent work has shown that charge transport through
moletronic devices is not effectively gated by electrostatic fields [9] [10].
Molecules exhibiting switching behavior have been reported in the literature [11]
[12] [13], and used to fabricate memories and logic gates [14] [15]. However, some of
these results have recently been attributed to nanofilamentation effects [16] [17] [18], or
been brought into question by subsequent experiments [19]. Negative differential
resistance (NDR), has also been observed in certain molecules [20] [21] [22] [23]. This is
particularly important because logic architectures based on two terminal devices need
signal restoration, and devices exhibiting NDR can be used to assemble latches [24].
Unfortunately, the NDR effect has either not been reliably reproduced [25] [26], or been
attributed to sharp density of state variations due to the electrode as much as the molecule
[22] [23]. Recently, a molecular latch based on moletronic switching devices, instead of
NDR devices, has been demonstrated [27]. Lastly, as previously mentioned, rectification
in moletronic devices has also been observed [2] [28] [29].
The challenges to synthesizing a moletronic device are not limited to performance
(e.g. switching rate for a switch device). The moletronic device needs to be chemically
stable in its environment, not leak charge to its neighbors, be localized in space, and be
able to communicate with other moletronic devices [30]. In other words, the device needs
to be amenable to circuit integration and fabrication.
Lastly, in order to properly design and characterize a moletronic device, one
needs to understand electron transport through molecules and molecular monolayers.
Experimental results have shown the need to explore not only the intrinsic molecular
properties of moletronic devices, but also the environmental factors that may affect
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charge transport through the device. Such effects include the detailed nature of the
molecule-electrode contact [31] and the molecular packing density [32].

1.2.3 Moletronic Circuit Fabrication and Architecture
Another issue is the actual fabrication of circuits with molecular sized
components. Si based technology relies on “top-down” fabrication techniques, such as
lithography, in which nanometer sized circuit components are formed and interconnected
by removal or modification of a larger substrate. Though very successful to date, topdown fabrication has limited resolution and is expensive. The strengths of this technique
are the ability to form arbitrary structures and its high reliability [33]. Due to their
molecular scale, moletronic devices are not amenable to top-down fabrication using
current state of the art technology. They do, however, lend themselves to “bottom-up”
fabrication techniques, in which a large circuit is assembled out of its nanoscopic
component parts. Bottom-up fabrication techniques, such as self-assembly, have
molecular resolution and are potentially cheap. The weaknesses of bottom-up fabrication
are that it is limited to regular or random structures and that it is not very reliable [33].
Advances need to be made in bottom-up fabrication techniques before complex
moletronic circuits can be assembled into interconnecting networks that can interface to
the macroscopic world.
Finally, an architecture that is defect tolerant and constructed from regularly
repeating units is needed. The first constraint is necessary due to the low reliability of
bottom-up fabrication and moletronic devices, the latter due solely to bottom-up
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fabrication. Using the simplest possible device, a two terminal switch, places an
additional constraint on the architectural design. Such logic architectures, designed
around moletronic switches and bottom-up fabrication, have already been proposed. In
one example, the moletronic devices are located at the intersections of self-assembled
cross-bar arrays [33] [8]. The defects are then mapped and worked around [34] [35], a
fact made possible by the large signal routing resources of such layouts [33]. In another
example, a mesh of molecular devices and metal nanoparticles is self-assembled into a
structure called a nanocell. The nanocell is then programmed using a genetic algorithm to
have a specific function, a process that by its very nature works around defects [36].

1.2.4 Molecules of Interest
Virtually all the molecules studied in the field of moletronics are organic. They
can be roughly separated into two groups, saturated and conjugated. Saturated molecules
have no double bonds involving C (Carbon) atoms, which results in strongly localized
bonds. Conjugated molecules, on the other hand, feature delocalized double bonds
between C atoms. The most commonly studied saturated molecular class are the alkanes,
linear chains of methylene units (-CH2-), while the most commonly studied conjugated
molecular class are the oligo(phenylene-ethynylene)s, linear chains of the phenyleneethynylene unit (-C6H4-C ≡ C-). The triple bond allows the rings to rotate, an interesting
feature since conformational changes have been proposed as a possible switching
mechanism for molecular devices [37]. These phenylene-ethynylene oligomers are rigid,
and are sometimes referred to as rods. Another conjugated molecular class that is
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commonly investigated both theoretically and experimentally is the oligo-phenylene
class. Figure 1.1 below shows the structures of alkanes, oligo(phenylene-ethynylene)s
and oligo-phenylenes.

Figure 1.1: Structure of oligo(phenylene-ethynylene)s (A), alkanes (B), and phenylenes
(C), shown with thiol end-groups

1.2.4.1 Alkanes
Alkanes are easily functionalized for self assembly and form ordered, well packed
monolayers [38] [39]. They can also be commercially obtained in a variety of lengths,
making them suitable for electron transport measurements. Alkanes are σ-bonded
saturated molecules and are thus poor conductors with no obvious electronic device
potential, other than as a tunneling barrier [40]. The low conductivity of alkanes has been
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exploited as a gate dielectric in the fabrication of a hybrid (organic/Si) field-effect
transistor [41].
Alkanes are also commonly used as an insulating matrix in which other, more
electrically interesting, molecules are embedded. This method is commonly used to
enable scanning probe microscopy (SPM) techniques (such as atomic force microscopy
and scanning tunneling microscopy) to exact I-V curves from a single or small bundle of
electronically interesting molecules [42] [43] [44].

1.2.4.2 Oligo(phenylene-ethynylene)s
Similarly, oligo(phenylene-ethynylene)s (OPE) can also be functionalized for self
assembly and form ordered, well packed monolayers [45] [46]. However, the extended πconjugation of OPEs make them theoretically much better conductors than alkanes [47].
Theoretical work has shown that the triple bond between the phenyl rings in OPE
molecules enhances the coupling between them, thus making OPEs more conductive than
oligo-phenyls of equivalent length [48]. This fact, coupled to its structural rigidity, makes
it a potential molecular wire. Furthermore, it is possible to add substituents to OPEs and
thus modify their electronic structure. For example, OPEs can be synthesized to possess
donor groups, acceptor groups or heterocyclic interiors (such as porphyrin) [49]. Such
substitutions can, however, lead to stability and self-assembly issues, as is the case with
nitro-substituted OPE, NOPE [50]. OPEs have been extensively studied and have been
reported to exhibit switching [12] [13], negative differential resistance (NDR) [20] [21],
and memory (hysteresis) effects [14]. The underlying mechanisms accounting for these
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properties are not yet fully understood, and several mechanisms have been proposed.
Among these mechanisms we find conformational changes [51] [52], molecular charging
[53], a combination of charging and conformation [54] [55], and polaron formation [56].
Note that not all of these mechanisms apply strictly to OPEs, some are more general and
apply to molecules containing phenyl rings.

1.2.4.2.1 Functional Groups
Functional groups are defined as sub-molecular structural motifs that confer a
given property to a molecule. They are traditionally used to confer a specific reactivity.
For example, the ends of a molecule can be functionalized such that the molecule will
bond to a transition metal, or side groups added so that the molecule will dissolve more
readily in a particular solvent. Functional groups are also used to modify the electronic
structure and electron distribution within a molecule to obtain specific electrical
properties [49]. Typical functionalizations of OPE molecules are shown in Figure 1.2
below.
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Figure 1.2: Dithiolated OPE (A), nitro OPE (B), and amino-nitro OPE (C)
The amino functional group (-NH2) modifies the electronic properties of the OPE
molecule to be electron donating, while the nitro (-NO2) functional group modifies the
OPE molecule to be electron withdrawing [49]. The thiol (-SH) functional group is used
to bind the molecule to transition metals, such as gold (Au) or palladium (Pd) [45].

1.2.5 Molecular Self-Assembly
Self-assembly is a general principle of nature, defined as the autonomous
organization of components into patterns or structures [57]. Self-assembled monolayers
(SAM) are single layers of ordered molecular assemblies that are formed spontaneously
by a surfactant with a specific affinity for a substrate. SAMs can be grown from solution,
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vapor, or organic molecular beam epitaxy [58]. The process is driven primarily by the
chemical interaction between the molecular end group and the substrate, and secondarily
by the forces between the molecules (e.g. van der Waals, Hydrogen bonding). This
results in ordered two dimensional structures of varying short and long range order,
depending on deposition conditions (e.g. molar density, time elapsed), molecular
backbone details (e.g.. presence or absence of functional groups), and substrate surface
(e.g. roughness, cleanliness) [58].
The most common self-assembly substrates are the transition metals (e.g.
titanium, palladium, silver, gold, platinum, copper) and the most commonly used end
groups are the isonitrile (-N ≡ C) and thiol (-SH) groups, heretofore referred to as
“alligator clips”. The archetypal end group-substrate pairing is the thiol-Au(111), and this
is in fact the most common in the field of molecular electronics. By assembling a
molecular monolayer on a macroscopic electrode and bringing another electrode carefully
into contact with the top surface of the monolayer, one can electrically probe the
molecular monolayer, for example by performing I-V scans using SPM techniques [42]
[43] [44].

1.2.5.1 Molecule-Electrode Contact Effects
An issue that affects all molecules whose electronic properties are to be measured
is the nature of the contact to the electrodes. Molecule-electrode contacts can be roughly
broken down into two categories, physisorbed and chemisorbed. Chemisorbed contacts
involve a chemical bond between the molecule and the electrode, as is the case with
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SAMs, while physisorbed contacts involve only electrostatic (e.g. van der Waals) forces
between the molecule and the electrode. Beyond these two categories, chemisorbed
contacts can be further categorized by the type of electrode and molecular alligator clip.
Lastly, the manner in which the contacts are fabricated plays an important role as well
[59]. It is of vital importance when comparing molecular electronic measurements from
different experiments to keep track of the nature of the contacts, whether they are
chemisorbed or physisorbed, the metal used as the electrode, the type of alligator clip
used, and the manner in which the electrodes were fabricated, since every one of these
factors can have a strong effect on the observed characteristics.

1.2.5.1.1 Physisorbed vs. Chemisorbed Contacts
Symmetric I-V curves obtained for OPE have been shown to become asymmetric
when one of the two chemisorbed contacts is changed to physisorbed. The asymmetry is
accompanied by an overall decrease in current [60]. The asymmetry is evident only at
large biases, and contact experiments on alkanethiols at low biases have shown no
asymmetries [31]. Other experiments on alkanethiols comparing the effect of bonded vs.
non-bonded contacts using atomic force microscopy (AFM) [42] [61] [62] and mercury
(Hg) drop junctions [63] yielded similar results. Some of these experiments have also
shown that for alkanedithiols chemisorbed at both ends, the I-V characteristics were
independent of mechanical stress on the SAM, unlike what is observed for alkanethiols
physisorbed on one side and chemisorbed on the other [42] [62]. In general, it appears
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that for physisorbed contacts, the mechanical structure of the molecular film has an effect
on the transport characteristics.

1.2.5.1.2 Metal-Molecule Bonding
The exact nature of chemisorbed contacts can have a large influence on the
measured properties of the molecular device [31] [64]. The choices of electrode metal
and alligator clip are key ingredients in moletronic device design, and substantial
theoretical and experimental efforts have gone into characterizing the molecule-metal
bond’s ability to effectively couple electrons to the molecule.
The alligator clips that have attracted the most interest are the isonitrile and thiol
end groups. A systematic experimental study comparing the isonitrile and thiol end
groups on a variety of transition metals has been performed by Beebee et al. [31] using a
conducting tip AFM to measure the I-V properties of alkane monolayers. The data show
that the isonitrile end group makes a marginally better contact than the thiol end group
(by about 10%). More importantly, the experiment showed a strong dependence on the
transition metal used, with higher work function metals providing increasingly better
contacts, with platinum (Pt) being the best measured in the experiment. The thiol-Au
contact was among the least resistive of the pairings studied in this experiment, though
not the absolute best.
Theoretical work by Seminario et al. [64], also comparing the isonitrile and thiol
end groups on a variety of transition metals, came to the opposite conclusion that the thiol
end group is marginally better than the isonitrile one. Furthermore, the results showed
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that Pd, not Pt, should provide the best contact. The calculations show the thiol-Au
pairing to be among the most resistive among the pairings studied. The system examined
in these simulations consisted of a single phenyl ring, which might account for some of
the differences between this work and the work described in Ref. [31]. Also, the
simulations where carried out for a single molecule, while the AFM experiment
mentioned above measured several molecules at once. Both studies conclude, however,
that the isonitrile and thiol end group are essentially equivalent, and that the electrode
metal is the more important factor. The popularity of Au as an electrode metal seems
somewhat unfortunate, since both studies agree that it does not provide the best contact.
Experimental results appear to confirm that Pd provides a better contact than Au for both
isonitrile [65], and thiol [66] alligator clips.
Lastly, theoretical efforts investigating chalcogens more metallic than sulfur (S)
(e.g. tellurium, selenium) to improve the contact to the electrode have yielded
contradicting results, with Seminario et al. [67] concluding that S is indeed the best
alligator clip for Au, and Yaliraki et al. concluding that selenium (Se) would be best [68].
Experimental data comparing Se to S suggests Se makes a better contact [69]. These
results notwithstanding, thiol-Au is the de-facto standard contact, despite the strong
evidence that Pd provides superior performance.

1.2.5.1.3 Electrode-Molecule Contact Fabrication Effects
The manner in which the contacts are fabricated also affect molecular device
performance and yield. Research on metal vapor deposition on SAMs has revealed
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several issues with the technique. It has been found that aluminum (Al) reacts with and/or
penetrates into alkane SAMs depending on the terminal group exposed to the evaporated
atoms [70] [71]. More directly relevant to moletronic device research is the finding that
vapor deposited titanium (Ti) reacts not only with the end-groups of alkane SAMs [72],
but also with OPE SAMs, in the latter case destroying the monolayer structure [73].
Furthermore, it has been observed that vapor deposited Au atoms penetrate through the
OPE SAMs to the underlying substrate very efficiently, leaving the SAM floating on top
of the deposited metal [73]. In general, highly reactive metals have been found to destroy
SAMs of alkanes and OPEs, while less reactive metals react at the termini or penetrate
the monolayer and react with the substrate [74] [75]. To minimize these problems,
experimentalists have cooled the SAM to liquid nitrogen (LN) temperatures during
evaporation [65] [76], and also evaporated the top contact indirectly by using argon (Ar)
gas to scatter the Au atoms back onto the organic monolayer [77] [78], a process called
“soft” evaporation.
Other contact formation techniques, which result in chemically bonded electrodes
without the drawbacks inherent to evaporation, such as nanotransfer printing [79],
chemical seeding [66], and Lorentz force controlled physical contact [60], are also being
used. A study comparing contacts defined by nanotransfer printing to metal vapor
deposition has found the former to be significantly superior in both contact performance
and yield [80].
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1.2.5.1.4 Contact Microstructure
Theoretical calculations have shown that there are two preferred Au(111) surface
sites for the S atom to bond [81]. One is over a triangular hollow site with a Au atom at
each vertex, and the other is directly above a Au atom. Theoretical work studying
molecules bonded at the hollow and on-top site of a Au surface found no significant
differences in conductance [68]. The same study found no significant conductance
variations upon rotation and tilting of the Au surface. Increasing the S-Au bond distance
did however yield an exponential decay in conductance. A more recent study has
confirmed these findings, but also concluded that at a Au edge, the most stable position
for a S atom is between two Au atoms. The on-top site is still a minimum, but of higher
energy [82]. Theoretical studies of this nature, in which the parameters of the S-Au bond
are systematically varied, are important, since the SAM or molecule under test may not
necessarily be in its relaxed lowest energy state.
The effect of contact microstructure was studied experimentally by Reichert et al.
[83], using dithiolated molecules in a break junction. Microstructure variations in the SAu bond were detected by shifts in the peak positions of the first derivative of the I-V
curve. The shift was attributed to the polarity of the S-Au bond. Depending on whether
the contact was at a kink or at an edge, different amounts of charge would be transferred
to the S. This resulted in slightly different shifts in the location of the molecular orbitals
and thus the peaks in the first derivative of the I-V curve. I-V curves obtained in this
study have confirmed a weak dependence of the conductance on the S-Au bond
microstructure.
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1.2.6 Molecular Testbeds
Several testbed structures have been used to probe the electrical characteristics of
single molecules and molecular ensembles. The ideal testbed has atomic control of both
the left and right contact, no parallel leakage current, can probe individual molecules, and
is amenable to variable temperature measurements. Additionally, an ideal test bed should
package the molecule so that it is ready for integration into an electronic circuit. No
testbed meets all these requirements, but some are relatively easy to fabricate and allow
quick prototyping of several molecular species, while others are amenable to circuit
integration. Others still allow one to measure individual molecules. This section gives an
overview of the testbeds, grouped by number of molecules each testbed probes in
parallel.
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1.2.6.1 Few Molecules

1.2.6.1.1 Scanning Tunneling Microscopy (STM)

Figure 1.3: Schematic of STM measurements on molecules.
There are two versions of this method, each with a metal nanoparticle variant. In
the first version, the STM tip is placed directly above a SAM of the molecule of interest
[84] [85] [86], and the tip or substrate is biased to extract an I-V curve. Alternatively,
metal nanoparticles are first sparsely assembled on the dithiolated monolayer before the
measurement [87] [88]. The advantage of the latter method is that the contacts to the
molecule under investigation can be made symmetric. The second, more sophisticated
version of this testbed uses a poorly ordered SAM of alkanethiols as a matrix, in which
more electrically interesting molecules are then embedded [12] [44]. This adds another
control variable to the experiment, since by using different packing densities of the
matrix one can exert some control over the environment of the molecule under
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investigation. This last technique can also be further refined by bonding a metal
nanoparticle to the end of the molecule of interest [19] [89]. Difficulties arise in the
interpretation of data however, since the STM operates a finite distance from the top of
the metal-molecule or metal-molecule-metal system. Thus the data obtained correspond
to an STM tip-gap-(metal)-molecule-metal system. Models have to be used to remove the
contribution of the gap to the I-V characteristics, and thus obtain the I-V curve due to the
metal-molecule or metal-molecule-metal system [87] [88].
Lastly, using cryogenic capable STMs, IETS has been performed on individual
molecules using the experimental configuration described above [90] [91] [92]. IETS is
playing an increasingly important role in the field of molecular electronics [93] [94], and
is discussed in more detail in Chapter 2 and Chapter 5.
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1.2.6.1.2 Conducting Probe Atomic Force Microscopy (CP-AFM)

Figure 1.4: Schematic of AFM measurements on molecules.
This technique also has two versions, each with a nanoparticle variant, identical to
the ones described above. Since there is no tunneling gap, the I-V characteristics can be
directly attributed to the metal-molecule-metal system, simplifying the data analysis.
Another advantage over the STM technique comes from the ability to vary the force
applied to the monolayer [42] [95]. Measurements of pure SAMs without a nanoparticle
include the I-V characteristics of alkanethiols [31] [43] [62] [95] [96] and conjugated
molecules such as phenyls [96] and oligothiophenes [43] (the latter as a pure SAM and as
an insertion in an alkanethiol SAM). Measurements using a nanoparticle contact include
the I-V characteristics of alkanedithiols [61] and OPEs [97] (the latter as an insertion in
an alkathiolate SAM). Lastly, this technique was used to demonstrate that the current
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through alkanedithiols was additive, the current through several molecules in parallel
being equal to a multiple of the current through a single molecule [42].

1.2.6.1.3 Break Junction

Figure 1.5: Break junction schematic.
There are two types of break junctions, mechanical [83] [98] and electromigrated
[25] [99]. The junctions are fabricated by defining a thin metal wire using conventional
lithographic techniques such as electron beam lithography. The wire is then broken either
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by electromigration, in which case current is forced through the wire until it breaks, or by
mechanical actuation, in which case a piezo-electric device [100] or a screw is used to
place the wire under tensile stress until it breaks [98]. Gated versions, in which the
junction is fabricated on top of an Al oxide film [101] or a degenerately doped
semiconductor [99], have also been fabricated. Mechanical break junctions offer more
flexibility since the junction can be repeatedly reformed and the inter-electrode gap
varied. The advantage of this technique is the ability to measure individual molecules
without an AFM or STM, and that it is amenable to variable temperature measurements.

1.2.6.1.4 Nanoparticle Bridge

Figure 1.6: Nanoparticle bridge schematic
In this method, metal nanoparticles on which a SAM has been assembled are
trapped between two closely spaced metal contacts using an alternating electric field
[102]. Alternatively, the SAM is assembled on the metal contacts [103]. The electrode
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gap must closely match the nanoparticle diameter in order to avoid clustering of several
nanoparticles on one junction [102] [103]. The analysis is complicated by the presence of
two monolayers in the junction. To avoid this last issue, this technique has been
combined with electro-migration to create break junctions in the nanoparticle [104]. NDR
peaks have been observed using this testbed [103] [104].

1.2.6.2 Hundreds of Molecules

1.2.6.2.1 Nanopore

Figure 1.7: Schematic of a nanopore.
The nanopore testbed is the most challenging to fabricate. A low stress, low
conductivity silicon nitride (Si3N4) film is grown on a Si wafer. Segments of the wafer
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are then etched away so as to leave free standing Si3N4 films. A carefully shaped (see
Figure 1.7 ) sub-50nm diameter pore is then etched through these films. Au is then
evaporated on one side of the pore, and a SAM assembled on the Au surface exposed
through the pore. Finally a top metal contact is evaporated onto the monolayer at reduced
temperature [65] [76]. The main advantage of this testbed is the fact that it is stable and
amenable to variable temperature measurements. Charge transport through both
conjugated [14] [20] and saturated molecules [105] has been investigated as a function of
temperature using this experimental setup. The main drawback to this method is the
difficult fabrication and the unreliable, asymmetric nature of the contacts, since one of
the contacts must always be evaporated. IETS for octanedithiol has been obtained in this
testbed [94].
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1.2.6.2.2 Molecular Nanowire

Figure 1.8: Molecular nanowire junction schematic.
In this method, template directed electro-deposition is used to grow sub-100nm
diameter Au wires. The growth process is interrupted and a SAM is assembled on the
wire tips. The SAM is then chemically seeded so that further electro-deposition can
occur, at which point Au deposition is resumed [66] [106]. The wires are then released
from the template, resulting in long thin nanowires containing a metal-SAM-metal
junction than can be aligned between two macroscopic electrodes using electro-fluidic
alignment [107]. Once in place, the I-V characteristic of the enclosed monolayer can be
measured. Alkanedithiols, dithiol-OPE, and dithiol-oligo(phenylene-vynylene) (OPV)
molecules have been measured by this method [66]. Much like the nanopore testbed, the
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molecular junction nanowire is amenable to variable temperature measurements [32], and
is quite stable once fabricated. The main drawback to this method is the low yield of the
electric field assisted alignment process. However, this contacting method is significantly
gentler and more reliable than evaporation, and leads to symmetric I-V curves [66]. This
method can be used to integrate molecular components into large circuits using electric
field assisted alignment to position the nanowires. IETS of dithiolated NOPE has been
obtained in this testbed [32].

1.2.6.2.3 Cross-point Structures

Figure 1.9: Schematic of cross-point junctions: Lorentz force controlled (A) and
nanowire (B)
There are three variants of this approach. In the Lorentz force controlled crosspoint method, a Au wire (10µm diameter) is coated with a SAM. A second wire without a
SAM is placed in close proximity. Both wires are placed in a magnetic field and a current
is forced though one of the wires. The resulting force pushes the current carrying wire
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towards the other wire. Eventually contact is established and the I-V characteristics of the
SAM can be measured [108]. Alkanedithiols, dithiol-OPE, and dithiol-OPV have been
measured using this testbed. This testbed also allows one to vary the contact force to the
SAM, similar to the AFM testbed [60]. IETS has been performed on both saturated and
conjugated molecules in this testbed [93].
A nanoscale version of this technique uses electron beam lithography to define
150nm metal lines as the electrode on which the SAM is assembled. A metal nanowire
(10-15 nm in diameter) is then aligned perpendicular to the electron beam defined line to
form the top contact [109]. Hysteretic effects have been observed in OPE derived
molecules measured in this last setup [109].
The two previous methods are an elegant alternative to evaporation for the
formation of top contacts, a step that is not avoided in the next method. Nano-imprint
lithography is used to define 40nm wide metal lines. After application of an LB film to
the bottom wire array, a blanket Ti evaporation is carried out to protect the monolayer.
The high reactivity of Ti is actually desired, since the metal will react with the top
functional group of the molecules, thus creating a good electrical contact and blocking
further metal penetration into the LB layer. The top contacts are then imprinted and the
excess Ti removed [110]. This last method is the most sophisticated, but the same
structure has been fabricated using more conventional methods for the bottom array and a
shadow mask for the top array [17] [111]. Rotaxane molecules measured in this testbed
exhibited memory effects, and cross-bar arrays have been configured as multiplexers and
demultiplexers [15]. These results, however, have recently been observed to be
independent of the molecule, and have been attributed to metal nanofilamentation [16]
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[17]. The advantage of this last method is that it lends itself to two-terminal architectures,
and has already been used to create complex circuits [15] [111].

1.2.6.3 Billions of Molecules

1.2.6.3.1 Mercury Drop

Figure 1.10: Schematic of Hg-drop junctions: Drop-drop (A) and solid substrate-drop
(B)
This approach has two variants. In one case, SAMs are assembled separately on
two Hg surfaces which are then brought into contact, resulting in a bi-layer junction [112]
[113]. Alternatively, the SAM is first assembled on a solid electrode, and a Hg drop used
as the top electrode, either bare [63] [114] or with a SAM coating [115] [116]. The
advantage of this method is its simplicity, since Hg not only provides a macroscopic
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defect free surface for molecular self-assembly, but also makes a compliant top electrode,
thus obviating the need for any sophisticated fabrication. The method has been primarily
used to study alkanethiols, but conjugated molecules have also been measured in bi-layer
structures [115] [117]. Lastly, impedance measurements have been used to extract the
capacitance [112] [118], and dielectric constant of alkanethiol bi-layers [112].

1.2.6.4 Molecular Testbed Summary
The discussion above is by no means exhaustive, and a few interesting testbeds
have been left out, such as the self-assembled monolayer field-effect transistor
(SAMFET) structure [9] [10], and the monolithic mesa [119]. The three tables below give
a quick overview of the capabilities of each of the testbeds discussed previously. The
tables break down the testbeds according to the following metrics: electrode control,
amenability to variable temperature measurements, parallel leakage, resolution, and gap
variability.
Electrode control refers to the ability of the electrode to intimately and reliably
couple to the molecule without otherwise interfering with the system, such as by
mechanically compressing, penetrating, or chemically altering the structure. Amenability
to variable temperature measurements is self explanatory. This is an important metric
because the temperature behavior of the charge transport yields important clues about the
underlying mechanism. Finally, molecular resolution refers to the ability of the testbed to
individually address molecules, in other words, whether it can measure individual
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molecule effects or only molecular ensemble effects. Parallel leakage and gap variability
are self-explanatory.
Table 1.1: Few molecules
Atomic control
right contact?
Atomic control left
contact?
Variable
temperature?
Parallel leakage
current?
Molecular
resolution?
Variable gap?

S.T.M.

A.F.M.

Break Junction

SAM

SAM

Uncertain

No (tip)
Yes (nanoparticle)

No (tip)
Yes (nanoparticle)

Uncertain

No

No

Yes

No

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Nanopore

In-Nanowire

Cross-Point

SAM?

SAM?

SAM?

No (evaporated
film)

SAM?

SAM?

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

Table 1.2: Hundreds of molecules
Atomic control
right contact?
Atomic control left
contact?
Variable
temperature?
Parallel leakage
current?
Molecular
resolution?
Variable gap?
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Table 1.3: Billions of molecules
Atomic control
right contact?
Atomic control left
contact?
Variable
temperature?
Parallel leakage
current?
Molecular
resolution?
Variable gap?

Mercury Drop
SAM
SAM (bi-layer)
No
No
Yes
No
No

1.2.7 Lessons Learned
In the preceding sections we have gone over several variables that may affect the
observed characteristics of a moletronic device. When comparing results across testbeds,
it is essential to group the molecules and their associated electrical properties according
to their test environment. Environmental variables include the nature of the electrodemolecule contact, such as the manner in which the electrode was fabricated and the metal
used, as well as the molecule’s immediate neighborhood, such as whether the molecule is
isolated or well coupled to its environment.
One of the issues this addressed in this work is the large variability in
conductance observed by various research groups for what is ostensibly the same
molecule. It will do so by examining the same molecule, NOPE, in two different testbeds:
an electromigrated break junction and a molecular nanowire junction. Both testbeds
feature chemisorbed thiol-Au contacts at both ends of the molecule. This is done to
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remove contact effects as a possible source of result variability and because chemisorbed
contact are more reliable than physisorbed ones. Thus the only difference between the
testbeds should be the environment. The electromigrated break junction will feature
individual molecules, while the molecular nanowire junction will feature an ensemble of
closely packed molecules. The experiment should thus provide insights into the effect of
environment on charge transport.
The second issue this work will tackle pertains to measurement certainty. The
testbeds presented above can be unreliable. The molecule under test may be destroyed by
unwanted chemical reactions during the testbed fabrication process, and even if this last
issue is avoided, the testbeds may still be subject to extraneous effects such as
nanofilamentation. This problem is mitigated by using careful choice of testbeds
(avoiding physisorbed contacts and metal vapor deposition) and by obtaining IET spectra
of the molecule. This provides a way to identify the molecule being electrically probed,
and can thus establish a direct link between the observations made in the testbed and the
molecule studied. As the technique develops, IETS can potentially provide additional
information on the molecule, such as the charge state or conformation of the molecule.

Chapter 2
Theoretical Background

2.1 Electron Transport
Several factors determine the nature of electron transport in metal-molecule-metal
(MMM) systems. These include the nature of the molecular orbitals in the molecule, the
interaction between the molecular orbitals and the continuum of states in the metal, the
type of bonding between the molecule and the metal, and the effects of the metalmolecule bond on the molecule [130]. Furthermore, even when these effects are taken
into account, applying a bias across a molecule can substantially alter its electronic
structure [131].
It is important to keep in mind that the detailed charge transport picture may be
quite complex. For example, the charge transport may be dominated by quasi particle
formation and diffusion or by gating effects. An example of such gating effects would be
a conformational change or a charge state change in the molecule [132]. In the latter case,
the electronic structure of a molecule can change from containing a delocalized orbital
spanning the entire molecule in the neutral state, to containing only localized orbitals in
the singly charged state. Such changes obviously affect conductance, and this charging
mechanism has been proposed as a possible explanation for the conductance switching
behavior observed in OPEs [53]. More recently, for molecules containing phenyl rings,
the angle between the rings has been proposed as a possible conductance modulating
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mechanism [51], since the orbital overlap between electronic states on the rings depends
on the relative angle of the rings.

2.1.1 Classification of Charge Transport Mechanisms
Charge transport through MMM systems can be broken down into two limits:
coherent and incoherent [133]. In the coherent limit, the charge does not undergo any
phase memory erasing events, such as a collision with a molecular vibration, while
crossing from one electrode to the other. The final phase of the charge carrier can be
recovered from its initial phase. Elastic tunneling, for example, is a fully coherent mode
of charge transport. Incoherent transport, on the other hand, does involve a phase memory
erasing event. An example of such an event would be temporary localization of the
charge carrier on an electronic state of the molecule, or interaction of the charge carrier
with a molecular vibration. The type or transport involving temporary localization on the
molecule is usually referred to as sequential or hopping. Interactions with a molecular
vibration can result in a type of transport called inelastic tunneling [134].
Incoherent effects are the result of coupling between the charge carrier and the
internal degrees of freedom of the molecule (electronic and vibrational), and of coupling
between the molecule and its environment. These coupling effects cause decoherence
(loss of quantum mechanical phase information) and dissipation (energy exchange with
the environment) [135].
Elastic tunneling has a very weak temperature dependence and a very strong
(exponential) distance dependence. Sequential or hopping transport, on the other hand,
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has a strong temperature dependence and a weak (linear) distance dependence [133].
Thus, observing the charge transport behavior as a function of temperature can help
distinguish between those two transport mechanisms. Both tunneling and hopping
mechanisms can operate simultaneously, resulting in intermediate charge transport
regimes [136].
The present discussion starts with an overview of three elastic tunneling models.
The last of these models, the Non-equilibrium Green’s Function (NEGF) formalism, can
be extended to include incoherent effects. The discussion then turns to an intermediate
regime model, in which both tunneling and hopping are at work. Lastly, the NEGF
framework is used to introduce IET. Figure 2.1 displays the competing electron transport
mechanisms discussed above.

Figure 2.1: Charge transport extremes for a five site bridge molecule
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2.1.2 Landauer-Büttiker Traversal Time
In systems with degrees of freedom able to interact with a tunneling charge, the
traversal time through the tunneling region is of particular importance [137]. Büttiker et
al. [137] derived an expression for the traversal time for tunneling (τ), given in Eq. 2.1 (m
is the mass of the tunneling electron, V is the height of the barrier, E is the energy of the
tunneling charge, and x1 and x2 are the classical turning points):

τ =

x2

∫

x1

m
dx
2(V − E )

2.1

This traversal time is significant in relation to the “internal clock” of the system.
Examples of such a clock are degrees of freedom within the forbidden region that can
interact with the tunneling charge [138]. If τ is significantly smaller than the
characteristic period of the relevant degree of freedom, the tunneling charge will see a
static barrier. If τ is significantly larger than the characteristic period of the relevant
degree of freedom, the charge may interact with the barrier, resulting in energy
“sidebands” due to charges that have either lost of gained a quantum of energy as they
tunneled though the barrier [137].
In the MMM case, the relevant degrees of freedom are molecular vibrations. If τ
is substantially less than the inverse of the typical frequency of a molecular vibration
(1/ω0), the molecule will appear static to the tunneling electron and charge carriermolecule interactions will be unlikely, resulting in mostly coherent transport. In cases
where the traversal time is substantially longer than 1/ω0, the charge carrier and the
vibrations will have ample time to interact, for example by forming polarons [139]. Other
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dephasing events, such as inelastic scattering, will also be more likely to occur as the
tunneling time increases. As a result, the fraction of charge carriers involved in
incoherent transport will increase.
Building on work by Landauer et al. [137] [138], Nitzan et al. [140] developed an
expression for the tunneling traversal time for non-adiabatic electron transfer in the
super-exchange model (discussed in more detail below). The result is given in Eq. 2.2 (N
is the number of sites composing the bridge between donor and acceptor, h is Planck’s
constant divided by 2π, and ∆E is the zero order energy gap):

τ=

hN
∆E

2.2

Eq. 2.2 is the expression in the weak coupling limit, in which ∆E is significantly larger
than the inter-site electronic coupling. For strong coupling, one recovers the LandauerBüttiker result.
More recent work specific to MMM junctions [139] has shown that in the “slow
tunneling” regime (τ >> 1/ω0), the tunneling barrier can be substantially reduced by
polaron formation. Essentially, the tunneling is slow enough that the molecule has time to
reorganize, thus lowering the barrier to conduction. As the tunneling rate increases, one
returns to the non-adiabatic super-exchange regime, in which the molecule does not have
time to reorganize in response to the tunneling electron. The information presented so far
is summarized in Figure 2.2 below.
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Polaron
Formation
τ – tunneling time

Figure 2.2: Typical Molecular Vibration Time vs. Tunneling Time
Based on these considerations, one can conclude that coherent transport is most
likely through a short molecule with a large bandgap, away from resonances, and at low
temperatures. This is because the first two conditions results in short traversal times and
the last suppresses vibrations. As these condition are relaxed (longer molecules, smaller
bandgaps, transport near resonance, and elevated temperature), coherent transport
becomes increasingly less likely, and incoherent mechanisms start to dominate the charge
transport.

39
2.1.3 Coherent Charge Transport
In the coherent limit, the charge transfer process is sensitive only to the electronic
structural details of the molecule [133]. Inelastic behaviors, such as transport modulation
by molecular vibrations and energy transfer to the molecule are ignored. This is a strong
limitation of such models, since inelastic effects can alter the temperature and length
dependence, as well as the mechanistic aspect, of the charge transport [133].
The mode of coherent transport most relevant to moletronics is direct elastic
tunneling. This type of transport generally occurs in systems where the gap between the
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) is relatively large (2 – 3 eV). Since one expects the Fermi energy level of the
MMM structure to align around mid-gap [48], at relatively small biases the molecular
electronic states of such a molecule will be sufficiently far away that one can model the
molecular device as a potential barrier of known length. The electron transport can thus
be quantified by an exponential decay parameter (the inverse damping length) and a
barrier height. The conductance is limited by the length and height of the barrier [141].
Resonant tunneling is a special case of coherent tunneling. It occurs when a
weakly coupled electronic level of the molecular framework is in resonance with the
incoming electrons. The conductance in this case is dominated by contact scattering, not
by the length and height of the barrier, and the transport rate increases with the number of
available electronic modes [141]. Below we discuss three coherent transport models for
non-interacting electrons. The first two, the Simmons model and superexchange, strictly
descibe tunneling processes, while the last method, the NEGF, is a more general equation
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describing current though a mesoscopic conductor, and can be extended to include
incoherent transport.

2.1.3.1 Simmons Model
This model was developed in 1963 to describe the tunneling current through an
arbitrary shape barrier existing in a thin insulating film sandwiched between two
electrodes [142]. An approximation of this model that applies to rectangular barriers and
bias ranges below the barrier height has since been used to model electron tunneling
through alkanethiol monolayers [62] [105] [115] [123]. This approximation is given by
Eq. 2.3 (e is the elementary charge, V is the applied bias, φb is the barrier height, d is the
barrier width, and m is the electron mass) [142]:
1
⎧
⎡ 2( 2 m ) 1 2
eV ⎞
eV ⎞ 2 ⎤ ⎫
⎛
⎛
⎪⎜ ϕ b −
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2 ⎠
2 ⎠ ⎥ ⎪
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⎪
⎝
⎝
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2.3

The factor α is a correction factor or order unity [142], and has been used to compensate
for the non-rectangular nature of the barrier or to account for the tunneling electron
effective mass [123].
The low bias version of the model takes the form of Eq. 2.4 (h is Planck’s
constant) [142]:

⎛ 3(2mϕ ) 12 e ⎞ eV
⎛ 2α (2mϕ ) 12 ⎞
b
b
⎜
⎟
exp⎜ −
d⎟
J=
2
⎜
⎟
⎜
⎟
h
dh
⎝
⎠ 2
⎝
⎠

2.4
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It is thus possible to recast Eq. 2.4 in the form of Eq. 2.5 (G is the conductance):
(2mϕ b )
⎛1⎞
G ∝ ⎜ ⎟e − β d ; β = 2
α
h2
⎝d ⎠

2.5

At higher biases (but still below the barrier height), the first term of Eq. 2.3
dominates, allowing one to write Eq. 2.6:

( 2 m) ⎛
eV ⎞
⎛ 1 ⎞
J ∝ ⎜ 2 ⎟e − βd ; β (eV ) = 2
⎟α ;
⎜ϕ b −
2
2 ⎠
h ⎝
⎝d ⎠

2.6

Note that Eq. 2.6 is for the current density and not for the conductance. This is because
the dependence of the current on the applied bias is no longer linear, due to effective
barrier lowering.
The model can thus be used to extract the characteristic barrier height and
correction factor (barrier distortion and/or effective electron mass), as long as the
molecule’s length is known. Furthermore, by measuring identical molecules of different
length one can also extract the inverse damping length β [62] [105] [115] [123]. Note
that according to this model, the inverse damping length is voltage independent at low
bias but voltage dependent at higher bias.
Some physical insight into the origin of Eq. 2.5 and Eq. 2.6 can be obtained by
observing that the time independent Schrödinger equation for a free electron of energy
eV in a potential ϕ = ϕb is given by Eq. 2.7 [143]:

ψ ∝ e −k x ; k =

2m(ϕ b − eV )
h2

2.7
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In the case ϕb > eV, and noting that for a symmetric potential drop the energy of an
incoming electron is eV/2, it is immediately obvious that β (eV ) = 2k , the factor two
being due to the electron probability going as the square of the modulus of the electron
wave function.
The Simmons model is a “single band” model, in that only the top of the barrier
contributes to the current, since it only accounts for charge carriers that go through one
part of the barrier. This is an adequate approximation when the electrode Fermi level is
close to the valence or conduction band edge (HOMO or LUMO in the MMM case)
[144]. This is, however, not the case in general [48], and the dispersion relation for a
tunneling electron can take a form different than that of Eq. 2.7. For systems with a finite
band gap, there are contributions from both the top and the bottom of the barrier to the
tunneling current [144]. The effect of the contribution from the “other side” of the band
gap is discussed in more detail in Section 2.1.3.2.1 (Franz two-band tunneling model).

2.1.3.2 Super-exchange
Super-exchange is a term used in intramolecular electron transfer, and refers to
the higher efficiency of electron transfer between a donor and an acceptor through a
molecular bridge when compared to the same transfer through vacuum [145]. The
increased efficiency is due to the intermediate bridge states which increase the tunneling
matrix element between the Donor and Acceptor centers [146]. The tunneling matrix
element that characterizes the transfer decays exponentially with distance according to
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Eq. 2.8 (Vab is the tunneling matrix element, γ is a decay parameter, and Rmm is the
distance between the metal centers used as donor and acceptor) [147]:
Vab = Vab0 e −γRmm

2.8

The square of the tunneling matrix element for such donor-bridge-acceptor
(DBA) systems is proportional to the electron transfer rate (similar to the relationship
between k and β in the Section 2.1.3.1) [148] [149], which allows us to write Eq. 2.9 (ket
is the electron transfer rate) [149]:
k et = k 0 e − βRmm

2.9

The transfer rate ket has been shown to be proportional to the zero bias
conductance in both the coherent [149] [150] and incoherent transport cases [151]. This
last fact allows us to write Eq. 2.10 (G is the zero bias conductance) [133]:
G = G 0 e − βRmm

2.10

This last expression is only a first order approximation [133], and depends on the
assumption that the electronic structure of the bridge molecule does not change
significantly from its DBA configuration when wired up between two metal electrodes
[151]. Eq. 2.10 has been used to determine the inverse damping length β in a number of
experiments, measuring β both for alkanes [61] [95] [96] [115] [120] [152] and
conjugated molecules [96] [115] [152]. Note that unlike the Simmons model, the length
of the molecule only enters the equation in the exponent.
Eq. 2.10 allows one to calculate β by comparing the conductances of identical
molecules of different length [105] [123], much like for the Simmons model. In addition,
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one can also obtain G0 by extrapolating the results down to a molecule of zero length
[96].

2.1.3.2.1 Inverse Damping Length
In order to fully understand moletronic devices, it is of crucial importance to
relate electrical properties, such as the inverse damping length, to other molecular
properties. Such knowledge is necessary if one is to synthesize molecules with specific
electrical properties.
A simple description of β can be obtained using a more general version of the
arguments given to motivate Eq. 2.7 [61] [62], resulting in Eq. 2.11 [61]:

β (eV ) = 2

2m *
(ϕ b − κeV )
h2

2.11

The factor κ is used to take into account asymmetries in the voltage drop over the
tunneling barrier. The Simmons results is recovered in the symmetric potential drop case,
when κ = 1/2. The m* is used to indicate effective mass.
The concept that an electron tunneling through a molecule can have an effective
mass is not immediately obvious, so the point is worth elucidating. In the limit of very
long molecules, the molecular orbitals become bands, the energy extrema of which can
be described by an effective mass, m*, as is done for solids. One can use this
approximation for finite length wires, modeling the molecular orbitals with their
equivalent “infinite chain” bands [62]. If we set the effective mass in Eq. 2.11 as a free
parameter, we essentially recover Eq. 2.6.
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A more accurate description can be obtained using the Franz two-band model of
tunneling [123] [144] [153]. Using this model, normally used to describe tunneling
through the gap of an insulator, a non-parabolic dispersion relation is obtained, shown in
Eq. 2.12 (χ is the band gap) [153]:
k=

(
)
⎛ (ϕ b − eV ) ⎞
2m *
2m *
(
)
(ϕ b − eV )⎛⎜⎜1 + ϕ b − eV ⎞⎟⎟
⎟
⎜
eV
ϕ
1
;
β
=
2
−
+
b
⎟
⎜
2
2
χ
χ
h
h
⎠
⎝
⎠
⎝

2.12

Note the use of the relation β=2k. The factor κ has been left out for clarity.
More sophisticated theoretical work has shown that the inverse damping length is
not only proportional to the HOMO-LUMO gap of the molecule, but also on the details
of its electronic structure [154]. Further work along these lines resulted in an expression
for the inverse damping length similar to the one of Eq. 2.12, but with an energy
dependent effective electron mass [155]. The expression is shown in Eq. 2.13 [155]:

β (eV ) =

2m * (eV ) (eV − E HOMO )(E LUMO − eV )
χ
h2

2.13

Eq. 2.12 and Eq. 2.13 are important because they relate molecular properties to
electrical properties. Synthesizing molecules with smaller bandgaps will yield lower β
values, resulting in more efficient electron transport. More recent work has related the
inverse decay length and the effective electron mass to the first moment of the statistical
description of the molecular wire electronic energy level distribution [156], an important
step towards being able to control the electron effective mass and the inverse damping
length through chemical synthesis.
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2.1.3.3 Non-Equilibrium Green’s Function
The Landauer-Büttiker formalism provides a rigorous framework for the
description of mesoscopic charge transport. In this formalism, the current through a
mesoscopic conductor between two macroscopic electrodes is given by Eq. 2.14 [157] (T
is the transmission function of the electrode-conductor-electrode system; µl,r and fl,r are
the chemical potential and Fermi distribution of the left and right electrode respectively,
and E is energy):
I=

2e ∞
T ( E , µ l , µ r )[ f l (E − µ l ) − f r (E − µ r )]dE
h ∫−∞

2.14

The quantity T can be broken down as the product of the electronic density of states in
the electrode times the probability of transmission per electronic state of the conductor.
Eq. 2.14 can be linearized for certain cases, as described below. To do this, we
first rewrite Eq. 2.14 in the form of Eq. 2.15:
I=

2e µ l ∞
2e µ r '
∂f ( E − µ )
T (E, µl , µ r )
dEdµ =
G ( µ )dµ
∫
∫
h µ r −∞
∂µ
h ∫µlr
∞
⎡ ∂f ( E − µ ) ⎤
G ' ( µ ) = ∫ T ( E , µl , µ r ) ⎢
⎥ dE
−∞
∂µ
⎣
⎦

2.15

It is evident from this formulation that if G’ does not vary appreciably in the applied bias
range µ l − µ r = eVl − eVr , we can express Eq. 2.15 in the form of Eq. 2.16 (Ef is the
Fermi energy of the electrode-conductor-molecule system and f0 is the equilibrium Fermi
function):
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2e '
G ( E f )[eVl − eVr ]
h
⎡ ∂f ( E − E f ) ⎤
I
2e 2 ∞
=
G( E f ) =
T ( E ) ⎢−
⎥ dE
∫
∂E
Vl − Vr
h −∞
⎣
⎦
I=

2e 2
G( E f ) =
h

∫

∞

−∞

2.16

⎡ ∂f ⎤
T ( E ) ⎢− 0 ⎥ dE
⎣ ∂E ⎦

At 0 K, Eq. 2.16 is known as the Landauer formula. The factor

2e 2
in Eq. 2.16 is
h

one of the seminal results of mesoscopic physics. Its value is given in Eq. 2.17:

2e 2
−1
G0 =
= 38.7 µS = (25.8) kΩ
h

2.17

G0 is known as the quantum of conductance, first observed for semiconductors in 1988
[158] [159]. It describes the conductance of a single level ballistic conductor. The reason
for the existence of a quantum of conductance is a result of the coupling between a single
electronic state and a continuum of electronic states [160]. This coupling causes
broadening of the single-electronic level, which results in transmission probabilities
below unity. By combining equations Eq. 2.16 and Eq. 2.17 we obtain Eq. 2.18:
∞
⎡ df ⎤
G = G0 ∫ T ( E ) ⎢− 0 ⎥ dE
−∞
⎣ dE ⎦

2.18

As previously stated, Eq. 2.18 holds whenever G’ is constant over the applied bias
range. G’ can be rewritten as shown in equation Eq. 2.19 [157]:
∞
⎡ ∂f ( E − µ ) ⎤
G ' ( µ ) = ∫ T ( E , µ l , µ r ) ⎢−
⎥⎦ dE
−∞
∂E
⎣
G ' ( µ ) = T ( E , µ l , µ r ) ⊗ FT

2.19
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FT is the thermal broadening function defined in Eq. 2.20 below, and ⊗ is the convolution
operation.

FT ≡ −

⎛ E ⎞
d ⎛
1
1
⎞
⎟⎟
sec h 2 ⎜⎜
⎟=
⎜ ( E − µ ) / k BT
dE ⎝ e
+ 1 ⎠ 4k B T
⎝ 2k B T ⎠

2.20

As long as the convolution of the transmission function and the thermal broadening
function is constant over the applied bias, Eq. 2.18 will hold. This means that at low
temperatures, where the thermal broadening is small, Eq. 2.18 only holds for systems
whose transmission functions are relatively constant over the applied bias range. At
higher temperatures, small deviations in the transmission function will be smeared and
Eq. 2.18 will hold even for transmission functions that exhibit small variations over the
applied bias range. In the coherent transport limit, the zero temperature approximation is
used and Eq. 2.19 reduces to a convolution of the transmission function with a delta
function, which in turn simplifies to the transmission function.
It is clear from Eq. 2.18 that the electron transport details are contained within the
transmission function, T(E). For example, one could use the WKB approximation for
tunneling, T ( E ) = e

−

2 mE g d

h

, to obtain a quick result similar to the models described

above [48], or use a more sophisticated transmission function based on a formulation of
the Hamiltonian for the MMM system under consideration [84]. This last approach is
described in more detail below.
The transmission function for coherent transport can be written in the form given
in Eq. 2.21 (Tr is the trace operation, the Γs are the broadening matrices of the left and
right electrode, and the Gs are the retarded and advanced Green’s function) [157]:
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{

T ( E ) = Tr Γl G R Γr G A

}

2.21

Eq. 2.21 is part of the non-interacting electron version of the Landauer formula for
current through a conductor [161]. The detailed derivation of Eq. 2.21 is beyond the
scope of this discussion, but the interested reader is referenced to the work of Meir et al.
as a starting point [161]. Understanding the components of Eq. 2.21 qualitatively,
however, is relatively simple and yields valuable insights into the nature of transport
through MMM junctions. Plugging this definition of the transmission function into
Eq. 2.14 one obtains Eq. 2.22:
I=

{

}

2e ∞
Tr Γl G R Γr G A [ f l (E − µ l ) − f r (E − µ r )]dE
h ∫−∞

2.22

The Γ functions describe the ease with which the conductor’s electronic states can empty
into the electrodes [162], and the Green’s functions describe the dynamics of the
electrons inside the conductor, including electrode effects [157].
To obtain the Γ and Green’s functions, one first needs to construct the
Hamiltonian for the conductor (HC). In MMM systems, HC is made to include the entire
molecule plus a few atoms of the metal electrode, so that charge imbalances at the metalmolecule interface are included in the description, and the system described remains
charge neutral [130]. The Hamiltonian is usually constructed using semi-empirical
methods, like the tight-binding [163] [164] [165] or extended Huckel [60] [84] [162]
[166] models.
The electrodes cannot be dealt with the same way due to their semi-infinite nature,
and are instead taken into account using a self-energy function (Σ). The self-energy
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function itself can be obtained from the Green’s function of the isolated electrode and the
matrix describing the coupling of the electrode to the molecule, as shown in Eq. 2.23
below (Cl,r are the matrices describing the electrode-molecule coupling, the + superscript
refers to the conjugate, and the Green’s functions refer to those of the isolated electrodes)
[48] [84]:
Σ l = C l+ Glelectrode C l ; Σ r = C r G relectrode C r+

2.23

Having constructed HC and the Σs, we now turn to the Green’s and Γ functions.
Eq. 2.24 shows the steady state Schrödinger equation for the isolated conductor:
H Cψ α 0 = ε α 0ψ α 0

2.24

We add the self-energy operator Σ to take the effect of the contacts into account. We can
now write Eq. 2.25:

[H C + Σ]ψ α

= ε αψ α

2.25

The self-energy is non-Hermitian, which means the eigenvalues εα will not be pure real.
We can now write the retarded Green’s function for the system of Eq. 2.25 (and used in
Eq. 2.21), as done in Eq. 2.26 for an orthogonal basis:

[

GR = E − HC + ΣR

]

−1

2.26

To understand the nature of the broadening functions Γ, we write out εα more
explicitly, as done in Eq. 2.27, where we separate the complex component of the energy
due to the contact from the intrinsic molecular component:

⎛

⎛γα
⎝ 2

ε α = ε α 0 − ⎜⎜ ∆ α + i⎜
⎝

⎞⎞
⎟ ⎟⎟
⎠⎠

2.27
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The time dependence of an eigenstate of Eq. 2.25 is given by e

(

− iε α t

h

)

. Substituting

Eq. 2.27 into this last expression we obtain Eq. 2.28:

ψ α (t ) = ψ α e − i (ε α

0 − ∆α

)t

h

e −γ α t

2h

2.28

To obtain the probability of finding the electron in an eigenstate of Eq. 2.25, we square
the magnitude of the wave function and obtain Eq. 2.29:
Pα (t ) = ψ αψ α* e

−γ α t

h

2.29

As is evident from Eq. 2.27 and Eq. 2.29, the inclusion of the self energy operator has
two major effects. Firstly, the self-energy operator shifts the eigen-energies of the
undisturbed molecular system by ∆α, and secondly, the lifetime of each state is limited,
with a characteristic escape time γ α / h . The shift of all the conductor eigen-energies is
due to electron-electron interaction, and the state’s characteristic lifetime ( h / γ α ) is due
to electrons escaping the conductor through the contacts. γ α itself corresponds to the
energy broadening of the associated electronic state [84], as illustrated by Eq. 2.30, the
Heisenberg uncertainty principle (where we substitute the state lifetime derived above for
∆t):
∆E∆t ≥ h; ∆E ≥ γ

2.30

It is this broadening that is characterized by the broadening matrices Γ. The broadening is
a function of Σ for the given electrode, as shown by Eq. 2.31 (the R and A superscripts
correspond to the retarded and advanced functions):
Γ ≡ i ΣR − ΣA

2.31
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Eq. 2.22 is an extremely useful formulation. It can be extended to deal with
incoherent effects such as vibrations and external interactions by appropriate
generalization of the self-energies used to construct the Green’s functions. For example, a
self-energy term accounting for scattering in the conductor can be added to Eq. 2.25
[167]. It can also be extended to include electron-electron interactions by the inclusion of
an appropriate effective potential [168].
Due to the flexibility of the formulation given in Eq. 2.21, it is often used in
simulations. Density functional theory (DFT) is often used to carry out these simulations
[164] [169] [170], due to its ability to deal with many-body problems at low
computational cost .The simulations start with an initial guess for the density matrix of
the system, proceed to calculate the self-consistent potential, add this to HC, repeat until
convergence, and then use Eq. 2.22 to obtain the current [171].

2.1.4 Incoherent Charge Transport

Incoherent effects can be modeled by the addition of a scattering self-energy term
to the description of the MMM system [167], as was previously mentioned. Alternatively,
one can take these effects into account using the density matrix formalism by adding a
dissipative term to the equation for the evolution of the density matrix [172]. The
discussion to follow is based on this last approach.
The time evolution of the reduced density matrix of a quantum system is given by
the quantum version of the Liouville theorem, Eq. 2.32 [172] (Hs is the Hamiltonian of
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the MMM system, ρ is the density matrix, the · represents the first time derivative, the
square brackets refer to commutation, and LD represents the dissipative term):
•

ρ = ih[ H S , ρ ] + LD

2.32

The first term in Eq. 2.32 describes the Hamiltonian propagation, determined only by the
electronic structure of the molecule. The second term describes the effect of the
environment on the evolution [133].
Mathematical descriptions of the LD term are beyond the scope of this discussion,
but a simple approximation can be found in references [133] and [136]. The effect of the
dissipative term is to further broaden the electronic levels of the molecule, for example
by describing the effects of inelastic scattering (such as interacting with a molecular
vibration). The level broadening has two effects: it lowers the energy barrier to the level
as seen by the charge crossing the molecule, and it shortens the lifetime of the level, to
the point that it may be possible for a charge carrier to cross the molecule by sequentially
populating a series of molecular electronic states.
Early work based on Eq. 2.32 broke the electron transfer rate down into two cases
[172]. For the case of a small dephasing event rate, the electron transfer rate was found
to be the sum of two competing terms. A term describing a superexchange like coherent
tunneling channel, and a term describing a dephasing rate dependent scattering channel.
For the case of a large dephasing rate, the incoherent channel dominates.
More recent work on the subject obtained the familiar super-exchange result of
Eq. 2.9 in the case of short molecules, and the expression shown in Eq. 2.33 below for the
case of longer molecules [136] (N is the number of molecular electronic states between
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the electrodes, α1 is the inverse rate associated with the electrode-molecule transition, α2
is the characteristic time to move from one molecular electronic state to another, T is the
temperature, kB is Boltzmann’s constant, and ∆E is the energy separation between the
Fermi level of the electrode and first molecular electronic state):
k et = (α 1 + α 2 N ) −1 e − ∆E / k BT

2.33

Eq. 2.33 above is essentially a mathematical formulation of the hopping process depicted
in Figure 2.1. Note that when α2N << α1, the transport will not depend on the molecule’s
length. The condition specified corresponds to the charge transfer rate being dominated
by the rate at which charge from the electrode can populate the molecule. Once past this
limit, however, the electron transfer rate assumes an Ohmic inverse length dependence.
Eq. 2.33 displays the functional dependence of the conductance of a molecular
junction on temperature and length. Additional formulations are needed to extend this
description of the junction behavior down to the intrinsic properties of the molecule and
the electrodes. Eq. 2.34 [136] brings us slightly closer, by approximately relating α1 and
α2 to the electronic coupling between molecular electronic states (V) and the dephasing
rate (κ):

α

−1
1

α

−1
2

V2
∝
κ
∆E 2
4V 2
∝

2.34

κ

Note that the factors V and κ both depend on the molecular environment as well
as the intrinsic properties of the molecule. For example, temperature can have an effect
on both the intersite coupling V as well as the dephasing rate κ [172]. For example, at
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low temperatures molecular vibrations will be suppressed, and one would expect the
dephasing rate due to electron-vibration interaction to be reduced. Furthermore, the
coupling between electronic levels may be related to molecular conformation, which may
in turn be related to temperature [25] [37] or packing density [124]. Lastly, the energy
barrier (∆E) of Eq. 2.33 may also depend on environmental factors. For example, one
would expect the energy barrier seen by a charge carrier crossing the molecule to
decrease as the bias applied to the electrode is increased.
According to Eq. 2.2, purely coherent transport can be expected for large
bandgaps and short molecules, since the transit time will be short. As the molecule
becomes longer and the bandgap smaller (for example due to broadening of the HOMO
and LUMO states), the transit time will be long enough to allow electron-molecule
interaction.
One can thus expect the conductance of short molecules to be temperature
independent and to drop off exponentially with distance (coherent tunneling behavior).
Conversely, for longer molecules or at high temperatures, thermally activated and weakly
distance dependent conductance behavior is expected (incoherent transport). This
transition has been experimentally observed as a function of temperature [25] [173].

2.1.5 Inelastic Electron Tunneling

IETS is a technique in which the interaction between molecular vibrations and
charge carriers is used to extract the vibrational energy spectrum of the molecular
species. It has been used on disordered molecular layers (slurries of molecules) since at
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least 1968 [174] [175]. More pertinent to the work at hand is more recent work extracting
an IETS signal from individual molecules [90] [100]. This discussion will concentrate
solely on this latter perspective, drawing heavily from the discussion above.
As shown previously, it is possible for a charge carrier to undergo a dephasing
event while crossing a molecule. For example, consider an inleastic event where an
electron of energy eV > hω 0 excites a molecular vibration of energy hω 0 , as shown in
Figure 2.3 below:

Figure 2.3: IET event cartoon.

This interaction opens a previously unavailable inelastic conduction channel on top of the
elastic channel, resulting in a very small but measurable increase in current [174]. As the
electron energy increases, additional vibrations are brought into play ( hω1 , hω 2 ,... ). It is
thus possible to extract a spectrum of molecular vibrations by relating the increases in
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current to the electron energy. This spectrum can be used to identify the molecular
species in the MMM junction [175], as well as to determine which vibrations most
strongly affect conductance [93] [176].

2.1.5.1 IETS Theory & Practice

As previously stated, the NEGF model can be extended to deal with inelastic
scattering events. IETS theory will be discussed in this framework. The current through a
molecule can be broken down as shown in Eq. 2.35:
I = I elastic + I inelastic

2.35

The approach used in Ref. [177] starts by including the molecular nuclei in the
description of the electronic states. Coupling this description with a harmonic model for
molecular vibrations, one can extend the NEGF formalism to include vibrational effects.
Using such an approach, the current components can be written as shown in Eq. 2.36
[177] (where α is used to index the vibrational modes and ω is used for the frequency):
I0 =

G0 L
Γ ( E F )Γ R ( E F )
e
+∞

I el = I 0 ∫ dE G1(N0)

2

[ f L ( E )(1 − f R ( E )) − f R ( E )(1 − f L ( E ))]

−∞

I inel = I 0 ∑
α

2.36

+∞
2 ⎡ f L ( E )(1 − f R ( E − hωα )) − ⎤
1
dE G1(1N),α ⎢
⎥
∫
2 −∞
⎣ f R ( E )(1 − f L ( E − hωα )) ⎦

The 1 superscript in the Green’s function refers to its derivative in respect to the nuclear
co-ordinates for a given vibrational mode, evaluated at the equilibrium position.
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The Iel equation above is an instance of Eq. 2.22, evaluated under the
approximation that only the border molecular states (<1| and <N|) interact with the
electrodes. Furthermore, it is assumed that the broadening matrices Γ do not vary
appreciably from their Fermi energy value in the bias range of interest, and can thus be
removed from the integral. The Iinel equation is very similar to its elastic counterpart. The
state energies have been modified to account for energy lost to the vibrational mode.
Furthermore, the first derivative of the Green’s function is used instead of the Green’s
function. This is a direct result of the harmonic approximation used to model the
molecular vibrations. Apart from these two differences, the equations are essentially the
same. Similar results are obtained in Ref. [178], by appropriate definition of the selfenergies to include inelastic scattering.
Since the inelastic component is usually significantly smaller than the elastic
component [179], the current contribution due to the inelastic channels is not easily
extracted from the background elastic component, and significant experimental care must
be taken in order to extract its effect. Traditionally, a lock-in amplifier (LIA) is used to
extract the second derivative of the current signal [32] [93] [94]. The second derivative of
the current is used since the onset of an inelastic channel will result in a signal peak,
instead of a small overall signal increase, thus improving the signal to noise ratio.
Figure 2.4 shows a model IETS signal. Note we have made use of the fact that the I-V
characteristic of an elastic tunneling process at low bias is linear [142].
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Figure 2.4: Model IETS signal.
The peak widths associated with each inelastic channel are determined by three
factors, as outlined in Eq. 2.37 below [180]:

W 2 = WI2 + (1.7Vac ) 2 + (5.5

k BT 2
)
e

2.37

WI is the intrisic peak width and Vac is the root mean square amplitude of the modulation
voltage necessary to use a LIA. WI is due to natural peak width as well as instrument
broadening by factors other than the alternating current (AC) modulation. The
temperature related broadening is due to the electron energy resolution which is higher at

60
lower temperature (smaller chromatic aberration). Low temperatures also suppress
vibrations, thus limiting inelastic scattering to events in which the electron loses energy
to the molecular vibration and not vice-versa [174]. It follows from the above arguments
that the quality of IETS data improves steadily as the temperature is lowered.
Lastly, a more subtle point needs to be introduced. The IET peaks are expected to
be anti-symmetric, since the current increase will follow the sign of the applied bias
[179]. The magnitude, however, is not necessarily the same. The asymmetry is due either
to differences in the density of states of the contacts or to a different energy dependence
of the coupling of the contacts to the molecular vibration [179] [180]. An example of the
former would be the use of dissimilar metals as electrodes, and an example of the latter
would be a vibrational mode of the molecule located closer to one of the electrodes. In
the NEGF model, these asymmetries are reflected in differences of the energy
dependence of the left and right electrode self-energies (and thus the broadening
matrices). This is not seen in Eq. 2.36, since it is derived under the assumption that in the
bias range investigated the broadening matrices are constant and equal to their Fermi
energy value.

2.1.5.2 Additional Considerations

Ascertaining that charge transport observations are indeed related to the molecule
under study is a particularly difficult aspect of moletronics. As mentioned in Chapter 1,
some promising results in the field were later attributed to effects extrinsic to the
molecule, namely nanofilamentation [16] [17]. Other work has shown that if extreme care
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is not taken, chemical degradation may completely change the nature of the molecule and
thus its I-V characteristic [50]. While the scanning probe techniques discussed in Chapter
1 can image the molecule as well as obtain its I-V characteristics, they are not suitable

building blocks for the fabrication of VLSI-like moletronic circuits. Conversely, test-beds
with circuit building block potential lack access to the molecule by means other than
electrical. In-situ, electrical experimental techniques that can at least verify the presence
of the intended molecular species under study can thus be of key importance to the field
of moletronics. Since IET spectra can be verified by comparison with the vibrational
spectrum of the molecule obtained by other experimental techniques (such as FTIR [50]),
IETS is an ideal candidate to help confirm moletronic results.
Exciting molecular vibrations in a molecule is equivalent to heating the molecule
(molecular temperature being defined by the population distribution of the vibrations in
the molecule’s vibrational density of states) [181]. Heat dissipation in today’s VLSI
circuits is already a problem. Moletronics has the potential to up the electronic device
density by several orders of magnitude, thus vastly increasing the need to effectivley
manage heat dissipation [182]. By understanding the interaction between vibrations and
electrons we can gain insight into how to prevent excessive heat formation in molecular
circuits. IETS can be used to understand such interactions, and is thus a crucial element
of research in the field of moletronics.

Chapter 3
NOPE Charge Transport Characteristics in Electromigrated Break Junctions

3.1 Introduction
This section focuses on the charge transport characteristics of individual NOPE
molecules, as obtained in electromigrated break junctions. The NOPE molecule was
chosen due to its potential as a molecular device, as evidenced by previous experiments
that have revealed intriguing properties of the molecule, such as switching [12] and NDR
[13]. The electromigrated break junction testbed was chosen due to its ease of fabrication
and previously established track record in moletronic applications [99] [101].
The objective of this set of experiments was to obtain I-V scans of individual
NOPE molecules as a function of temperature. In this work no gating mechanism was
used, though the possibility was briefly investigated. Figure 3.1 below shows an idealized
cartoon version of an electro-migrated break junction bridged by a NOPE molecule.

Figure 3.1: Idealized NOPE molecular nanojunction.
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3.2 Experimental Procedure
The procedure used to obtain I-V-T curves of the NOPE molecules in the
electromigrated break junction can be broken down into five steps, as outlined in
Table 3.1 below. The following sections detail these steps.
Table 3.1: Experimental procedure steps
1.
2.
3.
4.
5.

Fabricating testbed structure
Assembling NOPE molecules unto structure
Mounting samples into cryostat
Electromigrating the junction
Performing I-V-T scans

3.2.1 Testbed Structure Fabrication
The structures were fabricated on 3” Si wafers. The first fabrication step was to
grow a 3µm thick field oxide to isolate the structures from the body of the wafer. The
oxidation was performed in the oxidation furnace of the Electronic Materials and
Processing Laboratory (EMPRL), using previously developed recipes for wet oxidation
of Si wafers.
For the second step, alignment marks were fabricated on the wafer. These were
fabricated by thermal evaporation of a Ti-Au layer using a single layer lift-off process
and contact photolithography. The alignment marks were used to align the subsequent
electron-beam and traditional lithography steps.
Using the alignment marks as a reference, electron-beam lithography was then
utilized to define an hour-glass shaped region (heretofore referred to as the nanojunction),

64
with a sub-100nm minimum width. This narrow region is where electromigration will
cause a gap to form. The nanojunction was defined using a double-layer lift-off process,
previously developed in order to perform 4-point measurements on Si nanowires [183]
[184]. The double layer lift-off process was based on the PMMA/copolymer technique
outlined in Ref. [185]. Once the region is defined, a Ti-Au layer of total thickness 10nm
is evaporated unto the wafer and lift-off is performed. Figure 3.2 below shows an
electron-microscope image of a sub-100nm nanojunction.

Figure 3.2: Electron micrograph of a nanojunction. Width at thinnest point is <100nm.
A few tricks had to be employed in order to achieve sub-100nm widths. When
performing electron-beam lithography on a non-conductive substrate, electrostatic
repulsion between electrons in the beam and electrons trapped in the sample can cause
significant pattern distortion. To allow the built-up electron charge to dissipate, a 10nm
Au layer was thermally evaporated on top of the resist layers. At exposure energies
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greater than 10kV (25kV was used for these experiments), the electrons travel through
the metal layer with minimal scatter [185]. The top metal layer was etched off prior to
developing the resist. Secondly, the pattern was written using a 20nm spot size but was
fractured using a resolution of 10nm. This resulted in central segments of the pattern
being overexposed, since the beam’s scan pattern contained substantial overlap. By using
a lowered exposure dose, this method reliably produced features smaller than originally
designed on the mask. Using these two modifications to the double-layer technique, it
was possible to define sub-100nm patterns, despite the thickness of the two resist layers
(520nm). This critical step was carried out at the Pennsylvania State University
Nanofabrication Facility (PSUNF).
Lastly, a second contact optical lithography step was carried out. Once again,
thermal evaporation of a Ti-Au layer and a single-layer lift-off process was used to define
contacts to the nanojunctions. This last step was again carried out in the EMPRL.
Figure 3.3 below shows a cartoon of the completed testbed structure.

Figure 3.3: Overview of the testbed structure. Cross-sectional view (A) and top view (B).

66
Note that the nanojunctions were difficult to make out with the naked eye, and
could thus not be used as alignment marks for the second optical lithography step. This
fact necessitated the first process step defining the alignment marks. Finally, the contacts
were defined after the nanojunctions in order to avoid discontinuities that might form in
the 10nm thick nanojunction if it were evaporated on top of the much thicker contacts.
The structures turned out to be very sensitive to electrostatic discharge, and
several devices were destroyed until appropriate precautions were taken. The bonding
station and cryostat were fitted with grounding mats, and a grounding clip was made
available to users of those pieces of equipment.
Lastly, a note on the lithography masks. All the masks (for photo and electronbeam lithography) were designed in house. The photolithographic designs were saved as
GDSII files and sent to an outside firm for fabrication (Chromium on 4” borosilicate
glass plates). The electron-beam lithography mask designs were fragmented (a process
which converts the GDSII files into scripts used by the electron-beam lithography
system) at the PSUNF.

3.2.2 Molecular Self-assembly
Once fabricated, the wafers were cleaved into individual devices each containing
six nanojunctions, as shown in Figure 3.3 above. The samples were thoroughly cleaned in
acetone, dichloromethane, and ethanol before being immersed into a diluted ethanol
solution of NOPE molecules. After 12 hours in an oxygen free nitrogen atmosphere, the
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sample was removed and thoroughly rinsed and blown dry. At this time it was assumed
that a monolayer had formed on the Au surface of the structure.

3.2.3 Sample Mounting
The measurements were taken in a temperature controlled cryogenic chamber
(cryostat) under high vacuum. The samples were mounted on a rectangular block of
oxygen free Copper (Cu) to which large contact pads had been glued. Manual bonding
was used to establish electrical contact between the testbed structure and the Cu block’s
contact pads. The contact pads on the Cu block in turn made contact with spring loaded
connectors connected to hermetic tri-axial feedthroughs. An image of the cryostat and a
mounted sample can be seen in Figure 3.4 below.

Figure 3.4: Cryostat (left) and mounted sample (right).
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Due to the low-current nature of the measurements, the standard co-axial
feedthroughs of the cryostat were replaced with tri-axial equivalents. The single
conductor wires connecting the sample area to the feedthroughs were replaced with
coaxial wires, the outer conductors of which were connected to the guard conductors of
the tri-axial feedthroughs. This eliminated capacitance due to the coaxial wires.
Two thermometers were used to monitor the temperature. One was affixed to the
Cu block (as can be seen in Figure 3.4), while the other was left in it original location
underneath the cold head. This latter thermometer was used as a control thermometer due
to its higher temperature stability, while the thermometer on the Cu block was used to
record the sample temperature. The temperature difference between the two
thermometers was typically on the order of 3K.
The system was originally evacuated by a single roughing pump, which would be
sealed off once the system became cold enough that cryo-pumping would occur (~75K).
A subsequent upgrade added a turbo-pump, which greatly increased the cooling speed of
the system, and allowed the pumping system to remain in operation throughout the
cooling range (300 – 10 K). Cooling was achieved using a closed-circuit helium (He)
compressor. Once loaded the samples were left to cool for an 8 hour period.

3.2.4 Electromigration
Electromigration, the motion of the atoms of a conductor due to large current
densities, occurs via two mechanisms. In the “direct force” mechanism, the electric field
acting on the charge carriers also affects charged defects, resulting in their motion. In the
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“electron wind force” mechanism, momentum transfer between the conduction electrons
and lattice defects results in their motion. At high enough current densities, the motion of
these defects can cause a gap to develop in the conductor. Under controlled conditions,
the gap can be of the order of 1nm [186]. Since the NOPE molecule is approximately
2nm long [50], it is reasonable to expect that a carefully fabricated electromigrated gap
may be spanned by such a molecule.
The electromigration procedure was carried out at 13K (the minimum sample
temperature attainable in the cryostat) by slowly sweeping (~10mV/s) the bias applied to
the junction. When a large decrease in the conductance was detected, the sweep was
manually halted. Figure 3.5 below shows two typical electromigration sweeps.

Figure 3.5: Electromigration sweeps.
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All of the approximately 100 junctions broken using the procedure described
above fell into one of the three categories described in Table 3.2 below.
Table 3.2: Electromigration results
Junctions with current orders magnitude smaller than 10-7 Amps.
These junctions showed no marked temperature dependence.
Junctions with a current magnitude of order 10-7 Amps and the temperature
2.
behavior described below.
Junctions with current orders of magnitude larger than 10-7 Amps.
3.
These junctions showed no marked temperature dependence.
1.

Since junctions without a NOPE SAM yielded only samples with the behavior described
by cases 1 and 3, those cases were eliminated. It is assumed that in case 1, the gap formed
by electromigration exceeded 2nm and was too large to be spanned by a molecule. It is
assumed that case 3 is due to enhanced tunneling between the electrodes, propitiated by
Au islands located between the electrodes, forming a filament-like structure. Junctions
whose behavior matched that described by case 2 were considered molecular junctions,
whose observed properties were due to molecules trapped between the edges of the
electromigrated gap. The yield for this case was approximately 10%.
A small effort was put forth to image an electromigrated break junction. However,
no clear images were obtained. This is not too surprising given the expected size of the
gap.

3.2.5 Measurement Procedure
As previously mentioned, the objective of this set of experiments was to collect IV-T scans. The data collection procedure was automated by a LabVIEW program
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running on a PC interfaced to the cryostat’s temperature controller and a semiconductor
parameter analyzer (SPA), used to perform the I-V scans. The program would supply the
cryostat’s PID controller with a temperature set-point, wait for the temperature to
stabilize, perform the measurement via the SPA, retrieve the data from the SPA, and save
it to a file. The process was then repeated at the next temperature.
The I-V scans taken as part of this temperature study were kept below 1V
absolute magnitude. This was done to ensure the molecular nanojunction would survive
throughout the experiment, since it was observed that the molecular nanojunction
degraded upon repeated cycling at higher biases. The degradation was most likely due to
excessive heat dissipation in the junction [187].
Attempts were made to obtain an IET spectrum of the devices measured using this
technique. A dedicated voltage source and LIA were added to the measurement setup. A
signal mixing circuit was designed and built to combine the voltage source signal with
the LIA AC modulating signal, and a LabVIEW program written to collect the IETS
signal. Unfortunately, these first attempts were unsuccessful due to the extremely low
conductance of the molecules at low bias. However, invaluable experience was gained
which allowed for later success, as will be seen in Chapter 5 of this work.

3.3 Experimental Results
The most important result obtained from this set of experiments is the observation
of a transition from an incoherent to a coherent charge transport mechanism in individual
NOPE molecular nanojunctions. These observations correspond with previous theoretical
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work dealing with charge transport through molecules [136] [188]. The transition is
observed to occur at around 50K. The incoherent transport mechanism was determined to
be hopping, with a barrier energy corresponding to the energy of rotation of the phenyl
rings. The coherent transport was determined to be a super-exchange like tunneling
process, as evidenced by the lack of a marked temperature dependence of the charge
transport below 50K.

3.3.1 I-V Curves
Figure 3.6 below shows some I-V curves obtained from a typical NOPE
molecular nanojunction at different temperatures. The magnitude of the current is in
accord with previous measurements of isolated single molecules of similar structure
bonded between Au electrodes [83] [129].
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Figure 3.6: Representative I-V curves at three different temperatures.
The asymmetry evident in the curves is expected, due to the spatial asymmetry of
the NOPE molecule (Figure 1.2) [189]. All the curves obtained in the course of this set of
experiments displayed this asymmetry. This suggests that a single molecule is trapped in
the junction. Alternatively, a small group of molecules could be bridging the gap, each
member of the group oriented in the same direction. In either case, the molecules can be
considered individually, meaning they do not interact appreciably with each other, and
are thus, for all intents and purposes, isolated molecules.
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3.3.2 Arrhenius Plots
Figure 3.7 below shows a typical Arrhenius plot of a NOPE molecular
nanojunction. The transition between a thermally activated charge transport region at
high temperatures and a temperature independent region at lower temperatures is
obvious. Other more subtle changes are also evident, and are discussed below. Note that
an energy barrier can be extracted from the slopes of the curves on the Arrhenius plot
according to Eq. 3.1 below.

Figure 3.7: Typical Arrhenius plot for a NOPE molecular nanojunction. The curves span
the bias range 0.1 to 1.0 V in steps of 0.1V from the bottom of the graph to the top.

∆E = −

1 d (ln I )
k d (1 T )

3.1
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The first observation worthy of discussion is the shift of the transition temperature
to lower values as the bias is increased. There are two complementary reasons for this.
The first is that as the bias is increased, the slope of the incoherent transport region
decreases. Since the slope correlates to the energy barrier of the incoherent process, the
energy barrier is also decreasing. Thus, at larger biases, the thermally activated
mechanism has a lower energy barrier and is activated at lower temperatures. A second
potential reason is that at high biases, there may be enough heat dissipated on the
molecule that its temperature is higher than that of its environment [187]. Thus the
incoherent process activates at what appears to be a lower temperature, but the molecular
temperature is actually equivalent to the transition temperature seen at lower biases.
The second observation is the energy barrier decrease as the bias is increased. A
possible explanation is that the incoherent transport mechanism is a form of field-assisted
hopping. Thus, the energy barrier to hop between available sites is decreased by the
larger bias. It is possible that the field assist occurs via the NO2 moiety. The NO2 moiety
has a dipole moment on the order of 3.8 D, and it is reasonable to expect that the
interaction between this dipole and the charge carriers moving through molecule is
affected by the electric field seen by the dipole [13]. A deeper understanding of the
dipole-electric field-charge carrier interaction requires knowledge of the potential
distribution across the molecule, which is currently a subject of active debate [131] [165].
It should also be noted that for biases above 0.5V and temperatures above 50K, the
energy barrier remains constant. This implies that the effect of the dipole moment on
charge transport is limited.
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The last observation relates to the magnitude of the energy barrier of the
incoherent charge transport process. Figure 3.8 below shows the energy barrier as a
function of bias for a typical NOPE molecular nanojunction and the zero-bias
conductance on an Arrhenius plot for a group of five NOPE molecular nanojunctions.
Concentrating on the zero-bias conductance values ensures that any electric-field effects
are minimized and the molecule is as close as possible to its equilibrium configuration.
By inspection of Figure 3.8, we can extract a zero-bias energy barrier of ~150meV at
positive bias and ~50meV at negative bias. A more robust number can be obtained by
applying Eq. 3.1 on the zero-bias conductance data. Using this procedure, we extract an
energy barrier of 56meV at zero-bias. The asymmetry in energy barrier may be due to the
spatial asymmetry of the NOPE molecule. The more important observation for the
purposes of this discussion is that the energy barrier is of the order of 101-102 meV.

Figure 3.8: Energy barrier vs. applied bias for a typical NOPE molecular nanojunction
(A). Arrhenius plot of the zero-bias conductance calculated from five junctions (B).
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3.3.3 Interpretation of I-V-T Data
The I-V-T data will be broken down into two distinct regimes for the purposes of
analysis. We first analyze the low temperature behavior. The coherent regime observed is
treated as an instance of the super-exchange charge transport mechanism. Following that
analysis we will focus on the high temperature behavior. The incoherent regime observed
is treated as an instance of a hopping charge transport mechanism.

3.3.3.1 Coherent Transport Mechanism – Super-exchange
It has been proposed that the inter-site coupling of the rings (V) in the family of
OPE molecules depends on their relative orientation, as described by Eq. 3.2 below [192]
(θ is the angle between the normals to the adjacent ring planes).
V = V0 cos(θ )

3.2

According to the super-exchange discussion in Section 2.1.3.2, the electron transfer rate
in this regime is proportional to the square of the coupling, described by Eq. 3.2 for this
particular case. The effect of ring rotation on conductance when in this regime is thus
fairly obvious. However, a more subtle effect is also at work. The HOMO-LUMO gap for
molecules in the OPE family depends on the relative orientation of the rings, reaching a
minimum when the rings are co-planar [52] [190]. Since the HOMO-LUMO gap is
related to the inverse damping length β (Eq. 2.13), larger gaps result in larger β values
and thus less efficient charge transport.
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In summary, at low temperatures, where the molecule is in its co-planar, lowest
energy configuration [190] [191], tunneling is enhanced. Conversely, as the temperature
is increased, tunneling efficiency decreases as the rings begin to rotate about their
equilibrium co-planar arrangement. The fact that we observe an increase in current as the
temperature is increased, instead of the expected decrease, is evidence that a new charge
transport channel opens up as the temperature is increased. This new charge transport
channel is investigated in the next section.

3.3.3.2 Incoherent Transport Mechanism - Hopping
Eq. 2.33 appears particularly apt to describe the high temperature charge transport
mechanism encountered in this set of experiments. Using the arguments (and caveats)
from Section 2.1.3.2 correlating electron transfer rates to conductance, we can write
Eq. 2.33 in the form of Eq. 3.3 below:
Glowbias ∝ (α 1 + α 2 N ) −1 e − ∆E / k BT

3.3

Note that in Eq. 3.3 above, the temperature dependence is attributed to the
coupling between the electrode and the nearest frontier molecular electronic level. That is
to say, the temperature dependence stems from the ability of the electrode to populate the
molecule with charge carriers, and not from the ability of the charge carriers to move
between molecular electronic levels. According to this picture, ∆E should correspond to
the energy barrier between the Fermi energy of the electrode and the energy of the
nearest frontier molecular electronic state available. However, since the theoretical
HOMO-LUMO gap of an individual NOPE molecule is of order 2 – 3 eV [190] [191],
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and we expect the Fermi level of the electrode to align at mid-gap [48], the values
obtained for the thermal barrier appear to be an order of magnitude too small. This
decrease in the expected energy barrier height between the electrode and the frontier
molecular orbital may be a result of the combined effect of barrier lowering due to
polaron formation [139] and molecular electronic level broadening due to coupling to the
electrodes [84].
However, if the energy barrier observed is indeed associated with the electrodefrontier molecular electronic state coupling, a large increase in current should be
observed when the applied bias is equal to twice the zero-bias energy barrier (assuming a
symmetric potential drop across the molecule). This is because the electrode will be in
resonance with the frontier molecular electronic level. No such resonance was observed
in the course of these experiments.
Alternatively, the observed energy barrier may be due to inter-site coupling rather
that electrode-frontier molecular electronic level coupling. This supposition is supported
by theoretical calculations placing the energy barrier to rotation of molecules similar to
NOPE in the 30 - 50 meV range for the ring away from the NO2 moiety, and 100 – 120
meV range for the ring close to the NO2 moiety [52] [190]. These theoretical values are
close enough to our experimental energy barrier value to suggest that ring rotations in the
molecule do indeed modulate hopping transport. It is reasonable to assume that hopping
between the rings is more likely when the rings are co-planar.
This latter conclusion implies there is no barrier to charge injection from the
electrode into the molecule, and that hopping is the dominant charge transport
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mechanism at room temperature. Figure 3.9 below illustrates the energy barrier to ring
rotation for the NOPE molecule.

Figure 3.9: Energy to rotate the outer rings of a NOPE molecule.

3.3.4 Large Bias Results
Despite extending the bias range to +/- 5V bias, no switching or NDR properties
were observed in any of the devices tested. It is important to distinguish that these
measurements, unlike those reporting observation of NDR and switching, were
performed on individual NOPE molecules. It may well be that the NDR and switching
properties only arise for large ensembles of NOPE molecules. Such ensembles will be
measured in Chapter 4 of this work.

3.4 Conclusions
This chapter presented data collected on individual NOPE molecules in an
electromigrated break junction. The main result was the observation of a transition
between an incoherent charge transport mechanism at high temperature (field assisted
hopping), to a coherent charge transport mechanism at low temperature (direct
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tunneling). The energy barrier obtained for the hopping charge transport case matches the
expected energy barrier to rotation of the phenyl rings in an isolated NOPE molecule. In
Chapter 4, a similar set of measurements is performed on SAMs of the NOPE molecule.

Chapter 4
NOPE and OPE Charge Transport Characteristics in Nanowire Junctions

4.1 Introduction
This section focuses on the charge transport characteristics of NOPE SAMs as
measured in nanowire molecular junctions. The results will be compared to those
obtained for the electromigrated break-junction in an effort to determine the effect of
molecular environment on charge transport. The NOPE molecule was chosen for the
reasons outlined in Chapter 3, namely its potential to be the key element of a moletronic
device. Figure 4.1 below shows an idealized cartoon of a molecular nanowire junction.
This in-wire molecular junction was developed by L. T. Cai et al. at The Pennsylvania
State University and was used to study the room temperature I-V and breakdown
properties of different metal-molecule-metal junctions, among which alkanes and OPEs
sandwiched between Au and Pd leads [66] [106]. It has several advantages over of the
other junction testbeds described in Chapter 1. The top metal is not evaporated, but rather
electro-chemically deposited, thus providing a reliable chemisorbed contact. The
resulting structure is thus symmetric in respect to the contacts. Furthermore, the nanowire
junctions are fabricated in parallel, allowing very large samples sizes (1011) to be
fabricated in a single run. Lastly, once the structure is aligned between contact two
contact pads no further processing is necessary, thus mitigating the risk of damage to the
molecular junction.
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Figure 4.1: Idealized molecular nanowire junction.
The charge transport characteristics were determined by examination of I-V-T
data, as done in Chapter 3. Additionally, IET spectra of the NOPE molecule in the
nanowire junction were collected. This in-situ spectroscopy will ensure that the results
obtained are pertinent to the molecular species being studied, and not to some external
cause. The IETS results will be covered in Chapter 4.

4.2 Experimental Procedure
The procedure used to extract the I-V-T and IETS data from the NOPE nanowire
molecular junctions can be broken down into four steps as outlined in Table 4.1 below.
The following sections outline these steps in additional detail.
Table 4.1: Experimental procedure steps
1.
2.
3.
4.

Fabricating molecular nanowire junctions
Fabricating alignment structures
Aligning and mapping nanowires
Performing I-V-T and IETS measurements
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4.2.1 Molecular Nanowire Junction Fabrication
The molecular nanowire junctions were fabricated by replicating the sub-40nm
diameter pores of a 6µm thick polycarbonate track etched membrane (PCTEM) by
electrodeposition. This procedure is described in detail in Refs. [66] [106]. Only a brief
overview will be given in this work. Before proceeding, I’d like to acknowledge the
contributions of Dr. Cai, who fabricated all the molecular nanowires used during the
course of this research.

Figure 4.2: Nanowire junction fabrication sequence.
Figure 4.2 above depicts each step in the molecular nanowire junction fabrication
process as outlined below. A Cr-Au seed layer was thermally evaporated on one side of
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the PCTEM. Constant potential electrodeposition was then used to grow Au nanowires
from the seed layer to approximately half-way up the PCTEM (~3µm). At this point the
Au surfaces of the nanowires were cleaned in NH4OH/H2O2/H2O (1:1:5), rinsed in deionized (DI) water, and dried with nitrogen gas. The SAM was then formed on the tips of
the nanowires using a potential assisted self-assembly technique [194]. The monolayers
were assembled directly from the thioacetyls, without base/acid de-protection to avoid
forming disulfide linked multi-layers. After incubating the membrane in an inert
atmosphere for 1 - 6.5 hours, the resulting SAMs were de-protected to form free thiol
ends by the addition of 0.5% NH4OH for 5 minutes. At this point the PCTEM was soaked
in a solution of (NH3)4PdCl2/H2O for 12 hours in order to adsorb Pd ions unto the free
thiol ends of the SAM. The Palladium ions were then electrochemically reduced to Pd
nanoparticles by cyclic voltammetry in a Pd plating solution. Lastly, electrodeposition
was used to grow another Au segment, starting from the nanoparticle layer and ending at
the other side of the PCTEM. The junctions were left inside the membrane for storage
until ready for use. The nanowire junctions could be liberated from the PCTEM by
dissolving the latter in dichloromethane (Cl2CH4).
As the fabrication steps outlined above demonstrate, this testbed provides a
chemisorbed contact at both termini of the molecule. This is a nice feature since
chemisorbed contacts are more reliable and less likely to damage the SAM than ones
prepared by physical means such as evaporation [72] [73]. Furthermore, molecules
probed through chemisorbed contacts have yielded results independent of the mechanical
stress applied to the molecule [42] [62]. This is crucial since the mechanical stress state
of the SAM in the nanowire junctions is not well controlled.
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4.2.2 Electro-fluidic Alignment
This process was originally developed to measure the resistance of Au nanowires
by aligning them between two macroscopic contacts. The physics underlying the
alignment procedure is discussed in more detail in Ref. [107]. Only an overview of the
process is provided in this work. A cartoon of the electro-fluidic alignment process and
the structure used to implement it are shown in Figure 4.3 below.

Figure 4.3: Electro-fluidic alignment process depiction.
Capacitive coupling between the lower bus-bar layer and the top contact layer
causes a colloidal suspension of nanowires placed on the surface of the alignment
structure to be subject to the electric field applied to the bus-bar layer. The suspended
nanowires become polarized in this electric field, and as such are attracted to regions of
high electric field gradient, namely the contact pads. The process is self limiting, since
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the presence of a nanowire at an alignment site will suppress the electric field in that
region.

4.2.3 Alignment Structure Fabrication
The alignment structure is designed to trap nanowire molecular junctions between
macroscopic contact pads. The layout of the structure is depicted in Figure 4.4 below.

Figure 4.4: Alignment structure. Bus-bar layer only (left); bus-bar layer and contact pad
layer (right).
The structures were fabricated on 3” Si wafers on which a 3µm thick field oxide
had been grown by wet oxidation. A single layer lift-off process and thermal evaporation
of Ti-Au was used to define the bus-bar layer. A 300nm thick silicon nitride (Si3N4) film
was then deposited on the bus-bar layer using plasma-enhanced chemical vapor
deposition (PECVD). Double layer lift-off and thermal evaporation of Ti-Au was then
used to define the contact pad layer on top of the PECVD nitride. The double layer
process provided better definition for the small aspect ratio features of the contact pads.
Lastly, via holes were etched through the PECVD nitride by reactive ion etching (RIE),
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allowing electrical probe access to the bus-bar layer. The entire fabrication procedure was
performed at the EMPRL. All lithography steps were carried out using a contact aligner.
The bus-bar layer consisted of two bus-bars, sets of electrically connected
conducting rectangular regions. Each bus-bar was electrically isolated from the other and
was individually addressable. The contact pad layer fabricated on top of the PECVD
nitride was aligned such that one bus-bar was directly below the left contact pads and the
other bus-bar was directly below the right contact pads. The large overlap area between
the bus-bars and the corresponding contact pads, as well as the thin Si3N4 dielectric
between them, resulted in strong capacitive coupling between the bus-bars and the
contact pads.
The contact pads each had a 1µm wide finger that extended towards the other pad,
leaving a gap of 3 – 5 µm between the tips of the fingers. Figure 4.5 below shows optical
micrographs of a section of the alignment structure and close up of an aligned wire (in
dark field). Each alignment structure contained one-hundred alignment sites.

Figure 4.5: Alignment structure (left) and aligned nanowire close-up (right).
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Once aligned, the nanowire junctions could be electrically probed without any
post-processing. This ensures that the SAM is as pristine as possible when the
measurement is performed. Another advantage that will be useful in the long term is that
this technique allows integration of molecular devices into traditionally fabricated microstructures. Figure 4.6 below shows a control measurement taken on a 30nm diameter Au
nanowire.

Figure 4.6: I-V characteristics of a 30nm Au nanowire.
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4.2.4 Measurement Procedure
The first step was to dissolve the PCTEM containing the molecular nanowire
junctions in dichloromethane in order to form a colloidal suspension of the molecular
nanowire junctions. The alignment structure was cleaved out of the wafer and an AC
electric field (10kHz, 7Vrms) was applied between the bus-bars. Using a micropipette,
10µL of the suspension was applied to the surface of the alignment structure (contact pad
layer). After a few seconds, the micropipette was again used to remove the solution from
the alignment structure. This last step was carried out as an alternative to letting the
dichloromethane evaporate. Letting the solvent evaporate had the deleterious effect of
leaving significant amounts of debris from the dissolved membrane on the alignment
structure. By removing the solvent prior to complete evaporation, a much cleaner sample
could be obtained.
The alignment structure was then placed in an automatic probing system. Each of
the one-hundred alignment sites were quickly scanned from 0 to 1 V while measuring the
current. A typical resistance value for each alignment site was extracted from this data.
The resistance values were then used to filter out open and short circuits, leaving a subset of promising junctions. These junctions were then examined by optical microscope. If
it was determined that a single wire was aligned between the contact pads, the samples
were set aside for future I-V-T and IETS measurements. The alignment procedure was
carried out on approximately one-hundred alignment structures. The average yield of
promising junctions was approximately two per structure (2%).
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The first few measurements were taken in the cryostat setup described in Chapter
3, but the bulk was taken in a new piece of equipment capable of 4K operation.
Figure 4.7 below shows a close-up of the new hermetic cryogenic chamber used for most
of the measurements described in this section.

Figure 4.7: Cryogenic chamber. Note the manipulators controlling the probes.
The new system was evacuated by a turbo pump backed by a dry scroll pump, and
cooled by liquid helium (LHe). The reach of the electrical probes limited the number of
alignment structures that could be measured in a single cooling run to four. This capacity
greatly increased productivity since up to four-hundred alignment sites could be probed
per cooling run, as opposed to the maximum of three imposed by the older cryogenic
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system. Taking yield into account, each run typically involved approximately eight
junctions. The probes of the new system featured tri-axial feedthroughs, so no electrical
modifications of the system were necessary.

4.2.4.1 I-V-T Data Collection
The I-V-T data was collected using the same LabVIEW program described in
Chapter 3, modified to work with the new temperature controller. Additional
modifications were performed when the SPA was replaced with a dedicated currentvoltage source and measure unit (IVSMU). The I-V-T data was collected in the same
fashion described in Chapter 3, the bias limited to 1V absolute magnitude in order to
extend the sample’s lifetime enough to collect a full set of I-V-T data.
The I-V-T scans were taken every 50 or 25 K, the bias ranging from 0 to 1 V and
0 to -1 V. Once at 25K, the sample was further cooled to 10K, and finally to its ultimate
temperature, 5 K. IETS measurements were usually performed at 10 and 5 K.

4.3 Experimental Results
The I-V-T data collected varied greatly sample to sample. The magnitude of the
current collected for the molecular nanowire junctions ranged from under 1nA to over
100µA at 1V. This variation in magnitude of the current was deemed too large to be due
to normal sample to sample variation. Furthermore, the effect of temperature on the
conductivity of the molecular nanowire junctions also varied sample to sample. However,
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the majority of samples did not exhibit strong temperature dependence. These
observations led to the conclusion that several extraneous samples were being measured.
As a result, the ability to properly identify samples whose properties were due
directly to the SAM was crucial. The identification was performed by analyzing the
subset of samples that yielded good IET spectra. Using that subset of samples as a guide,
it was determined that good molecular nanowire junction samples exhibited negligible
temperature dependence and had a current signal between 10 and 1000 nA. Only samples
that yielded curves with such a signature are considered in the analysis to follow.
Figure 4.8 below shows a sample that matches the above signature and one that doesn’t.

Figure 4.8: NOPE molecular nanowire junction I-V-T data: Bad sample (left) and good
sample (right)
The sample that does not match the desired signature exhibits excessive current, a strong
temperature dependence, and suppressed conductance at low bias values. The sample that
matches the desired signature was typical of samples that yielded good IET spectra.
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4.3.1 NOPE and OPE I-V-T Curves
This section focuses on the intrinsic aspects of the I-V-T data of NOPE and OPE
SAMs. Comparison of the NOPE data obtained in this test structure to the NOPE data
obtained in the electromigrated break-junction is set aside for Section 4.3.2. The range of
currents observed during the course of these experiments matches that observed in
previous measurements of OPE molecules in the same test structure [66]. However, one
must keep in mind that the following analysis is based on a subset of the range of
observed curves. Only curves at the very bottom of the range yielded clear IETS signals,
and thus only those curves are included in the analysis to follow.
Figure 4.9 below shows typical NOPE and OPE molecular nanowire junction I-V
curves at four distinct temperatures. Note the small increase in current as the temperature
is decreased, as well as the linear conduction region at low biases. These features are in
stark contrast to the ones present in the I-V curves taken from the electromigrated break
junction, where the current was observed to significantly increase with temperature, and
conduction at low biases was suppressed.
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Figure 4.9: Typical NOPE (left) and OPE (right) I-V curves at four distinct temperatures.
Figure 4.10 below shows typical Arrhenius plots for NOPE and OPE molecular
nanowire junctions. Note the slight downward turn at high temperatures. This was
observed in practically every good junction, independently of whether the sample was
being cooled or warmed. This small effect is not well understood as of this writing, and is
assumed to be an artifact of the measurement system.
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Figure 4.10: Arrhenius plots of a typical NOPE (above) and OPE (bottom) molecular
nanowire junction.
Comparing the NOPE graphs from Figure 4.10 to the Arrhenius plots obtained for the
individual NOPE molecules in Chapter 3, one notices the absence of clear transition
between a strongly temperature dependent and a weakly temperature dependent region.
Note, however, that the overall current is approximately the same as that observed for
individual NOPE molecules, even though the number of molecules involved in the charge
transport is now up to three orders of magnitude larger.
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4.3.1.1 I–V-T Data Analysis
The figures above represent typical junctions. Due to the rather large sample to
sample variation however, they are not very apt to describe the behavior of molecular
nanowire junctions. A more accurate representation is given by Figure 4.11 below,
obtained by averaging the I-V-T data from nine (OPE) and eleven (NOPE) “good”
samples. Error bars are shown on the 0.5V curve at selected temperatures to reflect the
uncertainty associated with estimating the population average from a sample. The
analysis to follow relies on the plots of Figure 4.11.

Figure 4.11: Average Arrhenius plot of NOPE (left) and OPE (right) samples. The error
bars represent the 95% confidence interval assuming a normal original population.
The lack of strong temperature dependence clearly implies a coherent charge
transport mechanism throughout the examined range. Leveraging the equation for the
McConnell super-exchange electron transfer rate [197], we express the conductance of
the OPE/NOPE molecular nanowire junction in Eq. 4.1 (Vn,n-1 is the coupling constant
between sites n-1 and n, N is the total number of sites, and ∆E is the energy gap between
the electrode Fermi level and the energy of the sites):
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N

G ∝ k et ∝ ∏
n =1

Vn ,n −1

2

∆E

4.1

In this more sophisticated formulation of super-exchange, the enhancement over
tunneling through vacuum is made explicit by modeling the tunneling as if through a
series of intermediate electronic states which are virtually occupied by the electron in
transit between the electrodes.
Assuming there is one available electronic state per ring (N = 3), Vn,n-1 can be
described as the inter-ring coupling constant. In this case Vn,n-1 is expected to have the
same form of Eq. 3.2, Vn ,n −1 = V0 cos(θ ) , where θ is the angle between nearest neighbor
rings. Furthermore, ∆E is directly related to the HOLO-LUMO gap, which is in turn
related to the relative orientation of the rings comprising the NOPE and OPE molecules
[52] [190]. Thus, given Eq. 4.1 and Eq. 3.2, we expect relative ring orientation to
modulate the conductance of the system. No such modulation is observed, however,
leading to the conclusion that the phenyl rings are not free to rotate within the SAM.
This is conclusion is supported by theoretical work that has shown that the energy
barrier to ring rotation is greatly increased by the formation of molecular complexes with
neighboring molecules. The barrier to rotation for an OPE-like molecule in a SAM could
thus be on the order of 1.5eV [55], corresponding to a temperature in excess of 1000K.
Experimental evidence also supports the assertion that steric hindrance due to nearby
molecules increases the energy barrier to rotation of oligomer sub-units [12].
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4.3.2 Effect of Molecular Environment on NOPE Charge Transport Characteristics
By comparing the I-V-T results of the molecular nanowire junction testbed to the
results obtained using the electromigrated junction testbed described in Chapter 3,
additional insights concerning the effect of the molecular environment on charge
transport can be gleaned. On one hand, the molecular nanowire junction samples consist
of on the order of one-thousand densely packed molecules. On the other hand, the
electromigrated junction testbed samples consist of just a few sparse individual
molecules. However, as we have seen in above, the total amount of current carried by
each of the different junctions is approximately the same. In this section, we focus on this
discrepancy and posit an explanation to this apparent paradox.

4.3.2.1 Number of Molecules in the Nanowire Junction
Even within the subset of data used for this analysis, the observed current spanned
two orders of magnitude, a fact worth investigating further. The large variation in current
may be explained by the number of molecules actively involved in the charge transport,
since the current per molecule is expected to be additive [42] [89]. Using a crosssectional area of 1.256x10-3 µm2 for the nanowire (corresponding to a 40nm radius) and a
SAM packing density for OPE of 4 molecules/nm2 [50], we obtain a maximum of
approximately 5000 molecules. Loosening the radius of the nanowire to be anywhere
between 35 and 45 nm, we obtain 3848 and 6360 molecules respectively, a range that
barely covers a factor of two. This does not account for the range of currents, which
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spans two orders of magnitude. Evidently, only a fraction of the molecules in the SAM
are participating in the charge transport.
Rather than assuming a fixed number of molecules are responsible for the charge
transport in each sample, one can assume that the number of molecules actively involved
in transport in any given molecular nanowire junction varies. There are various causes for
this. There could be incomplete SAM coverage during the nanoparticle seeding stage of
the nanowire electrodeposition [66], the microstructure of the nanowire tips may create
conduction hotspots within the SAM [83], regions of the monolayer may become more or
less electrically active due to chemical changes [50], and the measurement procedure
itself may be wearing out the SAM, causing individual molecule-electrode bonds to
break.
A possible approach to estimating the number of molecules in the junction is to
assume the number of molecules actively involved in charge transport follows a statistical
distribution. The maximum current measured in the sample is matched to 5000
molecules, and the mean current is related to a mean number of molecules by linear
interpolation. Using such an approach on data at 0.5V and 100K, we obtain a mean
number of 1466 molecules per junction in the OPE case and of 1220 molecules in the
NOPE case.
Based on these numbers and the average current though the junctions, we
calculate that the OPE molecules measured conduct almost three times as much as the
NOPE molecules. The cause of the disparity cannot be ascertained any further. The result
may be due as much to chemical degradation of the NOPE SAM as it may be due to
intrinsic electrical differences between NOPE and OPE molecules. Lastly, note that the
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sample size is quite small, and that the packing density was assumed to be equal for both
molecular species. Given these caveats, one can conclude that the observed differences
are not necessarily intrinsic.
Figure 4.12 below shows the current through a NOPE molecular nanowire
junction compared to that from an electromigrated break junction spanned by a NOPE
molecule. It is assumed a single NOPE molecule spanned the electromigrated junction,
and the NOPE molecular nanowire current has been normalized to a per molecule value.
The normalization was performed by dividing the current throughout the temperature and
bias range by 1220, the average number of NOPE molecules in a NOPE molecular
nanowire junction as calculated above.

Figure 4.12: Normalized current for NOPE electromigrated (red) and nanowire
molecular junctions (black).
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4.3.2.2 High Temperature Charge Transport
The most evident difference between the molecular nanojunction (NOPE SAM)
and the electromigrated break-junction (individual NOPE molecule) is the diverging
behavior of the I-V characteristics at high temperatures (>175K). As the temperature is
increased, the individual NOPE molecule experiences a strong increase in conductance,
while the NOPE SAM exhibits no significant change. This section will attempt to
reconcile these divergent behaviors by taking the different molecular environments into
account.
In Section 2.1.2 of this work the Landauer-Büttiker traversal time was introduced.
An expression for this traversal time is reproduced below as Eq. 4.2:

τ=

hN
∆E

4.2

We can obtain a rough estimate of the traversal time through an individual NOPE
molecule by using N of order unity (there are three phenyl rings in the NOPE molecule)
and ∆E of order milli-electronvolts, (the energy barrier extracted for hopping transport in
Chapter 3 is ~50meV). Using such numbers we obtain a typical traversal time τ of order
0.1 ps. Molecular dynamic simulations of similar oligomers produce rotational
frequencies of order 1 ps for the component rings [55]. These numbers are at least in the
same ballpark, leading one to conclude rotational vibrations may indeed produce
incoherent transport effects.
The situation is quite different for NOPE SAMs. Additional calculations from
Ref. [55] predict that in the case of substantial steric hindrance to rotation due to
neighboring molecules, as when the molecule is packed in a SAM, the rotational
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frequencies for the ring will be on the order of 1015 s (~50 million years). This clearly
places any incoherent effects due to ring rotations out of the realm of possibility. Thus the
SAM retains its coherent transport behavior even at high temperatures.
Based on these rough numbers one can conclude that the differences in the charge
transport behavior at high temperatures are due to the differing facility with which the
phenyl ring components of the NOPE molecule can rotate. When rotation is likely, such
as at high temperature, incoherent effects come into play, making the molecule more
conductive. When rotation is strongly hindered, such as when the molecule is embedded
in a SAM< super-exchange tunneling remains the dominant charge transport at all
temperatures. As a result, an individual molecule carries more current than a molecule
embedded in a SAM

4.3.2.3 Low Temperature Charge Transport
Restricting our analysis to the low temperature region, it is evident from
Figure 4.12 that an individual isolated molecule carries substantially more current than an
individual molecule embedded in a SAM, even though the dominant charge transport
mechanism is the same in both cases (coherent super-exchange). The increase becomes
more marked at higher biases. We posit that this effect may be due to the molecular
temperature, which will be substantially different for an individual molecule than for a
molecule embedded in a SAM.
At any given bias, the amount of thermal energy that may be deposited into the
molecule will be higher in the case of an individual molecule. This may be due to a
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combination of the following two factors. The first is that the SAM is more effective at
screening the electronic potential [165] [167] [199]. Thus, the charge carriers will lose
most of their energy at the electrode-molecule interfaces and not across the molecular
backbone. This leaves less energy available to the charge carriers to transfer to the
molecule, irrespective of transport mechanism. Of course, in the case of coherent
tunneling, the charge carrier will not interact with the molecule, and no energy will be
exchanged.
The second factor pertains to the effectiveness with which an individual molecule
can be heated by the energy deposited on it by the charge carriers. In the isolated
individual molecule case, coupling to the environment is limited to the electrodes. In
contrast, a molecule embedded in a SAM is able to dissipate energy through its neighbors
as well. The inability of the molecule to effectively dissipate energy increases the
efficiency by which it can be heated by inelastic interactions with the charge carriers.

4.4 Conclusions
This chapter presented data collected on NOPE and OPE SAMs in a molecular
nanowire junction. The main result was the observation that the charge transport
mechanism did not exhibit a strong temperature dependence and actually remained
essentially flat throughout the temperature range studied. This is in stark contrast to what
was observed in the electromigrated junction for individual molecules.
The result casts light on the importance played by the molecular environment on
the overall conductance of a molecule. Molecules packed in a SAM structure were shown
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to have significantly lower conductance. This is attributed to more effective electric field
screening by SAM structures at low temperatures, and to suppression of incoherent
charge transport channels by SAM structures at high temperatures.

Chapter 5
Inelastic Electron Tunneling Spectroscopy of NOPE SAMs

5.1 Introduction
This section focuses on obtaining the IET spectrum of NOPE SAMs as measured
in nanowire molecular junctions. The effort put forth in this section is aimed primarily at
establishing the feasibility of an in-situ spectroscopic technique, and secondarily at
interpreting the spectrum’s features. Establishing a spectroscopic technique will address
the crisis of confidence that has plagued molecular electronics since several key results
were found to be due to phenomena external to the molecule being investigated [16] [17]
[18].
Despite the considerable effort required to obtain IETS data, the unfolding of this
set of experiments has shown that it is indeed worthwhile, if not vital, for successful
analysis of molecular electronic data. Without the ability to use the IETS fingerprints as a
guide, the I-V-T analysis of the previous chapter would have either included extraneous
data, or used an incorrect subset of the data.

5.2 IET Data Collection
Obtaining IET spectra of molecular junctions is a far more difficult endeavor than
obtaining I-V-T data, as is attested by the paucity of IET spectra in the literature.
Considerable effort was put forth to develop the software, circuits, and know-how
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necessary to obtain good IET spectra from very small current signals (~10-9 A). The
physics behind IET was discussed in Section 2.1.5 of this work. This section will provide
a brief overview of the technicalities involved in obtaining an IET spectrum from
molecular nanowire junctions.

Figure 5.1: IET circuit. The device under test (DUT) is the nanowire molecular
nanojunction.
Figure 5.1 above diagrams the circuit used to obtain the IET spectra. The direct
current (DC) bias was supplied by the IVSMU, and the modulation AC signal was
supplied by a sub-unit of the LIA. A modem transformer (1:1) was used to inject the AC
signal into the DC circuit. A low-noise trans-impedance amplifier (TIA) was used to
convert the current signal from the molecular nanowire junction into a voltage signal to
input into the LIA.
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The TIA was necessary due to the high resistance of the molecular nanowire
junctions that is many orders of magnitude larger the input impedance of the LIA. The
TIA solved this problem by providing a virtual ground into which to sink the current
from the molecular nanowire junctions. The TIA converted this current into a voltage
signal to be fed into the LIA. The TIA amplification had to be carefully selected,
however, since increasing the amplification had a deleterious effect on both the
bandwidth of the TIA and its ability to maintain the virtual ground [195]. The
amplification value was selected by the operator prior to each measurement, based on the
resistance of the molecular nanowire junction being measured.
The applied DC bias ranged from 0 to 350 and 0 to -350 mV in steps of 2mV. The
range was chosen to be large enough to encompass the vibrational energy spectrum of
NOPE molecules as observed by FTIR [50]. The step size was determined by the
minimum value the equipment could provide, but was nonetheless significantly smaller
than the expected IETS peak width for a 4mV AC modulation signal at 5K (8.2mV,
where we have used an intrinsic peak width of 4mV) [180]. This ensured that no peaks
were missed due to step size. The bias ramp was applied starting from 0 to 350 mV and 0
to -350 mV.
As discussed in Chapter 2, peaks in the second derivative of the I-V curve
correspond to molecular vibrations. In turn, a signal proportional to the second derivative
of the I-V signal can be obtained from the second harmonic of the voltage signal output
by the circuit of Figure 5.1. The equations to follow outline the mathematics behind this
statement [196]. We can model the effect of a sinusoidal bias disturbance of magnitude δ,
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frequency ω, and phase θ about V0 on the I-V signal from the molecular nanowire
junction using a Taylor expansion as shown in Eq. 5.1 below:
dI
d 2I
I (V ) = I (V ) +
[
δ cos(ωt + θ )] +
0
dV V0
dV 2 V0

⎤
⎡δ 2
⎢
(cos 2 (ωt + θ )⎥ + ...
⎥⎦
⎢⎣ 2

5.1

This signal is fed into the LIA. The LIA multiplies the signal by a reference signal,
denoted by δcos(ωrt + θr). We thus obtain Eq. 5.2 below:
I (V )δ cos(ω t + θ ) = I (V )δ cos(ω t + θ ) +
r
r
r
r
0
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5.2

This equation is supremely useful for the case ωr= ω. Under that condition,
passing the signal through a low pass filter and waiting a few time constants to remove
any AC components, leaves a signal proportional to the first derivative of the I-V curve,
as shown in Eq. 5.3:

dI δ
cos(θ − θ r )
dV V0 2
dI
∝
dV V0

LIAout =
LIAout

5.3

A signal proportional to the second derivative is obtained for the case ωr= 2ω, as shown
in Eq. 5.4 below:
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LIAout =
LIAout

d 2I δ 3
cos(2θ − θ r )
dV 2 V0 8

d 2I
∝
dV 2 V0

5.4

Note that the first line of Eq. 5.3 and Eq. 5.4 do not exactly describe the signal observed
in this set of experiments, since the action of the TIA inserts an additional proportionality
constant. The second (lower) lines of those equations, however, correctly describe the
observed signal. Since both the modulation and the reference signal are independent
variables under the experimenter’s control, it is trivial to meet the conditions required to
generate the signals described by Eq. 5.3 and Eq. 5.4. Note that by adjusting the phase of
the reference signal, it is possible to maximize the LIA output.
It was previously mentioned that low-pass filtering is necessary to obtain the
desired LIA signal. A typical resistor-capacitor (RC) low-pass filter, characterized by a
time constant τ = RC , requires at least 5τ to reach 99% of its final value. The LIA used in
this set of experiments implemented the low-pass filters digitally, allowing up to four
filtering stages. In practically every experiment performed as part of this work, all four
digital low-pass filter stages were used. With all filter stages in use, ten time constants are
needed to reach 99% of the final output value [196]. Since the most commonly used lowpass filter was characterized by a 1s time constant, this amounted to at least ten seconds
of measurement time per bias step. Including three seconds of miscellaneous equipment
overhead, a typical IET sweep took at least seventy-five minutes to perform.
The IETS data was collected by a LabVIEW program. The program would first
configure the LIA, TIA, and IVSMU to user specifications. It would then supply the
IVSMU with a bias set-point, and after the appropriate time had elapsed, would poll the
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LIA for the second harmonic signal. The process was then repeated at the next bias setpoint. The results were saved to a file and plotted in real time. Table 5.1 below
summarizes the IETS measurement procedure.
Table 5.1: IETS measurement procedure.
1.
2.
3.
4.
5.
6.

Establish maximum junction resistance in measurement range
Select TIA amplification
Select AC modulation frequency
Select LIA range and filtering levels
Adjust LIA phase shift
Perform measurement

The first step was used to determine the TIA amplification. The maximum
resistance of the junction within the measurement range was determined using the I-V
scan taken at the IET measurement temperature, usually 5 or 10 K. The TIA
amplification was chosen such that Rf from Figure 5.1 was at least ten times smaller than
the junction resistance (note that Rf is equal to the inverse of the TIA amplification
value). This would ensure that the TIA would be able to maintain the virtual ground
[195]. The TIA amplification also determined the maximum bandwidth, and the AC
modulation signal frequency was chosen to be less than half this bandwidth, to ensure
both the first and second harmonics of the signal would not be attenuated.
The next step was to select the LIA measurement range and low-pass filter
settings. This was done by selecting a few DC bias values and manually adjusting the
LIA settings until the signal was optimized. Signal optimization was determined by two
factors, range and speed. First, the smallest LIA input range that could handle the entire
input signal swing was selected. This involved some guesswork, since only a few biases
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were examined in determining the settings. Ideally, the input signal would oscillate about
the center of the input range, well away from the edges. The smallest possible range that
met these conditions was selected to ensure maximum accuracy. Second, the filter with
the smallest time constant that yielded a steady, noise-free output was chosen. The
smallest time constant ensured the fastest possible measurements. Lastly, the reference
phase was adjusted to maximize the signal.
Occasionally, the steps outlined above would prove insufficient to obtain a strong
clear signal. As a last resort, the signal could be boosted by increasing the AC modulation
signal amplitude from the equipment limited minimum of 4mV, and repeating steps 4
through 5 outlined in Table 5.1 above. This was an undesirable situation, since increasing
the modulation amplitude increases IETS peak widths [180], thus decreasing
measurement resolution as the IETS peaks enlarge and start to overlap.
Finally, a note about molecular nanojunction wear. Unlike the I-V scans, IETS
measurements were very time consuming, and thus subjected the monolayer to significant
wear. Exposing the SAM to high current densities for such an extended period of time
cause the individual molecule-electrode contacts to physically separate. As a result, the
observed signal becomes progressive weaker, and features at the high end of the positive
bias and at negative bias in general were not very clear. This presents a serious obstacle,
since it made matching corresponding features at positive and negative bias difficult. This
was mitigated by comparing IETS scans from different samples to aid in determining
which features corresponded to molecular vibrations.
Relative scan quality was determined by observation of the signal phase. Scans
whose signal formed a straight line on a polar plot were considered better than scans
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whose signal appeared scattered over the polar plane. The motivation for this was that the
molecular vibrations are expected to affect the signal phase only in steps of 180 (either
increasing or decreasing the current). Thus, signals with good signal-to-noise ratios
would form straight lines on a polar plot, while poor signals would tend to form a more
scattered pattern.

5.3 Inelastic Electron Tunneling Spectra for NOPE SAMs

In this section, IETS data for the NOPE molecular nanowire junction is presented,
and the peaks of interest identified. Section 5.3.1 attempts to assign these peaks to
particular molecular vibrations based on published experimental and theoretical data [50]
[93].
A brief note on the data to be presented below: the X and Y signals are the raw
result of the LIA action on the current signal. The R and θ values are calculated by the
LIA from the X and Y values. Either the X or Y signal is shown depending on which one
was stronger (this depends on how the reference signal phase was adjusted).
Figure 5.2 below shows an IET spectrum obtained for a NOPE molecular
nanowire junction. The graph displays both the average signal (obtained over 30
successive scans) as well as the trace from the first scan. Examination of the polar plot of
the averaged data shows a clean, linear signal which is slightly stronger in Y.
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Figure 5.2: NOPE IETS data collected at 13K, 4mVrms, 500Hz modulation voltage, and
1s time constant (left). Polar plot of the averaged data (right).
The most evident feature of this IET spectrum is the dominant peak at 179mV
bias. Since the overall signal phase is random, this dominant feature is not necessarily a
peak and may well be a valley (it has been experimentally observed that molecular
vibrations may also result in an overall decrease in current [100]). Attempts to eliminate
this arbitrariness and fully determine the effect of this dominant peak on the molecular
current, by numerical differentiation of either the current or the conductance signal (as
done in Refs. [201] and [100] respectively), were not successful. This was due to the
decreased signal-to-noise ratio caused by numerical differentiation coupled with the
extremely small inelastic fraction of the total current.
Perusal of simulations from Ref. [50] shows that the dominant peak for FTIR
(NO2 asymmetric stretch) is expected at 193mV, and no peaks are expected at 179mV.
This should not be cause for alarm, since the selection rules for IETS are not well
understood as of this writing, though theoretical efforts have yielded some simple
propensity rules [177]. It may well be that a peak that is prominent in an FTIR spectrum
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does not appear at all in an IETS spectrum. However, the predicted peak for the C≡C
stretch at 277mV has a close match in Figure 5.2 , but as a valley at positive bias.
Adjusting the scan from Figure 5.2 so that the C≡C stretch vibration results in a positive
peak and overlaying a second NOPE IET scan taken at similar conditions we obtain
Figure 5.3.

Figure 5.3: NOPE IET scans from two distinct samples. Data collected at 13K, 6mVrms,
500Hz modulation voltage, and 1s time constant. The three humps were typical of NOPE
IET spectra.
Note that in Figure 5.3 we have used single scans (not averages). The scans were
lightly smoothed (2nd order Savitzky-Golay with 3 nearest neighbors) and only the
positive bias scans are shown for clarity of presentation. Features below 50mV bias are
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known as zero bias features (ZBF). ZBFs are a little understood phenomenon that plagues
IET spectroscopy [93] [202]. Discussion of ZBFs, however, is well beyond the scope of
this work. Having settled on a peak polarity for the C≡C stretch, and having identified 2
additional distinct peaks, we may now attempt to assign the remaining peaks.

5.3.1 Peak Assignment

Having identified the IET features of interest, one can attempt to assign them to
molecular vibrations. Ref. [50] presents experimental FTIR data for OPE and NOPE
monolayers as well as simulation results assigning the peaks to specific molecular
vibration modes. Even with FTIR data as a guide, the assignment of the dominant peaks
will not be trivial for a number of reasons. While the selection rules for FTIR are well
known, the selection rules for IETS, which determine which molecular vibrations may be
elicited as well as their relative magnitude, are currently unknown [93]. This means that
we may observe peaks absent from an experimental FTIR spectrum, and conversely, we
may not observe peaks clearly evident in an FTIR spectrum. Furthermore, the relative
sizes of the peaks may be completely different. Lastly, the SAMs studied in Ref. [50] are
free at one end, while both terminals are chemisorbed in the molecular nanowire junction.
This last issue may results in a shift in the observed vibrational energy of a given peak.
Table 5.2 below summarizes the NOPE peaks observed as part of this work together with
their tentative assignment.
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Table 5.2: NOPE IETS Peaks
Observed
Feature [mV]
113
202
272

Observed
Feature [cm-1]
911
1628
2193

Tentative Peak Assignment
C-H out of plane on middle ring
NO2 asymmetric stretch/19a ring vibration
C≡C stretch

The peaks were tentatively assigned to the closest simulation result from Ref.
[50]. This is not an astute course of action for the reasons listed at the beginning of this
section. Furthermore, according to FTIR data from [50], two distinct ring mode
vibrations and the NO2 asymmetric mode are all within 5mV. This is significantly smaller
than the expected peak width of ~10mV for the conditions under which the scans of
Figure 5.3 of were taken. Thus the feature at 202mV, though closest to the NO2
asymmetric stretch energy, may reasonably be attributed to 19a ring mode vibrations
(were we have used the Wilson-Varsanyi terminology), since the modes are too close in
energy to be observed independently by the current experiment.

5.4 Conclusions

The experiments conducted as part of the work presented in this section
concluded that IETS is a viable, in-situ spectroscopic technique that can be used to
fingerprint the molecular species being electrically characterized. Adoption of such
techniques is an important step towards increasing the confidence researchers may put
into molecular electronic data, since it provides a link between observed electronic
behavior and the molecular species being tested. A tentative interpretation of the NOPE
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IET spectrum was provided based on FTIR simulations. These assignments are not
expected to be correct, but can be used as a starting point to verify IET simulations and to
develop selection rules.

Chapter 6
Overview of Results and Suggestions for Future Work

6.1 Result Overview
The field of molecular electronics is sufficiently new that the ability to determine
the validity of a given measurement by comparison to published results is, at the moment,
not particularly valuable. For example, there is a large discrepancy in reported molecular
conductance values that have been observed by the moletronic community at large [200].
This work shed some light on this issue by demonstrating the crucial effect molecular
environment plays in determining the electrical properties of a molecule. It was shown
that individual molecules are more effective conductors than molecules embedded in a
SAM. At high temperatures, this was attributed to the greater degrees of freedom
available to the individual molecule, which resulted in an incoherent charge transport
channel opening up. At low temperatures, the increased conductance of the individual
molecule was attributed to its inability to screen the applied electric field as efficiently as
the SAM.
Obtaining electrical data on molecular devices is an arduous and complex process.
It is not surprising that errors have been made in assigning behavior due to measurement
artifacts to the molecule under test [16] [17] [18]. This work demonstrated that IETS is a
valid technique to ensure the measurements performed do indeed correspond to the
molecule under test. IET spectra were used in this work to filter out the good I-V-T scans

120
from the several that were collected. This procedure resulted in the elimination of about
90% of the I-V-T data, but ensured that the data presented was pertinent to the NOPE
SAM. Furthermore, the features of the IET spectrum of NOPE were tentatively assigned
to specific vibrations based on FTIR simulations. While this assignment technique is not
100% accurate due to the different selection rules between IETS and FTIR, it provides a
starting point for theorists and experimentalists to build on.
Continuing along the same vein of moving the field of moletronics forward, the
following sections suggest future experiments that may be performed on the testbeds used
during the course of this work.

6.2 Electromigrated Break-junction
Despite the relatively low device yield, interesting data was collected using this
method. Apart from obvious avenues of future exploration (measuring alkanes of varying
length, OPEs with different moieties, etc.), a valuable avenue of exploration can readily
be made accessible with some modifications of the structure to allow electrostatic gating.
Break-junctions that allow for electro-static gating have yielded very interesting results
[99] [101]. An attempt was made to fabricate such a nano-junction. By substituting a
50nm gate oxide for the 3µm field oxide, using a highly doped substrate, and coating the
back of the sample with Au, it was possible to back-gate the nano-junction testbed
structure. This improved structure was given up on when no practical way of electrically
isolating the back of the structure from ground could be found without compromising the
cooling power of the cryostat. Another gating option, used in Ref. [101], is to fabricate an
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aluminum oxide (AlOx) layer under the structure. This was not attempted, but would
have elegantly solved the electrical isolation issues mentioned above, at the expense of a
relatively small increase in fabrication complexity. Lacking electro-static gating, optical
gating could also provide interesting insights into charge transport across molecules
[193]. The cryostat does have windows, and setting up a light source would be trivial. I
believe gating the junction is the logical next step in the development of this molecular
testbed.

6.3 Molecular Nanowire Junction
The most pressing issue to pursue in future experiments regards the degradation
of SAMs in the molecular nanowire junction. This issue affected the measurements taken
as part of this work, and it would greatly enhance the utility of the testbed if degradation
could be mitigated. Modifications to the test structure, such as encapsulation by a
dielectric [198] or increasing the wire diameter may solve the problem, and it is strongly
suggested that such avenues be explored. Alternatively, one could attempt to develop a
method to perform fast IET scans. Perhaps several fast scans will cause less damage than
a single slow scan, and they may be averaged together to improve the overall resolution.
The test structure and setup used in the course of these experiments are extremely
powerful and flexible. The variety of experiments afforded by the molecular nanowire
junctions were not fully explored in this set of experiments, leaving open several future
avenues of exploration. For example, one could change the metal composition of the
nanowire and investigate the effects of different electrode metals. Alternatively, one
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could take advantage of the additional capabilities provided by the new test system.
Electronic back-gating is easily achieved though a specific tri-axial feedthrough, and
temperatures in excess of 300K can be attained, allowing one to extend the range of the IV-T data. These are all worthwhile endeavors that ought to be explored in the future.
In addition, the set-up has proved extremely capable in obtaining IET scans.
Coupled with a molecular nanowire junction that has been optimized to maximize signal
and minimize degradation effects, one could produce IET spectra for several molecular
families, and thus provide invaluable data to be used in discovering the IETS selection
rules.

6.4 Concluding Remarks
The results presented in this work are a first step towards a thorough
understanding of molecular electronics. Much remains to be done, but it is my sincere
hope that this work will provide a small foothold for the community of engineers,
chemists, material scientists, and physicists as they scale the challenges posed by
moletronics.
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