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Abstract

For Molecular Electronics to become a viable replacement or complitment to current elec-

tronic devices a fundamental understanding of device operation and functionality is needed.

This work explores electron transport through diazonium derived molecular junctions via

conductive atomic force microscopy to provide insight into the scalability of molecular de-

vices. The attenuation coefficient and electron transport properties of nitroazobenzene on

carbon; were found to be consistent with larger ensemble molecular junctions. Further, ap-

plied force significantly decreased the resistance through the layer due to reduced tunneling

distance and increased contact area. Electron transport through nitroazobenzene was ex-

tended to gold surfaces and found to be in agreement with studies on carbon. Investigation

of mixed-mode bonded layers of nitroazobenzene and dodecanethiol determined that surface

coverage was controllable through solution concentration and sweep rate. Qualitatively it

was observed that conductivity increased with nitroazobenzene coverage.
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1 Introduction

1.1 Molecular Electronics

The beginning of the field “Molecular Electronics” is often referenced to Aviram and

Ratner’s 1974 paper “Molecular Rectifiers” [1], in which uni-directional electron transport

was modeled through a single organic molecule. Within their work, it was proposed that by

controlling the π-electron density of aromatic substituents, specific regions of the molecule

would be electron-rich (n-type) or electron-poor (p-type) and act as donors and acceptors re-

spectively. By including a central σ-bonded species a donor-bridge-acceptor (DBA) molecule

would have roughly the same electronic properties as a rectifying p-n junction. Figure 1.1a

displays a schematic energy level diagram of an acceptor-bridge-donor molecular system at

neutral bias. Within this, it is important to note that molecular orbitals of the acceptor

(πa) to the donor (πd) remain separate due to the inclusion of the σ-bonded internal tun-

neling barrier. At neutral bias, the Fermi level (Ef ) of the contacts (anode and cathode)

lie (energetically) between the highest occupied molecular orbital (HOMO) and lowest un-

occupied molecular orbital (LUMO) of the DBA molecule. As a result, no charge transport

is expected to occur since there are no “open” electronic states in which electrons from the

contacts can occupy. Under the application of a forward bias, Figure 1.1b, the Fermi level of

Figure 1.1: Simplified energy level diagram of a molecular rectifier.
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the cathode is raised such that electrons can enter the LUMO of the acceptor. Similarly, as

the Fermi level of the anode is reduced electrons from the donor HOMO enter the now open

electronic states of the contact. As a result, the electrons from the (now occupied) acceptor

LUMO can tunnel through the σ-bonded region into the open electronic state of the donor

HOMO, allowing current to flow between the contacts. Conversely, under reverse bias, Fig-

ure 1.1c, it is that energetically there are no open states within the DBA molecule to allow

electron transport between the contacts. Based on these principles Aviram and Ratner were

able to calculate that a single organic molecule would display electronic behavior similar to

a p-n junction rectifier[1].

It was from this that researchers began to imagine exploiting the unique and diverse prop-

erties of organic molecules to achieve specific electronic functions. Although still emerging

the field has subsequently expanded, and grown to encompass a wide breadth of research,

from fundamental electron transport studies of single molecule junctions[2] to complete elec-

tronic devices such as organic light emitting diodes [3] and organic solar cells[4]. Molecular

Electronics however, strictly refers to a subset of organic devices that are created and op-

erated on the molecular scale. The drive behind much of this research is based on a two

key motivations. Firstly, the consistent progress of semi-conductor industry, as famously

stated by Moore’s law, predicts that transistor density doubles every two years. In order

to maintain growth it is important that electronic devices become progressively smaller.

There will come a time however, in which either manufacturing techniques[5] or stability

(thermal noise)[6] will ultimately limit the size of semi-conductor components. A single

molecule device has the potential to be orders of magnitude smaller than current state of

the art devices, allowing for device density to increase according to Moore’s law[5, 7]. Sec-

ond, chemists have the ability to synthesize a variety of molecules with specific chemical and

electronic structures from which electronic devices such as transistors, switches, rectifiers

etc. can be created.

Although Molecular Electronics display great promise, there exists major hurdles that

need to be addressed in order for molecular devices to be a practical replacement for cur-

rent electronics. In terms of manufacturing, the semi-conductor industry has shown itself

capable of mass producing sub 50 nm devices with extremely high yield [5, 8]. Furthermore,

the electron transport within these systems has been thoroughly investigated and is well

understood. In order for molecular electronics to become viable it is important that small

scale devices be created in parallel and with predictable electronic behaviour[7]. In addition,
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based on current technology, a critical aspect in the development of any molecular device

will be its integration with conventional electronics. As a result, it is important to fully

understand electron transport behaviour through molecular systems and how it is affected

by its surrounding environment (temperature, pressure, contact material, etc.).

1.2 Molecular Junctions

A common stage for studying electron transport is the molecular junction[7]. Following

the definition outlined by McCreery [9], molecular junctions are systems in which one or more

molecules are in electrical contact with two conductors, such that electrons are transmitted

through the molecule. Although literature has long shown examples of organic materials

between electrical components, conducting polymers and organic thin film capacitors[10, 9],

these devices typically involve layers that are substantially larger than molecular dimen-

sions. In addition, although systems involving donor-bridge-acceptor molecules (excluding

contacts) and modified electrodes (one contact) do display electron transport on the molec-

ular scale, many of these systems do not exhibit transport behaviour seen in molecular

junctions and are thus excluded from the definition. Charge transport through molecular

junctions has been described to occur via a number of routes; the Poole-Frenkel effect, field

emission (Fowler-Nordhein), thermonic (Schottky) emission and most commonly, coherent

and incoherent tunneling[11] which will be discussed below, Figure 1.2[9].

Simplistically, electron tunneling, Figure 1.2, is quantum mechanically governed by the

Figure 1.2: Schematic energy level diagram of (a) coherent and (b) incoherent tunneling
across a molecular layer (grey) between two metals (M1 and M2). Yellow represents filled
states within the contacts.
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probability that an electron will transverse a barrier. Independent of temperature[12, 13],

the probability, and thus the rate of electron transport, is significantly dependent on the

height and thickness of the barrier. Within molecular electronics a common method used to

describe electron transport, or current density J , as a function of voltage, V , is the Simmons

model[13, 14, 15, 16]:

J =
q2V

h2d
(2mΦ)1/2 exp

�
−4πd

h
(2mΦ)1/2

�
(1.1)

where q and m are the electron charge and mass respectively, d is the barrier distance

(or thickness), h is Planck’s constant and Φ is the barrier height. Formulated in 1963 by

J. G. Simmons, the model describes inelastic nonresonant tunneling through an insulating

barrier[17, 18, 19]. Within this, it is assumed that the potential barrier is spatially averaged

and varies linearly with space and applied bias[15]. From Equation 1.1, current through the

molecular junction is both linearly and exponentially dependent on barrier thickness and

barrier height. In order to understand and compare experimental and theoretical results it

is often useful to simplify Equation 1.1 to:

I = Ioe
−βd (1.2)

where Io is a constant and β, the attenuation coefficient has units of Å−1 or nm−1. It

should be noted that Equation 1.2 has been described as both current density, J , or absolute

current, I, as in Chapter 2. Dependent on the chemical and structural properties of the

barrier, particularly the molecule - contact bond, the value of the attenuation coefficient,

β, is often an indication of barrier height and is used to distinguish between tunneling

mechanisms[20, 21, 22] within the molecular layer and will be discussed further below.

Coherent or classical tunneling, is typically described as electron transfer through a

single barrier (the molecule in the case of molecular junctions) while maintaining the phase

of the electron. Figure 1.2a displays an energy level diagram for coherent tunneling across

a molecular junction. The barrier height, Φ, is typically considered to be the difference

between the Fermi level of the contacts and the molecular orbital energies. As in many

forms of tunneling, the height and width of the barrier play a significant role in determining

the probability of transport. As a result, it has been found that coherent tunneling across

molecular junctions is limited to distances less than 3 nm and is described by attenuation

coefficients of 5 - 10 nm−1 [9, 21, 23, 24, 25].

4



Unlike coherent tunneling, in which a single electron tunneling event occurs, incoherent

or “diffuse” tunneling can be thought as electron transport via series of discrete steps[9,

26, 11]. Within this process electrons tunnel coherently between sites, characterized by

potential wells, where residence time is long enough to disrupt the phase of the electron. By

considering Figure 1.2b the molecular layer can be visualized as a series of potential wells of

length δ. The total barrier width as a result is N ·δ where N is the number of potential wells

in the layer. During charge transport, electrons tunnel between individual sites giving rise

to measurable current across the contacts. Currently it is not completely clear how diffuse

tunneling occurs but it has been suggested that it is resultant from an electron transfer

reaction between ionic and neutral sites in π-conjucated molecular systems[27]. Though

the use of the Simmons model is not strictly valid when considering diffuse tunneling[15],

Equation 1.2 is often applied to experimental results in order to determine β and provide

insight into molecular layer properties. Many studies of molecular junctions derived from

diazonium and thiol based molecular layers have found that diffuse tunneling can occur over

much larger distances than coherent tunneling (> 3nm) and yield attenuation coefficients

of less than 5 nm−1[13, 28, 20].

Resulting from the series of discrete steps within diffuse tunneling, it has been proposed

that electron transport through molecular layers greater than 4 nm in thickness occurs

via thermally activated “hopping”[12, 23, 29, 25]. Investigations by Frisbie and coworkers

revealed significant changes in the attenuation coefficient as the molecular length of aromatic

thiols was increased[25]. Variance in β suggest that the electron transport mechanism

changes with layer thickness . This was further supported by thermally activated conduction

observed in longer molecular chains and indicates that molecular rearrangement within the

layer dictates electron transport.

1.3 Measurement Paradigms

1.3.1 Single Molecule Junctions

The establishment of scanning tunneling microscopy (STM) in 1981 by Binnig and

Rohrer, ushered in a new era of surface science[30, 31]. By probing electronic surface states

with tunneling current, Binnig and Rohrer were able to obtain atomically resolved images

of many conductive and semi-conductive surfaces[31, 32]. It was from this, that further

surface probe microscopies (SPM) were developed, most specifically (with regards to molec-
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ular junctions) atomic force microscopy (AFM) and conductive atomic force microscopy

(cAFM)[33]. Monitoring tunneling current through conductor and semi-conductor surfaces

naturally progressed to electron transport studies of organic molecules on surfaces. The

use of an atomically sharp tip allowed researchers to create molecular junctions involving

single molecules[34]. Further development of single molecule junctions has subsequently

divided transport studies into two broad regimes; isolating a molecule of interest within

a molecular layer[35, 36, 37, 38], or bridging two electrodes with a single molecule (break

junctions)[20, 39, 40, 41].

Many of the early measurements of single molecular junctions involved monitoring elec-

tron transport through thiol based self-assembled monolayers (SAMs) on gold (111) via

STM, Figure 1.3[35, 36, 37, 38, 42]. Note thiol SAMs, particularly alkanethiols, have been

the predominant platform in molecular electronics, and a detailed discussion of their use

and formation is held in Section 1.4.1. Making use of an atomically sharp probe researchers

were able to selectively measure individual molecules within the molecular layer, Figure

1.3a. Investigations of α, α�-xylyl dithiol found that the current voltage curves obtained

contained distinct steps, suggesting that electron transport is significantly impacted by the

molecular energies of the molecule.[38, 35]. Within these studies however, due to the fact

that the molecule of interest is contained within a uniform molecular layer it is not entirely

Figure 1.3: Examples of Single molecule molecular junctions
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clear as to whether (only) a single molecule is being probed within each measurement.

In order to minimize the uncertainty resulting from the surrounding layer, researchers

began to investigate molecular junctions of mixed monolayers. Similarly to studies of uni-

form molecular layers, mixed monolayers typically involved current voltage measurements of

SAMs. Researchers were able to isolate conjugated thiols within a surrounding monolayer of

alkanethiol, Figure 1.3b, as indicated by points of high conductivity distributed throughout

the molecular layer[43, 36, 44, 45, 46]. It was further observed that the electron transport

through the conjugated system, randomly “switched” between high and low conductance.

It was proposed that conformational changes in the molecule altered the electron transfer

within the molecular junction [36, 46].

Within the investigations of single molecule junctions contained in complete molecular

layers, it is not entirely clear how the surrounding monolayer affects electron transport

of an individual molecule. Within these systems it can no longer be assumed that the

molecular energy levels of isolated molecules are maintained within the molecular layer.

As a result, measurements of single molecular junctions within molecular layers do not

represent the electron transport behaviour of isolated single molecules. In addition, within

these measurements because the STM tip does not make contact with the surface, it is

important to fully understand tip-molecule distance and its effect on electron transport due

to the exponential relationship between distance and current, Equation 1.2.[34, 7, 47].

An important aspect of molecular electronics is the comparison of theoretical and ex-

perimental results. Generally molecular simulations rely on a well defined atomic positions

Figure 1.4: Schematic diagram of the formation of a break junction via gold STM tip.
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and interactions[15]. As mentioned above within a monolayer the effect of the surrounding

molecular layer is unclear, making it necessary to investigate isolated single molecule molec-

ular junctions[48]. Many electron transport measurements of single molecules involve the

use of break junctions, in which an (usually) isolated molecule bridges the gap between two

contacts in solution, Figure 1.4. Measuring electron transport across an isolated molecule

presents many technological challenges due to the fact that a microscopic structure needs

to span a gap between two (generally) macroscopic electrodes[7, 49]. The gap within break

junctions is generally formed through two distinct processes; mechanically breaking an elec-

trode, or using high current to cause electromigration atoms[34]. Within each method a

1-2 nm gap is formed, however there is no control over the exact shape of the electrode

and thus the geometry of the bridging molecule cannot be controlled[49]. The first use of

molecular break junctions was reported in 1997 by Reed et al., who mechanically broke a

thin gold wire to study electron transport through phenyl-1, 4-dithiol molecules[50]. Xu and

Tao; further developed break junctions by using gold STM tips to form and break gold nano

filaments allowing for thousands of measurements and thus creating statistically significant

data[2, 51]. Through this it was observed that conductance occurred in distinct steps and

that contact geometry is an important factor in electron transport.

1.3.2 Ensemble Molecular Junctions

In contrast to single molecule junctions, where the geometry of an individual molecule

significantly impacts electron transport, large molecular ensembles (>10
3

molecules), Figure

1.5, generally exhibit transport behaviour resulting from the average molecular conformation

and molecule-contact binding[34]. A distinct advantage within large area measurements is

that junctions have been observed to be extremely stable over billions of cycles and at

high temperatures [28, 52]. This is a important observation when considering integrating

molecular systems with current electronics, where stability is of the utmost importance.

Furthermore, many of the processes used to create large molecular junctions, such as metallic

vapour deposition, are already in use within the semiconductor industry eliminating the need

for substantial technological advancement [7, 53].

Historically, mercury has been a common platform to obtain clean, defect free, metallic

surfaces[49]. Subsequently there have been numerous studies of molecular junctions using

mercury drop electrodes. Within these studies there are two distinct approaches; deposit-

ing molecular layers on solid bottom electrodes and using a mercury drop to form the top
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Figure 1.5: Shematic of ensemble junctions, a) SAM bilayey formed by mercury drop
electrode, b) the use of protective layer within vapour deposited SAM molecular junctions,
c) vapour deposited electrodes, deposited directly on molecular layer.

contact[54, 55, 56, 57], or forming molecular layers on two drops which are then brought into

electrical contact[58, 59, 60, 61]. Note that electrochemical studies of alkanethiols in solution

have been conducted using a mercury drop electrodes[62], however because only one electri-

cal contact is present they are excluded here. Mercury drop molecular junctions involving

SAMs typically result in the formation of bilayers due to the lability of the thiol molecules,

Figure 1.5a [58, 59, 60, 61, 54]. Studies by Whitesides and coworkers have displayed that

electron transport through bilayers of alkanethiols is reduced with increasing molecular chain

length and that the defects within the molecular layer, resulting from the bottom electrode

surface, lead to extreme changes in conductivity (8 orders of magnitude)[54]. McCreery

and coworkers have previously used mercury drop electrodes to study electron transport

through aromatic diazonium derived molecular layers on carbon[55, 56]. The current volt-

age behaviour was nearly independent of temperature and electron transport was altered by

varying the thickness of the molecular layer. Note, a more detailed discussion of the work

by McCreery and coworkers is held in Section 1.4.2.

Due to the toxicity and poor mechanical stability of mercury many researchers have tran-

sitioned to investigate molecular junctions formed by vapour deposition of solid metals[56].

Aside from the removal of toxic components and increased mechanical stability, vapour de-

position offers three key advantages over mercury drop junctions. Firstly, through vapour

deposition a variety of metals (Ag, Au, Ti, Cu, Pt) can be deposited, allowing researchers

to investigate the effect of contact material on electron transport[52]. It is important to

note that not all metals are suitable for molecular junctions, as some metallic atoms have
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been observed to penetrate molecular layers causing short circuits and device failure[63, 64].

In order increase device yield Akkerman et al. employed a conductive polymer to act as a

“protective layer” which metallic contacts are deposited, Figure 1.5b [65, 53]. However, it

is unclear what effect the protective layer has on electron transport, since the molecule-

protective layer interface is ill defined. Second, by forming molecular junctions through

vapour deposition, thousands of devices can be made in parallel[53] allowing researchers to

gather statistically significant data. Finally, as mentioned above, the current semi-conductor

industry employs vapour deposition in device formation, reducing the need for technological

advancement in order to integrate molecular junctions[7].

Many thorough investigations of diazonium derived molecular junctions on carbon have

been conducted by McCreery and coworkers. Typically metallic copper is vapour deposited

directly onto the molecular layer[13, 66, 67], Figure 1.5c, forming micrometer sized junctions.

Studies have shown that these molecular devices are stable through billions of cycles and a

wide range of temperatures[28, 52], and are further discussed in Section 1.4.2.

1.3.3 Conductive Atomic Force Microscopy

Many researchers have shown that AFM is the most versatile, sensitive and procedu-

rally straightforward tool within the field of nanotechnology[68]. Due to the fact that non-

conductive surfaces can be studied, researchers have applied AFM to a countless number of

systems including semi-conductor nanofabrication[69], cellular machinery[70], and synthetic

polymers[71] to name a few. Depending on the stability of the surface, imaging can be

conducted either in contact or non-contact mode. AFM imaging in contact mode involves

bringing a sharp tip into physical contact with the surface. The deflection of the cantilever

is monitored in feedback (typically by a laser) such that the force applied to the surface

can be controlled with pico Newton precision[70]. Topographic and frictional information

is obtained by monitoring the vertical and lateral deflection (respectively) of the cantilever

as it moves across the sample via a piezoelectric scanner. Within non-contact mode, (typ-

ically) the cantilever is driven at resonance frequency such that the tip “taps” the surface

as it is rastered, otherwise known as “tapping mode”. Under tapping mode, mechanical and

adhesive properties of the surface can be obtained by monitoring the amplitude and phase

shift of the oscillating tip (discussed further in Chapter 4).

One of the many extensions of AFM is conductive atomic force microscopy (cAFM),

Figure 1.6. Typically a potential is applied to a metallized tip after it is brought into
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Figure 1.6: Schematic diagram of cAFM measurement of alkanethiols using a gold coated
AFM probe

contact while monitoring the current through the sample. By rastering the tip across the

sample under constant bias the conductivity of surface can be imaged[72]. In addition to

imaging, by “holding” the probe at a particular location the current can be monitored under

varying potential, providing insight into electron transport behaviour[73, 21, 74]. Although

at its surface cAFM appears similar to its predecessor STM, there exists key fundamental

differences in its methodology. Due to the fact that the cAFM probe makes physical contact

with the surface there is no effect of tip-molecule distance on electron transport, as observed

in STM [9, 34, 47]. Further, by monitoring the deflection of the cantilever, electron transport

can be studied under various applied loads[21].

Within the above sections studies were separated by the number of molecules within the

molecular junction; single molecule and ensemble junctions. Molecular junctions formed

via cAFM however, typically do not involve individual molecules, but contact areas are

significantly smaller that molecular junctions formed via vapour deposition and mercury

drop electrodes[34, 9]. The number of molecules contained within cAFM junctions is not

strictly understood[75] but observations by Frisbie et al. have estimated the number of

molecules to be between 10 - 100s depending on the size of the molecular probe[76]. As a

result, cAFM is an extremely useful technique, bridging the gap between single molecule

and ensemble molecular junctions[77].
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1.4 Molecule Specific Molecular Junctions

1.4.1 Self-assembled Monolayers

Thiol based self-assembled monolayers (SAM) have been at the forefront of not only

molecular electronics, but many areas of surface science. Since their introduction by Nuzzo

and Allara in 1983 [78], SAMs have seen prominent use in micro fabrication, surface wetta-

bility, biomedical systems, molecular recognition, bioassays, device fabrication, microcontact

printing and nanoparticle functionalization [79, 63]. The wide application of SAMs over the

past 30 years can be attributed to both the simple deposition procedure as well as the wide

variety of ligands and functional groups that can be synthesized. Typically SAM formation

occurs by molecules adsorbing to the surface from solution, Figure 1.7. Initially molecules

“lay down” parallel to the substrate surface, Figure 1.7a. and as surface density increases the

thiol molecules nucleate to form a “standing up” phase, Figure1.7b. Finally complete mono-

layers are formed, Figure 1.7c, as molecules further adsorb. It should be noted that, SAMs

are not perfect and structural defects, such as pinholes and kinked chains are common[63].

It is generally understood that the formation of well-ordered, dense monolayers arises

from the nature of the gold-sulfur bond. At ∼50 kcal mol−1[63] the sulfur-gold bond is

much stronger than van der Waals forces seen in physisorbed species, but maintains a labil-

ity essential for reordering as surface density changes. Numerous studies have thoroughly

characterized SAMs on a variety of surfaces (gold, copper, silver, etc.) and under various

environmental conditions (temperature, redox species, etc)[79, 63].

The use of SAMs to form molecular junctions has been extensive[80, 81, 14, 82, 83,

60, 61, 21, 84, 54, 29, 59, 58, 85, 86, 25, 16, 87]. As a result, researchers have thoroughly

investigated thiol based molecular junctions form those involving single molecules[50, 20, 23]

to large scale massively paralleled ensemble systems[53, 65]. Note that single molecule

Figure 1.7: Schematic diagram of the formation of self-assembled monolayers. a)
adsorption from solution, b) “standing up” nucleation, c) monolayer formation. Grey and
red represent thiol and thiolate molecules respectively.
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junctions are not technically monolayers however, because of the use of thiol molecules they

are included here. Much of the popularity, as discussed above, is due to he ease of use and

the formation of well defined monolayers. With regards to Molecular Electronics the fact

that SAMs form spontaneously makes the formation of many devices in parallel tangible

prospect. Furthermore, having a well defined surface is important and allows researchers to

compare theoretical and experimental results based on known tunneling distances, Equation

1.2.

Due to the vast use of thiols within molecular electronics it is useful to narrow the

focus of studies to a few key investigations, notably the work by Frisbie and coworkers,

who have extensively used cAFM to study electron transport through molecular junctions

of SAMs on gold[21, 86, 88, 89, 25]. Initially their efforts were focused on characterizing

electron transport under various applied forces and alkanethiol chain length. It was found

that current voltage behaviour was consistent with coherent nonresonant tunneling and

that the attenuation coefficient determined by cAFM (∼ 1 Å
−1

) was in good agreement

with measurements of single and ensemble junctions[21]. It was further demonstrated that

increasing the force applied to the surface significantly reduced the resistance across the

junction, suggesting that increased contact area, tip penetration and conformational changes

in the layer occurred at higher loads[84, 21]. Focus subsequently progressed to conjugated

oligophenyleneimine (OPI) thiol molecular wires where fundamental tunneling mechanisms

were investigated[24, 25]. It was observed that by increasing the length of the OPI wire,

altered the value of the attenuation coefficient. It was concluded from this that electron

transport transitioned from tunneling to thermally activated hopping at approximately 4

nm.

1.4.2 Diazonium Derived Molecular Junctions

Aryl diazonium salts, although not as widely used as SAMs, have become a common

platform for surface modification[90, 91, 92, 93, 94]. The electrochemical reduction of ni-

trobenzene diazonium salt at carbon surfaces was first reported by Pinson in 1992 [95]. From

this, researchers have extended diazonium chemistry to numerous functional groups as well

as deposition on various metals including gold, copper, platinum[96] as well as silicon [97].

Studies have subsequently displayed that diazonium derived molecular layers are very stable

under thermal treatment[52], potential cycling in sulfuric acid [98] and ultrasonication[94],

while also being stable for months under ambient laboratory conditions[95]. Chemists have
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Figure 1.8: Proposed formation of diazonium salt molecular layers through radical
formation, and subsequent multilayer formation

further tailored diazonium salts to a variety of applications ranging from fuel cells[99] to

biological sensors[100, 101].

Shown in Figure 1.8, the formation of diazonium derived layers is believed to occur

via the reduction of a diazonium cation producing a radical intermediate. The radial

then irreversibly binds to the surface, due to the close proximity at which reduction oc-

curred. From the radical nature in which the diazonium molecules adsorb, multilayered

films have been observed[102]. Furthermore, by altering electrochemical conditions, sweep

rate, concentration and number of cycles many studies have displayed over films of varying

thickness[103, 66, 102, 104, 98]. Researchers have further observed that deposition can oc-

cur electrochemically[96, 39] as well as spontaneously[105, 91]. Within both electrochemical

and spontaneous depositions it has been spectroscopically shown that the resulting film is

covalently bound to both metal and carbon electrode surfaces [91, 96, 106].

Much of the research investigating electron transport through diazonium derived molec-

ular layers has been spearheaded by McCreery and coworkers[107, 13, 52, 66]. They have

extensively studied electron transport through ensemble molecular junctions (µm2) of ni-

troazobenzene and other diazonium layers on carbon, under various conditions. By using

vapour deposition to form molecular junctions McCreery and coworkers have investigated a

variety of contact materials and have recently displayed an all carbon molecular device[28].

Through their studies, it has been found that within these molecular junctions the attenu-

ation coefficient (∼ 2.5 nm−1) is in good agreement with electrochemical studies of similar

layers[108]. Furthermore, similar to studies involving SAMs, the resistance of the junction

exponentially increases with layer thickness. Recently a thorough investigation of the current

voltage characteristics of nitroazobenzene and azobenzene[13] displayed that junctions were
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stable throughout billions of cycles and up to temperatures of 180◦C. In addition, within

this study electron transport was determined to be consistent with nonresonant tunneling

through the molecular layer.

Although the majority of the work by McCreery and coworkers has been focused on

ensemble junctions, recently molecular junctions have been investigated by surface-diffusion-

mediated deposition[109, 110]. Within this, molecular junctions containing 1-10 molecules

were formed as “cold” gold atoms diffused across the surface to make contact with the

molecular layer. It was found that electron transport was connected to the off-set between

the HOMO of the diazonium layer and Fermi level of the gold, suggesting that tunneling is

hole-mediated[109, 110].

1.5 Objectives

Within the field of molecular electronics, studies have shown that cAFM is a power-

ful tool, bridging the gap between single molecule junctions and large ensemble junctions.

Furthermore, both SAMs and diazonium derived molecular layers have displayed signifi-

cant promise in the development of molecular devices. It is in this framework that the

objectives of this thesis were designed. To further develop the understanding of electron

transport through diazonium derived molecular junctions, Chapter 2 used cAFM to probe

current voltage characteristics of nitroazobenzene layers on carbon to compare to the re-

sults obtained by McCreery and coworkers. To further extend the applicability of diazonium

molecular layers, Chapter 3 focused on the control and understanding nitroazobenzene de-

position on gold surfaces. Finally, in an effort to explore electron transport properties of

new molecular junctions, Chapter 4 is geared towards cAFM studies of nitroazobenzene on

template stripped gold, as well as the use of mixed-mode bonded layers within molecular

junctions.
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2 Probing Electron Transport Through Aryl Films on

Carbon Surfaces with Conducting AFM

2.1 Introduction

Molecular electronics, both integrated with current technology and stand alone devices,

have become a large and varied field of surface science. The pursuit towards smaller, flex-

ible and dynamic systems has driven chemists and physicists to expand upon current sili-

con based devices. Within this, many advances have been made: development of organic

light-emitting diodes, conducting polymers and organic dielectric layers[1]. These examples

though; interesting and extensive, are generally composed of films that are vastly thicker

than molecular dimensions [1]. It is from the goal to create molecular scaled devices, that

molecular junctions are investigated. Defined as, thin (< 10 nm) organic layers between

two conducting or semi-conducting materials, molecular junctions have been investigated

extensively [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. Notably, of these systems, thiol self assembled

monolayers (SAMs) on gold have been of great interest within molecular junctions due to

their ordered structure, great functionality and ease of use [12, 13, 14, 15]. The sulfur-gold

bond is much stronger than van der Waals forces seen in physisorbed species, but maintains

a lability essential for re-ordering as surface density changes. However, within theses systems

there arises several structural instabilities which make them less than ideal for molecular

junction development, Figure 2.1. It has be found that the molecular order on the surface

is not complete and can include missing molecules (pinholes), liquid like states and kinked

chains[16]. Functionalization of the SAM surface is required to avoid short circuits and

molecular rearrangement during vapour deposition of metals [1, 17, 18]. Electron transfer

Figure 2.1: Schematic of dodecanethiol self-assembled monolayers on gold displaying

kinked chains and pinhole defects.
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Figure 2.2: Schematics of various molecular junctions. a) scanning tunneling microscopy
measurement of a molecular wire embedded in a mixed monolayer b) break junction c)
conductive atomic force microscopy measurement of nitroazobenzene d) large area
molecular junction.

within some SAM systems has also been shown to occur through defects as opposed to quan-

tum mechanical tunneling[19]. Finally, the limited electrochemical and thermal stability of

SAMs[20, 21] have made their compatibility with conventional electronics difficult due to

operating potentials and temperatures (∼400K)[22].

It is from the limited properties of SAMs that the use of diazonium derived organic layers

within molecular junctions is pursued. First reported by Pinson in 1992 [23], diazonium

salts have been shown to spontaneously and electrochemically reduce to conductive surfaces

(copper, gold, carbon, etc.) forming molecular layers[24, 25, 26, 7]. The bond resulting

from the reduction of the diazonium to the electrode surface has been found to be covalent

on carbon, copper and gold surfaces[27, 28, 23]. The strength of the covalent bond within

diazonium layers leads to increased stability compared to that of SAMs under sonication,

reflux, and thermal treatment[26, 25].

The pursuit to characterize electron transport through individual molecules (molecular

wires) as well as massively paralleled systems (106 molecules) has spurred the development

of a wide variety of test platforms[29]. To measure transport through molecular wires, there

are two routes of approach: design a probe to measure individual molecules, or isolate in-
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dividual wires within molecular layers. Typically the latter is accomplished by scanning

tunneling microscopy (STM) and mixed monolayers of SAMs where molecular wires ex-

tend above a background of alkanethiols, Figure 2.2a. However, there exists non-trivial

effects from: the surrounding alkanthiol, tip-molecule interaction and the orientation of

the molecular wire [1]. Break junctions, Figure 2.2b, on the other hand, seek to eliminate

surrounding effects by measuring electron transport through individual molecules spanned

between curved or atomically sharp electrodes. Measurements within these systems have

shown to be difficult due to the resistivity across long molecules producing low signal-to-

noise and contact geometry [29]. On the other end of the scale, systems involving thousands

or millions of molecules do not suffer from low signal-to-noise or small changes in contact

geometry as measurements made are an average of the entire system, Figure 2.2d. Typically

these devices are constructed by vapour depositing metal on the surface of a molecular layer

to act as the top electrode. These systems have been studied with a variety of molecules

and electrode materials as well as have shown to be stable at high temperatures and over

millions of measurements [7, 30, 25].

There exists a need to understand how electron transport scales between these different

approaches. It is in this role that conductive atomic force microscopy (cAFM) is ideal,

Figure 2.2c. Conductive atomic force microscopy uses a metallized probe to make electrical

contact with the surface. Typically silicon tips are coated with 50 nm of metal (gold, copper,

platinum) making the tip radius greater than those in STM and break junctions, involving

contacts containing 10s - 100s of molecules[31, 32]. Furthermore, unique to atomic force

microscopy (AFM), force can be applied (and measured) to investigate electron transport

under various applied loads. Commercial cAFM systems are available and work well to

image samples under low voltage and current. However, it has been found that many

of these instruments are not capable of measuring (or applying) the voltages and currents

necessary to fully investigate electron transport[33]. As a result, a conventional AFM system

was modified to make use of an external potentiostat as described below.

McCreery etal. have extensively characterized micrometer sized diazonium derived molec-

ular junctions between carbon and copper electrodes[30, 8, 6, 7]. The use of vapour de-

position for top contact makes it difficult to generate junctions on the nanometer scale.

Here cAFM will aid in the understanding of how electron transport in diazonium derived

layer scales between macroscopic and microscopic junctions. It is from this, that the work

presented in this chapter is tailored. Molecular layers of nitroazobenzene (NAB) were de-
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posited on pyrolyzed photoresist films (PPF) via cyclic voltametry. Using cAFM, current

voltage (IV) measurements were made on films of varying thickness and under applied loads.

Contact area, penetration depth and film deformation were investigated to determine their

effects on electron transport. Furthermore, transport properties such as dielectric constants,

effective electron mass and transport barriers were studied by modeling IV curves with an

adapted Simmons model.

2.2 Experimental

2.2.1 Substrate Preparation

Pyrolyzed photoresist films (PPF) for electron transport study were prepared by a fellow

group member, Jane Cao, following the procedure demonstrated by Ranganathan et al[34].

Positive photoresist AZP4330-RS (Clariant Corp., NJ) was spin coated onto 1 cm2 diced

clean silicon wafers. Substrates were pyrolyzed using a tube furnace (Lindberg) fitted with a

quartz tube under forming gas (95% N2, 5% H2) following the temperature program outlined

by Ranganathan et al.. PPF substrates were allowed to cool over night and stored under

house vacuum until surface modification.

2.2.2 Diazonium Salt Preparation and Surface Modification

Following a modified procedure of Starkey et al.[35], nitroazobenzene (NAB) diazonium

salt was synthesized from 2.5 g of Disperse Orange 3 (Sigma-Aldrich) precursor. Disperse

Orange 3 was partially dissolved in 30 mL of fluroboric acid (Fisher Chemicals) at 0°C under

constant stirring. A chilled solution of 5 g of sodium nitrite (ACP Montreal) in 100 mL

of deionized (18 M�) water was added drop-wise over 30 minutes until the reaction was

complete. The product was then vacuum filtered using a glass frit and redissolved in cold

HPLC grade acetonitrile (Fisher Chemicals). The NAB diazonium salt was recrystallized by

slowly adding chilled ether (Fisher Chemicals) and allowing crystals to form at the solution

surface. Following this, the product was vacuum filtered and the filtrate underwent further

recrystallization. Once the yield of NAB diazonium salt was sufficient the product was

allowed to dry and stored over desiccant at -20°C until needed.

Clean PPF substrates were thoroughly rinsed with deionized (18 M�) water, dried with

Ar(g) and placed in a three electrode cell with 500 µM de-aerated NAB diazonium salt

solution containing 0.1 M Bu4NBF4 (Sigma-Aldrich). NAB was deposited electrochemi-
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cally using a Pine Biopotentiostat model AFCPI controlled by Aftermath software (version

1.2.4532) by cycling the potential from 200 mV to -800 mV at various rates 10 mV/s, 50

mV/s, 100 mV/s and 200 mV/s against a Ag/AgNO3 reference electrode and platinum mesh

counter electrode.

2.2.3 Atomic Force Microscopy Imaging and Film Thickness Measurements

Atomic force microscopy (AFM) imaging and film thickness measurements were per-

formed using a Nanoscope IIIa MultimodeTM (Digital Instruments). Measurements were

taken under ambient conditions using rectangular Si cantilevers with reflective Al coating

(Olympus). The force constant and oscillating frequency of the probes were 40 N/m and

300 ± 10 kHz respectively. Film thickness measurements were preformed by “scratching” a

1 µm2 area at high force in contact mode. The area was re-imaged, at 5 µm2, in tapping

mode and the cross sectional profile was taken. Control “scratches” were performed on bare

substrates to ensure forces were not sufficient to damage the substrate.

2.2.4 Conductive Atomic Force Microscopy

Electron transport measurements were performed using a Nanoscope IIIa MultimodeTM ,

with an external Reference 600 potentiostat (Gamry Instruments). To conduct electron

transport measurements using the Nanoscope IIIa MultimodeTM , steps were required to

make electrical contact to the sample and probe, as well as to ensure that both were isolated

from the MultimodeTM . Firstly, an acrylic sample holder with a copper clip was designed

and manufactured to make electronic contact to the sample, Figure 2.3a. An Electrostatic

Force Microscopy probe holder (Product #: MMEFCH) was purchased (Bruker) which

isolated the tip from the housing of the Multimode, Figure 2.3c. With this, the brass clamp

was loosened to allow a wire to make electronic contact to the probe. The AFM assembly

was placed on an isolation table within a faraday cage to limit mechanical and electrical

noise. Current voltage (IV) curves were taken in ambient conditions by cycling the potential

from -2 V to 2 V against a reference within the Gamry potentiostat. Top electrical contact

was made by bringing an ARROW-FMAU-50 (Nano World) gold coated (70 nm) silicon

cantilever (2.8 N/m, 75 ± 10 kHz) into contact at the desired force. Each curve consists

of an average of 20 sweeps taken at 100 000 mV/s. IV curves were taken at three different

locations on the substrate at various forces and the resultant median is displayed unless

otherwise stated.
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2.2.5 Scanning Electron Microscopy Tip Characterization

Conductive atomic force microscopy (cAFM) tips were imaged via scanning electron

microscopy (SEM) using a Hitachi S4800 Field Emission SEM. Tips were imaged with a

10.0 kV accelerating voltage to determine tip radius and effective contact area.

2.3 Results and Discussion

2.3.1 Modification of Conventional AFM for cAFM Measurements

During a trip to the Frisbie lab at the University of Minnesota it was learnt that by using

an external potentiostat it was possible to perform current voltage measurements using a

Nanoscope IIIa Multimode
TM

. Furthermore, it was found that isolating the conductive tip

from the AFM assembly required an insulating sample and tip holder. Employing the help

Figure 2.3: Components used for modified conductive atomic force microscopy assembly.

a) insulating acrylic sample holder displaying copper clip and cut-outs b) placement of

sample within holder c) disassembled cantilever holder d) cantilever holder and wire

attachment e) IV curve of dodecanethiol on gold.
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of the University of Alberta’s Department of Chemistry machine shop an acrylic sample

holder was manufactured, Figure 2.3a. The sample holder design included cut-outs so that

samples of varying thickness could be inserted without damaging the molecular layer of

interest, Figure 2.3b. The cantilever holder purchased from Bruker, contained a teflon

ring to isolate the conductive tip from the AFM housing, Figure 2.3c. Disassembling the

cantilever clip allowed a wire to be inserted to make electrical contact to the tip, Figure 2.3d.

The entire cAFM system was housed in a Faraday cage to reduce electrical noise. Current

voltage measurements of dodecanethiol on gold, Figure 2.3e, were in good agreement with

those measured by Frisbie et al[10]. From this is was determined that the modified cAFM

assembly was working correctly and proceeded to investigate molecular junctions of NAB

on PPF.

2.3.2 Topographic Characterization

Pyrolyzed photoresist film substrates were modified with a 500 µM nitroazobenzene

(NAB) diazonium salt solution containing 0.1 M Bu4NBF4 electrolyte within a three elec-

trode cell by cycling the potential from 200 mV to -800 mV at various sweep rates: 10 mV/s,

50 mV/s, 100 mV/s and 200 mV/s. Cyclic voltammograms (CV) obtained for each sample

displayed a large cathodic reduction peak and chemically irreversible deposition similar to

those described inliterature[36, 37, 24]. The topography of the substrate and film is an im-

portant parameter for the formation of molecular junctions. Films with large topographic

features make it difficult to determine the contact area of the cAFM probe. It is ideal to a

uniform flat surface in which to measure electron transport. Figures 2.4a and 2.4b show 5

µm2 and 1 µm2 tapping mode height images (z-scale: 10 nm) of unmodified PPF substrates,

respectively. Visually there are minimal surface features and the surface is extremely flat

over both the 5 µm2 and 1 µm2 images. This is supported by calculated root mean squared

(RMS) roughness of 0.35 nm over both areas which is in agreement with literature[34]. Fig-

ure 2.4c and 2.4e display surfaces modified by 500 µM NAB diazonium salt deposited at

200 mV/s and 50 mV/s respectively. From this it is evident that the NAB has formed a

uniform layer as minimal topography changes are apparent. Calculating the roughness of

these surfaces over 5 µm2 yielded values similar to bare PPF: 0.35 nm and 0.48 nm for 50

mV/s and 200 mV/s deposition respectively. By having low topographic roughness (< 0.5

nm) within the NAB films, the understanding of contact area between the tip and surface

is greatly simplified.
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Figure 2.4: AFM tapping mode height images of a) 5 µm2 bare PPF, b) 1 µm2 bare
PPF, c) 5 µm2 NAB deposited at 200 mV/s, d) scratched image of c), e) 5 µm2 NAB
deposited at 50 mV/s, f) scratched image of e). Z-scale in all images is 10 nm.

Film thicknesses were determined by scratching a 1 µm2 area and re-imaging over a 5

µm2 area. Control measurements were preformed to ensure forces used to remove the layer

were not enough to damage the underlying PPF substrate (not shown). Figures 2.4d and

2.4f show typical scratched images for 200 mV/s and 50 mV/s. Taking the cross sectional

average over the scratched and intact film yields NAB films of: 2.5 nm, 4.1 nm, 4.5 nm and

6.1 nm for layers deposited at: 200 mV/s, 100 mV/s, 50 mV/s and 10 mV/s respectively.

2.3.3 Effects Governing Electron Transport Through NAB Layers

Conductive atomic force microscopy (cAFM) was used to investigate electron transport

through molecular layers of NAB on PPF. Current voltage (IV) measurements were taken
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Figure 2.5: Current voltage measurement of a 2.5 nm NAB film on PPF at 50 nN and
100 nN applied force.

Figure 2.6: Current voltage measurement of a 4.1 nm NAB film on PPF at various
applied forces.
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Figure 2.7: Current voltage measurement of a 4.5 nm NAB on PPF under various
applied forces. Note the reduced scale for clarity. Inset full scale IV measurement
displaying behaviour at higher forces.

Figure 2.8: Current voltage measurement of a 6.1 nm NAB on PPF under various
applied forces. Note the reduced scale for clarity. Inset full scale IV measurement
displaying behaviour at higher forces.
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in air under ambient conditions for various film thicknesses and under several applied forces

(loads): 50 nN, 100 nN, 200 nN and 500 nN. Measurements were taken by cycling the volt-

age 20 times from -2 V to 2 V at 100 000 mV/s at three locations on each sample. Unless

otherwise stated the curves below are an average of 20 cycles. [Note a respresentative un-

averaged current voltage curve is show in Appendix 6.2] Figure 2.5 shows IV measurements

of a 2.5 nm NAB film on PPF at forces of 50 nN and 100 nN. Considering the 50 nN curve,

it is visible that the IV behaviour is linear over low potentials (± 0.25 V) and deviates non-

ohmicly (non linear) at higher potentials. Similar behaviour is seen in the 100 nN curve,

however deviation occurs at much lower potential. In both cases the low voltage linear

behaviour and deviation to non linear IV response suggests electron tunneling through the

molecular layer[1]. Further, it is clear that under higher loads, the magnitude of tunneling

current increases. At this point it is unclear what the direct cause of this effect is, but can

be considered to be a result of; deformation of the molecular layer, increased contact area

between the tip and the film, and/or reduced tunneling distance as the tip penetrates the

NAB layer.As a result, the determination of current densities (A/cm2) are not straightfor-

ward, as the tip/surface interface under different loads is not yet fully understood. As a

result, Figure 2.5 and all subsequent IV figures are plotted with measured currents and not

current densities.

Similar IV behaviour is seen in Figures 2.6 - 2.8 where thicker (4.1 nm, 4.5 nm, 6.1 nm)

NAB films were measured. Note the scale (± 50 nA) for Figures 2.7 and 2.8 was chosen for

clarity of lower applied forces. The inset in each figure displays the full current scale of each

measurement. It is clear that for each film thickness higher applied forces yield more current

at a given voltage. In an effort to de-convolute the effects of: film deformation, contact area

and reduced tunneling distance each parameter was considered independently. Firstly, it

is considered that film deformation would cause a structural change in the molecular layer

that would alter electron transport. Furthermore, it is assumed that under constant force,

contact area will not change and the resultant structural change would be the same over all

film thicknesses.

This was investigated by considering the 100 nN and 200 nN curves at each film thickness,

Figures 2.9 and 2.10. To understand the effect of structural change on IV behaviour a simple

model for quantum mechanical tunneling current is considered

I = Ioe
−βd (2.1)
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Figure 2.9: Current voltage measurement at constant applied force (100 nN) for various
film thicknesses.

Figure 2.10: Current voltage measurement at constant applied force (200 nN) for various
film thicknesses.
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Figure 2.11: ln(I) against layer thickness at 200 nN and 100 nN. Determination of
attenuation coefficient, β.

Figure 2.12: Typical force/distance curve for withdraw of AFM tip from the surface.
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Figure 2.13: 10.0 kV high resolution SEM images of unused cAFM tips, a) along

cantilever axis, b) rotated approximately 90
o
.

where current, I, is proportional to Io, the current at zero layer thickness (inversely, the con-

tact resistance) and exponentially dependent on the layer thickness, d, and the attenuation

coefficient, β. The attenuation coefficient, is rooted in the electron tunneling mechanism and

the chemical structure of the barrier. Structural changes of the NAB layer under different

applied loads would be evident in β. Figure 2.11 shows ln(I) plotted against film thickness

for 200 nN at 0.25 V and 100 nN at 1.00 V. Note that the voltages chosen were the minimum

values in which non negligible currents were measured. At first approximation it appears

that the β values under each force are different, implying structural change within the layer.

However, McCreery etal. [8], displayed reduction of the attenuation coefficient by measuring

current at higher potentials. As a result, it can be considered that the values obtained for

100 nN and 200 nN are equivalent. Furthermore, from this and previous work investigating

biphenyl and nitrobiphenyl diazonium salts on carbon surfaces [38, 39], the measured β (2.4

nm
−1

) agrees with accepted values. It is apparent from this that the attenuation coefficient,

and thus the electron tunneling mechanism, does not change under applied forces of 100 nN

and 200 nN.

In order to investigate contact area and its effect on tunneling current, two contact

models were considered: Johnson, Kendal and Roberts theory (JKR)[40] and thin-coating

contact mechanics (TCCM)[41]. The applicability of these two theories depend on the forces

governing tip and sample interaction. Fundamentally within any AFM experiment there are

two force regimes that shape the deflection of the cantilever: attractive and repulsive, Figure

2.12. For attractive forces, where JKR theory applies, surface energies, work of adhesion and

the surrounding medium play a significant role in maintaining contact. In contrast, TCCM
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Figure 2.14: Schematic of contact area calculation under the approximation of a

spherical cap. Maximum possible contact area for each film thickness upper right.

theory and the repulsive regime depend on the Young’s modulus and the force applied to

the surface. To determine which model applies to the IV measurements above, the force

of attraction was measured by performing force curve analysis on NAB layers using fresh

cAFM tips. It was found that the attractive force required to maintain contact (20 ± 3 nN)

was much less than the minimum force applied to the surface (50 nN). As a result it was

concluded that all measurements were performed under repulsive forces and thus TCCM

theory was used to determine the contact area.

Briefly, TCCM theory is based on Hertz - like adhesion-less contact mechanics. It can

be shown that the effective contact radius, a can determined by

a =
√
Rd

�
4F̄

π

�1/4

(2.2)

Where R is the radius of the tip, d is film thickness and F̄ is the effective force applied to

the layer as determined by

F̄ =

�
F

EuRd

�
(2.3)

Given F is the force applied to the layer, Eu is the uniaxial strain modulus as determined

by the Young’s modulus, E, and the Poisson ratio, ν,
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Table 2.1: Calculated contact area, A, and layer penetration, ∆d, for various NAB film
thicknesses and applied forces.

Eu =
(1− ν)E

(1 + ν)(1− 2ν)
(2.4)

The Poisson ratio, a measure of a material’s deformation under strain, was approximated

as 0.4, along with a Young’s modulus of E = 7GPa from measurements of aromatic thiols

on gold[42]. cAFM tip radius, R, was determined via scanning electron microscopy (SEM).

Figures 2.13(a) and (b) show high resolution SEM images of an unused cAFM tip along

the cantilever axis and rotated at approximately 90o. The radius was determined to be 35

± 7 nm by approximating the tip to a sphere and determining maximum and minimum

circles that represent the shape of the tip[31]. Using equations 2.2 - 2.4 the contact radius,

a, was calculated and extended to contact area, A, by considering the area of a spherical

cap, Figure 2.14. In addition, with the calculation of a, the distance the tip penetrated the

layer, ∆d, was determined, along with the maximum possible contact area. Table 2.1 shows

the calculated contact areas and penetration depths for each film. Intuitively, higher forces

increase the contact area along with penetration depth. It can be further seen, that under

the TCCM model the effect of force, F̄ , is reduced with increasing film thickness, however

the effective contact area is dominated by the
√
Rd term in equation 2.2. This leads to

increased contact area and penetration depth for larger film thicknesses. As a result, it is

clear that both contact area and reduced tunneling distance, resulting from ∆d, are playing

a role in determining IV behaviour.

To further separate the effect of contact area and tunneling distance, the work by Ru

et al[30] was considered. From their investigation of molecular layers of NAB it was found

that increasing the contact area by 5 times, increased tunneling current linearly by an order

of magnitude. With this, and the results in Table 2.1, it is approximated that changes in
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IV behaviour of one order of magnitude are attributed to differences in contact area. This

however, is somewhat counter intuitive upon considering the exponential dependence on

tunneling distance in equation 2.1 and that only two orders of magnitude are seen in cAFM

IV curves. This is further investigated below.

2.3.4 Molecular Layer Electron Transport Properties

Electron transport through molecular layers can be considered to be fundamentally dif-

ferent from other systems in that tunneling occurs through molecular bonds as opposed to

tunneling through space. Under this assumption, the bond structure of the layer plays a

significant role in electron transport. It is well known that within molecular systems there

exists a highest occupied molecular orbital (HOMO) and a lowest unoccupied molecular

orbital (LUMO). Within molecular electronics it is believed that electrons and holes, are

transported through the LUMO and HUMO respectively, and that the barrier to transport

is influenced by the energies of these levels[8]. It was discussed earlier that the attenuation

coefficient, β, is dependent on the structure of the molecular layer and was found to be

constant over varying film thickness. This suggests that as the molecular layer grows the

physical structure does not change, in that bonding occurs in the same fashion throughout

the layer. As a result the changes in IV behaviour, though dependent on contact area and

tunneling distance, can be investigated by considering other factors such as: the dielectric

constant ε, the electron transport barrier, φo, and the electron mobility or effective electron

mass, me.

To understand how these variables change under various forces and film thicknesses,

IV measurements were fitted (least-squares) with an adapted Simmons model. [Full model

shown in Appendix 6.1] Fits were initiated by using values of similar systems from McCreery

et al[8] over a potential of -0.5 V to 0.5 V. Figure 2.15a shows ln |I| as function of potential

for film thicknesses of 4.1 nm, 4.5 nm and 6.1 nm at a force of 200 nN, along with their

corresponding fits (solid line). Similarly, Figure 2.15b displays ln |I| measurements ranging

from 100nN - 500 nN measurements for a constant film thickness of 4.1 nm. Table 2.2 shows

that the dielectric constant increases with film thickness and both effective electron mass

and barrier height are reduced agreeing with the tends seen in larger molecular junctions

by McCreery et al[8]. Furthermore, values of effective electron masses as determined by

the Simmons model are similar to those found in similar conjugated molecular systems (me

= 0.16) [43]. Upon considering the results in Table 2.2 it is not intuitive why the barrier
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Figure 2.15: ln(I) voltage measurements (open circles) of NAB films with Simmons
model fit (solid line) a) constant force (200 nN) and b) constant film thickness (4.1 nm).

Table 2.2: Values for dielectric constant, ε, effective electron mass, me, and electron
transport barrier, φo, of NAB films at constant force (200 nN) as determined by the
Simmons model.

Table 2.3: Values for dielectric constant, ε, effective electron mass, me, and electron
transport barrier, φo, for 4.1 nm NAB film as determined by the Simmons model.
Corrected effective electron mass in parenthesis.
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height is reduced at higher film thicknesses. This however, can be explained by considering

the energies of the frontier orbitals (HOMO and LUMO) as the molecular layer increases.

McCreery et al found that as the layer grows electrons become more delocalized over the

junction and HOMO and LUMO energies approach the Fermi level (work function) of the

electrodes. As a result the barrier for electron (and hole) transport is reduced as the film

thickness increases. Furthermore, the delocalization of electrons within the layer yield an

increase in electron mobility (reduced electron mass) seen in thicker layers. Upon considering

Table 2.3, the effect of force on electron transport properties is less clear. Under these

conditions, the changes observed cannot be attributed to changes in electron delocalization

or increase frontier orbital energy, since at constant film thickness these values should remain

unchanged. This behaviour must be attributed to the manner in which the top electrode

(cAFM tip) makes contact with the layer. The dielectric constant within these measurements

appear to remain fairly constant under all forces, where as the effective electron mass appears

to be reduced. It is unclear from Table 2.3 what effect force has on φo as no trend is

apparent. As discussed earlier, it was found that under higher applied loads, contact area and

penetration distances increase. Correcting for the reduced tunneling distance (penetration

depth, Table 2.1) within the Simmons model profoundly reduced electron mobility in all

cases while only altering φo and ε, by a maximum of 3% and <1% respectively. It is

evident from the unchanged values of, � and φo, that orbital energies of the layer remain

constant under corrections for penetration depth. However, the cause of the increase in

effective electron mass is unclear since the above suggests that electron delocalization does

not remain constant throughout the layer.

The properties determined via the Simmons Model provide a further insight into how

electrons and holes are transported through NAB molecular layers. It has been found that

there are several non independent properties that play a significant role in determining

IV behaviour. The increased electron mobility and reduced barrier height of thicker films

shed light on the less than expected dependence on tunneling distance as noted above.

Furthermore it appears that dielectric constants remain unchanged over various applied

forces, however, the effect on effective electron mass and barrier height is unclear due to the

changes in contact area and tunneling distance.
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Figure 2.16: 10.0 kV high resolution SEM image of used cAFM tips, showing damage
resulting from current voltage measurements.

2.3.5 Junction Stability

Within electronic devices, stability over operational conditions is of utmost importance.

Extending this, molecular electronics and the use of organic molecules calls into question the

stability and the rigidity of the molecular layer within these devices. Within most micro-

electronic junctions, electrode interfaces are fixed and difficult to characterize. Conductive

atomic force microscopy on the other hand, has a unique capability in that the top elec-

trode is mobile. As a result the surface as well as the cAFM tip can be imaged after IV

experiments to investigate device components before and after measurement.

With regards to the stability of NAB on PPF, it was found that in some cases after

IV measurements electrical contact between the molecular layer and cAFM was lost. To

investigate this using the cAFM tip several NAB surfaces were imaged in tapping mode

after IV measurements. In most cases clear topographic images could not be obtained.

Furthermore, moving the tip to a new location (several µm away) electrical contact still

could not be made. As a result, it was considered that the cAFM tip was damaged and

unable to accurately image the surface or make electrical contact. To evaluate this, used

cAFM tips were imaged using high resolution SEM, Figure 2.16. Comparing Figure 2.13

to Figure 2.13 it becomes apparent that after IV measurements the cAFM tips have been

altered drastically.

It is well known that the motion of charge carriers in a material causes Joule heating.

The extent of this heating and the resulting temperature change is dependent on the re-

sistivity, current density and the material’s ability to dissipate heat. For bulk conductors
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with low resistivities the maximum current density before the melting point is reached is

approximately 104 A/cm2 [44]. Microelectronics however, involve thin metal films in ther-

mal contact with semi-conducting materials (silicon, silicon oxide, silicon nitride etc.) which

dissipate heat allowing current densities to reach 105 - 106 A/cm2 [44]. Due to the very

small contact area within cAFM, low amounts of current generate high current densities.

Approximating contact area to 100 nm2 and current to 500 nA (100 nN curve Figure 2.6)

the current density is calculated to 5 x 105 A/cm2 within IV measurements of NAB. As-

suming that the gold on the cAFM tip acts similarly to other thin metal films on silicon

based devices, it is evident that the current densities are approaching the limits set by Joule

heating. From this and Figure 2.16, it is not unreasonable to believe that the gold on the

cAFM tip is melting causing the molecular junction to fail. This however, does not provide

information about the stability of the layer under these conditions. McCreery etal [25] have

shown NAB junction stability at temperatures of 300o C for 30 minutes but these are far

less than the temperatures required to melt gold (>1000o C). Furthermore under the forces

investigated it is possible that tip failure is due to mechanical damage. As a result further

investigation into the stability of NAB within the molecular junction is required.

2.3.6 Conclusion

Electron transport through NAB films on carbon surfaces was investigated by conductive

atomic force microscopy. The effect of applied load and film thickness on IV behaviour was

studied by considering changes in molecular structure as well as contact area and penetration

depth of the cAFM tip. It was found that the NAB structure was constant throughout all

measurements, and that increased contact area and reduced tunneling distance played a

significant role in conductivity. Furthermore, IV measurements were fit to an adapted

Simmons model to determine the properties of the molecular layer in relation to electron

transport. It was determined that the trends of increasing dielectric constant, and reduced

electron mobility and electron transport barriers at higher film thicknesses were in agreement

with McCreery and coworkers implying that electron transport is scaleable between 10s to

millions of molecules. Exploring the stability of the molecular junction determined that

current densities within these systems are sufficient to irreversibly damage the cAFM tips

used.
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3 Diazonium Surface Modification and Characterization

3.1 Introduction

Understanding and developing the field of molecular electronics has hinged on the ability

to modify surfaces in a controllable fashion. With the implementation of tools such as scan-

ning tunneling microscopy and atomic force microscopy the ability to accurately visualize

and characterize surfaces has vastly improved over the later part of the 20th century. First

published in 1983 by Nuzzo and Allara[1], self-assembled alkanethiols on gold have been at

the forefront of the modification of noble metal surfaces. Due to their ease of use and con-

trollable functionality self-assembled alkanethiols have been prominent in micro fabrication,

molecular electronics, surface wettablity, biomedical systems and molecular recognition[2].

The ability for these molecules to form dense, well-ordered monolayers arises from the na-

ture of the gold-sulfur bond. At ∼50 kcal mol−1[2] the sulfur-gold bond is much stronger

than van der Waals forces seen in physisorbed species, but maintains a lability essential for

reordering as surface density changes. It is the strength of this gold sulfur bond that has

made alkanethiols widely applied but, it too is the source of thermal and electrochemical

instability. With a narrow electrochemical window[3] and minimal temperature stability[4]

alkanethiols have limited application in current electronics given high operating potentials

and temperatures reaching ∼400K[5]. It is within this framework that robust and experi-

mentally simple surface modification is pursued.

First reported by Pinson in 1992 [6], the use of diazonium salts to electrochemically

Figure 3.1: Proposed mechanism of NAB layer deposition. NAB diazonium salt is
reduced to form a radical intermediate which bonds to the electrode surface capable of
multilayer formation
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modify surfaces has recently become of great interest[7, 8, 9, 10, 11]. Since Pinson’s initial

work, investigating nitrobenzene diazonium derived aryl layers on carbon, the field has ex-

panded to encompass a multitude of functional groups for protein binding [12] and photonic

crystal formation [13] as well as a variety surfaces including gold, copper, platinum[14] and

silicon [15]. Further, the stability of these aryl layers has been shown to out-perform self-

assembled alkanethiols under thermal treatment[16], potential cycling in sulfuric acid [17]

and ultrasonication[11], while being stable for months under ambient laboratory conditions[6].

Chemists ability to tailor diazonium salts has lead to widespread applications ranging from

fuel cells[18] to biological sensors[19, 20].

The formation of diazonium derived layers on conductive surfaces has been shown to

occur both spontaneously[21], and electrochemically. It is believed in both processes de-

position occurs via the reduction of a diazonium cation producing a radical intermediate.

This intermediate then irreversibly binds to the surface due to the close proximity at which

reduction occurred. Figure 3.1 presents the mechanism in which diazonium surface modifi-

cation occurs. Through this process it has been shown that the resulting film is covalently

bound to gold and carbon electrode surfaces [8, 22]. Further, researchers have shown it

possible to control layer thickness under appropriate conditions [23, 24].

An important step in any surface modification is understanding what occurs at the inter-

face between the surface and the solution. Within electrochemistry, deposition of molecules

occurs through two distinct pathways: adsorption controlled or diffusion controlled, Figure

3.2. Within the latter regime, electron transfer occurs as molecules move from bulk solution

to the electrode surface under the influence of a concneration difference. Electrochemical

Figure 3.2: Schematic depiction of the concentration difference between a) adsoption
controlled and b) diffusion controlled deposition. Grey circles represent molecules which
participate in electron transfer. Dashed line is included for visual aid.
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reduction decreases concetraion at the surface, causing molecules to diffuse from the bulk

solution towards the electrode. On the other hand, during adsorption controlled deposition,

a high concentration (higher than bulk solution) of molecules forms at or near the electrode

surface which are susequently reduced. The rates in which electron transfer occurs for these

processes are distinct and yield currents that can be used to understand the mechanism of

layer formation.

The work presented in this chapter investigates the nature in which diazonium salt

forms molecular layers on gold. Molecular layers of nitroazobenzene (NAB) were formed via

cyclic voltametry at various sweep rates and concentrations. Successful deposition of NAB

was characterized spectroscopically with Infrared Reflection Absorption Spectroscopy (IR-

RAS) and X-ray Photoelectron Spectroscopy (XPS). Film thickness and extent of multilayer

growth was determined through Atomic Force Microscopy (AFM).

3.2 Experimental

3.2.1 Substrate Preparation

Glass microscope slides (Fisher Scientific) were cleaned using a hot piranha solution of

1:3 H2O2: H2SO4 for 10 minutes. After cleaning, the slides were rinsed thoroughly under

deionized (18 M�) water, blown dry with Ar(g), and placed into the thermal evaporating

system (Torr International Inc.). Metal films of 5 nm chromium and 300 nm gold were

deposited onto the slides at 4 x 10−6 mbar. Following this the substrates were stored under

house vacuum until use. [Warning: Piranha solution should be handled with extreme care;

it is a strong oxidant and reacts violently with many organic materials. It also presents an

explosion danger. All work should be performed under a fume hood.]

3.2.2 Diazonium Synthesis and Surface Modification

Following a modified procedure of Starkey et al[25], nitroazobenzene (NAB) diazonium

salt was synthesized from 2.5 g of Disperse Orange 3 (Sigma-Aldrich) precursor. Disperse

Orange 3 was partially dissolved in 30 mL of fluroboric acid (Fisher Chemicals) at 0°C under

constant stirring. A chilled solution of 5 g of sodium nitrite (ACP Montreal) in 100 mL

of deionized (18 M�) water was added drop-wise over 30 minutes until the reaction was

complete. The product was then vacuum filtered using a glass frit and redissolved in cold

HPLC grade acetonitrile (Fisher Chemicals). The NAB diazonium salt was recrystallized
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by slowly adding chilled ether (Fisher Chemicals) and allowing crystals to form at the so-

lution surface. Following this, the product was vacuum filtered and the filtrate underwent

further recrystallization. Once the yield of NAB diazonium salt was sufficient the product

was allowed to dry and stored over desiccant at -20°C until needed. Prior to surface modifi-

cation gold substrates were cleaned in a 1:3 H2O2: H2SO4 hot piranha solution. Following

this, substrates were thoroughly rinsed with deionized (18 M�) water, dried with Ar(g) and

placed in a three electrode cell with de-aerated NAB diazonium salt solution containing 0.1

M Bu4NBF4 (Sigma-Aldrich). NAB was deposited electrochemically using a Pine Biopo-

tentiostat model AFCPI controlled by Aftermath software (version 1.2.4532) by cycling the

potential from 200 mV to -1000 mV at various rates 10 mV/s, 50 mV/s, 100 mV/s and 200

mV/s against a Ag/AgNO3 reference electrode and platinum mesh counter electrode.

3.2.3 Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) measurements were made using a

Matson Infinity FT-IR spectrometer equipped with a mercury-cadmium-tellurium detector

cooled to 77K with liquid N2 and set to a glancing angle of 80° . Spectra were collected over

1000 scans to a resolution of 2 cm−1. Background spectra were collected using deuterated

octadecanethiol monolayers on gold. Between spectra collection the instrument was purged

with N2(g) for 8 minutes. Spectra were analyzed using Essential FT-IR software.

3.2.4 X-Ray Photoelectron Spectroscopy

Modified gold surfaces were studied by XPS using a AXIS Ultra spectrometer (Kratos

Analytical) at the Alberta Centre for Surface Engineering and Sciences (ACSES). Samples

were measured at a base pressure below 10−7 Pa using a monochromated Al Kα source (hν

= 1486.7 eV). Survey spectra were taken from 1000 eV to 0 eV binding energy using analyzer

pass energy of 160 eV at a resolution of 0.3 eV. High resolution spectra of the N1s region

were taken with pass energy of 20 eV and resolution of 0.1 eV.

3.2.5 Atomic Force Microscopy Imaging and Film Thickness Measurements

AFM imaging and film thickness measurements were performed using a Nanoscope IIIa

MultimodeTM (Digital Instruments). Measurements were taken under ambient conditions

using rectangular Si cantilevers with reflective Al coating (Olympus). The force constant

and oscillating frequency of the probes were 40 N/m and 300 ± 10 kHz respectively. Film
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thickness measurements were preformed by “scratching” a 1 µm2 area at high force in contact

mode. The area was re-imaged, at 5 µm2, in tapping mode and the cross sectional average

was taken. Control “scratches” were preformed on bare substrates to ensure forces were not

sufficient to damage the substrate.

3.3 Results and Discussion

3.3.1 Deposition and Spectroscopic Characterization of Nitroazobenzene Dia-

zonium salt on gold

Gold substrates were modified with 1 mM nitroazobenzene (NAB) diazonium salt solu-

tion using a three electrode cell in the presence of 0.1 M Bu4NBF4 electrolyte by cycling

the potential from 200 mV to -1000 mV against a Ag/Ag+ reference electrode. Infrared

reflection absorption spectroscopy (IRRAS) and X-ray photoelectron spectroscopy (XPS)

measurements were performed on modified gold slide electrodes to qualitatively confirm suc-

cessful deposition of NAB. Figure 3.3 displays a typical cyclic voltammogram (CV) for 1 mM

NAB deposition. It can be seen that as the potential is swept, a large cathodic peak appears

due to the reduction of NAB at the gold electrode. Further, the lack of an oxidation peak

Figure 3.3: Cyclic voltammograms of 1 mM NAB diazonium salt solution deposited at
10 mV/s on gold
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Figure 3.4: Infrared Reflection Absorption spectrum of a NAB layer deposited from 1
mM solution at 10 mV/s on gold

Figure 3.5: X-ray Photoelectron spectrum of the N1s region of a NAB layer deposited
form 1 mM solution at 10 mV/s.
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seen in the CV confirms the chemically irreversible nature of diazonium salt reduction[26].

Note that the “wobble” seen in the CV is a bit limiting artifact from the current setting on

the potentiostat and does not affect layer deposition.

Figure 3.4 presents an IRRAS spectrum of NAB modifed gold surfaces. The spectrum

is dominated by the vibrational modes stemming from the nitro group and aromatic rings

of the NAB molecule. The peaks seen at 1347 cm−1 and 1525 cm−1, have been assigned

to the symmetric (νsNO2) and asymmetric (νaNO2) NO2 stretches respectively, and are

consistent with Shewchuk et al [27]. As well, peaks arising from benzene ring stretching

are evident at 1597 cm−1 and as a shoulder to the 1525 cm−1 asymmetric NO2 stretch at

approximately 1507 cm−1 [28]. Furthermore, phenyl-NO2 and phenyl-NN stretches are seen

at 1111 cm−1 and 1141 cm−1 respectively. Finally, small peaks at 1457 cm−1 and 1403 cm−1

are characterized as N=N and N=N-ring stretching modes respectively. The combination

of these peaks strongly suggests the presence of NAB on the surface. To further confirm

surface modification XPS measurements of of the N1s region was performed, Figure 3.5.

The N1s region was chosen due to the different binding energies for nitrogen in azo and

nitro components of NAB. Figure 3.5 displays two peaks and the presence of two distinct

bonding environments for nitrogen. The peak seen at 405.7 eV is resultant from NO2, where

the larger peak at 400.0 eV is due to N=N [29]. From the characteristic peaks seen in the

IRRAS and XPS spectra it was determined that gold surfaces were succesfully modifed with

NAB diazonium salt and proceeded to investigate the effects of sweep rate and concentration

NAB despoition and layer growth.

3.3.2 Investigation of Nitroazobenzene Diazonium Salt Deposition on gold

Gold substrates were modified with nitroazobenzene (NAB) diazonium salt using a three

electrode cell at various concentrations: 1 mM, 500 µM, 200 µM and 100 µM in the presence

of 0.1 M Bu4NBF4 electrolyte by cycling the potential from 200 mV to -1000 mV against a

Ag/Ag+ reference electrode. At each concentration, NAB was grafted to the gold surface

by sweeping the potential at rate of 10 mV/s, 50 mV/s, 100 mV/s and 200 mV/s. Figure 3.6

shows cyclic voltammograms (CV) for NAB diazonium salt deposited at 50 mV/s. Similarly

to Figure 3.3, a large cathodic peak is seen due to the reduction of NAB at the gold electrode.

Note again that the “wobble” seen in the CVs for lower concentrations is a bit limiting artifact

from the current setting on the potentiostat and does not affect layer deposition. It is clear

from Figure 3.6 that higher concentrations of NAB diazonium salt produce larger reduction
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Figure 3.6: 50 mV/s cyclic voltammogram of NAB diazonium salt solution at various
concentrations on gold

peak currents.

To understand how NAB is reduced at the electrode surface, two situations are consid-

ered: solution bound NAB diazonium salt under diffusion control and adsorbed diazonium

salt. For diffusion controlled systems, assuming that the reduction of NAB at the surface

follows irreversible Nernstian boundary conditions and is a one electron reaction, the peak

current, ip, is given by[26]:

ip = FAC∗
oD

∗
oν

1/2

�
αF

RT

�1/2

π1/2χ(bt) (3.1)

Where, F is the Faraday constant, A is the area, D∗
o is the diffusion coefficient, C∗

o is the

bulk concentration,ν is the sweep rate, R is the resistance, T is the absolute temperature,

α is the transfer coefficient and χ(bt) is a tabulated value of a function determining the

normalized charge transfer for irreversible systems. For our purposes ip can be reduced to

ip = Bν1/2 (3.2)

where

54



Figure 3.7: Cyclic voltammograms of 1 mM NAB diazonium salt solution deposited at
various sweep rates on gold.

Figure 3.8: log(ip) log(ν) plot of NAB deposition at various concentrations. Inset shows
the slopes determined for each concentration.

55



B = FAC∗
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�
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RT

�
π1/2χ(bt)

From equation 3.2 it is seen that the peak current is proportional to the square root of the

sweep rate for diffusion controlled deposition. For species that are adsorbed to the surface

and follow a Nernstian reaction the peak current is determined by:

ip =
n2F 2

4RT
νAΓ∗o (3.3)

where n is the number of electrons and Γ∗
o is the surface species excess at equilibrium.

Similarly this is reduced to

ip = Gν (3.4)

where

G =
n2F 2

4RT
AΓ∗o

Equation 3.4 shows the peak current for surface adsorbed species is directly proportional

to the sweep rate, this differs distinctly from Equation 3.2 for diffusion controlled systems.

To probe which regime controls deposition of NAB, surfaces were modified under different

sweep rates, ν, and concentrations. Figure 3.7 shows CVs for 1 mM solution of NAB

diazonium salt at various sweep rates. It can be seen that peak potential, Ep, increases

(negatively) with sweep rate. This is characteristic of a quasi-reversible redox system[26].

From equations 3.2 and 3.4 plotting log(ip) vs. log(ν) and determining the slope will

provide information on which regime controls NAB deposition. For purely adsorption con-

trolled systems it is expected that the log(ip) will be directly proportional to log(ν) yeilding

slope = 1. On the other hand the squareroot dependence within diffusion controlled sys-

tems will produce slope = 0.5. Figure 3.8 shows log(ip) vs log(ν) for 1mM, 500 µM,

200 µM and 100 µM and their respective slopes, inset. From this it is clear that higher

concentrations yield slopes between 0.5 and 1 implying that peak current is determined by

both adsorbed and diffusing NAB diazonium cations. At lower concentrations the slopes

of the log(ip) vs. log(ν) are approximatly 0.5 indicating that current results mainly from

diffusing NAB diazonium cations. This result is counter intuitive due to the relationship

between diffusion current and concentration. From Equation 3.1 it is evident that ip is de-
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Figure 3.9: Proposed pathways for diazonium adsorption. Pathway 1) direct

chemisorption from solution with rate constant kch. Pathway 2) equilibrium between

physisorption and desorption as determined by rate constants, ka and kd, followed by

chemisorption

pendent on bulk concentration, C∗
o , and thus diffusion should dominate deposition at higher

concentrations. However, the results of Figure 3.8 can be explained upon considering the

work by Jayasundara et al[21]who found that Langmuir reversible adsorption best describes

deposition of diazonium salts on gold. From Jayasundara et al [21] spontaneous adsorption

of nitrobenzene diazonium salt can follow one of two pathways, shown in Figure 3.9. Within

this, molecules close to the electrode, Msurface can interact with the surface by chemically

bonding or by adsorbing through van der Waals forces, MAdsorb.

In both cases the surface coverage, θ, is understood through the Langmuir Equation,

equation 3.5, where it is assumed that all adsorption sites are equivalent, adsorbates are

immobile and do not interact and that the surface is unchanged and homogeneous.

k =
θ

C · (1− θ)
(3.5)

Following pathway one, the diazonium is directly reduced to the electrode surface and

coverage is dependent on the chemisorption rate constant, kch, and the concentration C.

Under these conditions it is simple to determine the change in coverage over time

dθ

dt
= kch(1− θ) · C (3.6)

Integrating with respect to time
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θ(t) = 1− e−Ctkch (3.7)

Following this mechanism the diazonium would be irreversibly reduced at the surface and

electron transfer would be complete with no intermediate steps. If this pathway were taken

the chemisorbed molecules would no longer be available for reduction and would not generate

any current during cyclic voltametry. Under the second pathway molecules adsorb to the

surface but are not immediately reduced. The change in coverage over time is given by:

dθ

dt
= ka(1− θ) · C − kdθ

Under these conditions there are two possible routes; desorption or reduction to the surface.

If it is assumed that the rate of reduction is much faster than that of desorption, kch � kd,

the net effect would be determined by the rate of adsorption and the above equation would

be reduced to equation 3.6. However, if the rate of reduction is such that kch � kd then the

above equation is valid, as an equilibrium between adsorption and desorption would occur.

Integrating the above equation yields:

θ(t) = A[1− e−kobst] (3.8)

Where A = ka · C/(1 + kd/ka · C) and kobs, the observed rate constant, is given by kobs =

ka · C + kd. By monitoring monolayer formation using quartz crystal microbalance (QCM)

Jayasundara etal [21] found that equation 3.8 best described the adsorption of nitrobenzene

to the gold surface. Further, it was seen that for concentrations above 100 µM, monolayer

formation is very rapid, occurring on the order of seconds. Relating this to the deposition

of NAB, at higher concentrations adsorption is very rapid and the change in ip is inpart

determined by adsorbed NAB species. For lower concentrations adsorption does occur but

at much slower rates resulting in ip being controlled by diffusion. From Figure 3.8 it it can

be seen, that at higher concentrations the deposition does not result from purely adsorbed

NAB (slope �= 1). The peak current in this case is dependent on both adsorbed and

diffusing of NAB diazonium cations. From Jayasundara et al and the results in Figure 3.8

it is apprarent that adsorption of NAB diazonium to the surface do not play a significant

role in peak current for concentraitons below 500 µM.
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3.3.3 Analysis of Multilayer Formation of NAB Layers.

The topography and thickness of aryl layers deposited at different concentrations and

sweep rates were obtained by atomic force microscopy (AFM). To compare the unmodifed

gold surface and NAB modified surfaces, initial images of unmodifed substrates were taken,

Figure 3.10a. The thermally evaporated gold electrode is rough and composed of small gold

crystallites. In comparing this to the modified surface, Figure 3.10c it is evident that there

is little noticeable difference between the modified and unmodified topography. It appears

that the topography of NAB on the surface is templated by the underlying gold structure.

To determine film thickness, AFM “scratching” measurements were made on modified

gold electrodes. AFM scratching has been shown to be an accurate way to measure organic

film thicknesses [30, 31, 32]. This method involves repeatedly rastering the AFM tip over

and area with forces sufficient to remove the adsorbed aryl layer but not enough to damage

the substrate below. The affected area is re-imaged over a larger area with tapping mode

AFM. From these images, a cross sectional profile across the bare substrate and the intact

film provides information on layer thickness and the multilayered nature of NAB.

Film thickness measurements were made by scratching a 1 µm2 area and re-imaging over

5 µm2. To ensure that the forces used to remove the aryl layer were not great enough to

damage the underlying gold substrate, bare electrodes were scratched at high forces and re-

imaged. Figure 3.10b shows a bare gold electrode that was scratched at forces sufficient to

remove NAB from the surface. From this there is no clear modification or height difference

between the scratched area (centre) and the surrounding intact substrate. Figure 3.10d

presents an image of the displaced film shown in Figure 3.10c displaying a clear distinction

between the substrate and the undamaged NAB layer. Taking the cross sectional average

over the 5 µm2 image and 1 µm2 scratched area provides the height of the of the deposited

NAB film. Figure 3.11 displays the measured film thickness of various samples. Note that

error bars were removed for clarity. Film thickness values along with standard deviation are

displayed in Table 3.1.

From Figure 3.11 the effect of concentration and sweep rate on film thickness is evident.

Intuitively more concentrated solutions yield thicker films and vice versa. Further, faster

sweep rates produce thinner films than slower rates, even though the peak current observed

in cyclic voltammograms for 200 mV/s is much greater than that for 10 mV/s (Figure 3.7).

This is explained by the fact that slower sweep rates naturally take longer and as a result the
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Figure 3.10: 5 µm2 AFM tapping mode images a) bare gold substrate b) scratched gold
substrate c) 500 µM NAB layer deposited at 10 mV/s on gold d) scratched 500 µM NAB
layer deposited at 10 mV/s on gold. The z-scale for all images is 20 nm

Figure 3.11: Film thicknesses as determined by AFM scratching measurements.
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Table 3.1: Film thicknesses as determined by AFM scratching measurements. Errors
reported are the standard deviations of the cross sectional average of NAB films.

reduction potential is maintained for a greater period of time. The film grows thicker over

the prolonged time the reduction potential was applied. Upon further analysis of Figure

3.11 there is a distinct separation between concentrations above and below 500 µM. This

finding further supports the different mechanisms of NAB deposition described to in section

2.3.1.

To determine the nature of layer growth, film thicknesses were compared to the size

of individual NAB molecules. Figure 3.12a shows the height of a NAB molecule bound

perpendicularly to a surface at 1.43 nm [30]. The orientation in which subsequent molecules

deposit is not strictly understood and possible bonding configurations are shown in Figure

3.12b. Within this scheme there is no clear distinction between layers. As a result a

monolayer of NAB is considered to be 1.43 nm thick, and multilayers are approximated

as multiples of this, thus 2 layers of NAB is 2.86 nm thick and so on. Table 3.1 shows

film thicknesses of samples deposited under various conditions along with the number of

layers within the film. The errors stated were determined by taking the standard deviation

across the intact region of the cross sectional average. It should be noted that this error is

highly dependent on the structure and irregularity of the gold substrate and differs between

samples. From this table it is evident that by adjusting the concentration and sweep rate of

deposition, multilayer growth can be controlled. Furthermore, multilayer growth does not

appear to follow 1.43 nm regularity indicating a less ordered layer growth as illustrated in

Figure 3.12B.

3.4 Conclusion

This work has shown successful modification of gold electrodes by electrochemically

reducing NAB. The manner in which these films grow was investigated by comparing ad-
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sorption and diffusion controlled deposition regimes. It was found that film growth at

concentrations above 500 µM is strongly influenced by adsorbed species where for concen-

trations below 500 µM growth is controlled by diffusion of molecules from bulk solution

to the electrode surface. The thickness of the films were determined by AFM scratching

techniques and seen to be highly dependent on sweep rate and concentration. The structure

and multilayer nature of these films were determined to be irregular and unordered.
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4 Electron Transport Through Mixed-Mode Bonded Lay-

ers on Gold

4.1 Introduction

Current electronic devices can operate under high temperature, pressure and voltage ranges[1,

2]. Within these systems, silicon-based semiconductors posses a rigid framework which pro-

vides stability over a variety of operational conditions. Organic layers however, are well

known to be dynamic systems and have been shown to be highly dependent on; tempera-

ture, pressure and surface material[3, 4, 5]. As a result in order to adapt molecular junctions

to coventional electronics, it is important to explore electron transport within a range of

conditions1.

Over the last several decades, with the development of techniques such as; surface en-

hance Ramam spectroscopy (SERS), scanning electron microscopy (SEM) and atomic force

microscopy (AFM), scientists have been able to thoroughly investigate and characterize a

countless number of surfaces. As a result, molecular surface modification has grown to

become an extremely rich field, ranging from sophisticated reaction pathways within pho-

tovoltaics to much simpler self-assembled systems[6]. Within the latter, there have been

numerous studies involving organosilanes, alkanethiols and aryl diazonium layers; which

graft either spontaneously or under the influence of light, potential bias or heat[6]. Many of

these systems have significant roles in device fabrication[7], bioassays[5], and nano-structure

formation [8].

Since their introduction by Nuzzo in 1983 [9], thiol based self-assembled monolayers

(SAMs) on gold have been at the forefront of organic surface modification. The growth

in popularity of SAMs over the last 30 years can be attributed to both the simple depo-

sition procedure as well as the wide variety of ligands and functional groups that can be

synthesized. Within this, alkanethiols have recieved the majority of interest due to their

ability to form dense well ordered monolayers. As a result, alkanethiols have been thor-

oughly characterized on a variety of surfaces (gold, copper, silver, etc.) and under various

environmental conditions (temperature, redox species, etc)[8, 5]. Furthermore, Frisbie et al.

have extensively studied alkanethiols within molecular junctions via conductive atomic force

1A portion of this chapter has been submitted for publication as Shewchuck, D. M., Reid, M. S., McDer-
mott, M. T. "Mixed-Mode Bonded Layers on Gold: Characterization of Mixed Layers of Diazonium Derived
Aryl Molecules and Alkanethiolates" Langmuir, submitted.
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microscopy (cAFM), finding that electron transport is greatly influenced by chain length

and contact force[3, 10, 11]. (Note that all future reference to self assembled monolayers,

SAMs, refer to alkanethiols on gold).

As discussed in previous chapters, diazonium salts offer an interesting pathway for surface

modification. First reported by Pinson et al., diazonium salts have grown in popularity and

shown to produce stable molecular layers both spontaneously[12, 13] and electrochemically[14,

15, 16]. Furthermore, unlike monolayer formation within SAMs, radical formation during de-

position can produce film coverages ranging from submonolayer[17, 18] to several hundred

nanometers[19]. McCreery et al. have developed large scale diazonium derived molecular

junctions that are stable over millions of cycles and a wide range of temperatures[20]. Work

extensively characterizing electron transport through diazonium layers however, has been

limited to carbon and copper, due to penetration of metallic atoms into the organic layer

during vapour deposition[21]. As a result, it is unclear how contact material influences

charge transport.

Another approach extends organic surface modification to incorporate mixed molecular

layers and it can be considered to serve two distinct goals; to create a film with properties

that fit a desired application or to isolate a region/molecule of interest on the surface.

The monolayer formation within SAMs naturally allows for distinction between molecular

species within the mixed layer resulting from different chain lengths, Figure 4.1a. As a result,

formation of mixed alkanethiol layers has been extensively shown through patterning[22, 23,

24] and coadsorption[25]. Mixed molecular layers solely derived from diazonium salts, on

the other hand have proven to be much more difficult to characterize due to the radical,

unselective formation of multilayers, Figure 4.1b. Downard et al. have recently displayed

Figure 4.1: Schematic representation of the difference between mixed organic layers a)
mixed alkanethiols, b) diazonium derived
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binary diazonium layers created by back filling scratched diazonium layers[26] and two step

grafting processes[27].

Molecular layers on gold; will not only provide insight into the effect of contact material

on electron transport but also yield a unique opportunity to investigate mixed molecular

layers composed of both covalently bound diazonium species and alkanethiols. The work

presented in this chapter seeks to characterize these systems and understand how electron

transport is affected. Organic films of nitroazobenzene (NAB) were deposited electrochemi-

cally by cyclic voltamitry on gold electrodes. Template stripped (TS) gold surfaces were used

to aid in the study of surface topography and electron transport due to large crystallite size

and low surface roughness. Mixed layers of NAB and dodecanethiol (DDT) were created by

incubating NAB modified surfaces overnight in thiol solution. Surfaces were characterized

by infrared reflection absorption spectroscopy (IRRAS), atomic force microscopy (AFM)

and scanning electron microscopy (SEM). Current voltage IV) behaviour of both pure and

mixed layers was studied by conductive atomic force microscopy (cAFM). Furthermore the

influence of film thickness and diazonium surface coverage on electron transport was in-

vestigated. The Simmons model was used to determine fundamental electron transport

properties within the organic layer.

4.2 Experimental

4.2.1 Template Stripped Gold

Following the Blackstock et al procedure[28], (Figure 4.2) silicon wafers were cleaned

using a hot piranha solution of 1:3 H2O2 : H2SO4 for 10 minutes. After cleaning, wafers

were thoroughly rinsing with deionized (18 M�) water and dried with Ar(g). Wafers were

then placed in the thermal evaporating system (Torr International Inc.) where 300 nm of

gold was deposited under 4 x 10−6 mbar pressure. Mounting substrates ( 1 cm square silicon

wafer) were bonded to the exposed Au surface with EPO-TEK 377 (Epoxy Technologies,

MA) epoxy and baked at 150 °C for 1 h until cured. Template stripped (TS) gold substrates

were stored under house vacuum and removed from the silicon wafer as needed.

Figure 4.2: Simplified view of the template stripped process where grey: clean silicon
wafer, yellow: gold, black: mounting substrate
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4.2.2 Conductive Atomic Force Microscopy Tip Fabrication

Contact mode silicon nitride atomic force microscopy (AFM) tips (Nanoprobe TM ) were

cleaved from the wafer and and placed into a thermal evaporating system (Torr International

Inc.). Tips were metallized under 4 x 10−6 mbar pressure by depositing 3 nm of chromium

followed by 45 nm of gold onto the cantilever surface. Gold modified conductive atomic force

microscopy (cAFM) tips were stored in atmospheric conditions and used within a week of

modification.

4.2.3 Surface Modification

Nitroazobenzene (NAB) diazonium salts were synthesized as described earlier in Sec-

tion 2.2.2. Gold substrates for infrared reflection absorption spectroscopy were prepared

and modified with NAB diazonium salt solution following the same procedure as in Sec-

tions 3.2.1 and 3.2.2. Recall, clean substrates were thoroughly rinsed with deionized (18

M�) water, dried with Ar(g) and placed in a three electrode cell with de-aerated NAB

diazonium salt solution containing 0.1 M Bu4NBF4 (Sigma-Aldrich). NAB was deposited

electrochemically using a Pine Biopotentiostat model AFCPI controlled by Aftermath soft-

ware (version 1.2.4532) by cycling the potential from 200 mV to -800 mV at various rates

against a Ag/AgNO3 reference electrode and platinum mesh counter electrode. Template

stripped gold substrates were modified under the same conditions within an o-ring electro-

chemical cell. Fresh, 1 mM dodecanethiol (DDT) solutions were prepared with anhydrous

ethanol prior to surface modification and de-aerated with Ag(g). Following NAB surface

modification and characterization samples were immersed in DDT solution over night.

4.2.4 Infrared Reflection Adsorption Spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) measurements were made, as de-

scribed in Section 2.2.3, using a Matson Infinity FT-IR spectrometer equipped with a

mercury-cadmium-tellurium detector cooled to 77K with liquid N2 and set to a glancing

angle of 80°. IRRAS spectra were collected for both NAB and DDT modified surfaces.

Spectra were analyzed and compared using Essential FT-IR software.
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4.2.5 Atomic Force Microscopy

Atomic force microscopy (AFM) imaging was performed using a Nanoscope IIIa MultimodeTM

(Digital Instruments). Measurements were taken under ambient conditions using rectangu-

lar Si cantilevers with reflective Al coating (Olympus). The force constant and oscillating

frequency of the probes were 40 N/m and 300 ± 10 kHz respectively. Using ImageJ software

NAB and DDT surface coverage within the mixed-mode bonded layers was determined by

thresholding the pixel intensity of the height images to separate the two phases.

4.2.6 Conductive Atomic Force Microscopy

Conductive atomic force microscopy (cAFM) was preformed using a modified Nanoscope

IIIa MultimodeTM (Digital Instruments) and an external Reference 600 potentiostat (Gamry

Instruments) as described in Section 3.2.4. Recall current voltage (IV) curves were taken in

ambient conditions by cycling the potential from -2 V to 2 V against an internal reference

within the Gamry potentiostat. Top electrical contact was made by bringing a modified

AFM tip (Section 4.2.2) into contact with the molecular layer. Each curve consists of an

average of 20 sweeps taken at 100 000 mV/s. IV curves were taken at three different locations

on the substrate the resultant median is displayed unless otherwise stated.

4.2.7 Scanning Electron Microscopy

Modified conductive atomic force microscopy tips were imaged before and after usage by

scanning electron microscopy (SEM) using a Hitachi S4800 Field Emmison SEM. Tips were

imaged with a 10.0 kV accelerating voltage. In addition mixed-mode bonded layers were

imaged using 1.0 kV accelerating voltage. SEM images were collected by Rongbing Du and

Daniel Salamon.

4.3 Results and Discussion

4.3.1 Template Stripped Gold

Scanning probe microscopy requires a firm understanding of how the tip interacts with

the surface. Many factors such as, surface roughness, the surrounding medium, and tip shape

govern tip-surface interaction and ultimately effect AFM measurements. Furthermore, vari-

ations within these factors alter this interaction making it difficult to compare measurements

made between samples. Within conductive atomic force microscopy (cAFM), it is especially
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Figure 4.3: Atomic force microscopy height images of bare (left) thermal evapourated
gold (right) template stripped gold. Z-scale 10 nm.

important to have low topographic roughness to minimize changes in contact area between

measurements[29]. It is from this that template stripped (TS) gold is pursued as a way

to reduce surface roughness compared to thermally evapourated gold substrates. Template

stripped gold substrates were prepared by evaporating 300 nm of gold onto clean silicon

wafers and bonding mounting substrates to the exposed gold surface. Template stripped

substrates were then removed from the silicon wafer exposing the templated gold surface

as needed. Figure 4.3 shows 500 nm2 tapping mode height image of bare thermally evap-

ourated gold substrate (left) and TS gold (right). It is evident that the thermal evaporated

gold surface is significantly more rough than that of the TS gold. This is further shown by

the root mean squared roughness of 2.3 nm and 0.2 nm, respectively over the 500 nm2 area.

In addition, it can be seen in Figure 4.3 that the size of each gold crystallite within TS gold

is much larger than thermal evaporated gold. As a result molecular layers formed on the TS

gold surface provides a more uniform surface for cAFM measurements due to the reduced

roughness and large crystallites.

4.3.2 Spectroscopic Characterization of Mix-Mode Bonded Layers

Thermal evapourated gold substrates were modified with a 250 µM and 50µM nirtroa-

zobenzene (NAB) diazonium salt solution containing 0.05 M Bu4NBF4 electrolyte within

a three electrode cell by cycling the potential from 200 mV to -800 mV at various sweep

rates: 10 mV/s, 50 mV/s, 100 mV/s and 200 mV/s. Similar to the results in previous
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Figure 4.4: IRRAS spectra of (left) NO2 stretching region and (right) C-H stretching
regions for NAB modifed (blue) and NAB/DDT modifed (red) molecular layers. (a,b) 250
µM NAB at 10 mV/s, (c,d) 250 µM NAB at 200 mV/s, (e,f) 50 µM NAB at 50 mV/s

chapters, each cyclic voltammogram (CV) displayed a large cathodic reduction peak and

irreversible diazonium deposition. Substrates were then immersed in 1 mM dodecanethiol

(DDT) solution overnight to produce mixed NAB/DDT modified surfaces. Infrared reflec-

tion absorption spectroscopy (IRRAS) was used to characterize surface modification before

and after DDT incubation. Figure 4.4 displays IRRAS spectra of NAB modified (blue)

and NAB/DDT modified (red) surfaces near the NO2 stretching and CH stretching regions

of various samples. It can be seen that after NAB deposition, characteristic symmetric

(νsNO2 : 1347 cm−1) and asymmetric (νaNO2 : 1525 cm−1) NO2 stretches; are present. In

addition, it is visible that slower sweep rates and higher concentrations produce larger NO2

peak intensities. Upon DDT surface modification (red), the NO2 peaks within the 250 µM
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NAB depositions remain, indicating that NAB is maintained on the surface. The reduction

in the NO2 peak intensity, seen in Figures 4.4(a) and (c), is attributed to the loss of loosely

bond NAB during DDT immersion[30, 31], and is discussed further below. The 50 µM NAB

deposition, Figure 4.4e, shows that after DDT incubation the symmetric and asymmetric

NO2 peaks are significantly reduced. Due to the low peak intensity and water background

within the spectra, it is unclear if NAB remains on the surface and requires further char-

acterization (see Section 4.3.3). Considering the CH stretching region of the mixed layers,

Figures 4.4(b),(d) and (f), it is visible from the presence of the various CH2 (νs : 2850

cm−1, νa : 2919 cm−1) and CH3 (νs : 2877 cm−1, νa : 2964 cm−1) bands that DDT has

self-assembled on the NAB modified gold surface. Within this region, the CH2 νa stretching

peak position serves as a diagnostic for order within the alkanethiol layer[32]. Higher peak

positions (> 2920 cm−1) suggest alkanethiols form a liquid-like state on the surface with no

extended order. The position of the CH2 νa stretching peak (2921 cm−1) in higher NAB

coverages, Figure 4.4b, suggests disorder throughout the DDT layer. As a result, it can be

considered that the covalently bound NAB structures interupt extended alkanethiol chain

packing, shifting the CH2 νa peak to higher values. On the other hand, lower CH2 νa

stretching positions (> 2920 cm−1) indicate that alkanethiol chain packing is well ordered.

This is apprent for lower NAB coverages where peak position has shifted to 2919 cm−1,

Figure 4.4f, indicating that DDT has formed more extended crystallin structures.

4.3.3 Topographic Characterizations of Mix-Mode Bonded Layers

Template stripped gold substrates were modified with a 250 µM and 50µM NAB diazo-

nium salt solution containing 0.05 M Bu4NBF4 electrolyte within a three electrode o-ring

cell by cycling the potential from 200 mV to -800 mV at various sweep rates: 10 mV/s, 50

mV/s, 100 mV/s and 200 mV/s. After NAB deposition, modified substrates were immersed

in a 1 mM dodecanethiol solution for 24 hours. To build upon spectroscopic results and to

understand NAB structure within mixed NAB/DDT layers surface topography was investi-

gated after each step of modification. Figure 4.5 shows 500 nm2 tapping mode height images

of NAB and DDT modified surfaces. The morphology of a DDT monolayer, Figure 4.5a,

is significantly different from that of a NAB film, Figure 4.5b. During the self-assembly,

the lability of the gold-sulfur bond allows for molecular re-arrangement of alkanethiols as

surface densities increase, ultimately resulting in dense uniform monolayers[5]. As a result,

the monolayer conform to the surrounding surface structure. This can be seen in Figure 4.5a
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Figure 4.5: AFM height images of modified template stripped gold, a) dodecanethiol, b)

nitroazobenzene c) mixed NAB/DDT layer. Z-scale 10 nm.

Figure 4.6: Schematic representing the influence of surrounding material on size

measurements in AFM

where the underlying gold grain boundaries are visible. In contrast, Figure 4.5b indicates

that NAB adsorbs in a “knobular” or “bumpy” fashion forming small semi-spherical struc-

tures. Furthermore, the height of these structures ( 2.5 - 4 nm) indicate that NAB forms

multilayers on the gold surface agreeing with previous chapters and literature[14, 33, 15].

Figure 4.5c displays an image of the resulting mixed NAB/DDT layer after DDT modifi-

cation of the NAB surface similar to that in Figure 4.5b. The topography within Figure

4.5c, displays bumpy, semi-spherical structures similar to that of the NAB surface, Figure

4.5b, indicating that NAB remains on the surface, in agreement with IRRAS spectra and

previous work within our group[31]. From this however, the NAB structures have become

larger (4 - 7 nm) and more defined after DDT modification. This change can be explained

by considering Figure 4.6 and the NO2 stretching region within the IRRAS spectra collected

previously, Figure 4.4.

After DDT incubation (red) it can be seen that the intensity of the symmetric and asym-

metric NO2 stretching peaks is reduced, implying that some NAB has been removed from

the surface. Previously it has been shown that NAB physisorbs to electrode surfaces, adher-

ing through brief rinsing and sonication treatments[30]. From this it is plausible that during
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Figure 4.7: AFM images of NAB/DDT layer deposited at 200 mV/s from (top) 250 µM

NAB solution, (bottom) 50 µM NAB solution. Height, amplitude and phase images are

displayed for each concentration with z-scales of 10 nm, 0.1 V and 30
◦

respectively.

electrochemical modification, NAB forms both covalently attached molecular structures[34]

as well as loosely bound physisorbed species[30]. As a result, physisorbed molecules on the

surface convolute AFM images of NAB by reducing the measured height of the covalently

bound structures relative to the surrounding species, Figure 4.6 (left). Immersing NAB

surfaces in thiol solution for 24 hours replaces physisorbed NAB molecules with DDT on

the gold surface. As a result, there is a greater height difference between NAB and the

DDT monolayer, Figure 4.6(right), subsequently increasing the measured size of the NAB

structures. Furthermore, it is also possible that adsorption of DDT acts to “squeeze” NAB

on the surface altering its structure and increasing the height of the covalently bound species

as discussed further below.

Figure 4.7 shows height, amplitude and phase shift images of 250 µM (Figure 4.7a, b,

c) and 50 µM (Figure 4.7d, e, f) NAB mixed NAB/DDT layers deposited at 200 mV/s.

Tapping mode AFM images are collected by rastering an oscillating (kHz) cantilever over

the surface. Height information is collected as the piezo extends or retracts the sample

in order to maintain constant oscillation amplitude. However, amplitude images can be
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Figure 4.9: AFM height images of mixed NAB/DDT layers along with their respective
thresholded images deposited by a) 250 µM NAB at 100 mV/s, b) 250 µM NAB at 200
mV/s, c) 50 µM NAB at 100 mV/s. Z-scale 10 nm.

Table 4.1: Calculated percent diazonium coverage as determined by AFM, for 50 µM and
250µM NAB mixed NAB/DDT layers
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collected due to the fact that gains are finite and changes in amplitude do occur. The

phase shift image is collected by monitoring the change (or shift) in cantilever oscillation

relative to the drive frequency. As the tip interacts with the sample, energy is disipated to

the surface creating a phase shift and providing information about the mechanical and/or

adhesive properties of the surface.

From Figure 4.7 semi-spherical NAB structures form in submonolayer densities on the

gold surface. From the 250 µM mixed layer, Figures 4.7(a-c), it is apparent that NAB covers

the majority of the surface, however there exist lower (height) regions in which it is believed

that DDT self-assembles (more clearly seen in Figures 4.7(b) and (c)). In addition, the

difference in phase shift between the two regions, Figures 4.7(c) and (f), indicate different

mechanical and/or adhesive properties of the two species further confirming the presence of

a mixed molecular layer. As a result of the high NAB coverage, DDT molecules are forced to

conform to the structure of the NAB, reducing the crystallinity of the thiol layer and shifting

the CH2 νa peak higher, Figure 4.4b. In contrast, the 50 µM NAB deposition, Figure 4.7(d-

f), shows low density NAB within large areas of DDT. As a result, DDT is allowed to form

more extended crystalline (less liquid-like) monolayers within the mixed layer as indicated

position of the CH2 νa peak, Figure 4.4e, in the 50 µM deposition. Furthermore, within the

Figures 4.7(a) and (d) various sizes of NAB structures are visible, ranging in height between

1-4 nm for smaller species and 6-10 nm for larger species. Upon considering film thicknesses

of similar NAB films (2-5 nm, Section 4.3.5) it is apparent that the NAB structure has been

altered within the mixed NAB/DDT layer. To understand how NAB structure is effected

by DDT adsorption, the stress within the layer must be considered. Godin et al. observed

that the forces that occur during DDT self-assembly were sufficient to deflect a gold coated

AFM cantilever. In addition it was found that gold surfaces with large grains (such as TS

gold) undergo significantly more deflection than smaller grained surfaces[35]. As a result, it

it not unreasonable to assume that the NAB on the surface will be exposed to similar forces

during DDT adsorption. As DDT layer density increases the drive to produce extended well

ordered crystalline-like layers “squeezes” NAB structures increasing their height. Figure 4.8

displays a schematic representation of the proposed mixed NAB/DDT layer.

In order to approximate the percentage of diazonium derived molecules on the surface,

AFM height images were processed by selecting a pixel intensity threshold to visually isolate

the NAB structures from the surrounding DDT monolayer. The threshold was chosen such

that surface coverage calculations were consistent throughout the samples. Height and
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threshold images are shown in Figure 4.9. Table 4.1 shows the calculated percent NAB

coverage of various mixed NAB/DDT layers. NAB surface density decreases with higher

sweep rate and lower concentrations. It should be noted that, due to tip broadening within

AFM measurements, the percent NAB determined will be over estimated. However, changes

in surface coverage for various film preparation conditions are valid in a relative sense.

Previous work on patterned SAMs has shown that SEM can provide contrast between two

chemically distinct regions[24, 23, 36]. High resolution SEM was used to further characterize

mixed NAB/DDT layers. Figure 4.10a shows a secondary electron SEM image of a 250

µM NAB mixed layer deposited at 200 mV/s within the o-ring deposition area. In order

to interpret the different regions displayed in 4.10a, the interaction volume and electron

scattering process must be considered. During SEM measurements, accelerated electrons

interact within a small region at the materials surface. The volume in which this interaction

occurs is on the order of nanometers and is dependent on the composition of the sample,

Figure 4.11a [37]. Secondary electrons, generated through inelastic scattering, can escape

the material only from the upper-most region of the interaction volume. As a result, the

signal obtained from secondary electrons is highly surface sensitive, providing topographic

information of the sample. Furthermore due to the small escape depth, λ, of secondary

electrons, features at an angle to the electron beam axis provide a larger escape volume

than those normal to the beam axis Figure 4.11b[37]. Approximating the angle of the

feature to be 45
◦

volume is increased by a factor of
√
2 compared to surfaces normal to the

electron beam. Based on these concepts, it can be assumed that the semi-spherical NAB

structures within the mixed organic layer will generate more secondary electrons than the

DDT monolayer, and provide a higher (brighter) signal on the SEM image. The root of the

contrast within the SEM images is not strictly understood but is considered to result from;

impurities on the surface, desorption of these impurities by the electron beam or damage to

the molecular layer by the primary or secondary electrons[36]. As a result the bright circular

species seen in Figure 4.10a are assigned to NAB structures within the mixed layer. This is

supported by Figure 4.10b, where the edge (outside the o-ring) of the TS gold sample was

imaged. In this region the lack of contrast and topographic features indicate that a single

molecular species is present. As a result of the topography and the visible TS gold grain

boundaries it can be assumed the only DDT is present. Furthermore, within 4.10b there is

varying contrast between the TS gold crystallites. It is not entirely clear what effects the

contrast, but could result from different molecular orientations within the DDT layer. Note
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Figure 4.10: High resolution secondary electron SEM images of mixed layers deposited

from 250 µM NAB at 200 mV/s a) inside the o-ring NAB deposition area b) outside NAB

deposition region that contains only a monolayer of DDT.

Figure 4.11: Schematic representation of a) interaction volume and b) secondary escape

volume, in SEM imaging. Within b) it can be seen that angled samples produce larger

secondary electron escape volumes.
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that a direct comparison between Figure 4.10(a) and (b) is not entirely valid due to the

different contrast mechanisms between the regions[36].

4.3.4 Characterization of Fabricated cAFM Tips

In order to make electrical contact with the molecular layer silicon nitride AFM tips were

modified by thermally depositing 3 nm of chromium and 45 nm of gold. Unmodified and

metallized tips; were imaged by high resolution SEM, Figures 4.12(a, b) and Figures 4.12(c,

d), respectively to study the topography of the metallized tips.. Following the procedure

outlined in Section 2.3.3 tip radii were calculated to be 27 ± 10 nm and 51 ± 9 nm for

unmodified and gold coated tips, in agreement with similar tip procedures in literature [38].

Furthermore, it visible from Figures 4.12(b) and (c) that the surface topography has been

altered after metal deposition. As a result, it was determined that the silicon nitride tips

were successfully modified and proceeded to investigate molecular junctions of organic layers

on gold.

Figure 4.12: High resolution secondary electron SEM images of (top) bare and (bottom)

gold modified silicon nitride AFM tips
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4.3.5 Electron Transport Through Molecular Layers on Gold

Conductive atomic force microscopy (cAFM) was used to investigate electron transport

through molecular layers of NAB and DDT on template stripped gold in order compare to

measurements made on PPF (Section 2.3). Similar to previous sections NAB films were

deposited electrochemically from 250 µM NAB diazonium salt solution at 50 mV/s, 100

mV/s and 200 mV/s. Film thicknesses were determined by AFM to be 5.1 nm, 4.6 nm and

3.0 nm repectively. Monolayers of DDT were deposited by incubating template stripped

gold surfaces in 1 mM solution of DDT for 24 hours. Current Voltage (IV) measurements

were taken in air under ambient conditions for DDT and various film thicknesses of NAB

at constant force. Measurements were taken by cycling the voltage 20 times from -2 V

to 2 V for NAB and -0.5 to 0.5 for DDT at 100 000 mV/s at three locations on each

sample. Unless otherwise stated the curves below are an average of 20 cycles. Figure 4.13

displays IV curves of NAB on gold at various film thicknesses. It can be seen that current

voltage behaviour on gold is similar to that of NAB molecular junctions on PPF (Section

2.3). Considering the curve for the 3.0 nm film, current increases linearly through low

voltage ranges (± 0.25 V), followed by non-linearity at higher potentials. Similar behaviour

is observed throughout the various film thicknesses, however it is evident that the linear

region extends over larger potentials for thicker films. It is to be expected that tunneling

distance, contact area and penetration depth will play a role in determining IV behaviour

within the cAFM measurements, however, under constant force it is considered that contact

area and penetration depth do not significantly change (see Table 2.1). As a result, the

various current responses seen in Figure 4.13 can be attributed to the differences in effective

tunneling distance between samples.

As discussed in Chapters 1 and 2, electron transport within molecular layers is believed to

occur via tunneling through the highest occupied molecular orbital (HOMO) and the lowest

occupied molecular orbital (LUMO). The efficiency and manner in which tunneling occurs

is highly dependent on the nature and energies of the frontier orbitals. As a result, it is

expected that due to the differences in molecule-substrate bonding and molecular structure,

electron transport through molecular layers of NAB and DDT will be significantly different.

Figure 4.14 shows an IV measurement of a DDT monolayer on TS gold from -0.5 V to

0.5 V. This displays nearly linear IV behavior over the entire potential window, consistent

with literature [3]. It should be noted however, in literature non-linear current behaviour
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Figure 4.13: Current voltage curve of NAB on template stripped gold for various film
thicknesses

Figure 4.14: Current voltage curve for DDT on template stripped gold
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Figure 4.15: Current voltage curve for 3.0 nm NAB film and DDT monolayer

is seen at higher potentials [3, 39]; but to avoid junction breakdown[3] -0.5 V to 0.5 V was

chosen here. Figure 4.15 displays IV measurements of the 3.0 nm NAB film and the DDT

monolayer. It may be unclear why current response is significantly reduced compared to

that of NAB due to the fact that tunneling distance is reduced through the DDT layer (∼ 2

nm) [32, 40]. This can be understood by considering bonding structure and frontier orbital

energies of the layers.

In molecular junctions of NAB on PPF, tunneling properties such as the attenuation

coefficient, β, have been well characterized[41, 42, 43]. It is unclear however, whether

there exists structural, chemical or energetic differences that would alter electron transport

within junctions composed of different contact materias. Figure 4.16a displays a ln|I| vs

Film Thickness plot for NAB molecular junctions on gold taken at 0.5V. From this, the

attenuation coefficient was determined to be 2.6 nm−1, similar to values obtained on PPF in

Section 2.3 and literature[41, 42, 20]. As a result, because β is highly dependent on structural

properties of the layer[42, 41], it is apparent that the nature of film growth within NAB on

gold does not differ significantly from that of growth on PPF. This is further demonstrated

by Figure 4.16b and Table 4.2 where 3.0 nm NAB IV curve (red) has been fitted to an

adapted Simmons model as discussed previously. Note that the current through the 4.6 nm

and 5.1 nm NAB layers in the ± 0.5 V range was insufficient to apply the Simmons model.
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The dielectric constant, ε, effective electron mass, me, and the transport barrier height, φo,

for the 3.0 nm NAB layer and for DDT were determined, Table 4.2. The results for NAB

were found to be in good agreement with molecular junctions on PPF found in literature[43]

and values presented in Chapter 2. The transport barrier height can be considered as a gauge

of the offset between the HOMO of the NAB layer and the Fermi level of the electrodes.

As result, it is apparent that the difference between frontier orbital energies and the Fermi

level for molecular layers on PPF and gold are consistent, implying that electrode material

has little effect on electron transport.

In order to understand the difference between electron transport through DDT and NAB,

Figure 4.15, the structural and energetic properties of the organic layers were compared.

Firstly, it can be seen that the attenuation coefficient of NAB (∼ 2.5 nm−1) is radically

different from the accepted, β value for alkanethiols, 11 nm−1[3]. This provides the basis

as to why the current through the DDT layer is significantly reduced from that of NAB.

Furthermore the Simmons model was used to model IV behaviour within molecular junctions

of DDT, Figure 4.16b (purple). From Table 4.2 it can be seen the effective electron mass, me,

agrees between the layers, implying that electron mobility is similar within each organic film.

There are however, distinct differences between the values of ε and φo obtained for DDT and

NAB. The dielectric constant of the DDT monolayer (2.14) is in good agreement with values

obtained in previous studies [44] but significantly less than that of NAB. Considering the

work by McCreery etal[20], who measured the dielectric constant of 2.2 nm NAB films to be

2.7, the large discrepancy between the molecular species can be attributed to differences of

molecular layer thickness. In addition, from the Simmons model the transport barrier height

was found to be 4.90 eV for the DDT monolayer, in agreement with measured (ultraviolet

phtoelectron spectroscopy) values of ∼ 5 eV for similar alkanethiols[39]. Recall that the

electron transport barrier height, φo, can be considered as the off-set between the frontier

orbital energies and the Fermi level of the contacts (Ef − EHOMO). From Table 4.2 it

can be seen that the transport barrier of NAB is signficantly less than the DDT monolayer

increasing the resistance within the layer. Evidence of this can be seen in Figure 4.15 where

current within the NAB layer is nearly 10 times that of DDT. There has been discussion in

literature which indicates that the Simmons model is an inadequate method to determine

electron transport properties through molecular junctions, due to the fact it can predict

physically unreal values[39]. Furthermore, it is unlikely that individual molecular energies

govern electron transport due to the crystalline-like packing in alkanethiols. Within these
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Figure 4.16: a) ln(I) vs. Layer Thickness of NAB on template stripped gold measured
at 0.5 V for β determination b) ln|I| current voltage curves of (open circles: red) 3.0 nm
NAB and (open circles: purple) DDT on template stripped gold along with there
respective Simmons model fits (solid line)

Table 4.2: Values for dielectric constant, ε, effective electron mass, me, and electron
transport barrier, φo, of 3.0 NAB and DDT as determined by the Simmons model.
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systems the density of states extends over the entire film altering the observed frontier orbital

energies[39]. Many studies have described the electron transport barrier though alkanethiols

to be ∼ 1 eV using the Simmons model[39, 45], indicating that alkanethiol orbital energies

are much closer to the gold Fermi level than previously reported[46, 39]. As a result, it is

not entirely clear whether the Simmons model is applicable for uniform or mixed molecular

layers and will be discussed further below.

4.3.6 Electron Transport Through Mixed-Mode Bonded Layers on Gold

Within the field of molecular devices adapting organic junctions to current electronics is a

common goal. However, there exists a need to understand how these organic layers perform

in conjunction with materials currently employed in the fabrication of electronic devices

such as: silicon, gold and copper. From this, gold offers a route to investigate organic layers

with different electrode bonding properties. Individually, diazonium derived and alkanethiol

based molecular junctions have been well characterized [47, 3, 48, 49, 39, 33], however there

has been little investigation into electron transport properties of mixed layers. Figures 4.17

and 4.18 display cAFM current voltage (IV) measurements of mixed NAB/DDT layers on

template stripped gold with various NAB surface densities deposited from 250 µM and 50

µM NAB solutions respectively. NAB coverages were determined in Section 4.3.3 and are

presented in Table 4.1. It is evident that NAB surface coverage has a significant effect on

IV behaviour. Figures 4.17 and 4.18, show that surface coverage dominated by NAB (>

60%) produce larger, more rapid current responses over the ± 2 V range. It is expected

that the majority of electron transport occurs through the NAB molecular layer producing

current magnitudes similar to the NAB only molecular junctions. It is unclear however

to what extent tunneling occurs through DDT, due to the attenuation (reduced electron

transoprt) from the increased NAB height (tunneling distance) in mixed layers. Further,

as the NAB surface coverage decreases, it is evident that current travelling through the

molecular junction is also reduced. This can be understood by considering that at lower

NAB densities, a more significant portion of electron transport will occur through the DDT

layer. The large attenuation coefficient (∼11 nm
−1

) and electron transport barrier (∼ 5

eV) limits tunneling through the DDT layer, resulting in low current magnitudes within the

mixed NAB/DDT layer.

Within Figure 4.19 it is visible that IV measurements of similar densities, 64% and

68%, produce nearly equivalent final currents (current at 2.00 V). From this however, it
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Figure 4.17: Current voltage measurements of mixed NAB/DDT at various NAB
densities deposited from 250 µM NAB solution

Figure 4.18: Current voltage measurements of mixed NAB/DDT at various NAB
densities deposited from 50 µM NAB solution
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can be seen that IV behaviour between the curves is distinct. The 50 µM 68% NAB curve

current increases minimally over ± 1 V from which rapid non-linear current response occurs.

Comparatively, the transition between linear and non-linear current response occurs much

more gradually within the 250 µM 64% NAB curve. It is unclear as to why different IV

behaviour is seen in similar NAB coverages, but could possibly result from changes in contact

area of the cAFM probe, reduced tunneling distances or differences in NAB structure.

In comparison to other molecular junctions on PPF where “smooth” surface topography

allows for a firm understanding of film thickness, mixed NAB/DDT layers produce irregular

surfaces in which the layer thickness is not entirely clear. From the heights determined in

Section 4.3.3 (1 - 4 nm and 6 - 10 nm) tunneling distance was approximated to 5 nm in

order to use the Simmons model to determine the electron transport properties of mixed

NAB/DDT layers. Figure 4.20 displays ln|I(nA)| against Potential plot for the 250 µM

NAB mixed film along with their respective fits from the Simmons model. Note that the

noise within IV measurements of lower NAB densities inhibited application of the Simmons

model over the potential window (± 0.5 V). From Table 4.3 it can be seen that the dielectric

constant is fairly consistent throughout the various surface coverages, and reflects measure-

ments of NAB on PPF[20] and gold. Similarly, it appears that the effective electron mass

within the mixed layer does not significantly change with NAB surface coverage indicating

that electron mobility is constant throughout the mixed layers. The electron transport bar-

rier, φo, appears not to follow any trend with surface densities and lies between the values

determined for pure NAB (∼ 1 eV) and DDT (∼ 5 eV) layers. As a result, it is not unrea-

sonable to assume qualitatively, that the electron transport barrier of the mixed NAB/DDT

layers will be an average of the NAB and DDT frontier orbital energies. The extent to

which each molecular energy is expressed requires a firmer understanding of contact area

and tunneling distances.

4.3.7 Inconsistencies within cAFM Measurements of Mixed Mode Bonded Lay-

ers

Conductive AFM measurements require a strong understanding of surface topography.

Changes in tunneling distance and contact area; will play a significant role in determining

the electron transport properties. Within IV measurements of NAB molecular layers on PPF

and TS gold, the uniform nature of the surface allowed for consistent contact area and firm

understanding of tunneling distance. Mixed-mode bonded layers however, have been shown
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Figure 4.19: Current voltage measurements of mixed NAB/DDT layers with 64% and
68% NAB coverages

Figure 4.20: ln(I) current voltage measurements (open circles) of mixed NAB/DDT
films with Simmons model fit (solid line) deposited from 250 µM NAB solution

Table 4.3: Values for dielectric constant, �, effective electron mass, me, and electron
transport barrier, φo, of mixed NAB/DDT films at various NAB percent coverages as
determined by the Simmons model
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produce irregular surface topography regardless of the underlying substrate. The semi-

spherical nature of NAB growth on TS gold results in a non-uniform interface as shown in

Figure 4.7. Thus, the contact area of the tip can no longer be approximated by a sphere

contacting a flat surface and cannot be considered uniform throughout IV measurements.

Within each IV measurement it is not directly apparent which molecular species is making

contact with the cAFM probe. Furthermore with the incorporation of DDT into the mixed

layer stress is applied to the NAB species on the surface. NAB structures were found

to increase in height significantly and range in size from 1 - 10 nm. The consequence is

that the tunneling distances can vary greatly between IV measurements and it is difficult

to de-convolute the effect of tunneling distance and NAB density. Further, within the

mixed layers studied, NAB and DDT were found to exist in separate phases and were

not uniformly deposited over the surface. The work of McCreery and coworkers[20] found

that the offset between the Fermi level and the HOMO of NAB varied with film thickness,

frontier orbital energies will not only differ between the species in the layer, but be unique

to each structure. From this and the varying tunneling distance, the Simmons model cannot

accurately determine the transport barrier height from cAFM measurements.

In order to completely understand electron transport within mixed diazonium and alka-

nethiol layers, contact area and tunneling distance need to be firmly understood. Possible

routes to achieve this could encompass; larger area molecular junctions where contact area

is strictly controlled and mixed layers where molecular species are more uniformly dispersed.

4.3.8 Modified cAFM Tip Stability

It was frequently observed during IV measurements on gold, that the electrical contact

between the cAFM probe and the molecular layer was lost. In Chapter 2 it was found that

current densities were such that irreversible damage to the metallized tip resulted in device

failure. During the investigations of molecular junctions on gold it was unclear whether “in

house” modified tips suffered from similar instabilities. Figure 4.21 shows a high resolution

SEM image of a used cAFM tip. It is clear that the tip has sustained significant damage

after IV measurements. Within Figure 4.21a it appears that the gold has melted similar to

cAFM measurement of NAB on PPF (Figure 2.16). As a result, it was determined that loss

of cAFM conductivity was due irreversible tip damage as discussed in Section 2.3.5.
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Figure 4.21: High resolution secondary electron SEM images of used “in house” modified

cAFM tips using 10.0 kV

4.3.9 Conclusion

Electron transport through molecular layers on gold were investigated by cAFM. Mixed

organic films were produced by depositing NAB electrochemically and spontaneously ad-

sorbing DDT. Surfaces were characterized by IRRAS, SEM and AFM. It was found that

NAB formed submonolayer covalent semi-spherical structures, while DDT self-assembled

conforming around the NAB structures. The density of NAB on the surface was found

to be controllable through concentration and sweep rate. Electron transport properties of

NAB on gold were determined to be consistent with similar junctions on PPF. Furthermore

electron transport through DDT was found to agree with literature. Conductive AFM in-

vestigation into mixed NAB/DDT layers established that IV behaviour varied with NAB

surface density. However, it was determined that quantitative comparison of electron trans-

port properties require further investigation due to the unknown contact area and tunneling

distances within the mixed layers.
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5 Conclusions and Future Work

5.1 Conclusions

Bridging the gap between single molecule molecular junctions and large scale ensembles,

conductive atomic force microscopy provides a crucial insight into the scalability of molec-

ular devices. The work presented has detailed the use of cAFM to study electron transport

through small scale diazonium derived junctions as well as mixed-mode bonded layers. In-

vestigations into electron transport through nitroazobenzene on carbon surfaces revealed

that current voltage behaviour was consistent nonresonant tunneling as seen in large scale

ensembles studied by McCreery et al[1]. Similarly, the electron transport properties, as

determined by the Simmons model, were in agreement with larger molecular junctions sug-

gesting that electron transport is indeed scaleable. Furthermore, investigation of the effect

of force on electron transport revealed that the bonding structure of the molecular layer was

maintained and changes in tunneling current were a result of reduced tunneling distances

(tip penetration), and increased contact area.

Further electrochemical studies of nitroazobenzene on gold demonstrated that not only

were multilayers formed but molecular layer growth could be controlled by sweep rate and

solution concentration. Electron transport studies demonstrated that current voltage be-

haviour of nitroazobenzene on template stripped gold was consistent with molecular layers

on carbon suggesting that the work function of the contacts has little effect on the elec-

tron transport properties of the layer. In addition to diazonium derived molecular layers,

mixed-mode bonded layers involving dodecanethiol and nitroazobenzene were characterized.

Spectroscopic and surface probe measurements demonstrated that the percent coverage of

nitroazobenzene could be readily controlled by concentration and sweep rate. In addition,

incorporation of dodecanethiol within the mixed-mode bonded layer increased the height

of the diazonium regions, resultant of “squeezing” during monolayer formation. Although

many studies have investigated electron transport through mixed layers, much of this work

has focused on the same molecule-contact bond[2, 3, 4, 5, 6]. The work presented here

demonstrates the first investigation of electron transport through mixed diazonium-thiol

molecular junctions. Qualitatively it was observed that the conductivity increased with

nitroazobenzene density, but further investigation into contact area and tunneling distance

are needed to fully characterize electron transport.

The findings presented within this work have expanded the understanding of electron
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transport through diazonium derived molecular layers, by investigating the current voltage

behaviour of nitroazobenzene under the effect of applied force and varying contact material.

Furthermore the implementation of mixed-mode bonded layers presents new interesting

routes for electron transport studies and molecular device development.

5.2 Future Work

The cAFM studies presented within this work have provided insight into the effects of

applied force and contact material on electron transport through molecular layers of nitroa-

zobenzene. McCreery and coworkers have investigated molecular junctions formed by a num-

ber of other diazonium salts including nitrobenzene, fluorene, biphenyl and nitrobiphenyl[7,

8]. Similarly to the work on nitroazobenzene, cAFM can further add to the understanding of

the scalability of molecular junctions formed with other diazonium salts. In addition to new

molecular layers, high thickness diazonium films are being explored. Our group has demon-

strated control over molecular layer thickness from submonolayer to 100s of nanometers.

Using cAFM to form molecular junctions of high thickness provides the unique opportunity

to apply force to the surface. Potentially researchers would be able to monitor current as the

tip penetrates the layer. From this, fundamental transport mechanisms, such as tunneling

distance and molecular rearrangement can be explored.

In addition to diazonium derived molecular layers, the work presented here has provided

the first surface probe characterization of mixed-mode bonded layers. The unique and

interesting structure of these layers offer many exciting possibilities for not only molecular

electronic devices, but other fields such as surface assays. Compared to the lability of SAMs,

diazonium layers offer a much more stable platform in which to bind biological molecules

such as proteins[9, 10, 11]. By using mixed mode-bonded layers researchers can control

the surface density of binding sights to optimize device performance. Further, by selecting

specific functional groups for the surrounding thiol molecules, not only can non-specific

binding be prevented but additional (and different) binding sights can be deposited.

In order to extend the understanding of electron transport through mixed mode bonded

layers, further characterization of the molecular junction is needed. Specifically, the uncer-

tainty associated with the tunneling distance and contact area must to be addressed. An

an important aspect of this will be selectively placing the tip at a particular location on the

surface. Within the AFM measurements above, the stability of the molecular layer restricted
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imaging to non-contact methods. As a result, conductive imaging was not possible as the

molecular layer would be removed from the surface (as seen in “scratching” experiments).

From this, STM may provide a route in which conductive images can be obtained, due to

the fact that the probe does not make contact with the surface. Furthermore, by using

this technique, specific regions of the layer can be chosen in which to form molecular junc-

tions and analyze current voltage behaviour. Although, tip-molecule distance will serve to

convolute electron transport, STM will provide further insight into transport mechanisms.

As discussed in Chapter 4 it is unclear how the incorporation of the alkanethiol into

the molecular layer affects the structure of the nitroazobenzene. It was proposed that the

height of the diazonium structures was increased due to “squeezing” within the molecular

layer. In order to study the interface between the species, it would be ideal to pattern the

surface in an effort to have a controllable boundary. A common platform for studying mixed

layers of SAMs is microcontact printing using poly(dimethylsiloxane) (PDMS) stamping

techniques[12, 13, 14, 15]. Within this technique a stamp is used to deposit molecular species

on the surface after which the open substrate is “backfilled” with another molecule. Downard

and coworkers have demonstrated the use of microcontact printing using PDMS stamps to

form pattered molecular layers derived from diazonium salts[16]. Using this, diazonium

layers could be patterned on the surface in which thiol molecules can be backfilled creating

a distinct boundary in which to study the structure of the molecular layer. Furthermore, in

an effort to understand mixed-mode bonded layer formation, surfaces could be imaged in

solution to monitor the deposition of thiol molecules and structural changes to diazonium

species.
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6 Appendix

6.1 Simmons Model

The complete Simmons model as outlined by Simmons [1]:

J = c(A� +B� + C �)

with

c =
4πmeq

h3

where me and q are the effective electron mass and charge respectively h is Planck’s constant

and

A� = eV

ˆ η−eV

0
exp

�
−A(η + φ̄− Ex)dEx

B� = −φ̄

ˆ η

η−eV
exp

�
−A(η + φ̄− Ex)dEx

C � =

ˆ η

η−eV
(η + φ̄− Ex)× exp

�
−A(η + φ̄− Ex)dEx

where η is the Fermi level of the contacts and φ̄ is the average barrier height.

A =

�
4π∆s

h

�√
2me

with ∆s as the effective layer thickness. The solutions to the above integrals are given by

Huisman et al. [2] yeilding:

J = c(Ã+ B̃ + C̃)

where Ã, B̃, C̃ are solutions to A�, B�, C �
respectively

Ã = 2qV
A2

��
A
�
φ̄+ qV + 1

�
exp

�
−A

�
φ̄+ qV

�
−A

��
η + φ̄+ 1

�
exp

�
−A

�
η + φ̄

��
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B̃ = φ̄ 2
A2

��
A
�
φ̄+ 1

�
exp

�
−A

�
φ̄
�
−

�
A
�
φ̄+ qV + 1

�
× exp

�
−A

�
φ̄+ qV

��

C̃ = 2
A

��
φ̄3/2 + 3

A φ̄+ 6
A2

�
φ̄+ 6

A2

�
exp

�
−A

�
φ̄
�

−
��

φ̄+ qV
�3/2

+ 3
A

�
φ̄+ qV

�
+ 6

A2

�
φ̄+ qV + 6

A3

�
× exp

�
−A

�
φ̄+ qV

��

The average barrier height is determined by:

φ̄ = φo − qV

�
s1 + s2

2d

�
−
�
1.15λ

d

s1 − s2

�
× ln

�
s2(d− s1)

s1(d− s2)

�

where φo is the unmodified barrier height and d is the thickness of the layer, s1 and s2 are

the distances between the contact and the barrier at the Fermi level for each contact and

λ =
q2 ln 2

8πε0εd

where ε0 is the permittivity of free space and ε is the relative dielectric constant of the layer.

Fits were obtained over the linear region of the curves (-0.5V - 0.5V) by least squares analysis

in Excel. Initial values for the adjustable perameters, ε, φo and me were set by considering

the work by Bergren et al.[3]. In order to ensure physically realistic values parameters were

bound on a case by case basis.

6.2 Conductive AFM Reproducibility

Figure 6.1 shows a representative unaveraged current voltage curve of NAB on PPF

measured via cAFM.
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Figure 6.1: Representative unaveraged conductive atomic force microscopy current

voltage curves
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