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ABSTRACT

Since the invention of the atomic force microscope (AFM), this
technology has had profound implications in the study of material science and
molecular biology. The ability to visualize and perform quantitative analysis of
the nanoscale properties of surfaces has provided great insights into these
nanoscale landscapes. The present dissertation manuscript exploits this
technology for the measurement of charge transport through molecular films and
the development of combinatorial force microscopy.

Firstly, this work probed, for the first time, charge transport through
molecular films derived from diazonium salts grafted to carbon electrodes using
conductive atomic force microscopy. We found the charge transport properties of
a molecular junction are dependent upon the chemical structure of the molecular
film.  We also investigated the effect of molecular film compression and
deformation has on charge transport. In this, we observed increases in current
densities associated with increases in applied load to the molecular film.
Furthering these initial findings, PPF/NAB/Cu molecular junctions were
fabricated having junction sizes ranging between micro-scale and nanoscale. The
charge transport experiments reveal an agreement of electron transport properties
between the metal deposited PPF/NAB/Cu junction and a PPF/NAB/Cu AFM tip
junction at an applied load of approximately 60nN. This form of molecular layer
charge transport control may potentially open new horizons for integration of

molecular films into the microelectronics industry.



This dissertation manuscript also describes the development of the
guantitative interrogation opposing chemical libraries involved in combinatorial
inverted atomic force microscopy. Tipless cantilever’s were patterned with
chemically modified nanorods. These modified nanorods were then used as
chemical identifiers during a combinatorial force microscopy experiment and for
the first time 16 interactions were monitored within one experiment in a
continuous medium. Thus, providing excellent for the validation that combi-

AFM is a truly quantitative high-throughput technology.
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Chapter |
Introduction
1.1 Imaging Nanoscience

The 1986 publication of “Engines of creation”, by K.E. Drexler,
demonstrates the societal impact an emerging field of science can have on the
minds of the public. In this novel Drexler describes the scientific field of
nanotechnology and the future implications it may have. Nanotechnology refers
to the study and fabrication of matter on the nanometer scale (1x10® m). This
genre of science is often referred to as a modern or new science. However,
nanoscience is not very new at all. Most molecular biology processes occur at
this length scale. This perception of nanoscience as being modern is based upon
that fact that technology was not available to visualize into this size regime until
the mid 20™ century. An adage borrowed from Confucianism states “a picture is
worth ten thousand words”, or as in the case for the field of nanoscience, pictures
allowed scientists to peer into a new world.

The first glimpse into this new world occurred in the early 1930°s with the
development of electron microscopy.? Conventional light microscopy
intrinsically has a resolution, R, of half the wavelength of light, A, being used to
observe the sample.

R =\/2 1.1

When considering visible light, this limitation is approximately 200 nm.
The electrons used in electron microscopy have wavelengths shorter than that of

visible light, thereby decreasing the resolution of electron microscopy into the



nanoscale regime. The two most common electron microscopy methods are
transmission electron microscopy (TEM) and scanning electron microscopy

(SEM).2*

1.2 Scanning Probe Microscopy

One drawback in electron microscopy is the limitation of visualization of
morphological architecture which includes an ensemble of molecules. Ideally
knowing the exact location, functionality and chemical properties of all molecules
on a surface would provide great insights. At present, no single analytical
technique exists that can obtain all of this information simultaneously. One
avenue being developed in pursuit of this goal is scanning probe microscopy
(SPM).

SPM is generally defined as the use of a sharp probe to image a surface.
This field encompasses a wide variety of techniques; scanning tunneling

56

microscopy (STM), atomic force microscopy (AFM),”® near-field scanning

10, 11

optical microscopy (NSOM), scanning thermal microscopy (SThM)*? and

1315 and all their subset derivatives.

scanning electrochemical microscopy (SECM)
This field was born with the inception of scanning tunneling microscopy (STM)
in 1981 for which Binnig and Rohrer were awarded the Nobel Prize in 1986.>
STM, and almost all SPM techniques, achieve sub-angstrom positioning by using

piezoelectric materials to control the tip position relative to the sample. This class

of materials expands or contracts when exposed to an electric field. The sub-



angstrom displacement of piezoelectric material deformation gives STM the
ability to image at the same length scale.

In STM, the tunneling current is measured between a conducting probe
and sample in one of two possible modes of feedback, constant height or constant
current. A depiction of each of these feedback modes is shown in Figure 1.1. In
constant height feedback, the STM probe follows the topography of the sample at
a constant height and monitors the tunneling current at a given potential bias. In
constant current feedback, the tunneling current is kept constant at a given
potential bias and the distance between the STM probe and sample is varied. In
both of these modes of feedback the image collected is a combination of
electronic properties of the probe and sample and samples are limited to be

conducting material.

1.3 Atomic Force Microscopy

Atomic force microscopy (AFM) was developed to overcome the STM
intrinsic limitation of solely being able to interrogate conductive materials. " The
feedback mechanism of AFM relies on deflection of a cantilever. An illustration
of a typical AFM is given in Figure 1.2. Piezoelectric actuators are used to obtain
the required nanoscale positioning. The piezoelectric tube bends and expands to
position the mounted sample. The sample is interrogated by a tip that is mounted
on a cantilever. AFM tips and cantilevers are typically made by microfrabrication
of silicon or silicon nitride. The interaction between the AFM tip and sample are

recorded as the cantilever’s response.
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Figure 1.2 lllustration of a typical experimental setup of an AFM in which the

sample is scanned with respect to the AFM tip and cantilever’s response is
monitored by the optical response of a laser beam reflected off the backside of the

cantilever.



Originally the cantilever’s response was monitored by an STM in constant height
feedback positioned on the backside of the AFM cantilever.’ As the AFM
cantilever is deflected, the STM would respond and provide monitoring of the
AFM cantilever response to the tip-sample interactions. Due to the experimental
complexities, this mode of monitoring a cantilever’s response has largely been
abanded and replaced by monitoring a laser beam reflected off the back surface of
the cantilever.® In this method, a laser beam is reflected off the back surface of
the cantilever and onto a split photodetector. As the cantilever bends, in response
to the tip-sample interactions, the position of the reflected laser beam moves on
the split photodetector. The difference in light intensity in the different quadrants
of the split photodetector will change and is used to monitor the cantilever

response to the tip-sample interactions.

1.4  Contact Mode

The two most common imaging modes used in the AFM are contact and
tapping. In contact mode the tip is held at a constant force or constant height on
the sample while the sample is rastered. The tip is then rastered over the surface
and topography changes are registered. A cartoon depicting the feedback during

contact mode operation of the AFM is provided in figure 1.3.



_____________________________________ Z-piezo Movement

Figure 1.3  Constant force feedback employed during operation of contact
mode AFM. The feedback mechanism adjusts the z-piezo distance to maintain

constant force between the AFM tip and sample.



While the tip is being translated across the surface, the tip also experiences
lateral forces. In contact operation the frictional forces cause lateral torsion in the
cantilever causing the laser beam to deflect in the x-direction of the split
photodetector, as seen in Figure 1.4. The difference in photodetector from the left
and right is interpreted as friction. It has been found that friction signals can

distinguish between different function groups on a surface.*” 8

1.5  Tapping Mode

The lateral forces present during contact mode imaging give rise to
difficulties when imaging delicate samples. **  In many situations these lateral
forces are large enough to damage the sample. Intermittent contact (tapping)
mode was developed to overcome this limitation.® In tapping mode, the tip is
brought into contact with the sample, and withdrawn before moving to the next
measurement location. This is achieved by oscillating the cantilever at its
resonant frequency with a sinusoidal wave. A cartoon depiction of this is
provided in Figure 1.5. On each cycle of oscillation, the tip intermittently
contacts the surface, thereby avoiding lateral drag. In this mode of operation the
amplitude of oscillation is monitored for the feedback. Upon encountering an
asperity on the surface, the amplitude of oscillation will decrease. To maintain
constant amplitude, the piezo must adjust the tip-sample distance accordingly,
which is registered as a topography change. Since the cantilever is vibrated with a
sinusoidal wave, the wave contains both amplitude and phase information. The

phase of oscillation contains a large
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Figure 1.4  Torsional deflections in the cantilever, attributed to friction appear
as a deflection in the horizontal direction in the split photodetector. Cantilever

response under no frictional force (a) and with frictional force (b)
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Figure 1.5  Amplitude feedback employed during operation of tapping mode
AFM. The feedback mechanism adjusts the z-piezo distance to maintain constant

amplitude.
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amount of information. When encountering a height asperity the amplitude of
oscillation decreases, creating a phase shift. Sample compressibility and adhesive
properties can also cause a phase shift. Researchers have demonstrated that phase
information can distinguish between chemical functional groups based on a

surface.?

1.6 Force Curves
Since the inception of AFM, these microscopes have been used to study

interaction forces between two substrates.!” #%

This field is conventionally
known as force spectroscopy and it has taken on many forms. The AFM can
measure the interaction forces of extremely small numbers of molecules and at the
lower limit single molecule interaction forces can be monitored.”* ?* Generally, a
force spectroscopy experiment is performed by bringing the AFM tip in and out of
contact with a surface. The cantilever deflection is monitored as a function of
distance traveled by the piezo and a force curve is generated. An example force
curve is given in Figure 1.6.

During the approach, the tip experiences attractive forces from the sample.
When the tip is away from the sample, these forces are weak and little to no
cantilever deflection is detected. Upon decreasing the separation distances, the
attractive forces become large enough to overcome the cantilever’s stiffness and

the tip snaps into contact with the surface. Once in contact the cantilever will

continue to deflect linearly with further piezo displacement.

11
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Figure 1.6  Illustration depiction of a force curve data collected by bring the

AFM tip in and out of contact with a surface. The force curve collected during

approach is depicted in blue while the retract force curve is depicted in red.
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The detector response may be used to determine the sensitivity of the cantilever.
When retracting the tip from the surface it is common for the tip to be withdrawn
further than the location of the snap in. This is attributed to adhesive forces
“holding on to” the tip. Once the cantilever stiffness is greater than these
adhesive forces the tip will be released from the surface. This discontinuity in the
force curve is referred to as the pull off force and is used, in AFM measurements,
as a measure of the adhesive force.

The Johnson-Kendall-Roberts (JKR) model is commonly used to
understand these events and quantify these pull off forces.”> An illustration of the
geometric depiction of this model is provided in Figure 1.7. The JKR model
assumes elastic deformation of the probe and surface. Upon pulling away the tip,
the JKR model predicts the two surfaces will continue to interact, even past the
point of initial contact, this is referred to as adhesion. The JKR model predicts the

adhesive force to separate a sphere, having a radius R, from a flat plane is given

25

by;

F=3/2nWag R (1.1)

where Wy is the change in free energy required to separate two surfaces within a
medium or more commonly the work of adhesion. Commonly W, is determined
by the AFM by measuring the pull-off force, F, between the AFM tip and R is the

radius of the tip. The JKR model predicts a contact radius, a, given by*" %
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Figure 1.7  lllustration of the JRK contact mechanical model, where R is the

radius of the sphere and a is the contact radius between the sphere and surface.
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a® = RPy/K (1.2)
where

Po =P + 31WaR + (6TWagRP + 31WogR) 2 (1.3)

P is the initial applied load between the probe and sample, and K is the
cantilever’s spring constant, assuming the cantilever is less rigid than the
underlying surface. Thus the JKR model can be used to estimate the work of

adhesion and contact area for a given force between a tip and a surface.

1.7 Chemical Force Microscopy

Chemical force microscopy refers to the application of force microscopy
to distinguish between chemical species on a surface.?" % 2’ This can be achieved
using a variety of methods, the most common of these being friction imaging,
phase imaging, or adhesion measurements. For all these methods, small
differences in the AFM probe and sample interactions are monitored. This
usually begins by immobilizing a chemical layer onto the AFM tip to ensure
chemical homogeneity. Typical immobilization procedures employ adsorption of
thiol molecules onto a gold coated AFM tip.?* ® The sample is subsequently
interrogated by the modified AFM probe and the small chemical differences are
monitored providing chemical information about the surface.

Lieber and coworkers demonstrated that monitoring the friction signal of

the AFM when imaging patterned regions of CHz or COOH terminated thiols a
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contrast could be observed for the varying surface functionality. * The friction
images provided predictable contrast that agreed well with the position of the
functional groups on the surface. The friction image contrast is attributed to
adhesive differences between the modified tip and the CH3; or COOH patterns.
The resolution of this method of chemical recognition is highly dependent on the
AFM probe size. As such, researchers have been developing smaller probe sizes
to provide maximum resolution.”® McDermott and coworkers later found that
phase imaging during tapping mode AFM provides contrast that agrees with
chemical composition of the surface.”2  In this work they found differences in
the phase image corresponding to CH; or COOH terminated layers. It is believed
that the contrast mechanism for these chemical recognition methods is attributed

to adhesive differences between the chemical functionalities.

1.8 Inverted Atomic Force Microscopy (i-AFM)

Most force spectroscopy experiments monitor a small number of
interactions in highly controlled environments.”*® These low numbers of
molecular interactions, in a given experiment, are largely attributed to the
bottleneck created by using the conventional AFM tip-cantilever setup. It is
relatively simple to pattern a chemical library of tens of thousands of different
molecules on substrates. However one tip-cantilever combination at a time is
used to investigate each molecular interaction at a time. To increase the
throughput available to AFM experiments microfabrication of cantilever arrays

has been developed.™ % Each cantilever could be monitored, enabling vast
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amount of interactions to be measured simultaneously. An example of this has
been the development of the millipede atomic force microscope.** In this concept,
1024 cantilevers were fabricated in a 3mm x 3mm area for imprinting data
storage.

True high-throughput AFM is still eluding the scientific community. One
potential candidate to circumvent these issues has been the development of
inverted atomic force microscopy (i-AFM).2® % ** |n this inverted design, the
sample is located on the end of a tipless cantilever and is interrogated by any one
of the tens of thousands of substrate-supported tips located on a microfabricated
tip array. Figure 1.8 is an illustration of the i-AFM design.

Substrate supported tip arrays are fabricated by conventional
microfabrication techniques, as shown in Figure 1.9. An initial template pattern is
fabricated on a silicon wafer using photoresist. The unexposed photoresist is
removed leaving behind a patterned silicon wafer. Reactive ion etching is used to
etch silicon pillars, in the positions of the patterned photoresist. Following this a
protective silicon oxide layer is formed using thermal oxide methods and a
substrate supported silicon tip is protected by a silicon oxide layer. Prior to use,
the silicon oxide layer is removed using hydrofluoric acid, leaving behind a
substrate supported silicon tip.

Tips are generally arranged in a square array with a 25 um pitch, each
having a unique location identifier. In this arrangement a 1 cm? tip array will
have 81,000 available tips. Tip arrays have been modified via microcontact

printing, robotic spotting as well as microfluidics.>**"* The substrate supported
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Figure 1.8  Illustration of the i-AFM design demonstrating a tipless cantilever

being imaged by substrate supported AFM tips.
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Figure 1.9  Schematic of the fabrication process involved to produce and

liberate substrate supported inverted AFM tips.

19



tips are then further used to interrogate a sample that has been mounted onto a
tipless cantilever.®® Commercial tipless cantilevers are typically 20-40 pm wide,
and these smaller dimensions have restricted patterning to more complex methods
such as dip pen nanolithography, carefully controlled microcontact printing and
nanoparticle patterning. %%

The strengths of i-AFM arise from the redundancy and large number of
available tips to interrogate a cantilever supported sample. A very common
obstacle when performing an AFM experiment is the tip changing shape from
usage or contamination. In the conventional AFM design, one would have to
disassemble the experiment and start over. i-AFM avoids this, allowing the user
to simply move to a new tip and the experiment may continue. With respect to
high-throughput chemical force microscopy this redundancy in tips can include

potentially large numbers of combinations of interactions from a moderate

number of molecular library elements.

1.9  Conductive AFM

Conducting atomic force microscopy (c-AFM) can be used to probe the
electrical properties of the sample. Generally, the AFM tip is coated with a metal
and a potential bias is applied between the tip and sample and the current response
is recorded. Due to the small size of the AFM tip, electrical properties on the
nanometer size regime are investigated. Data can be collected in a variety of
ways. A constant potential bias can be applied and the sample can be imaged. In

this form the current response at different locations on the surface will be
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monitored. The result is a current image of the surface that can be correlated to
height or friction images. Another mode of interrogation occurs by keeping the
tip —sample position constant and varying the potential bias, while monitoring the
current response, thereby collecting a current/voltage (IV) curve. Due to the
reliable constant force feedback, intrinsic to the AFM, IV curves can be collected
at a variety of forces, thereby monitoring electrical response of a material to an

applied load.

1.10 Molecular Electronics

One of the first reports of synthetically tailoring a molecule’s structure for
electronic properties was published in 1974 by Avimar and Ratner.*® In this work
they designed a molecule that contained electron donating and accepting
functional groups and would present rectification properties when electronically
interrogated.  This important modeling work showed the promise of using molecular
systems to control current flow and laid the foundation for a field of study known as
“molecular electronics”.

The heart of functionality of these devices is movement of charge through
the molecular component. A molecule is immobilized between two electrodes
forming what is referred to as a molecular junction. Typically the molecule is
first immobilized onto the bottom electrode. This immobilization process may
occur in a variety of ways. Initially electrodes were modified by the physical

40,41 Control of molecular orientation was

adsorption of molecules or polymers.
initially achieved by Langmuir-Blodgett films, and shortly after by silanization

and aldyhide reactions to chemically modify the lower electrode of a molecular
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junction. *** However, the vast majority of lower electrode surface modification
contain the thiol-gold linkage.?* “**® The reason for this extensive usage is that
thiols are well known to form a highly dense, well ordered monolayer on the gold
surface.”**® The molecular orientation, layer thickness, interaction with the lower
electrode and packing geometry are well controlled.

Once the molecule is immobilized on the lower electrode typically the top
contact electrode is fabricated, completing the molecular junction. Cartoon
depictions of common molecular junctions are provided in Figure 1.10. Initially,
mercury drop electrodes were used as top contacts to investigate change transport
through molecule layers (Figure 1.10a).">° Another commonly used means of
fabricating top contact electrodes is photolithographic or shadow mask
techniques, (Figure 1.10b). The metal top contact is deposited onto the molecular
layer through a pattern.®® This method is very useful, as it directly incorporates
microelectronic technology into the fabrication process. Both the mercury drop
and metal deposited molecular junctions commonly have contact areas from
centimeters to tens of micrometer contact areas®.

With the decreasing size of electrical components, researchers have been
devising means to fabricate devices that involve extremely small ensembles of
molecules.  This can be achieved in a variety of different ways, for instance

19, 63-65

fabricated nanogaps . In this setup nanofabricated
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Figure 1.10 Cartoon representations of molecular junction formation by the

mercury drop (a), metal deposition of the top contact (b), nanogap (c) and

scanning probe (d) methods.
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electrodes are used to bridge low numbers of molecules (Figure 1.10c). A variety
of nanoelectrode materials have been used, including doped silicon, metals, or
carbon nanotubes. However, a great amount of time and expertise is needed to
generate such devices.

Due to the small probe size used in scanning probe techniques, scanning
probe techniques have shown promise in molecular electronic measurements
(figure 1.10d).”® *® ® Using these methods, charge transport studies are
conducted on small ensembles of molecules. Most notable are the investigations

using the scanning tunneling microscope (STM)? 43 6668,

In these types of
experiments the STM tip is used as the top contact in the molecular junction and
the electronic properties of the immobilized molecules are probed. Despite
charge transfer investigations occurring on proposed single molecules a large
degree of irreproducibility is observed during these single molecule experiments.
To overcome this uncertainty Tao and coworkers devised a statistical means to
collecting and analyzing charge transport results.?® In this approach, a gold —
molecule — gold junction is repeatedly formed and broken. This is referred to as a
break junction. A gold scanning tunneling microscope (STM) tip is brought in
and out of contact with a gold surface in a solution of thiol molecules. A bridge
of gold atoms forms between the two electrodes and at the moment of separation a
molecule may drift between the gap, forming a molecular junction. The number
of molecules involved in the junction will vary between each measurement,

however the results are quantized and information concerning single molecule

junctions may be obtained.
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Similarly, conducting atomic force microscopy (c-AFM) can be used to
probe the charge transport properties of extremely small ensembles of
molecules.?® % 47997 ntrinsically, due to probe size, c-AFM usually involves a
larger ensemble of molecules then the STM. However with low concentration of
immobilized conduction molecules, the c-AFM probe will only interact with one
conducting molecule at a time, thereby forming a single molecule molecular
junction.” One advantage c-AFM has over STM experiments is that the force
applied can be controlled. Frisbie and coworker found a molecular layer film

will compress and deform upon subjection to increased forces.”

1.11 Grafting Aryl films derived from diazonium salts

Much of the work in this thesis involves the interrogation of aryl films
derived from diazonium salts. Pinson and coworkers were the first to show that
electrochemical reduction of nitrobenzene diazonium salt at a glassy carbon
electrode results in a tightly bound layer of nitrobenzene on the electrode

surface.” The mechanism they proposed is shown in Figure 1.11.

R
N+
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N ©+NZ

Figure 1.11 Schematic depicting the proposed mechanism of aryl-group

e
—>

attachment onto a carbon electrode. Adapted from reference’
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Electrochemical reduction of a diazonium salt results in the corresponding
aryl radical. Being highly reactive, the radical combines with an electron from the
carbon surface forming a covalent bond. Since this initial discovery, researchers
have used this process to modify a wide variety of substrates.”® " ’" Diazonium
salts have also demonstrated the tendency to spontaneously react with a surface,
thereby avoiding the need for electrochemical equipment and allowing for
complex surfaces to be modified.”® ™ In-situ methods for immobilizing aryl films
have been developed. For these methods, the generation and further reduction of
the diazonium salt occurs in the same solution, thus avoiding the need for
purification steps of the diazonium salt precursor.®% &

It is the flexibility of covalently modifying a diverse range of electrodes
that gives diazonium salts a unique advantage. It was later found that due to the
aggressive nature of radical attachment multilayers can form. Aryl-radicals in
solution may attach to the pre-existing layer, creating a branched layer structure.®

Recently, x-ray photoelectron spectroscopy (XPS) studies have indicated
the presence of nitrogen within aryl layers which should contain no nitrogen
atoms.®® This observation has been attributed to a wide variety of sources, ranging

from azide radicals forming in solution which may attach to the surface®" ®; t

0
azo-coupling reactions®®; to reduction of nitro groups, to quite simply

contamination within the XPS vacuum chamber®’.
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Figure 1.12 Proposed attachment mechanism for multilayer formation. The

proton in the coupling reaction has been included for clarity.

McCreery and coworkers have used the diazonium salt attachment method
to form molecular junctions. They have attached a variety of aryl films to carbon
electrodes and observed differences in charge transport attributed to chemical
differences and molecular layer thickness.*® 892 They also found that the material
and formation of the top contact plays an important role in observed electron

transport.®* 3
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1.12  Thesis Objectives

The objective of this thesis is to exploit the nanoscale positioning and
force sensitivity of atomic force microscopy to interrogate chemically modified
surfaces. Chapters 2 and 3 explore the use of conductive AFM to simultaneously
vary the applied load and measure charge transport through aryl films derived
from diazonium salts. The aim of these investigations was to develop a
methodology to investigate scalability of such junctions and to better understand
top contact formation during metal deposition. The aim of Chapter 4 is to provide
the first vibrational spectroscopic evidence into the mechanism of attachment and
growth of aryl films derived from diazonium salts. Chapters 5 and 6 address the
inherent bottle-neck of conventional AFM force spectroscopy and explores the
methodology to circumvent this issue via the use of inverted atomic force

microscopy.
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Chapter 11
Characterization of Aryl Films Derived from Diazonium Salts on Carbon

Electrodes Using Conductive Atomic Force Microscopy

2.1 Introduction

The shrinking size of electronic devices is motivated by the promise of
enhanced performance (e.g. storage density and speed). Molecular electronics is
an approach to device fabrication that involves the incorporation of molecules into
electronic devices. One of the first documented reports, suggesting integration of
molecular components into electronic devices was published by Herwald and
Angello in 1960.1 An excerpt from this contains, “The trend in electronics circuit
construction is toward microminiaturization and molecular electronics”.
Furthering this idea, Moore developed a law which predicts the number of electric
components in a microprocessor to double every year.? Based upon this trend,
and the ever-increasing drive for increased number electronic components, the
need for miniaturization is quite apparent. One can envision decreasing the size
of an electronic device to its smallest possible limit. The overall electronic
properties of such a device would be governed by a single molecule. This would
enable the electronic tailoring of a device by conventional organic synthesis. This
integration of molecular components, with a wide variety of possible structures
and properties, into existing silicon-based microelectronics may lead to new

and/or improved functionality.
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The functionality of molecular devices is based upon the movement of
charge through the molecular component. To form a molecular junction a
molecule or molecular layer is first immobilized onto a bottom electrode. This
immobilization process may occur in a variety of ways. Initially, electrodes were
modified by the physical adsorption of molecules or polymers.>*  Control of
molecular orientation in such films is quite difficult and Langmuir-Blodgett films
were later used to provide a higher degree of control.> Silanization and aldehyde
reactions have also shown to be quite successful in the covalent attachment of
molecular structures to the lower electrode, giving rise to great insights into
charge transport through molecules.®® However, the vast majority of lower

2 The reason for this

electrode modification involves the thiol-gold linkage.®*
extensive usage is that thiols are known to form highly dense, well-ordered
monolayers on the gold surface.’*'* By this approach, the molecular orientation,
layer thickness, interaction with the lower electrode and packing geometry are
well controlled.  From a molecular electronics view point, this degree of
molecular control has many benefits, in a field plagued by a high degree of
uncertainty.”> However, the shortcoming in this modification process is that thiols
are limited for attachment to metals and the linkage is non-covalent in nature.
Thereby lateral movement and displacement of thiol molecules may occur. Also
the non-covalent thiol-gold bond does not have a high degree of electronic

coupling, thus creating an energy barrier that must be overcome before electron

transport may occur.
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Another molecular adsorption mechanism being explored to circumvent
these issues posed by the thiol-gold bond is the covalent attachment of aryl groups
by the reduction of diazonium salts. Pioneered by Pinson and coworkers in 1992,
it was found that the electrochemical reduction of nitrobenzene diazonium salt
forms an aryl layer on a carbon working electrode.’® The mechanism they

proposed is shown in Figure 2.1.

e

— —

R
R
N+
Figure 2.1  Schematic depicting the proposed mechanism of aryl-group

attachment onto a carbon electrode. Adapted from reference *°

The electrochemical reduction of the diazonium cation forms an aryl
radical. The highly reactive radical combines with an electron from the carbon
surface, thereby forming an aryl film. Since this initial discovery researchers
have used this process to modify a wide variety of substrates, such as Si, Pd, Fe,
GaAs, as well as coinage and noble metals.””™ It is this flexibility of covalently
modifying a diverse range of electrodes that gives this process a unique
advantage. It was later found that due to the aggressive nature of radical

attachment multilayers can form. Aryl-radicals in solution may attach to the pre-
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existing layer, creating a branched layer structure.? More on this topic will be
discussed in chapter 4. The present work in chapters 2 and 3 uses this original
modification scheme in Figure 2.1 to prepare molecular films on conducting
carbon.

When preparing a charge transport device a contact must be fabricated on
the top of the molecule or molecular film. The first experiments to measure
electronic properties through monolayers involved mercury drop electrodes as top
contacts.”** Mercury drops have been used extensively to study charge transport
through molecular junctions for their high degree of reproducibly forming similar
contact areas and ease of generating a clean electrode surface.”* Junction
contact areas using mercury droplets as top contact electrodes are usually on the

order of a few square millimeters.??

Another commonly used means of forming
top contact electrodes is metal deposition of the top contact directly onto the
immobilized molecules.®*3? This method is very useful, as it directly incorporates
microelectronic technology into the fabrication process, making the transition
from silicon-based electronics to organic based easier. These junctions commonly
have a range of contact areas from centimeters to micrometer contact areas.*
McCreery and coworkers have utilized the photolithographic patterning
process in the study of charge transport through covalently grafted aryl films to

carbon substrates, >33

Photolithographic patterning allowed the study of top
contact formation effects on charge transport. They found that the charge
transport through a nitroazobenzene layer grafted to a carbon film is influenced by

the electronic properties of the top electrode. 3%
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With the decreasing size of electrical components researchers have been
devising means to fabricate devices that involve extremely small ensembles of
molecules.  This can be achieved in a variety of different ways. Fabricated
nanogaps, in which nanofabricated electrodes are used to bridge low numbers of
molecules. ***° A variety of nanoelectrode materials have been used, including,
doped silicon, metals, or carbon nanotubes. However, a great amount of time and
expertise is needed to generate such devices.

Scanning probe techniques inherently have a small contact area between
the probe and surface. This has led to scanning probe techniques investigating
charge transport through small ensembles of molecules.®***?4%%% Most notable are

124044 I these

investigations using the scanning tunneling microscope (STM)
types of experiments the STM tip is used as the top contact in the molecular
junction and the electronic properties of the immobilized molecules are probed.
Due to the very nature of electron tunneling involved in the STM, single molecule
charge transport experiments can be conducted. Similarly, conducting atomic
force microscopy (c-AFM) can be used to probe the charge transport properties of

extremely small ensembles of molecules®****°,

Due to probe size, c-AFM
usually involves a larger ensemble of molecules then the STM. However with
immobilization of low densities of conduction molecules, charge transport
through single molecule can be conducted using the c-AFM. One advantage c-

AFM has over STM experiments is that the force applied can be controlled.*®

This feature allows for investigations of intermolecular interactions, top contact
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formation, film compressibility, and film deformation influences on charge
transport.

In this work, we apply c-AFM to investigate the effects of applied load on
electron transport through diazonium salt derived aryl films on flat carbon.
Similar systems have been studied by McCreery and coworkers using metal

deposition during formation of the top contact.*****!

The molecular layers
chosen were biphenyl and nitroazobenzene molecular layers grafted to proylzed
photoresist films (PPF). The present study is the first time c-AFM has been used
to study charge transport through a diazonium salt derived molecular junction.
This work sheds light onto the true nano-scale landscape of charge transport in

these layers and provides the experimental framework to compare the c-AFM

results with experiments involving larger ensembles of molecules.

2.2  Experimental
Preparation of diazonium salts

Biphenyl and nitroazobenzene diazonium salts were synthesized according
to the Starkey method®®. In short, the amine precursors [Sigma Aldrich] were
reacted with sodium nitrite, added drop wise, in the presence of tetrafluoroboric
acid [48% Sigma Aldrich]. 10mL of acetonitrile [Sigma Aldrich] was used to aid
solubility of amine precursors. During the entire reaction all solutions were
consistently below 2°C to avoid diazonium degradation. The resulting diazonium

salts were isolated by recrystallization by addition of ether, then dried in a
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rotoevaporator immersed in ice/water at 0°C. The isolated diazonium salts were

stored below 0°C, in the dark and over desiccant.

Preparation of Pyrolysed Photoresist Films (PPF)

Silicon wafers were diced into 1.5cm x 1.5cm squares, cleaned with soap,
tap water, distilled water, followed by immersion in freshly prepared piranha
solution. Piranha was prepared by mixing 1 part 30% hydrogen peroxide (EMD,
ACS certified) with 3 parts concentrated sulfuric acid (EMD, ACS certified).
Extreme care should be taken during piranha use due to its violent reactions with
organic molecules. Following piranha cleaning the Si wafers were rinsed with
copious amounts of 0.2um filtered 18MQ-cm water (Barnstead-Thermolyne,
Nanopure water filtration unit) followed by drying via an argon stream within a
Terra Universal Whisper Flow Benchtop clean hood. Once dried the PPF layer
was prepared in a similar manner as previously reported®® In short, one layer of
AZ4330 photoresist was spin coated initially at a rate of 500rpm for 20sec
followed by 2000rpm for 20 sec and finally 3000rpm for 40sec. The coated
samples were immediately placed in an oven at 110°C for solvent drying for 20
minutes. Following the solvent drying step the coated samples were placed in a
tube furnace and the environmental atmosphere was purged with forming gas [N>
with 5%H,] for 20 minutes. The samples were then heated, under constant flow
of forming gas, to 1000°C and held for 1 hour. The samples were then cooled to

room temperature to enable handling. Upon removal from the tube furnace the
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PPF samples were immediately placed in a vacuum, over desiccant and stored

until use.

Surface Modification

Surface derivatization of PPF occurred by initially cleaning the substrates
vigorously using 3 successive sonications in isopropanol (Sigma Aldrich) which
has been filtered through activated carbon. The PPF substrates were then rinsed
with copious amounts of 0.2um filtered 18MQ-cm water followed by drying with
a gentle stream of argon. Derivatization of the PPF substrates with aryl films
occurred by electrochemical reduction of the diazonium salts (ImM in
acetonitrile) within a three-probe electrochemical cell in the presence of
tetrabutylammonium tetrafluoroborate electrolyte (Sigma Aldrich). The cell
consisted of a Ag/AgNO; reference electrode and a platinum mesh as a counter
electrode. Using a Pine biopotentiostat, the voltage was ramped at a rate of
200mV/s while monitoring the resulting current. The modified samples were
removed and rinsed with copious amounts of acetonitrile, 0.2um filtered

18MQ-cm water, followed by drying with a stream of Argon.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was preformed using an Axis 165 X-ray
Photoelectron Spectrometer (Kratos Analytical). All spectra were collected at
room temperature and the pressure was always below 10 torr. Survey spectra

were collected between 100 and 1000 eV with a resolution of 2 eV. High-
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resolution spectra were collected for the carbon and nitrogen regions of the

spectra at a resolution of 0.1 eV.

Atomic Force Microscopy

Current/voltage (1/V) curves were acquired in hexadecane (Sigma Aldrich)
using an Asylum MFP-3D atomic force microscope equipped with an Orca
conductive probe module. All conductive probes were Platinum coated and
purchased from Nanosensors. To ensure constant applied force during 1V curves
the AFM was operated in deflection feedback and curves were collected at a rate
of 1Hz. The applied force applied during I/V curves was adjusted using the
setpoint voltage. Force curves were acquired under a potential bias between the
conductive probe and the sample. This enabled monitoring the current response
during molecular layer compression and relaxation. Force curves were acquired
at a rate of 1Hz with a ramp size of 500 nm.

AFM scratching experiments were conducted by initially imaging a 1 um
x 1 um square of the molecular layer film in contact mode AFM under an applied
load of 600 nN. Feedback was switched to amplitude and a tapping mode image
was collected for a 5 um x 5 um square including where the initial scratching
occurred.  Cantilever force constants were determined using the thermal
calibration method®* available within the Asylum AFM software.

Tips were characterized by employing blind reconstruction algorithms to

55,56

reconstruct a three-dimensional model of the AFM tip’s apex In short, four

topographic images were collected at various locations and scan angles of an

50



evaporated niobium substrate. Due to the relatively high degree of sharp features
of the evaporated Nb crystallites, the substrate is in fact imaging the c-AFM tip.
The evaporated niobium substrate was kindly donated by Aurora Nanodevices
Inc. The topographic images were recorded at a scan rate of 0.5Hz, and scan size
of 500 nm. To ensure adequate resolution of the reconstructed tip model, a
resolution of 512x512 was used. Scanning Probe Imaging Processor (SPIP) was
used to generate a 3D model of the c-AFM tip’s geometry. Upon constructing a
three-dimensional model of the tip’s apex, the first 1nm of the tip’s apex was fit to
a parabola to determine the radius of curvature. This process occurred for the four
topographic images to determine an average and standard deviation of the tip’s

radius of curvature.

2.3 Results and Discussion

The present work outlines the challenges when investigating charge
transport through molecular layers and proposes characterization methods to
minimize uncertainty when interpreting the data. By utilizing the c-AFM to
investigate charge transport, molecular layer mechanical properties of biphenyl
and nitroazobenzene films grafted to pyrolysed photoresist are simultaneously

investigated.

Electrochemical Surface Modification

Surface modification of the clean PPF substrates occurred by linearly

sweeping the voltage, within an electrochemical cell containing aryl-diazonium

51



807 -250mV

-50

A
o
.

Current (uA)
o ,
o

)
[S)
|

-10 -

@) 0.1 0.0 01 02 03 04 05 06 07 08 -0
Voltage (V)

80 -650mV

-70 +

€0 r -320mV

Qurrept (”A.)

10

20

0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 -1
(b) Voltage (V)

Figure 2.2  Cyclic voltammograms collected during the deposition of
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to PPF.
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salts, while monitoring the resulting current. Figure 2.2 contains the cyclic
voltammograms obtained from the reduction of (a) nitroazobenzene and (b)
biphenyl diazonium salts. The reduction peak apparent on the initial scan, and the
disappearance of this peak on subsequent scans indicates the reduction of the
diazonium cations and molecular layer formation. The potential for peak current
is —250mV for NAB, and BP contains two reduction peaks at -320mV and —
650mV. The presence of two reductive peaks has been observed by other
researchers on similar systems and has been attributed to a variety of sources. >"®

X-ray photoelectron spectroscopy (XPS) was used to characterize the
resulting aryl films. Figure 2.3 contains the high-resolution XPS spectra, of the
nitrogen 1s region for the NAB and BP modified ppf substrates. Two prominent
N peaks are observed for the nitroazobenzene-modified PPF at 400eV and 406eV.
Elsewhere these peaks have been attributed to the azo and nitro functionalities
within the NAB structure respectively. **% It is interesting to note a small peak is
also observed from the BP modified PPF substrate, although it should contain no
nitrogen. It has been proposed that this observation is due to azo-coupling of the
diazonium to either the substrate or within the multilayer.®*%*

Figure 2.4 contains the carbon 2s region of the NAB, BP and bare ppf
substrates. A prominent peak at 284.5 eV is apparent for all the substrates and

attributed to the underlying carbon of the ppf substrate. Note that the NAB peak

is suppressed and broadened. This is indicative of a rather thick NAB molecular
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layer that significantly suppresses the XPS signal from the underlying substrate.
The peak broadening is accredited to the increased number carbon environments
within the NAB layer, associated with the carbons near the azo and nitro groups.
The carbon XPS signal of the BP layer is similar to that of bare PPF, hence it is
difficult to distinguish the BP layer from the substrate.

The molecular layer thicknesses were assessed using AFM scratching. In
this experiment a large normal force is applied to the substrate during contact
mode imaging. This provides a lateral force great enough to scratch away the
molecular layer. Care should be taken to increase the normal force large enough
to remove the entire molecular layer without damaging or removing the
underlying PPF substrate. The AFM mode of operation is then changed to
tapping mode and the image size increased.

Figure 2.5 contains topographic images of AFM scratching for (A),
biphenyl, (B) nitroazobenzene and (C) unmodified PPF. The image of the
unmodified PPF shows no evidence of scratching verifying the applied force is
below the threshold of causing damage to the underling PPF substrate. The image
also reveals a roughness of ~0.3 nm rms for PPF, which is comparable with

previous reports.3*>®

The molecular layer thickness for the biphenyl and
nitroazobenzene modified PPF were measured from the images by calculating the
z-axis step height difference between two 250 nm? areas within and outside the
scratched area, as indicated by the squares in the topographic images of Figure

2.5. This method provides an average height difference between the two areas.
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Figure 2.6  Topographic AFM images after scratching experiments (A)
biphenyl modified PPF (B), nitroazobenzene modified PPF and (C) unmodified
PPF. The height difference between the corresponding 250nm? areas were used to

determine the molecular layer’s thickness.
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Figure 2.6  Illustrated representation of the resulting multilayer formation of a

nitroazobenzene modified PPF.
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The molecular layer thicknesses were determined to be 0.8 nm and 3.2 nm for the
biphenyl and nitroazobenzene modified surfaces respectively. These values
indicate that BP layer is close to that expected for a BP monolayer and
nitroazobenzene modification is three times as thick as expected.** Observations
of this difference in thickness is believed to be attributed to multilayer formation
of the nitroazobenzene layer.?>** These thickness values suggest that under these
conditions, reduction of nitroazobenzene diazonium salt is much more likely to
form multilayers than during the reduction of biphenyl diazonium salt on PPF.
Figure 2.6 is an illustration representation of the resulting multilayer formation of

a nitroazobenzene modified PPF.

Charge Transport Investigations

Conductive atomic force microscopy (c-AFM) was used to investigate
charge transport through BP and NAB molecular layers. Current/voltage (1/V)
curves were collected on the modified substrates by sweeping the voltage bias
between the conductive tip and substrate while monitoring the current. Figure 2.7
contains 1V curves for NAB and BP collected with an applied force of 100 nN
within a hexadecane environment. The bias voltages are tip versus sample. Some
important features in the IV curves are apparent and require further discussion.
The IV curves appear in Figure 2.7 appear to be non-Ohmic. This suggests that
indeed modification of PPF with a molecular layer drastically changes the charge

transport between the tip and surface.
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It is also interesting to note the differences between the 1V curves collected on the
BP and NAB molecular layers. The current through the BP layer measured higher
than that collected on the NAB layer. The lower current may be attributed to the
thicker molecular layer of NAB.

However thickness alone cannot account for the shape of the IV curves.
The BP modified ppf displays a symmetric 1V curve, while the NAB modified
PPF shows rectification.  The rectification of the NAB IV curve was calculated
to be factor of 5 at +2V to —2V. Experiments on larger junctions have also

3365 Researchers

demonstrated rectifying 1V characteristics in similar junctions
have suggested this phenomenon may be attributed to quinoid formation within
the NAB layer at positive tip biases, thereby changing the ability of the electron to
move between the molecular layer and the conducting probe. ***® Figure 2.8

contains a representation of NAB forming a quinoid structure at positive tip

biases.

Effects of applied load on charge transport investigations

Further investigations of the charge transport through these molecular
layers were conducted by collecting IV curves at various applied forces. Figure
2.9 contains IV curves of BP (a) and NAB (b) molecular layers grafted to PPF
collected at increasing applied loads. Note that the IV curves, collected at

different forces, do not overlap and the current increases with applied load. This
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observation may be attributed to a variety of sources; 1) increased contact area
between the conducting probe and molecular layer, 2) decreased distance between
the PPF substrate and conducting probe, and 3) changes in the intramolecular
interactions and/or arrangement within the molecular film. The contribution of
each of the source, to the observations noted for the increased current upon

greater applied loads, will be discussed further

Contact Area Consideration

The determination of contact area in c-AFM experiments requires
knowledge of the tip shape and some estimation of contact mechanics.
Fortunately, these problems are intrinsic to AFM operation itself and methods
have been developed to determine tip geometry. These methods include
deconvolution of the tip’s geometry from images of known shapes,®” direct
imaging using high resolution scanning electron microscopy®® and blind
reconstruction methods from images of unknown geometries.”>® In the blind
reconstruction methods a 3-D model of the tip’s shape is created from the
topographic data of the sharpest features within an image. An in-depth discussion
for all of these techniques can be found in Chapter 6.

Based upon the findings in Chapter 6, blind reconstruction was chosen as
the tip characterization method. This method yields lower uncertainties and
minimal tip damage, as compared to the other methods. A typical topographic

image of an evaporated Nb film and the 3-D reconstructed tip geometry is given
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Figure 2.11 Calculated JV curves for measuring charge transport through (a)
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in Figure 2.10. By fitting the first 1 nm from the apex of the tip to a parabola, a
tip radius of 35 nm + 3 nm was determined. Using the calculated tip radius, the
calibrated spring constant, and applied load, the Johnson-Kendall-Robert’s (JKR)
theory® was used to determine the contact area between the c-AFM tip and the
molecular layers. The contact area for each of the applied forces was used to
determine current densities (J). The resultant JV curves are presented in Figure
2.11. It is noted that each force yields a distinct JV curve with little overlap
between curves. This suggests that contact area changes alone cannot describe the
increasing current trend we observe in Figure 2.9 otherwise all of the JV curves

would overlap.

Distance Dependence consideration

Higher applied tip-sample forces can result in molecular layer
compression and a decreased distance between the PPF substrate and the
conducting probe. If electron tunneling is the sole source of charge transport
observed in the IV curves, the current, I, would be dependent upon distance, d, by
equation 2.2, %

I = 1,ePd (2.2)
where B is defined as the tunneling factor constant. [ is dependent upon the
material the electron is tunneling through and is determined experimentally by
varying the thickness of the molecular layer and measuring the current at a
constant voltage. McCreery and coworkers have measured 3 for PPF/NAB/Cu

junctions by systematically varying the thickness of the NAB layer and measuring
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the current at +0.5V for the various thicknesses. { was determined be 0.21 A™.
1534 This B can be used as an estimation to correct for changes in the tip-sample
distance while under applied loads. This correction is performed by assuming the
force at which an Ohmic response occurs when the conducting probe is in direct
contact with the underlining PPF substrate. This direct contact is set as d = 0 nm.
It is further assumed that the molecular layer is less stiff than the stiffness of the
cantilever, therefore separation between the PPF and probe is reliant on the
cantilever’s sensitivity. Equation 2.2 was then used to correct for the distance
dependence associated with the observed current. Figure 2.12 shows the resulting
JV curves as a function of applied force. The JV curves at different forces again
do not overlap, suggesting other factors must be contributing to the observed JV

characteristics.

Molecular Layer Rearrangement Consideration

The final factor that will be discussed as a possible contribution to the
increased current as a function of force is the effects of molecular layer
rearrangement under increasingly greater loads. It is well known that molecular
layers may rearrange under applied loads. * Under increasing applied loads a tip
induced defect site may form. This deformation allows for the top contact of the
c-AFM tip to be closer to the PPF electrode, thereby increasing electron tunneling
in relation to equation 2.2 and discussed in the previous section. This deformation
of a molecular film and its effects on charge transport have been previously

reported for alkyl thiol monolayers.** However, the applied load induced
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transition from rectifying to non-rectifying charge transport has not been
previously observed. Under low applied loads electron tunneling appears to occur
through the barriers associated with the molecular structures of the film and the
metal contacts. The JV curves display slight rectifying characteristics, having a
rectifying ratio at +1V and -1V ranging between 2 and 5.

The observations of a change in tunneling mechanism, allows for the
conclusion that the interface between the probe and molecule is extremely
important for interpretation of charge transport experiments. In the region of
lower applied loads, the electronic properties appear to be dependent upon
molecular structure within the molecular layer. Applying greater loads may
thereby change the molecular structure of the layer. The molecule will compress,
molecular bonds will rotate and bonds become strained. These structural changes
will led to changes the tunneling energy barriers associated with the molecular
layer. All of these effects manifest as changes in JV curves that cannot be

directed related to junction size or tip-sample distance considerations.

2.4  Conclusions

Conducting atomic force microscopy provides a unique platform for
probing charge transport through molecular layers. It was found that chemical
structure and net film formation influence charge transport properties through
molecular layers derived from diazonium salts. To aid in comparison studies the
current densities must be accurately calculated, thereby requiring an accurate

measurement of contact area between the conducting probe and surface. It was
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found that applied force between the conducting probe and molecular layer
drastically influences electron transport, which cannot be fully understood by
changes in contact area. These results outline the methodology to allow for
comparison between c-AFM investigations and macro-sized contact area studies.
These results also suggest that to achieve the true molecular tailoring sought after
by the molecular electronics field one must consider film alteration during top
contact formation and this adds yet another variable that must be controlled to

achieve meaningful results.
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Chapter 111

Top contact formation and scalability of PPF/NAB/Cu junctions

3.1 Introduction

The ever increasing need for miniaturization of electrical components has
been fed by the promise of increased performance. One can imagine decreasing
the size of an electronic device until it is only the size of a single molecule. In
1960, Herwald and Angello suggested that the trend in the electronics industry is
towards miniaturization and the integration of molecular components into
electronic devices.! The electronic properties of such devices could be tailored by
synthetic strategies, opening new frontiers for the industry. One of the first
reports of tailoring a molecule for electronic properties was published in 1974 by
Avimar and Ratner.” In this work they designed a molecule that contained
electron donating and accepting functional groups which should permit electron
flow only in one direction through the molecule. The integration of these tailored
molecular components with a wide variety of possible structures and properties
into existing microelectronics may ultimately lead to new and/or improved
functionality.

The investigation of electron transport through molecules requires that the
molecule be linked between two electrodes. This is defined as a molecular
junction and is depicted in Figure 3.1. The most prevalent means of immobilizing
molecules between electrodes involves the thiol-gold linkage. The molecule

contains a thiol functional group that spontaneously adsorbs to gold electrodes. **°
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This immobilization process has many advantages. Highly dense, well-ordered
monolayers are readily formed on gold surfaces.” Thus the molecular orientation,

packing geometry, and interaction with electrodes are well controlled.

<«— Electrode

«<— Molecule

<— Electrode

Figure 3.1  Cartoon representation of a molecular junction. In this a molecule
is sandwiched between to conducting metals. This setup allows for charge to be

passed through the central molecule.

Due to the small probe size intrinsic to scanning probe techniques,
scanning probe microscopy has been used to investigate charge transport through
small ensembles of molecules.*>#** Atomic force microscopy (AFM) has been
used to study charge transport through a variety of thiol monolayers on gold.®>*
4" A metal AFM probe is used as a top contact to the molecules immobilized onto
the gold surface. A depiction of this experimental set-up is given Figure 3.2 a.

The probe thus interrogates electron transport through a small ensemble of

molecules. An advantage of this technique is that the applied force can be
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Experimental setups of charge transfer experiments that monitor

Figure 3.2

electron transfer through a monolayer on gold. In (a) electron transfer through an

ensemble of molecules is measured using a conduction AFM probe. In (b) the

concentration of conducting molecules immobilized on the surface has been

decreased such that only charge being passed through a single molecule is being

investigated.
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Figure 3.2c  Gold coated STM tip is lowered into contact forming a molecular
junction in the presence of conducting molecules and charge transport through the
molecule is measured. The junction is then broken by withdrawing the STM tip.
This process is repeated thereby enabling a large number of charge transport

measurements to be collected.
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controlled and the effects of molecular layer compression may be investigated.'
Also by using mixed monolayers the surface concentration of *“conducting”
molecules can be decreased so that at any given time the probe is interrogating
only one molecule, as depicted in Figure 3.2b.> However, even with careful
control, there is quite a bit of variability in experimental results. Tao and
coworkers devised a method to repeatedly form and break a molecular junction

using a scanning tunneling microscope (STM).21°

In this approach a gold —
molecule — gold junction is repeatedly formed and broken, creating a break
junction and depicted in Figure 3.2c. A gold scanning tunneling microscope tip is
brought in and out of contact with a gold surface in a solution of thiol molecules.
The number of molecules involved in the junction will vary in each experiment,
however, the results are quantized and information concerning single molecule
junctions may be obtained.

Despite these advances, the formation and measurement of molecular
junctions has been burdened by irreproducibility and uncertainty. A recent review
has even stated that resistance per molecule can vary 8 orders of magnitude.®’
Potentially, some of the uncertainity in measurements may be due to the
drawbacks of the thiol gold linkage. The thiol-gold linkage is non-covalent in
nature and the molecules may laterally diffuse or be removed from the surface.
This immobilization process is also limited to metal junctions.

One avenue being explored to circumvent these issues is the grafting of

diazonium salt derived aryl layers. Originally pioneered by Pinson and coworkers

in 1992, they found that upon the electrochemical reduction of nitrobenzene
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diazonium salt, a carbon working electrode could be modified.®* Later it was
found that diazonium salts can be used to modify Au, Cu, Ag, Pt as well as Si, Pd,
Fe, GaAs. 2% |t is this flexibility of modifying a diverse range of substrates that
gives this process a unique advantage. The procedure for diazonium modification
of metals is similar to that of carbon modification, described in section 1.11
McCreery and coworkers have used the diazonium salt attachment method
to form molecular junctions. They have shown charge transport in macro-size
molecular junctions can vary, but with control of molecular layer and top contact
formation, this irreproducibility can be decreased. 2% In this work they found the
thickness of the nitroazobenzene (NAB) molecular layer could drastically affect
the magnitude of electron transport through a PPF/NAB/Cu junction.?® They also
found that top contact formation plays an important role in observed electron

transport. 2

By increasing the pressure during top contact fabrication of
PPF/NAB/Cu junction they observed a decrease in electron transport.

The present chapter addresses the lack of reproducibility between micro
and nanoscale measurements. A comparison of charge transport through
microscale and nanoscale PPF/NAB/Cu molecular junctions was made by
performing c-AFM investigates on a PPF/NAB layer right beside a micro-sized

PPF/NAB/Cu junction. This work addresses scalability of molecular junctions as

well as considering top contact formation in PPF/NAB/Cu junctions.
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3.2  Experimental
Preparation of nitroazobenzene diazonium salts

Nitroazobenzene diazonium salt were synthesized according to the Starkey
method.” The amine precursor [Sigma Aldrich] were reacted with sodium nitrite,
added drop wise, in the presence of tetrafluoroboric acid [48% Sigma Aldrich].
10mL of acetonitrile [Sigma Aldrich] was used to aid solubility of amine
precursor. During the entire reaction all solutions were kept below 2°C to avoid
diazonium degradation.  The resulting diazonium salt was isolated by
recrystallization upon addition of ether and dried in an ice bath cold
rotoevaporator. Once isolated the nitroazobenzene diazonium salt was stored

below 0°C, in the dark, and over desiccant.

Preparation of pyrolyzed photoresist (PPF)

Silicon wafers were diced into 1.5cm x 1.5cm squares, cleaned with soap,
tap water, distilled water, followed by emersion in freshly prepared piranha
solution. Piranha was prepared by mixing 1 part 30% hydrogen peroxide (EMD,
ACS certified) with 3 parts concentrated sulfuric acid (EMD, ACS certified).
Extreme care should be taken during piranha use due to its violent exothermal
nature. Following piranha cleaning the Si wafers were rinsed with copious
amounts of 0.2um filtered 18MQ-cm water (Barnstead-Thermolyne, Nanopure
water filtration unit) followed by drying via an argon stream within a Terra
Universal Whisper flow Benchtop clean hood. One layer of AZ4330 photoresist

was spin coated onto the dried Si wafer initially at a rate of 500rpm for 20sec
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followed by 2000rpm for 20 sec and finally 3000rpm for 40sec. The coated
samples were immediately placed in an oven at 110°C for solvent drying for 20
minutes. Following the solvent drying step the coated samples were placed in a
tube furnace and the environmental atmosphere was purged with forming gas [N
with 5%H5] for 20 minutes. The samples were then heated, under constant flow
of forming gas, to 1000°C and held for 1 hour. The samples were then cooled to
room temperature to enable handling. Upon removal form the tube furnace the
PPF samples were immediately placed in a vacuum over desiccant and stored

until use.

Surface derivatization

Surface derivatization of PPF occurred by initially cleaning the substrates
vigorously using 3 successive ultrasonic bath treatments in isopropanol which had
been filtered through activated carbon. The PPF substrates were then rinsed with
copious amounts of with 0.2um filtered 18MQ-cm water followed by drying by a
gentle stream of argon. Derivtazation of the PPF substrates with aryl films was
accomplished by electrochemical reduction of the diazonium salts (ImM in
acetonitrile) within a three-probe electrochemical cell in the presence of
tetrabutylammoniumtetrafluoroborate electrolyte (Sigma Aldrich).  The cell
consisted of a Ag/AgNO; reference electrode and a platinum mesh as a counter
electrode. Using a Pine biopotentiostat, the voltage was ramped at a rate of 200

mV/s while monitoring the resulting current. The modified samples were
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removed and rinsed with copious amounts of acetonitrile, 0.2 pum filtered 18

MQ-cm water, followed by drying with a stream of Argon.

Micro-sized Cu junction Fabrication

65 um? and 1600 um?* PPF/NAB/Cu junctions were fabricated by e-beam
evaporation of 45nm of Cu through a 2000 and 400 mesh TEM grids respectively.
This was followed by evaporation of 5nm of gold to minimize oxidization of the
Cu. All metal evaporation occurred in an e-beam evaporator at a base pressure of
no greater than 10° Torr during deposition. Removal of the TEM grid left
behind, 65 um?® and 400 um? Cu island PPF/NAB/Cu junctions were left behind.
The PPF/NAB/Cu junctions were then characterized using a Hitachi HF 3300
scanning electron microscope. Figure 3.4 is a depiction of the experimental set-
up used to investigate top contact formation and scalability in conventional
PPF/NAB/Cu devices. This work was in collaboration with Adam J. Bergren and
Richard L. McCreery. With the interest of reproducing similar junctions as
Bergren et. al. recently reported,”® Bergren kindly prepared the NAB molecular

layers on PPF and deposited the copper.

AFM tip Characterization

The conductive probes were fabricated by coating conventional Si AFM
probes (Olympus) with 50nm of electron beam evaporated Cu. An e-beam
evaporator was used with a pressure of no greater than 10° Torr during Cu

deposition. Characterization of the Cu coated AFM tip occurred by scanning
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electron microscopy and deconvolution of the tip’s geometry using a blind
reconstruction method as discussed in Chapter 6. In short this occurred by
collection of topographical images of evaporated niobium films. These images
were then processed to create a geometric envelope of the tip using SPIP software

package.

Charge Transport investigations

Current/voltage (I/V) curves were acquired in air using an Asylum MFP-3D
atomic force microscope equipped with an Orca conductive probe module. To
ensure constant applied force during IV curves the AFM was operated in
deflection feedback and curves were collected at a rate of 1Hz. The applied force
applied during I/V curves was adjusted using the setpoint voltage. Cantilever
force constants were calculated using the thermal method?® available within the
Asylum AFM software. Current/voltage (1/V) curves using the Cu coated AFM
tips as the top contact were collected using the Orca conductive probe module and
self contained Asylum MFP-3D software. |V curves on the 65 pm? and 1600 um?
Cu island junctions occurred by placing a Cu coated AFM in contact with the Cu
island. This formed an Ohmic electrical contact between the Cu island and Cu-
AFM probe. The voltage was then ramped between the Cu-AFM probe and PPF
using a Gramry potentiostat. The IV curves were collected in the Gramry

electrochemical software.
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Figure 3.4  lllustration of PPF/NAB/Cu experiment setup. Charge transport
studies through microsized junctions occurred by placing Cu coated AFM tip in
contact with microsized Cu pad. Charge transport investigations on the
nanometer size regime occurred by positioning the Cu AFM tip in contact with

the bare NAB molecular layer.
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3.3 Results and Discussion
Characterization of PPF/NAB/Cu Junctions

Chapter 2 consisted of charge transfer experiments conducted using a Pt
AFM tip as the top contact in the molecular junction. The work described in this
chapter aims to directly study the effect of junction size on the I/V characteristics
of molecular junctions. We thus used Cu coated AFM tips to interrogate
PPF/NAB/Cu junctions. Figure 3.5 contains a tapping mode topographic AFM
image and representative cross-sectional profile of the Cu island junctions
supported on the NAB molecular film. The topographic image reveals the
geometry of the Cu patterned sample. By performing cross sectional profiles the
size of the Cu patterned islands was determined to be 8.1 um x 8.1 um when
evaporated through a 6um hole TEM grid (2000 mesh) and 43 um x 43 um using
a 45 um hole TEM grid (400 mesh). The spacing between the 2000 mesh and 400
mesh Cu islands were measured to be 3.1um and 20um, respectively. The Cu
island thickness was measured to be 32 nm and 35 nm for the 2000 mesh and 400
mesh devices, respectively.

Scanning electron micrographs were also collected for Cu patterned
devices to measure contact areas. The results for the 2000 mesh and 400 mesh
grids are shown in Figures 3.6a and 3.6b, respectively. Three sample areas were
collected to measure junction uniformity. The scanning electron micrographs
reveal excellent junction size uniformity over large distances on the substrate. 30
Cu junctions were measured for each sample giving an averaged contact area of

65 um? and 1600 pm? for the 2000 mesh and 400 mesh TEM grids respectively.
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C-AFM Charge Transport Investigations

Having confidence in contact areas and uniformity of junctions, a Cu
coated AFM tip was brought into Ohmic contact to one of the Cu islands and IV
curves were collected. The geometric size of the Cu islands found by SEM was
used to calculate the current density, J. Figure 3.7 contains five JV curves on
individual junctions of 65 um? and 1600 um? in size. The Cu coated tip was
withdrawn and engaged for each JV at a different location on the Cu island. The
plots exhibit current densities at +0.5V of 0.7 + 0.1 Acm? and 0.2 +0.1 Acm™.
The slight difference in measured current densities may be attributed to not
accurately knowing the contact area for this specific junction.

A set of 16 JV curves was collected on 16 different 8.3um x 8.3um Cu
junctions to assess inter-junction reproducibility. The results are presented in
Figure 3.8. 14 out of 16 junctions produced JV curves that overlay each other
reasonably well. Excluding the two outlier JV curves, the current density at
+0.5V and +1V was determined to be 0.7 + 0.7 Acm? and 1.6 + 1.4 Acm™
These current densities are slightly larger than those previously reported by
Bergren at. al.”® In this previous work, the authors measured JV curves on
junctions with significantly larger contact areas of 0.0025cm?. The measured
average current density they found was 0.21 Acm™ at +0.5V. They also noticed
differences in inter-junction reproducibility, where current densities could be as
large as 1.4 Acm™ at +0.5V. The agreement between the "macro” junctions and
the current "micro™ junctions is reasonable, and implies that similar phenomena

control the current magnitudes. It is interesting to note that electron transfer is
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Figure 3.5 (a) Tapping mode AFM topography image of patterned e-beam
evaporated Cu pads on NAB molecular layer. (b) Topography line trace of

patterned Cu pads, area of interest is indicated by red line in topography image.
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Figure 3.6

evaporated Cu island pads, through a 2000 mesh(a) and 400 mesh(b) TEM grid,

on a NAB molecular layer supported by PPF. The area of the bright squares was

used to assess the contact area of the PPF/NAB/Cu molecular junction.
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non-Ohmic and no appreciable rectification is observed. The lack of rectification
observed in the JV curves could suggest differences in electronic coupling
between the NAB molecules and the Cu electrode and the NAB molecules and Pt
c-AFM top electrode’s in Chapter 2. Junctions using the Cu coated AFM tip as
the top contact were probed to investigate the effect of junction size. The
junctions were formed adjacent to a Cu pad on the same samples to ensure that the
same NAB/PPF layer was being probed. Figure 3.9 contains IV curves collected
by c-AFM under a variety of applied loads. The observed current increases as the
applied load exerted on the cantilever is increased. This can be attributed to an
increase in contact area, and molecular layer compression/deformation at the
larger forces as described in Chapter 2.

The effect of junction size can be explored by directly comparing the I/V
characteristics of the Cu pad/NAB/PPF junctions and the AFM tip/NAB/PPF
junctions.  This comparison requires normalization for the contact area to
construct plots of current density (J) vs voltage. For the micro-sized Cu island
junctions it is a simple calculation in which the measured current is divided by the
area of the island. Calculation of the current density curves collected using the Cu
coated tips requires consideration of changes in contact area due to increases in
applied load. The Johnson-Kendall-Robert’s (JKR) contact mechanical theory
was applied to determine contact area between the Cu coated AFM tips and the
NAB layer.?” The tip radius was determined by blind reconstruction methods in
which topographic data is used to create a 3-D model of the tip’s geometry.?®% A

topographic image of evaporated niobium and the reconstructed tip model of the
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Figure 3.9 IV curves collected using a Cu coated AFM tip as the top contact
in the PPF/NAB/Cu molecular junction. The applied load was increased between

0 nN and 154 nN, at which point an Ohmic response was observed.
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model of the c-AFM tip using blind reconstruction methods(b)
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Figure 3.11 JV curves collected using a Cu coated AFM tip as the top contact

in the PPF/NAB/Cu molecular junction. The applied load was increased between

0 nN and 154 nN, at which point an Ohmic response was observed.
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Cu coated AFM tip are given in Figure 3.10. The tip radius of the probe used in
the charge transport experiments was determined to be 11 nm + 3 nm. The tip
radius of 11nm was used in equation 3.1 to determine the contact area between the
probe and NAB layer at various applied loads. The contact areas between the Cu
coated AFM tip and NAB surface were used to determine the current densities for
each applied load and are plotted in Figure 3.11. From Figure 3.11 we notice that
the JV curves at increasing applied loads do not overlap. This suggests that
contact area is not the sole contributor to the increase in measured current upon
for larger applied loads.

As previously described in Chapter 2, JV curves not overlapping are
associated with molecular layer compression and deformation induced by greater
applied loads.** Figure 3.11 also shows that the JV curves associated with the
micro-sized Cu island junctions agree well with the results of the JV curve
representation of the ~60 nN applied force, having a current density at +0.5V and
+1.0V of 0.4 + 0.2 Acm? and 1.6 + 0.2 Acm™ respectively. The micro-sized Cu
island junctions had current densities at +0.5V of 0.7 + 0.1 Acm™ and 0.2 +0.1
Acm for the 65 pm? and the 1600 um? junctions respectively. This agreement is
quite remarkable given a recent review has demonstrated that there can be a 10°
magnitude of variability in these values when scaling from micron size to small
ensembles of molecules investigated in scanning probe techniques.’” A great deal
of this variability may be attributed to the influences that the experimental tools

have on the outcome of observations. This agreement in charge transport values
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may be attributed to performing both the macro-sized and nano-sized IV curves
on the same sample. This limits possible sample-to-sample variability.

It is interesting to note the applied force of ~60 nN where the AFM
tip/NAB/PPF JV data agrees well with the micro-sized Cu junctions. This
suggests that the underling NAB layer in the micro-sized Cu junctions may be a
similar junction as the AFM tip/NAB/PPF JV at ~60 nN. To better understand
this phenomenon the JV curves were fit with a common tunneling theory used to
interpret molecular junctions.?***! Figures 3.12 and 3.13 are representative JV
curves of Cu island junctions and Cu coated AFM junctions respectively fit to the

Simmons tunneling model.*

A complete list of tunneling barriers and effective
electron masses determined from the fits are provided in Table 3.1. The fit range
for each JV curve fit was determined by finding the transition voltage, Virans, In
which electron transport changes from direct tunneling to field emission.®! Vians
can be estimated from a plot of Ln(1/VV?) versus 1/V. Plots of Ln(1/V?) versus 1/V
used to determine Figures 3.12 and 3.13 Vyans are provided in Figures 3.12b and
Figure 3.13b. The entire JV curve for the PPF/NAB/Cu c-AFM tip at applied

loads of 93 nN and 140 nN were fit due to the absence of V..s. From these fits
we find the barrier height and effective electron mass, € mass, determined for the
1600 um? PPF/NAB/Cu molecular junction is in good agreement with the values
determined for a PPF/NAB/Cu c-AFM tip molecular junction at an applied load
of 62 nN. The Vi from the 1600 um? PPF/NAB/Cu molecular junction

PPF/NAB/Cu c-AFM tip molecular junction at an applied load of 62nN are

similar to those reported for similar junction, having a Vyams. = 0.45 +0.08V.%
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Figure 3.12a JV curve and corresponding Simmon’s tunneling model fit of data
collected on a 1600um? PPF/NAB/Cu molecular junction. The raw data was fit

between -0.49V and + 0.40V.
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Figure 3.12b Plot of Ln(I/V?) versus 1/V used to determine Vs Of the
1600um? PPF/NAB/Cu molecular junction fit in Figure 3.12a. Vyas Was
determined to be -0.49V and + 0.40V. The large scatter for 1/V > 3 is due to

digitization noise for the small currents involved.
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Figure 3.13b JV curve and corresponding Simmon’s tunneling model fit of data
collected on a PPF/NAB/Cu c-AFM tip molecular junction having an applied load

of approximately 10 nN. The raw data was fit between -0.91V and + 0.78V.
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Figure 3.13b Plot of Ln(I/V?) versus 1/V used to determine Vyas Of the
PPF/NAB/Cu c-AFM molecular junction at applied load of approximately 10nN

fit in Figure 3.12a. Vyans Was determined to be -0.91V and + 0.78V

105



Junction Barrier, ® € mass Fit Range

1600pm? 1.5eV 0.11 -0.49V to 0.40V
10nN c-AFM 1.0eV 0.13 -0.9110 0.78V
62nN c-AFM 1.4eV 0.12 -0.45V to 0.65V
93nN c-AFM 1.8eV 0.09 Entire curve
140nN c-AFM 1.2eV 0.08 Entire Curve

Table 3.1 List of parameters determined from the Simmons tunneling fits of

1600um? PPF/NAB/Cu molecular junction and PPF/NAB/Cu c-AFM molecular

junctions at various applied loads.
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This suggests that the electron transport involved in the micro-sized PPF/NAB/Cu
molecular junctions is similar to that observed in the PPF/NAB/Cu c-AFM tip
molecular junction at an applied load of 62 nN, suggesting a similar molecular

junction and charge transport is occurring within these two junction size regimes.

3.4  Conclusions

In conclusions we have demonstrated for the first time a means of
fabrication of PPF/NAB/Cu junctions to probe the top contact formation and
scalibility of such junctions from microns to nanoscale regimes. The charage
transport behavior was found to scale with junction size from the micro-scale
regime into the nanoscale regime. The JV characteristics of the micro-sized
PPF/NAB/Cu island junctions agree well with the JV characteristics of the
PPF/NAB/Cu probe under an applied load of ~60 nN. These results demonstrate
a high degree of agreement when scaling from micron sized molecular junctions
to the nanoscale size regime, which may potentially lead to new applications

within the microelectronics industry.
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A Surface-enhanced Raman Scattering Study into the Coupling of Aryl Films

Derived from Diazonium Salts to Gold Electrodes

4.1 Introduction

Since Pinson’s initial discovery of the ability to graft aryl films to carbon
surfaces by electrochemical reduction of diazonium salts,® a wide variety of
surfaces have been modified.”® Aryl groups derived from diazonium salts have
been grafted to Si, GaAs, Pd, as well as coinage and noble metals.>* These early
experiments involved the electrochemical reduction of the diazonium salt,
typically in a three electrode electrochemical cell. Since then diazonium salts
have also demonstrated the tendency to spontaneously react with a surface.”® In-
situ methods for immobilizing aryl films have been developed avoiding the need
for purification steps of the diazonium salt precursor. *** Thus giving another
added ease of use and flexibility of this grafting procedure. This modification

process has been exploited for a wide range of applications including molecular

12-15 1,16-19

electronics™ ™, protein immobilization , oligopeptide immoblization®®, and

DNA detection.t”8

The original attachment mechanism Pinson proposed is given in Figure 4.1

and is as follows;
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Figure4.1  Proposed mechanism of attachment of aryl films derived from

corresponding diazonium salts.

Upon electrochemical reduction of the aryl-diazonium, an aryl radical is formed.
This then reacts with a surface forming an aryl modified surface.”* Shortly
following this report it was found that the radical attachment process is so
aggressive that it rarely ceases upon the formation of a monolayer. Rather
successive aryl-radicals attach onto the aryl film thereby forming a much thicker
layer than previously believed.?? The mechanism of multilayer growth is depicted
in figure 4.2. Aryl radicals form and attach to a substrate as in Figure 4.1. This is
followed by subsequent attachment of secondary aryl radicals, formed by the

reduction process, propagating multilayer formation and growth.?
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Figure 4.2  Proposed attachment mechanism for multilayer formation. The

proton in the coupling reaction has been included for clarity.

Despite the wealth of investigations and device applications, the nature of
attachment and subsequent multilayer growth of aryl films remains unclear. X-
ray photoelectron spectroscopy (XPS) studies have indicated the presence of
nitrogen within aryl layers that should contain no nitrogen.®> This observation has
been attributed to a wide variety of sources, ranging from azide radicals forming
in solution which may attach to the surface?®***; to azo-coupling reactions®; to
reduction of nitro groups from the electron beam of the XPS,> or quite simply
contamination within the XPS vacuum chamber. °> The reason for this wide array
of possible explanations for the appearance of nitrogen is that XPS is limited to
observing the oxidation state of atoms, and inherently not chemical structure.
Recently Pinson and coworkers addressed this issue by the use of time-of-flight

secondary ion mass spectrometry (TOF SIMS).” In this work, aryl films derived

from diazonium salts were grafted to a carbon substrate. Interrogation of these
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film using TOF SIMS found the presence of a —N=N- bound between phenyl

groups.’

The present work is complementary to Pinson’s findings, in which we
investigate the existence of nitrogen within molecular layers electrodes using
vibrational spectroscopy. Gold was chosen as the electrode for these
investigations for its potential to provide surface enhancement in vibrational
spectroscopy. Molecular layers grafted to gold have recently been characterized
using infrared reflection adsorption spectroscopy.?® However, the infrared signal
for an azide stretch is weak, limiting characterization of this phenomenon to other
vibrational spectroscopy tools. For this reason, we chose to characterize the
existence of nitrogen functional groups within molecular layers using Raman
spectroscopy and thereby providing the first vibrational spectroscopy evidence for

azide coupling during multilayer growth.

Due to the intrinsically low signals involved in Raman spectroscopy we
chose to graft the molecular layers to a gold electrode which possessed
nanostructures that would provide surface enhancement. Recently glancing angle
deposition (GLAD) films have demonstrated the ability of providing a local
electromagnetic field enhancement required for Raman enhancement.?”?® In short,
GLAD films are fabricated using metal deposition at which the flux of material
bombards the substrate at large glancing angles. Figure 4.3 contains a cartoon
depiction of the fabrication of GLAD films. Typically these angles are >70°.
Initially metal nucleation sites form on the substrate. Upon further deposition of

metal these nucleation sites shadow the area opposite the metal flux, thereby only
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the exposed nucleation sites receive the incoming metal, causing the nucleation

sites to grow into pillars, further shadowing the area opposite the flux.

Pillars Flux

Nucleation
sites

Substrate

Figure 4.3  Cartoon depiction of the fabrication of GLAD films.

By controlling the angle of impinging flux and substrate rotation many different
GLAD film morphologies can be fabricated for a wide range of applications.?**
To better understand how GLAD films provide Raman enhancement we must first

have a fundamental understanding of Raman scattering.

The vast majority of light scattered undergoes elastic scattering where no
energy transitions occur.> The photons of the scattered beam have the same
energy of those in the incident beam. This is known as Rayleigh scattering.
However, roughly 1 in every 10 scattered photons undergo inelastic scattering.®
An energy transformation occurs and the scattered photons are of different energy
than the incident photons. This is referred to as Raman scattering, named after the
discoverer and Nobel laureate Sir Chandrasekhara Venkata Raman.**3* The
differences between these forms of scattering can be seen in the energy diagram

given in figure 4.4.
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The incident beam of photons excites a ground state molecule into an
excited virtual state. In Rayleigh scattering the molecule relaxes into its initial
ground state and no energy is lost or gained in the scattered photon. In Raman
scattering, the molecule relaxes into a different vibrational ground state. This
creates a change in energy of the scattered photon. If energy is lost it is referred
to as a Stokes shift and if energy is gained it is called an anti-Stokes shift. These
energy shifts are equal to the infrared absorption energies for the same vibrations.
Although dependant on the same vibrational modes of a molecule, infrared
absorption and Raman scattering are sensitive to different vibrational
mechanisms. Infrared absorption requires a dipole change in the molecular bond,
where Raman scattering is sensitive to changes in polarizibility within a bond.
Due to these differences, infrared absorption and Raman scattering are

complementary techniques.

Due to the low occurrence of a Raman scattered photon, Raman signals
are relativity weak. However, it was found that the intensity of Raman scattering
could be increased with the use of metal structures and surfaces. It is generally
accepted that this signal enhancement occurs by two mechanisms; 1) a chemical
effect where the interaction with the metal enhances charge transfer thereby
aiding the polarizibility of a molecular bond and 2) an electromagnetic effect
where the metal structure provides an increased local electromagnetic field
thereby increasing the Raman intensity. This increase in Raman scattering

intensity is known as surface—enhanced Raman scattering (SERS).
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SERS was discovered in 1974 by McQuillan and coworkers. * They
found that upon immobilization of pyridine onto a silver surface increased the
Raman signal. * Later Van Duyne and coworkers found that upon roughening a
silver electrode this Raman enhancement could be greatly increased.®® Since then
researchers have developed many different metal surfaces in pursuit of the ideal
Raman enhancement. *** However due to the lack of control at the nanoscale of
these metal structures this field has been plagued by irreproducibility in signal

enhancement.

Recently GLAD films fabricated from electron beam evaporated silver
have reported enhancement factors upwards of 10°.* It is speculated that GLAD
films achieve this enhancement by providing nanometer scale metal structures
that aid in enhancing the local electromagnetic fields. Initially trans-1,2-bis-4-
pyridyl-ethane was used as a proof of principle Raman active reporter
demonstrating that indeed Ag GLAD films provide surface enhancement.* These
films also provided a sample to sample reproducibility of 15%, which is lower
than using roughened metal surfaces or metal nanoparticles as SERS substrates.*
The use of Ag GLAD films has now been extended to the detection of viruses and
bacteria, discriminating between the different types and strains of pathogens, as
well as discrimination between mRNA patterns.?’***%*® |n the current chapter
gold GLAD films are explored as electrodes for the electrochemical deposition of
aryl films derived from corresponding diazonium salts. The SERS spectra of

diazonium salt derived layers were analyzed for the presence of an azide stretch,
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providing insight into the existence of nitrogen moieties within these molecular

layers.

4.2  Experimental
Glancing Angle Deposition Film Fabrication

Preparation of gold GLAD films began by first immersing 1cm x 1cm Si
wafers into freshly prepared piranha. Piranha was prepared by mixing 1 part 30%
hydrogen peroxide (EMD, ACS certified) with 3 parts concentrated sulfuric acid
(EMD, ACS certified). Care should be taken during piranha use due to its violent
exothermal nature. Following piranha cleaning the Si wafers were rinsed with
copious amounts of 0.2um filtered 18MQ-cm water (Barnstead-Thermolyne,
Nanopure water filtration unit) followed by drying via an argon stream. A ~5nm
Chromium layer was initially deposited on the polished side of the Si wafer
followed by a ~5nm Gold layer. The sample stage was then tilted until an angle
of 86 degrees was achieved, between the source and sample normal. Evaporation
of gold continued until a 360-370 nm layer was formed. The base pressure of the
vacuum chamber was 2.5x107 Torr prior to evaporation and deposition pressure
was ~5x10° Torr with a deposition rate of 5 A/sec. Fabrication of the gold

GLAD films was conducted by Douglas Gish of the Michael Brett research group.
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Surface Modification

Prior to surface modification of the GLAD films, possible contaminants
were removed by a gentle rinsing in 2-propanol (Sigma Aldrich) (0.2um filtered
within activated carbon), and then 0.2um filtered 18MQ-cm water, followed by
drying with a gentle stream of argon. 4-benzoic acid, nitroazobenzene and
nitrobenzene diazonium salts were prepared by the Starkey method*® in which the
amine precursors (Sigma Aldrich) were reacted with 1mM solution sodium nitrite
(Sigma Aldrich) in tetrafloroboric acid (Sigma Aldrich). The resulting diazonium
salts were then recrystallized and stored in the dark at 2°C until use.

Aryl films, derived from corresponding diazonium salts, were grafted to
gold electrodes by ramping the voltage bias between the surface and a Ag/Ag+
reference electrode at a rate of 100mV/s in the presence of a 5mM solution of
aryl-diazonium salt / 0.1M tetrabutylammonium tetrafluoroborate electrolyte
(Sigma Aldrich). This process was controlled by a (Pine) potentiostat and
employed a platinum mesh as a counter electrode.

The reduction of diazonium salts at fixed potentials occurred by the rapid
injection of benzoic acid diazonium salt into the electrochemical cell containing a
solution of tetrabutylammonium tetrafluoroborate electrolyte in acetonitrile while
holding the potential between the GLAD film and counter electrode at a fixed
voltage for 10 minutes. The final solution concentrations were 5mM solution of
4-benzoic acid diazonium salt / 0.1M tetrabutylammonium tetrafluoroborate
electrolyte. All solutions were prepared in acetonitrile and purged for 20 minutes

with Argon prior to use in an attempt to reduce the presence of oxygen.
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Thiol modified surfaces were prepared by immersing a clean GLAD film
in a ImM solution of 4-mercaptobenzoic acid in ethanol for 4 hours followed by a
gentle rinsing with ethanol and dried with a stream of argon. Upon modification
with diazonium salts, the gold GLAD films were gently rinsed with 0.2um filtered

18MQ-cm water and dried under an argon flow.

Characterization of Au GLAD films

Morphological top down and cross-sectional scanning electron
micrographs of the gold GLAD films were collected by a Hitachi HF 3300 SEM.
Raman spectra of freshly prepared GLAD film surface modification were
collected using a Renishaw inVia Raman microscope equipped with an inverted
microscope. Spectra were obtained using a 785nm laser and a 20 times
magnification objective. Each sample was exposed to 5% of a 30-mW 785nm
laser light while the spectra were being collected from 100-3200 cm-1 at 1-second
exposures. Band intensities showed no appreciable decrease upon repeated
spectra collection. X-ray photoelectron spectroscopy was obtained using an Axis
165 X-ray Photoelectron Spectrometer (Kratos Analytical). All spectra were
collected at room temperature and the pressure was always below 10 torr. The
survey spectra were collected between 100eV and 1000eV with a resolution of
2eV. High-resolution spectra were collected for the gold and nitrogen regions of

the spectra at a resolution of 0.1eV.
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4.3  Results and Discussion
Glancing Angle Deposition Films Fabrication

Recently, silver GLAD films have been shown to enhance the Raman
signal of an analyte by a factor of 10°.** Using similar methodology, gold GLAD
films were used as electrodes to study the grafting of aryl cations. The formation
and growth of GLAD films has been well documented elsewhere.®3! Figure 4.5
shows scanning electron micrographs of a typical gold GLAD film used in this
study. Figure 4.5a depicts the top profile of the substrate showing the highly
dense, pillared morphology of the GLAD films. The cross section of the cleaved
GLAD film, Figure 4.5b, demonstrates that the pillars are tilted and a thickness of
approximately 360 nm. It can also be noted that the thickness is relatively
uniform. It is suggested that this dense packing of nano-structures could produce a

significant increase in Raman intensity.**

Preliminary Study of AU GLAD films for SERS

To assess the SERS activity of these Au GLAD films, initial studies were
conducted using nitrobenzene thiol (NB-thiol). Thiols are known to form densely
packed monolayers on Au and the nitrobenzene group exhibits a large Raman
cross section.'?***2 NB-thiol was immobilized onto the AU GLAD film and
Raman spectra recorded. Figure 4.6 contains the Raman spectra of NB-thiol of

planar evaporated gold and Au GLAD films. From the increase in Raman
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Figure 45  Scanning electron micrographs of gold GLAD films demonstrating

surface morphology (a) and side profile (b) of gold pillars.
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intensity observed in the spectra collected on the Au GLAD film it is apparent
that the metallic structures provide surface enhancement.

To assess the applicability of Au GLAD films to be used as reproducible
SERS substrates, three hundred Raman spectra were collected over the surface
area of the sample substrate modified with NB-thiol. The influence of sample-to-
sample variability was investigated by collecting Raman spectra from five
separate sample substrates. Figure 4.7a contains an overlay of three hundred
Raman spectra collected on a single sample and Figure 4.7b contains Raman
spectra collected from five separate sample substrates.

The intensity of the symmetric nitro-stretch at 1350 cm™ was used as a
diagnostic for Raman signal reproducibility and surface enhancement of the Au-
GLAD films. The reproducibility of the Raman signal intensity within a single
sample was determined to be 5% rsd, and the sample-to-sample variability was
determined to be 7% rsd. These values are lower than the:15% values reported
of GLAD films being used as SERS substrates in literature.***> The enhancement
factor of the Au-GLAD film was determined to be 3x10°, which is slightly lower
than those previously reported.***> This observation is likely attributed to the use
of gold as the metal nanostructure surface, rather than silver. Gold substrates

commonly provide lower enhancement than their silver counterparts.>>>
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Figure 4.6  Raman spectra of NB-thiol collected on planar evaporated gold (a)

and Au GLAD film (b)
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Figure 4.7a Overlay of three hundred Raman spectra collected on a single
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Figure 4.7b  Raman spectra collected from five separate sample substrates.
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Existence of Nitrogen Species within Diazonium salt derived Aryl Films
X-ray Photoelectron Spectroscopy Characterization

X-ray photoelectron spectroscopy (XPS) was used to assess surface
modification of the gold electrodes. The high-resolution spectra of this Au4f
region presented in Figure 4.8 reveals that the aryl films diminish the intensity of
the Au4f peaks. It has been noted elsewhere that this decrease in Au4f7/2 XPS
signal is due to the shielding of the underlying gold by the molecular layer.”®*’
Upon closer examination it is revealed that the peaks are not diminished equally
for each species. The least suppressed peaks correspond to the thio-derivatized
aryl layers attaching to the gold. It should be noted that the shielding effect is
most prevalent in the spectra of the nitroazobenzene-modified surface. This trend
may be due to the heightened tendency of diazonium salt derived layers to form
multilayers, which has been previously well documented.*?

Upon surface modification, peaks appear in the N 1s region, which further
indicates modification has occurred. Figure 4.9 contains the high-resolution
spectra of the N1s region before and after surface modification. The energy peak
at 400 eV has been attributed to a reduced nitrogen species, possibly an azo or

amine. 5%

The 406eV peak commonly attributed to nitro linkages.®*° As
expected each of these peaks can easily be seen for the nitroazobenzene layer and

a peak at 406eV can be seen in the spectra for the nitrobenzene modified gold.
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Figure 4.8  XPS high-resolution spectra of Au4f region of nitroazobenzene,
nitrobenzene, nitrobenzene thiol, 4-benzoic acid and 4-mercaptobenzoic acid

immobilized onto gold GLAD film electrodes.
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Figure 4.9  XPS high-resolution spectra of N1s region of nitroazobenzene,

nitrobenzene, nitrobenzene thiol, 4-benzoic acid and 4-mercaptobenzoic acid

immobilized onto gold GLAD film electrodes.
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The XPS spectrum of the N 1s region of the benzoic acid layer also contains two
small peaks at 402 eV and 400 eV. Each of these peaks is consistent with the
presence of a reduced nitrogen species within the BA molecular layer.® This
observation is consistent with previous results. However, the source of this
phenomenon remains unclear and has been proposed to be caused from a variety

of sources: the formation of azide-radicals within solution,?®?*

or azo coupling
reactions, or a reduction of nitro functional groups upon exposure to the electron
beam, or quite simply caused by contamination.’

To further probe for the existence of azo linkages we chose to investigate
the structure of diazonium salt derived layers using vibrational spectroscopy.
Figure 4.10 contains an infrared reflection adsorption spectroscopy (IRRAS)
spectrum of an NAB aryl film on a planar gold electrode. The vibrational energy
where one would expect an azo (N=N) stretch is at 1450 cm™. Due to the weak

infrared signature of the azo stretch, this band is not easily observed using

IRRAS; we therefore choose to study this phenomenon using SERS.
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Figure 4.10 Infrared reflection adsorption spectroscopy (IRRAS) spectrum of

an NAB on planar gold substrate.
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Characterization of Aryl Films by SERS

The high reproducibility observed for the GLAD films provides a reliable
platform for SERS structural characterization of diazonium salt derived aryl films.
Figure 4.11 contains the Raman spectrum of electrochemically deposited NAB on
a Au GLAD film and on a planar Au substrate. Raman bands characteristic of
NAB are clearly observed in the spectrum from the GLAD film, while no bands
were observed on the planar Au under the spectroscopic conditions employed
here. This is due to the SERS effect provided by the GLAD films. The observed
bands can be assigned based on previous Raman explorations of NAB films and
these assignments are listed in Table 4.1. Of particular note are the bands at 1445
cm™ and 1138 cm™ which are assigned to the N=N stretch and the phenyl-NN
stretch, respectively.

Figure 4.12 contains Raman spectra of diazonium salt derived NB (Figure
4.12a) and BA (Figure 4.12b) on GLAD films. The spectra of the analogous thiol
monolayers are also presented for comparison. The major striking feature in
Figure 4.16 is the much greater intensities observed for the thiol monolayers. The
reason for the higher observed intensities for the thiol monolayers relative to the
diazonium salt derived layers is currently unknown. Possible explanations
include a higher packing density near the GLAD films surface for the thiolate
monolayers and different interactions involved in the binding of each film to the
surface. Further investigations are needed to explore this observation.

Band assignments for the diazonium salt derived NB and BA films are

given in Tables 4.2 and 4.3. Apparent in both spectra are bands assigned to the
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azo N=N stretch and the phenyl-NN stretch. These bands are especially
unexpected in the spectrum for BA, as that aryl group contains no nitrogen
species. This observation correlates with the XPS results discussed above that
indicate the presence of nitrogen containing species in the BA film. Note that the
IRRAS spectra from all diazonium films do not exhibit a band at 2300cm™ that
would be diagnostic of unreacted diazonium moiety. We attribute the bands in
the SERS for BA at 1445cm™ and 1134cm™ to be due to azide functionalities in

the film structure. Further exploration of this is presented below.
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Figure 411 Raman spectra of nitroazobenzene grafted to gold GLAD film

electrodes and planar evaporated gold electrode. Spectra offset for clarity.

Assignment Band (cm™)
C=C ring stretch 1584
N=N stretch 1445
NOz2 stretch 1337
CH bend 1175
Phenyl-NN stretch 1138
Phenyl- NOz stretch 1104

Table 4.1 Raman band assignments for nitroazobenzene molecular layer

grafted to a gold GLAD film.
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Figure 4.12a Raman spectra of nitrobenzene and nitrobenzene thiol grafted to

gold GLAD film electrodes. Spectra offset for clarity.
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Molecule Assignment Band (cm™)

Nitrobenzene C=C ring stretch 1591
N=N stretch 1454

NOz2 stretch 1345

CH bend 1180

Phenyl-NN stretch 1148

Phenyl- NOz stretch 1107

Nitrobenzene thiol C=C ring stretch 1571
NOz2 stretch 1345

CH bend 1179

Phenyl- NOz stretch 1109

CS stretch 1078

Table 4.2 Raman band assignments for nitrobenzene, NB, and nitrobenzene

thiol, NB thiol, grafted to a gold GLAD film.
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Figure 4.12b Raman spectra of 4-benzoic acid, BA, and 4-mercaptobenzoic acid

thiol, BA thiol, grafted to gold GLAD film electrodes. Spectra offset for clarity.
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Molecule Assignment
Benzoic Acid C=C ring stretch
N=N stretch
CH bend

Phenyl-NN stretch
Benzoic Acid thiol C=C ring stretch
CH bend

CS stretch

Band (cm™)
1606
1454
1179

1134

1586
1179

1072

Table 4.2 Raman band assignments for 4-benzoic acid, BA, and 4-

mercaptobenzoic acid thiol, BA thiol, grafted to a gold GLAD film.
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Potential Step Deposition of BA Films Derived from Diazonium Salts

To further investigate and understand the formation of the azide-moiety,
benzoic acid aryl films were grafted onto gold GLAD films under a constant
applied voltage, ranging from 0 mV to -1000 mV with respect to a Ag/Ag+
reference electrode. Benzoic acid was chosen due to its lack of nitrogen
containing functional groups, as well as for its potential for molecular biology
immobilization applications being explored in our group. Figure 4.13 contains
high-resolution XPS spectra of the N1s region of the BA modified substrates
deposited at various potentials.

Two small peaks at 400 eV and 402 eV are observed for the benzoic acid
modified gold. For more negative deposition potentials the peak at 400 eV grows,
indicating an increase in the surface density of the azide moiety. Also
interestingly, Figure 4.14 reveals that as more negative biases are used during the

deposition process, a decrease is observed for the Au4f peaks.
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Figure 4.13  XPS spectra of electrolysis deposition of 4-benzoic acid modified

gold GLAD film at various voltage depositions -10mV, -100mV, -200mV,

-500mV and -1000mV. Spectra offset for clarity.
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Figure 4.14 XPS high-resolution spectra of Au4f region of electrolysis
deposition of 4-benzoic acid modified gold GLAD film at various voltage

depositions -100mV, -200mV, -600mV and -1000mV
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The increase in Au4f signal shielding suggests that under increasingly
negative deposition conditions, multilayer formation is promoted, which also
correlates with an increase of the density of the azide moiety. An estimation of
the surface coverage, based upon the attenuation of the Au4f peaks>®®®!, finds
that for depositions that have little to no azide functionality present, monolayer or
submonolayer coverage is achieved. As the deposition conditions use
increasingly negative potentials the molecular layer becomes thicker, as well as
containing a higher occurrence of azo coupling.

SERS spectra of BA films on gold GLAD films were collected and are
shown in Figure 4.15. An increase in the intensity of the bands at 1454 cm™ and
1134 cm™ with deposition potential is observed. A plot of the 1450 cm™ peak
height versus deposition potential is provided for clarity in Figure 4.16. Recall
that these Raman bands are diagnostic of azo groups in the film. Thus, at
potential biases below —100 mV, essentially no azide functionalities are detected.
Upon further negative biases the density of the azide functionality increases,
which is consistent with the XPS data.  This suggests that the occurrence of the
azide functionality and resultant structure of the layer is strongly dependent upon
the applied biases that the diazonium is exposed to.

The growth of the aromatic ring-breathing peak at 1600 cm™ suggests that
more material is deposited as the potential biases are more negative. This

observation is in agreement with the previous XPS results.
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Figure 4.15 SERS spectra of electrolysis deposition of 4-benzoic acid modified
gold GLAD film at various voltage depositions. Arrow indicates increasingly
negative potential starting at OV and decreasing in -200mV steps. Spectra offset
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Figure 4.16 A plot of the 1450cm™ peak height versus deposition potentials

results, indicating multi-layer formation under highly negative biases.
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The XPS and SERS results presented above suggest that the density of azo
groups in the film increase as the film grows thicker. Belanger and coworkers
proposed that aryl-azide radicals form during electrochemical deposition. 2%
However, an aryl-azide radical would tend to decompose forming the aryl-radical
and dinitrogen. We believe that the appearance of the azo functionality is due to a
coupling reaction involving the diazonium group. This coupling reaction would
follow a typical electrophilic aromatic substitution mechanism, presented in
Figure 4.17 and form a highly branched, non-uniform molecular layer similar to
that presented in Figure 4.18.%

Due to the large degree of electronic coupling between the electrode
substrate and diazonium salt derived aryl film, electrons from the substrate can be
injected into the molecular layer. These delocalized electrons would create a
negative charge at the surface that may preferentially attract the positively
charged species of the diazonium cation.  The diazonium cation would be
attracted into proximity to further react the modified surface creating multilayered
structures. Further negative deposition potentials would attract more diazonium
cations, thereby increasing the number of electrophlic aromatic substitution
reactions. This phenomenon may increase the density of azo groups within the
molecular layer, as the film grows under increasingly negative deposition

conditions.
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coupling.

Figure 4.18 Illustration depicting non-uniform multilayer structure of

molecular layer.
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44  Conclusions

Gold GLAD films were used as SERS substrates supporting grafted aryl
films derived from diazonium salts. The attachment chemistry of these aryl films
were monitored by XPS and Raman spectra. The spectra indicate the presence of
an azide functionality, and our results on benzoic acid derived films suggest that
under low deposition bias conditions the density of the azide moiety can be
minimized. Upon increasingly negative biases the occurrence of the azide moiety
increases. This suggests that under gentle deposition conditions the aryl films are
much more homogeneous with respect to attachment functionalities and multi-
layer formation, both of which are of utmost importance concerning molecular

electronic and molecular biology applications.
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Chapter V
Patterning of cantilevers with functionalized nanoparticles for
combinatorial atomic force microscopy*

51 Introduction

Development of a technique to become high throughput (HT) invariably
precedes an explosion of new information, and often this wealth of information
enables revolutionary new levels of understanding. This trend is especially
evident when considering the impact that HT molecular biology and bioanalytical
techniques have had on medicine and society. These HT techniques typically
operate at high speed and are set up to automatically process numerous samples
(usually with some degree of parallelism) resulting in a rapid and high level of
productivity. Single-molecule force-measuring instrumentation provide a new
level of insight into molecular interactions, and to date these methods have been
largely limited to small numbers of interactions under controlled conditions and
with a high degree of experienced oversight. Atomic force microscopy, AFM, and
other single-molecule force-measurement tools are in a different class when
compared to “traditional” HT techniques. In many traditional HT methods,
hundreds of thousands of discrete systems that can be characterized within a day,
and while some manifestations of HT AFM could in principle be capable of those

throughputs, the current state of the art for force measurement is not there yet.

*A form of this chapter has been published as Chisholm, R. A.; Qiu, W.; Green,

J. B. D. Langmuir 2007, 23, 7891-7894
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One avenue being explored is the microfabrication of cantilever arrays™>.
In this design the deflection of each cantilever can be monitored enabling the
measurement of numerous interactions simultaneously. This design could also be
used for nanoscale patterning over a large area. One example developed by IBM
is the millipede atomic force microscope.? In this concept, 1024 cantilevers were
fabricated in a 3mm x 3mm area for imprinting data storage.

Another means of increasing the throughput of AFM is simply increasing
the speed at which a sample can be interrogated. This may be achieved by
increasing the speed of the two dimensional scan axis®® to achieve fast image
acquisition or as in the case of force spectroscopy by varying the cantilever drive
signal to achieve rapid force measurements as collected during pulsed force
mode.’

However, successful HT AFM based force measurements will require
more than just high-speed. It will also require a platform for measuring a large
number of interactions. High speed and force resolution can both be attained via
small cantilevers,'’® and the patterning of surfaces can produce libraries of
molecules, which can be probed by an AFM tip. This mode of HT AFM force
measurements would be a viable possibility if it were not for the bottleneck posed
by the single AFM tip. One platform currently being explored for potential
application to HT force measurements is combinatorial AFM, or combi-AFM,
which is based on an inverted AFM design.™ *? In this inverted design, the sample

is located on the end of a tipless cantilever and is interrogated by any one of the
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tens of thousands of substrate-supported tips located on a microfabricated tip
array.

The strengths of inverted AFM arise from the redundancy and large
number of available tips, and combi-AFM extends this redundancy to include
potentially large numbers of combinations of interactions from a moderate
number of molecular library elements. Initial efforts to create combi-AFM
focused on the development of inverted AFM and various styles of tip arrays.** **
Although the first tip arrays were designed to contain tips with a range of tip
radii,"? later developments were aimed at increasing tip uniformity.** While many
of the tip arrays are opaque silicon, Bottomley and coworkers'® have created
transparent tip arrays, which would be appropriate for simultaneous fluorescence
and force measurements.

A typical inverted AFM design in our lab is shown in the optical
micrograph presented in Figure 5.1. Each dark spot in Figure 5.1 is a substrate
supported AFM tip. Typically the tips are arranged in a square array with a 25um
pitch and each tip is ~4um tall with a radius of curvature of ~20nm. These
dimensions are compatible with conventional patterning methodologies, and tip
arrays have been successfully modified via microcontact printing,** robotic
spotting as well as microfluidics. In this inverted format 10’s to 100’s of
thousands of AFM tips are readily available for interrogating a tipless cantilever

supported sample. Commercial tipless cantilevers are typically 20-40um wide,

and these smaller dimensions have restricted patterning to more complex methods
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Figure 5.1  Micrographs of tip arrays: This optical micrograph (A) shows the
arrangement of tips in the tip array when in use with tipless cantilevers. The
index markers provide unique location identifiers for each of the 10’s of

thousands of substrate supported tips.
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such as dip pen nanolithography *° *

and carefully controlled microcontact
printing.}” While there have been some successes in this regard, the infrastructure
and expertise required to pattern a cantilever with these methods have posed
substantial limitations to the accessibility and ease of use for this technique.

In the work described herein, a procedure was developed to pattern a
cantilever with a substantial number of chemically modified nanorods, however
one can envision extending this procedure to include nanoparticles of different
sizes and shapes. The principles of nanorod based combi-AFM are illustrated in
Figure 5.2, and involve five steps: 1) chemical modification of a library of
nanorods each chosen for unique identifiable characteristics; 2) immobilization of
these rods onto a tipless cantilever; 3) chemical patterning of a tip array; 4)

identification of modified nanorods on tipless cantilever; and 5) measurement of

interaction forces between opposing chemical libraries.
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Figure5.2  Cartoon representing the concept of nanoparticle based
combinatorial AFM. The nanorods 1-4 and the tips a-d are each chemically
modified with distinct chemistries, and the interaction measurements between

each of the 16 combinations may be measured.
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52  Experimental
Nanorod modification

Ag and Au bar-coded nanorods were purchased from Oxonica Inc. The
gold nanorods were synthesized and kindly donated by Keating and coworkers.*®
22 The coded and uncoded rods used in these experiments were initially coated
with a monolayer of mercaptoundecanoic acid (MUA) as a passivation layer
during synthesis. Chemical modification of the uncoded rods involved placing a
solution of the MUA modified rods into a homebuilt 100W deep-UV reactor.
Following 30 minutes of exposure the rods were transferred to a 1mM ethanolic
solution of one of the following replacement thiols: benzenethiol (BT), p-
aminothiophenol (ATP), p-mercaptonitrobenzene (MNB) and p-mercaptobenzoic
acid (MBA), where they remained until required for use. These replacement thiols
were chosen for their diverse chemical functionality and their strong Raman

activity.

Tip array modification

The initial tip arrays were cleaned by immersion in fresh piranha solution
for 25 minutes followed by rinsing with water. Piranha consists of 1 part
hydrogen peroxide to 3 parts concentrated sulfuric acid. Extreme care should be
taken due to the exothermic nature of this reaction. Following this the protective
silicon dioxide layer was etched away by immersing the tip array in 48% HF for 5
minutes followed by rinsing with 0.2um filtered 18MQ-cm water (Barnstead-

Thermolyne, Nanopure water filtration unit) water. HF is extremely hazardous.
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Personal protective equipment must be worn at all times and calcium gluconate
must be nearby in case any minute amount of HF comes in contact with the skin.
The tip arrays were then again cleaned in piranha again for 25 minutes followed
by rinsing with 0.2um filtered 18MQ-cm water and dried with nitrogen gas. Once
clean, the tip arrays were coated with 5nm Cr followed by 45nm Au in a thermal
evaporator. The freshly prepared Au coated tip arrays were once again cleaned in
piranha, rinsed in 0.2um filtered 18MQ-cm water and dried with nitrogen gas.
The clean Au coated tip arrays were chemically patterned with dodecanethiol
(methyl), mercaptoundecanoic acid (acid), aminoundecanethiol (amine), and
mercaptoundecanol (alcohol). Patterning of the akylthiols occurred by
micropipetting drops of 1mM akylthiol/ethanol solutions onto the gold surface.
Immobilization of the akylthiols occurred overnight in an ethanol vapor rich
humidity chamber. The chemically patterned tip arrays were then rinsed with

ethanol and dried with nitrogen gas.

Cantilever modification

Tipless cantilever modification first proceeded by cleaning the cantilever
in soapy water, rinsing with tap water, followed by rinsing with distilled water.
The cantilever was then immersed in freshly prepared piranha for 25 minutes,
followed by rinsing with 0.2um filtered 18MQ-cm water and dried with nitrogen
gas. Poly(dimethylsiloxane) (PDMS) was chosen to modify the tipless cantilever
to make it universally adhesive. The PDMS was formed by mixing 10 parts of

Sylgard 184 elastomer with 1 part of Sylgard 184 curing agent (Dow Chemical).
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A microscopic droplet of the reaction mixture was transferred to the end of the
cantilever and allowed to cure in an oven &C @or 3 hours. Microscopic

inhomogeneity in the reaction mixture will likely produce materials that can act as
surface contaminants, and as a result PDMS films are well-known contamination
sources.”® For this reason, the PDMS modified cantilevers were rigorously
cleaned via three cycles alternating between boiling hexane for 10 minutes and a
vacuum furnace at 65°C for 30 minutes. Modified nanorods could then easily be

attached to the modified adhesive cantilever by a variety of different methods.

Nanorod Characterization

The morphology of the nanorod’s size and shape were determined by
reflective optical microscopy and scanning electron microscopy. Due to the
reflective differences between gold and silver, the sequences intrinsic to the bar-
coded nanorods could be observed using reflection optical microscopy. This was
performed using an Olympus 1X 70/71 (Carsen) inverted optical microscope. The
reflective optical properties of the bar-coded nanorods could best be observed
using blue light. Scanning electron micrographs were collected using a JEOL
model 6301F field emission SEM to assess length dispersion within the nanorod
batches. Nanorod modification was assessed using Raman spectrometry. Raman
spectra were collected on a Renishaw inVia Raman microscope equipped with a

400mW diode laser A = 785nm, a 50x objective, 10s exposure time and a laser

power of 2mW distributed over a 40um X 2um spot.
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Atomic force microscopy

Following PDMS modification and manual placement of the four modified
uncoded nanorods, the cantilever (MikroMasch NSC12) had a resonant frequency
in water of 9.1kHz, and a force constant of 0.13N/m, as determined from analysis
of the thermal noise.? This cantilever was mounted above the patterned tip array
in a Digital Instruments Multimode AFM equipped with a 140um scanner,
wherein the cantilever-supported nanorods were imaged with inverted tapping
mode in Nanopure water (Barnstead/Thermolyne). The force measurements were
performed in the same solution immediately following the imaging. The force
curves were performed at a rate of 3Hz with a ramp size of 250nm and a trigger
setpoint of 15nm (2nN). The cantilever deflection and piezoelectric scanner
signals were acquired on a Tektronix TDS5034B oscilloscope, in a stream of data

that corresponded to ~900 force curves for each tip-rod combination.

5.3  Results and Discussion

The inherent bottle-neck intrinsic to conventional AFM has limited
investigations to a small number of interactions within a single experiment.”>?*’
The inverted AFM design aims to circumvent this bottle-neck by interrogating a
tipless cantilever supported sample with any one of tens of thousands substrate
supported AFM tips. In this design the tip array may be chemically patterned
using conventional microcontact printing,** robotic spotting as well as

microfluidics. Placement of an opposing chemical library onto the tipless

cantilever has posed to be challenging due to the limited size of the cantilever.
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Initial efforts have restricted patterning of the tipless cantilevers to more complex

1518 and carefully controlled

methods such as dip pen nanolithography
microcontact printing.”  Although successful, these methods require extensively
experienced user and the success rate is low. The present work proposes the use
of chemically modified nanorods, using size, position and intrinsic bar-codes as
chemical identifiers once immobilized onto the tipless cantilever. This method
could be extended for the general use of nanoparticles, where size and shape
would be used as surface modification identifiers. It should be noted that the pull-

2828 which in turn

off forces are dependent upon the tip-particle contact area
depends upon the particle radius of curvature. For this reason, it is inadvisable to
use particles with different diameters for contact mechanics based combi-AFM.

However, the use of modified nanoparticles would be quite advantageous for

combinatorial single molecule force spectroscopy investigations.

Characterization of Nanorods
Nanorods were chosen as supports for chemically patterning the tipless
cantilever. This is a viable method so long as the particles present a consistent
curvature to the tip, thereby enabling the forces to be independent of the lateral
shape of the particle. These experiments made use of pure gold nanorods of the
same diameter (200 nm) but different lengths (3 um and 9 um) were modified

with different chemistries, and immobilized from solution onto cantilevers. As is
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Figure 5.3  Scanning electron micrograph of gold nanorods demonstrating

length dispersion within a given batch. Scale bar represent 10 um.

evident from the encircled rods, in Figure 5.3, both short and long rods are present

in our stock of nanorods. The nanorods were not sufficiently monodisperse
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within a given nanorod population, and while no long rods were modified with the
“short” chemistry, there were usually some short fragments found in the
distribution of long rods as seen in the scanning electron micrograph in figure 5.3.

The scanning electron micrograph is taken of a single batch of gold
nanorods synthesized to have a length of 8 um. In this micrograph small
fragments of the larger gold nanorods are observed. This polydispersity led to the
ineffective discrimination of the chemistry on the short rods. If the nanorods can
be synthesized with sufficiently distinct lengths, or if the initial distribution can be
effectively fractionated, then nanorods of different lengths may be unambiguously
discriminated, and this method would be suitable. Even so, the number of
chemistries will be limited by the number of reliably distinguishable lengths.

In an alternate approach we used encoded particles which can be
differentiated via optical reflectivity. The silver-gold coded nanorods used in our
experiments were 200nm diameter and 9um long. The banded silver and gold
nanorods can be discriminated based upon the patterns in a scanning electron
micrograph as seen in figure 5.4 or a reflection optical micrograph as presented on
figure 5.5. Once these rods are immobilized onto the cantilever their reflection
micrographs can be used to identify the rods and thereby decode where each of
the different chemistries are located. The number of potential unique codes is

massive, and more than adequate for large libraries of particles.
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Figure 5.4  Scanning electron micrograph of gold/silver barcoded nanorods.
The visual contrast in materials may be used as an identifier of nanorod

modification chemistry.
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Figure 5.5  Reflection optical micrographs 4 different gold/silver barcoded
nanorods illuminated by blue light. The visual contrast due to reflective property
differences between gold and silver may be used as an identifier of nanorod

modification chemistry.

Immobilization of Chemically Modified Nanorods
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By the nature of combi-AFM, the rods on the cantilever may support
radically different chemistries e.g., hydrophobic, polar, basic or acidic. Successful
immobilization of these chemically disparate rods requires a universally adhesive
cantilever. We used poly(dimethylsiloxane) (PDMS) to coat tipless cantilevers.
The highly adhesive property of the PDMS made modification of the cantilever
with wildly different chemistries possible, and at this time we have used these
PDMS-levers to support nanorods modified with oligonucleotides and alky, as
well as arylthiols. Figure 5.6 contains reflective optical micrographs of nanorods
immobilized onto a PDMS modified cantilever. Initial efforts focused on
spontaneous attachments of the nanorods onto the adhesive cantilevers. However,
when the particle spacing approaches the wavelength of the light, the optical
discrimination will suffer, and misidentification may result.

Although these methods of discrimination are effective even when the
particles are randomly arranged on the cantilever; confidence in the identification
can be markedly improved by manually placing each rod onto the cantilever. One
result of manual placement is that identical particles may be used, and the
chemistries can then be identified simply by their location. This manual
immobilization can be performed simply and rapidly by using an optical
microscope equipped with a micromanipulator. Furthermore, this could be
automated with machine vision for truly HT applications. The coded and uncoded

nanorods shown in Figures 5.6¢ and 5.6d respectively, were immobilized by this
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Figure 5.6  Optical micrographs of nanorod modified cantilevers
representative of solution phase deposition of (A) uncoded and (B) coded
nanorods, as well as manual deposition of (C) uncoded and (D) coded nanorods.
The oscillatory pattern is due to optical interference through the PDMS film used

for adhesion.
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Figure 5.7  Raman spectra and corresponding optical micrographs of nanorods
modified with (MBA) p-mercaptobenzoic acid, (MNB) p-mercaptonitrobenzene,
(BT) benzenethiol and (ATP) p-aminothiophenol. The dotted rectangles enclose
the regions illuminated by the diode laser and correspond to the samples for the

Raman spectra.
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Molecule Assignment Band (cm™)

MBA C=C ring stretch 1585
CH bend 1182

CS stretch 1077

MNB C=C ring stretch 1573
NOz2 stretch 1341

Phenyl- NOz stretch 1110

CS stretch 1077

BT C=C ring stretch 1587
CCstretch + CH bend 1475

CS stretch 1078

ATP C=C ring stretch 1588
CCstretch + CH bend 1432

CCstretch + CH bend 1388

CH bend 1182

CH bend 1143

CS stretch 1079

Table 5-1 Summary of peaks positions for the MBA, MNB, BT and ATP

Raman active reporters.
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manual placement method. Of course for this method to be effective, the particles
must remain firmly affixed throughout the entire experiment.

To assess chemical modification of the nanorods Raman active reporters
benzenethiol (BT), p-aminothiophenol (ATP), p-mercaptonitrobenzene (MNB)
and p-mercaptobenzoic acid (MBA), were used to derivatize the nanorods. Figure
5.7 shows Raman spectra from modified nanorods along with the corresponding
optical micrographs. The rods in question, circled for clarity, were centered and
aligned with the narrow laser “spot” shown as dashed rectangles. Variability in
the Raman spectra of individual BT modified rods led us to obtain spectra from a
cluster of rods. The peak positions were consistent with literature reported values

characteristic for the four molecules used in this study***?

suggesting that the rods
were properly modified. Table 5.1 contains a summary of peaks positions for the

various Raman active reporters.

Combinatorial Atomic Force Microscopy

In combi-AFM, the cantilever and the tip array each support opposing
libraries. For these proof of principal experiments, gold-coated tip arrays were
manually spotted with four different alkylthiols: dodecanethiol (methyl),
mercaptoundecanoic  acid  (acid), aminoundecanethiol  (amine)  and
mercaptoundecanol (alcohol).

As a test of these particle based combi-AFM methods we assembled our
two libraries for force measurements in water. The tip array was composed of tips

modified with four different alkylthiolates, and the cantilever supported four
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Figure58 (A) Inverted tapping AFM topography image and (B)
corresponding histograms of four chemically different tips octadecanethiol
(methyl), aminoundecanethiol  (amine),  mercaptoundecanol  (alcohol),
mercaptoundecanoic acid (acid), interacting with four chemically different
nanorods benzenethiol (BT), p-aminothiophenol (ATP), p-mercaptonitrobenzene
(MNB), and p-mercaptobenzoic acid (MBA) immobilized onto a PDMS

cantilever. The scale bar represents 50 measurements
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arylthiolate modified uncoded nanorods. Together these were used to measure all
16 tip-rod interactions. Figure 4A shows the resulting topographic image which
demonstrates that the manually assembled nanorods can be readily discriminated,
and that the resolution of the AFM is more than adequate to allow a single tip to
probe a single rod without potential interactions with neighboring rods or tips. All
sixteen of the interactions between these four rods and the four tips were
measured, and the analysis of these force curves with IgorPro routines produced
the histograms of pull-off forces shown in Figure 5.8b. The IgorPro routines are
found in appendix 8.1.

As expected, the pull-off forces depend markedly upon both the tip and
nanorod surface chemistries. These differences in forces may be understood from
free energy arguments,”® and to that end, contact angles of water and
diiodomethane were used to calculate works of adhesion for each of the
combinations of alkyl and arylthiolate monolayers. Although these tips are from a
population with tip radii of ~20 nm, the exact tip radii were not determined for
these specific tips, and thus we cannot directly compute the works of adhesion
from the pull off forces; however, upon examination of each tip independently the
trend of forces agreed with contact angle measurements. With two exceptions the
trends in the measured pull-off forces were consistent with the trends in the
calculated works of adhesion. The methyl-MBA interaction was much larger than
calculated, and instead of being the weakest interaction for the methyl tip, it was
the second largest. The amine-MNB pull-off force was weaker than expected. It

should have been comparable to the amine-BT force, but instead it was
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comparable to the amine-ATP pull-off force. While the precise nature of this
anomaly is unknown, the amine-MNB measurements were one of the last
combinations measured, and so the MNB rods were exposed to the cantilever
deflection laser for the longest time. The photoreduction of MNB to ATP on
silver has been reported,® and although the photoreduction on gold is much slower
than on silver® this is one possible explanation for this anomalous measurement.
Additional experiments to clarify the source of these results are clearly required.
Nonetheless, this patterning methodology is capable of placing several different
chemistries on a cantilever with relative ease, and thus enables more facile
combinatorial force measurements.

This method can successfully pattern tipless cantilevers with a wide range
of oligonucleotide, alkylthiol and arylthiol modified nanorods, and there is every
reason to expect that a host of different chemistries can be immobilized in a
similar fashion. In principle, one hundred of these nanorods could be packed right
next to each other across a 20 um wide cantilever. To further optimize the
performance of the nanoparticle based combi-AFM we foresee the following
changes: 1) including well studied molecular interactions as internal standards
within the opposing chemical libraries; 2) including in situ tip characterizers on
the cantilever for immediate tip geometry characterization; 3) increasing the
number of rods as well as packing density on the cantilever; and perhaps most
importantly 4) incorporating computer assisted automatic data collection and
analysis. This last point is absolutely crucial when considering the already

massive amount of data produced, and how the data processing will scale as the
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number of library elements increases.

5.4 Conclusions

In conclusion, this work has demonstrated the successful attachment of a
wide variety of chemically modified nanoparticles onto a tipless cantilever using
manual and solution based immobilization techniques. The manual attachment
method appears to be the most promising of these techniques and can potentially
yield a cantilever-supported library containing ~10-20 different chemistries.
Upon comparison to the previously reported methods for cantilever patterning,
this procedure is substantially simpler, inexpensive and produces unambiguous
patterns, which are free from cross contamination issues. The force curves
acquired between the four chemically modified nanorods and the four modified
tips within the same tip array, demonstrate for the first time sixteen different
combinations of interactions during the same experiment, within the same
solution. This work has provided an excellent validation that combi-AFM can be
used to interrogate moderately sized chemical libraries, and is a substantial

advancement of this technique.
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Chapter VI

Tip characterization for inverted atomic force microscopy

6.1 Introduction
Atomic force microscopy (AFM) has been used for measuring interaction forces
almost since its inception™™, and there have been several key advancements over
the years.*” When measuring contact forces between interacting interfaces,
chemical functionality as well as the geometry of the opposing surfaces is of
critical importance. A number of contact mechanics models have been developed
relating the radius of curvature, R, between two surfaces to the pull-off force, F,
the force required to separate two surfaces. *°  Specifically, the JKR model®
predicts the force to separate a sphere, having a radius R, from a flat plane and is

given by equation 6.1;

F=3/2nWag R (6.1)

W4 is the work of adhesion between the two surfaces in a given solvent. This can
be interpreted as the change in free energy required to separate two surfaces
within a medium and is further defined by Young’s equation;™

Woad = ys + Y0 - ysL (6.2)
where vs, y. and ys_ are the interfacial surface energy’s of the solid interface,
liquid interface and the solid-liquid interface. Knowing the tip radius, Wyq can be

determined by measuring the pull-off force between the AFM tip.%*#*® However,

180



W,q can also be found using contact angle measurements and the Young-Dupre
equation relating Wyq to surface tension of the liquid medium, yy; 1
Wag = y1v (1 + cos 0) (6.3)

Due to AFM’s capability to probe surfaces with molecular/atomic
resolution, researchers have been developing the force measuring capabilities of
AFM for high throughput applications.***® The direct measurement of interaction
forces, on this high throughput scale, would potentially offer a wealth of
information and potentially provide revolutionary insights into the areas of
molecular biology and medicine.

One platform currently being explored for such force measurements is
combinatorial AFM, combi-AFM, which is based on an inverted AFM design,
which has been discussed in Chapter 5. In this inverted design the sample, which
is located on the end of a tipless cantilever, is interrogated by any one of the tens
of thousands of substrate-supported tips from within a tip array. The strengths of
this technique are the ability to measure a large number of chemical interaction
combinations and redundancy for statistical purposes. This is achieved by
patterning of opposing chemical libraries on the tip array as well as the cantilever.
In a given experiment in which the tip array is patterned with N different
chemistries and the cantilever is patterned with M different chemistries, NxM
different combinations of interactions may be probed in a relatively short period
of time, without the need for disassembly.™ It is the potentially massive numbers
of interactions that lends combi-AFM to be a truly high-throughput technology.

Also another advantage of the inverted design is that by using the same cantilever
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for all of the measurements in combi-AFM, cantilever-to-cantilever force constant
variations are avoided, allowing for interaction forces to be easily compared.

There are also some disadvantages and obstacles to this technique.
Patterning of the micron-sized cantilever with even moderate sized chemical
libraries has proved to be a substantial impediment, although recent advances
have dealt with this difficulty. Initial efforts involved patterning the tipless
cantilever using dip-pen nanolithography® and micro contact printing. More
recently, a chemical patterning technique using modified nanoparticles
immobilized onto tipless cantilevers has been developed and has been discussed
in Chapter 5.*° Another major obstacle for the widespread adaptation of combi-
AFM derives from the need to know the tip shape and radius for quantitative
analysis. The large number of tips in a single array leads to the unique difficulty
of having to characterize each tip in an efficient manner for quantitative
interpretation of the interaction forces.

The work described in this chapter addresses the latter by applying three
conventionally used methods for AFM tip characterization and adapting them for
the inverted AFM design. These methods are: 1) the imaging of a known
standard particles®*®®;, 2) direct imaging with SEM™?: and 3) blind
reconstruction of the tip’s geometry following imaging an unknown
surface.’0%%2 To test the effectiveness of the tip characterization methods we
measured pull-off forces with chemically modified tips and tipless cantilever with
dimethyloctadecylchlorosilane. For all these characterization methods we found

that the pull-off forces correlate well with the measured tip radii, thereby enabling
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calculation of the work of adhesion of this system. We found these results to
agree well with the results obtained by contact angle measurements and provide a
means to quantitatively characterize tips used in inverted atomic force microscope

force measurements.

6.2 Experimental
Chemicals and Materials

The following chemicals were used as received: hexane (EMD Chemicals
Inc., ACS certified) or (Fisher, ACS certified), 2-pronanol (IPA, Fisher, certified
ACS grade, suitable for electronics use), hydrofluoric acid (Aldrich, 48wt.% HF
in water, >99.99%), dimethyloctadecylchlorosilane (DMS, United Chemicals
Technologies), aminopropyldimethylethoxysilane (APDMES, United Chemicals
Technologies). Peroxysulfuric acid (piranha) was prepared by mixing 1 part 30%
hydrogen peroxide (EMD, ACS certified) with 3 parts concentrated sulfuric acid
(EMD, ACS certified). 5nm diameter colloidal gold solutions were purchased
from BBlInternational, and used as received. Except where noted, all rinsing
steps used 0.2um filtered 18MQ-cm water (Barnstead-Thermolyne, Nanopure
water filtration unit), and all drying steps used 0.2um filtered nitrogen gas from

liquid nitrogen boil-off.

Tip array

Two different tip arrays were used for this study; one array contained tall,

7um, dull tips, Ry ~ 100nm. These are referred to as “dull” tips for the remainder
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of the Chapter. The other tip array was composed of tips with moderate height,
5um and, R; ~ 20nm. These are referred to as “sharp” tips for the remainder of the
Chapter. Modification of the tip arrays began with immersion in fresh piranha
solution for 25 minutes followed by rinsing with water. The protective silicon
dioxide layer was then removed by immersing the tip array in 48% HF for 5
minutes followed by rinsing with large amounts of water. The tip arrays were
subsequently immersed again in piranha for 25 minutes followed by rinsing with
water and drying with nitrogen gas. The tip arrays were then immersed in a
solution of ~ImM DMS in hexane overnight followed by rinsing with hexane,
drying with nitrogen gas and baking at 105°C, in a covered glass container, for 40

minutes.

Colloidal gold tip characterization

The cantilevers for tip characterization began as tipless silicon cantilevers
(MikroMasch, Model NSC12/tipless/noAl). The cantilevers were first cleaned by
immersion in fresh piranha for 25 minutes, followed by extensive rinsing, and
drying. The cantilever surface was modified by immersion for 25 minutes in a
1mM solution of APDMES dissolved in IPA, followed by rinsing with IPA,
drying with nitrogen gas, and baking at 105°C for 40 minutes in glass covered
containers. The cantilevers were then immersed in a solution that contained
colloidal gold particles ranging in particle diameter from 2-30nm. Following 5
minutes of immersion in the colloidal gold solution, the cantilevers were

removed, rinsed and dried. Images of colloidal gold particles were collected
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while operating the AFM in inverted tapping mode. All AFM measurements
were acquired using a Nanoscope Illa multimode SPM (Veeco Inc., MultiMode)

equipped with a 15um scanner.

SEM tip characterization

Tip radii were determined from analysis of SEM images produced by a
JEOL model 6301F field emission SEM. These SEM images were acquired at an
angle of 85° with the surface normal, and the tip arrays were viewed along two
perpendicular directions (x and y). Analysis of SEM images made use of ImageJ
software to digitize the border of the tip. The border was fit to a sixth order

polynomial to determine the radius of curvature.

Evaporated niobium tip characterization

The cantilevers for tip characterization began as tipless silicon cantilevers
(MikroMasch, Model NSC12/tipless/noAl). The cantilevers were first cleaned by
immersion in fresh piranha for 25 minutes, followed by extensive rinsing and
drying. The evaporated niobium tipless cantilevers were kindly donated by
Aurora Nanodevices Inc. Four topographic images were collected at various
locations and scan angles of an evaporated niobium tipless cantilever. The
topographic images were recorded at a scan rate of 0.5Hz, and scan size of
500nm. To ensure adequate resolution of the reconstructed tip model, a resolution
of 512x512 was used. SPIP was used to generate a 3D model of the c-AFM tip’s

geometry. Upon constructing a three-dimensional model of the tip’s apex, the first
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1nm of the tip’s apex was fit to a parabola to determine the radius of curvature.
This process occurred for the four topographic images to determine an average

and standard deviation of the tip’s radius of curvature.

Cantilevers for force measurements

Modification of tipless silicon cantilevers (MikroMasch, Model
CSC12/tipless/noAl) began by immersion in fresh piranha solution for 25 minutes
followed by rinsing and drying. The cantilevers were then immersed in a solution
of DMS in hexane overnight, followed by rinsing with hexane, drying with

nitrogen gas, and baking at 105°C in a covered glass container for 40 minutes.

Cantilever force constant determination

The thermal method was used to determine the cantilever spring
constant.?>*° The thermal power density plot of the tipless cantilever’s thermal
noise was acquired using a Stanford Research Systems model SR785 spectrum
analyzer while averaging 1000 scans. The thermal spectra were fit using the
quality factor, Q, the amplitude at zero frequency, Ay, and the resonant frequency,
fo, as fitting parameters. The cantilever deflection sensitivity was found from the
slope of the deflection signal, captured using a Tektronix TDS5034B digital

phosphor oscilloscope, while the cantilever was in contact with the tip.
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Force measurements

The same AFM used for imaging was also used to measure the pull-off
forces. The control software was operated in a mode known as Force Volume
with the scan size minimized to correspond to a single point on the cantilever and
at a rate of 9.33Hz. In addition to the force volume data, the cantilever deflection
and z piezo signals were captured using the oscilloscope at a rate of 20,000
samples per second to a total of 2 million samples. The deflection and z piezo
signals were analyzed using custom procedures written in IgorPro, and are freely

available upon request from the authors.

Contact angle measurements

Silicone wafers were first cleaned by immersion in fresh piranha solution
for 25 minutes followed by rinsing with water and dried with nitrogen gas. The
wafers were then immersed in a solution of ~ImM DMS in hexane overnight
followed by rinsing with hexane, drying with nitrogen gas and baking at 105°C, in
a covered glass container, for 40 minutes. Contact angle measurements were

made using water, diidomethane and ethanleneglycol on a home build gonimeter.

6.3  Results and Discussion

Force curves were acquired in water between DMS modified tip arrays
and a tipless cantilever. A set of ~900 force curves were acquired and the force
required to break the two surfaces apart was determined using an in-house IgorPro

software rountine. A typical set of force curves and corresponding histograms is
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Figure 6.1

A. Force curves in water between octadecyl modified tip and
cantilever for a “dull” tip, shown in blue and a “sharp” tip shown in red. B

Histograms of the measured pull-off forces from the force curves. Insets are

expanded views of the two histograms.
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presented in Figure 6.1 for both a sharp tip and a dull tip. Qualitatively, it can be
seen that tips having the same surface modification, but different sizes, have
drastic effects on the pull-off forces of the two surfaces, verifying the need for
quantitative characterization of the tip’s geometry. Knowledge of the tip
geometry is very important when interpreting AFM measurements, especially
those that involve tip-sample interactions. While some researchers have reported
accurate geometric and mechanical characterization of AFM tips, it is not
common for researchers to routinely characterize the tip shapes. To date there are
relatively few methods available for tip characterization, and fewer still that are
routine enough to apply to the vast number of chemically modified tips used for
combi-AFM. Three methods are compared in this Chapter, a) SEM imaging, b)
imaging of unknown samples (niobium crystallites) combined with blind
reconstruction and c¢) imaging of known standard samples (colloidal gold

particles).

Contact Angle Discussion

The tip radii determined by each of the three methods will be assessed by
a force measurements application. Force curves for a hydrophobic cantilever-tip
interaction will be collected. Both the tip and cantilever will be modified with
DMS. The measured adhesion force and determined tip radii will be used to
calculate Wyq using the JKR model, equation 6.1. The AFM determined Wyq will
be compared with the W,y value determined by contact angle measurements.

111231 Tynical images recorded during contact angle measurements are given in
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Figure 6.2  Typical images collected during contact angle measurements using

water (a), diidomethane (b) and ethanleneglycol (c) on an octadecyl modified

silicon wafer.
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Figure 6.2. The contact angles made in triplicate for water, diidomethane and
ethanleneglycol were delivered to 1cm2 silicon wafers modified with DMS. The
corresponding means and standard deviations are 95°+4, 70°+1.3, 67°%2,
respectively. These values were used to calculate the work of adhesion, using

equation 6.3, for the system to be 33.6 +1.3 mJ/m?.

Scanning Electron Microscopy Characterization

Of the three tip characterization methods SEM imaging is routinely used
for characterization of commercial tips. '°?* There are, however, some problems
with using a SEM to measure tip radii within the inverted AFM design. One issue
is that the application of SEM imaging to hundreds of AFM tips for a single
experiment would be both expensive, time consuming and without substantial
additional effort, SEM images at best produce a cross section of the tip geometry
along a single direction, thereby losing information parallel to the focal axis.
Finally, impurities within the e-beam vacuum chamber may produce a unwanted
amorphous carbon film on surfaces being imaged. For combi-AFM applications ,
this would jeopardize the accuracy of the SEM image and render the tip usless
thereafter. It should be noted that hydrocarbon contamination from the SEM
imaging process can be rather drastic, rendering the tips useless for conventional
adhesion measurements. It was found a tip radius could increase by 19.4nm with
just 1 minute of 5kV beam exposure as demonstrated in Figure 6.3.

To limit the amount of hydrocarbon contamination all beam optimization

was performed elsewhere on the tip array prior to imaging. During imaging the
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(a)

(b)

Figure 6.3  Scanning electron micrograph of AFM tip before (a) and after (b)

exposure to a 5kV electron beam for 1 minute.
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0 400 nm

Figure 6.4  Scanning electron micrographs of tips. These SEM images (A) and
(B) show a tip representative of a sharp tip array imaged along the x and y
directions respectively. The insets include superimposed circles to determine tip
radii. The SEM images (C) and (D) show similar results from a tip representative
of a dull tip array. The plot in (E) is the exported data that corresponds to the
apparent tip edge, and this curve was used to calculate the curvature at the apex of

the tip.
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Figure 6.5  Plot of pull-off force as a function of effective tip radius calculated
from SEM images. The data points are the mean values of measured pull-off
force and determined tip radius. The error bars are the standard deviation of the
mean for each parameter. The solid line is the linear least squares fit of the data.
The slope of this line was used to determine the work of adhesion of the system to

be 28.7 + 1.9 mJ/m>.
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tip array was rotated so that SEM images of the tip along the x- and y-directions
could be obtained. The SEM images shown in Figure 6.3 are representative of the
tips found within the two different tip arrays used in this study. The edges of the
tips shown in Figure 6.3 appear to highlighted in the SEM image contrast. This is
due to an increased number of electrons scattered at the edge of the tip, making
the edge appear brighter. We exploited this artifact by processing the image data

using ImagelJ (available at http://rsb.info.nih.gov/ij/) which found and exported a

trace of the edge of the tip. The trace data was fit to a six order quadratic function
to determine the apical tip radus. It should be noted that this method tended to use
data that is 10’s of nanometers away from the actual tip to determine the tip

shape. The effective tip radius, Reff, was determined by;

Rets = 2R1R2/(R1+R2) (64)

Where R; is the calculated tip radius along the x-direction of the tip and R; is the
calculated tip radius when the tip array is rotated by 90°. The effective tip radii
calculated from SEM images were plotted against their corresponding pull-off
forces, presented in Figure 6.5. The work of adhesion for this system was found
to be 28.7 + 1.9 mJ/m?, using equation 1 and the slope of the least-squares fit to
this data. This value agrees well with the values of 34 mJ/m? determined by

contact angle measurements.
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Colloidal Gold Characterization

A common problem that is intrinsic to AFM is that topography images are
a convolution of both substrate topography and tip geometry. Upon imaging
particles of known geometry this intrinsic artifact can be exploited to reconstruct
the tip’s geometry.?* For this characterization technique we choose to reconstruct
the tips using topographic images of 5nm diameter colloidal gold, which we
assumed to be spherical. Gold colloids were immobilized onto a tipless cantilever
and tapping mode inverted AFM was used to collect topographic images. 2* Figure
6.6 is typical topographic images and corresponding line traces of the same
colloidal gold particles for the sharp tip, figure 6.6a, and the dull tip, figure 6.6b.
As expected the width of the particles imaged by the dull tip appear to be broader
when compared to the image created by the sharp tip. From these images the
geometry of the tip being used can be reconstructed. We chose two slightly
different methods to characterize our tips in this manner. The first method
calculates the tip’s radius based on the tip interacting with the particle at half the
particle’s height, Ry, and the calculated radius of the tip, R, may be given by
equation 6.5;

Ry = w%/8h (6.5)

where w and h are the width at the base, and height of the particle respectively. A

geometric model of this method is given in Figure 6.7a.
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Figure 6.6  Inverted tapping mode AFM topography image of a group of
colloidal gold particles on a cantilever imaged with the sharp and dull tips shown
in Figure 1B and 1C. Cross-sectional profiles below each image correspond to

the line drawn on the image.
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Topographic images of nine colloidal gold particles were used to
calculate a single tip’s radii. The mean of each set of calculated tip radii was
determined, and plotted against the corresponding pull-off forces, presented in
figure 6.8. The work of adhesion for this system was found to be 28.4 + 3.3
mJ/m?, using the slope of the least-squares fit to this data. The tip reconstruction
method calculates the tip’s radius based on fitting a sphere up to R, from the apex
of the tip.

When considering use of these tips for force measurements, only the
molecules in first few nanometers from the apex of the tip are involved in pull-off
force contact mechanics. Therefore, we also chose to calculate the tip’s radius
based on information within the first nanometer of the apex. The tip’s radius may

be calculated by;

Rt = w?/8h + h/2 — h,/2 (6.6)

where h is the vertical distance from the tip’s apex measuring the width, w, and hy
is the height of the particle from the base to the apex. A geometric model of this
method is given in Figure 6.7b. Using the same topographic images of colloidal
gold as the previous method the means of the tip radii were calculated and plotted
against their corresponding pull-off forces, presented in figure 6.9. The work of
adhesion for this system was found to be 29.3 + 2.4 mJ/m?, using equation 6.1 and
the slope of the least-squares fit to this data, which agrees well with the values of

34 mJ/m? determined by contact angle measurements.
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Figure 6.7  Geometric models of the methods used to calculated an inverted
AFM tip’s radius based on imaging colloidal gold nanoparticles. (a) corresponds
to calculating the tip’s radius using the width at half max in the topography
image, and (b) corresponds to calculating the tip’s radius using height information

within the first 1nm of the tip’s apex.
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Figure 6.8  This plot of the adhesion versus tip radius is a result of different
inverted AFM tips where the tip radii were calculated using the method given in
figure 6.7a. The error bars represent standard deviations of the mean values and
the solid line is the linear least squares regression through the data which was

used to calculate the work of adhesion of the system to be 28.4 + 3.3 mJ/m?.

200



16 -

14 -

12 A

510 -
(=
c %
o 8
(%]
(]
S
< 61

4 -

——
2 -
O T T T T T 1
0 20 40 60 80 100 120

Tip Radius (nm)
Figure 6.9  This plot of the adhesion versus tip radius is a result of different

inverted AFM tips where the tip radii were calculated using the method given in
figure 6.7b. The error bars represent standard deviations of the mean values and
the solid line is the linear least squares regression through the data which was

used to calculate the work of adhesion of the system to be 29.3 + 2.4 mJ/m?.
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The benefit of the previous method is that colloidal gold can be
immobilized onto a combi-AFM cantilever for immediate tip characterization
during an experiment. This would allow users to monitor tip changes during an
experiment and allow for discrimination between “good” tips and non-uniform
tips prior to being used for pull-off experiments. However, the geometries of the
gold particles are not actually known and they are assumed to be spherical. It is
possible that colloidal gold particles are not simply spherical particles, but instead
may adopt a wide range of crystalline geometries. Furthermore, it is common for
smaller particles to aggregate or cluster around larger diameter particles. While it
is therefore inappropriate to assume that each particle is spherical, it may be
reasonable to assume that the top of each particle presents an ellipsoid to the tip.
With this assumption, the measured curvature of each particle can be used to

determine the curvature of the tip.

Blind Reconstruction Characterization

Blind reconstruction of a tip’s geometry uses topographic information
collected on a relatively sharp sample to reconstruct the curvature of the tip. To
this effect, the sample must present topography that is sharper than the tip itself.
Tip characterization with blind reconstruction does not actually produce an image
of the tip geometry so much as an envelope. Thus, the tip radius determined by
this method is an upper limit. While the surface topography does not need to be
known, the surface must have sufficiently sharp features to resolve the relevant

features on the tip.  Niobium crystallites are routinely used for blind
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reconstruction, and in fact they are commercially sold as tip characterizers under
the name of nioprobe (Aurora Nanoprobe Inc.). Given that we are operating in an
inverted design, we cannot affix the commercial 1cm?® sized sample to our
cantilever. Niobium coated tipless cantilevers, supplied by Aurora Nanoprobe
Inc., and were used in this study. The performance of two different software
packages for the blind reconstruction was examined: 1) Scanning Probe Imaging
Processor, SPIP; and 2) a MATLAB rountine. Although each of these analysis
packages are based on the landmark paper of Villirubia®®, there was substantial
difference in performance.

We were easily able to import and process native AFM images in SPIP as
well as the MATLAB routine and found that they produced comparable results.
However, one of the key differences between these software was that the
MATLAB routine allowed the user to select the peaks to be included in the
analysis. Although this made the analysis laborious, areas within the image
containing noise could easily be avoided. The SPIP software requires that the user
exclude areas within the image that contain noise.

The MATLAB tip reconstruction process began by first collecting a
tapping mode inverted AFM image of evaporated niobium. A typical topographic
image of the niobium-coated cantilever is presented in Figure 6.10a, and the
corresponding reconstructed tip envelope is shown in Figure 6.10b. This
particular envelope was produced from ~30 different local maxima (marked by
small blue crosses in Figure 6.10 a). Inclusion of additional crystallites produced

no substantial changes in the tip shape. The three-dimensional reconstruction of
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the tip is used to determine an effective radius. Traces taken across the tip image
were fitted with polynomial functions, with the peak centered at zero. The
curvature of the tips at the peak was used to determine the radius. In this manner,
the apex of this tip can be fit with an ellipsoid having the two primary radii of Ry
= 16.4nm and R, = 12.4nm, these can be combined by Equation 6.4 to give an
effective tip radius Resr = 14.1nm.

Tip reconstruction using the SPIP software proceeded in much similar
manner as the MATLAB routine, using the same topographic images of
evaporated niobium. Rather than selecting peaks to be included in the
reconstruction analysis the entire area selected within the image was used for the
reconstruction process. Areas of the image that appeared to contain noise were
excluded from the reconstruction process.

In our experience, to make this method reliable, there are some substantial
constraints on the data acquisition conditions. First, the image must be completely
free of drift artifacts. Secondly, noise along the slow scan axis can be a serious
problem, which can at times render an image useless for reconstruction. Finally,
the choice of drive amplitude and amplitude setpoint parameters are very
important and inappropriate choices can lead to dramatically different tip radii.
Given that we are primarily concerned with the tip shape at the apex, these
considerations are extremely important, and need to be fully understood. For

these reasons we took extreme care to minimize noise and drift during the
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Figure 6.10 BIlind reconstruction of the tip shape using a MATLAB rountine.
(@) Inverted tapping mode image of a niobium coated cantilever showing the local
maxima that were used for reconstructing the tip shape. (b) Tip shape generated
by blind reconstruction process. (c) Cross sectional traces along the x (red-open
diamonds) and y (blue-filled diamonds) axes are shown. The solid lines represent
polynomial fits used to determine the radius of curvature along each direction and

at the apex.
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imaging process; however, noise along the slow scan axis would sometimes still
remain. We thus chose the x-axis fit, parallel to the fast axis scan, to be most
representative of our tip shape.

The values measured on several tips by the MATLAB routine and from
the SPIP tip reconstruction process were plotted against their corresponding pull-
off forces, as presented in figure 6.11. The work of adhesion obtained from both
the MATLAB routine and SPIP was 30.9 + 1.7 mJ/m?. Based upon this result it is
concluded that data analysis with either of these software packages is adequate
and will give similar results.

In summary, each of the tip characterization methods employed in this
study worked well to determine the tip radii. When used to determine the work of
adhesion for analysis of force curves between DMS modified tips and cantilevers,
all the methods gave similar values of Wy to the contact angle measured value of

34mJ/m?. A summary of these values are given in table 6.1.
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Figure 6.11 This plot of the adhesion versus tip radius is a result of different
inverted AFM tips where the tip radii were calculated using blind reconstruction
algorithms. The error bars represent standard deviations of the mean values and
the solid line is the linear least squares regression through the data, which was

used to calculate the work of adhesion of the system to be 30.9 + 1.7 mJ/m?.
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Method Woq (MI/m?) Uncertainty
Contact Angle 33.6 1.3
SEM 28.7 1.9
Gold Colloids 29.3 2.4
Blind Reconstruction 30.9 1.7

Table 6.1 Summary of determined work of adhesion mean values and

corresponding uncertainty for the different characterization methods.
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6.4  Conclusions

In conclusion, SEM imaging of tips in a tip array, while adequate for the
coarse structure, does not clearly determine the curvature within the last few nm
of the tip, nor does it allow in situ measurements, nor does it allow 3-dimensional
tip structure to be easily determined. Blind reconstruction of a tip’s geometry
from topographic images of niobium appears to agree best with the expected
geometry, based on contact angle measurements; however, imaging time is long
and analysis time is laborious. With the advent of “smarter” tip reconstruction
software analysis time may be decreased, but this procedure still requires the user
to image the evaporated niobium independently from the in situ experiment. The
method of reconstructing a tip’s geometry from images of gold colloids appears to
be most promising for immediate, in-situ tip characterization. This would enable
tip damage, as well as irregularities, to be monitored during the course of an
experiment, thereby rapidly determining if a tip is “good” for force
measurements. This work has demonstrated a means of adapting conventional
AFM tip characterization techniques for the characterization of inverted AFM
tips. This now allows for the use of the inverted AFM design for quantitative
force measurements, measuring hundreds of interactions in a short period of time,
within one single experiment. Thus, making combi-AFM a truly quantitative

high-throughput technology.
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Chapter VII

Conclusions and Future Work

7.1  Overall Conclusions

With the growing need to understand and characterize nanoscale
properties of surfaces, atomic force microscopy has become a unique tool used for
academic and industrial applications. This dissertation has detailed the use of
atomic force microscopy to investigate charge transport through molecular films
and development of combinatorial force microscopy. The initial studies of charge
transport through aryl films demonstrated that molecular layer compression and
deformation play a key role in the overall charge transport properties of a
molecular junction. Under low applied loads, the molecular junction charge
transport can be estimated using the work function of the electrodes and the
lowest unoccupied molecular orbital of molecular layer. Upon greater loads, the
layer will compress and deform and the charge transport through the junction
resembles field emission.

This work also addressed the low degree of reproducibility between micro
and nanoscale charge transport measurements observed within the molecular
electronic field.! Using a Cu coated AFM tip as top contact in a PPF/NAB/Cu
molecular junction the electronic properties were compared to a micro-sized
PPF/NAB/Cu molecular junction formed by metal deposition of the top contact.
It was found that the JV curves of the micro-sized molecular junctions overlapped

well with the current densities measured on the c-AFM with an applied force of
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~60 nN providing evidence that charge transport scales with contact area within
this size range. The findings from this work are directly being used for the
integration of aryl films into the microelectronics industry which uses metal
deposition to form micro-sized top contacts.

This thesis also explored the methodology to quantitatively interrogate the
interactions between opposing chemical libraries involved in combinatorial
inverted atomic force microscopy was developed. In this, a means to chemically
pattern a tipless cantilever to support a meaningful chemical library was required.
This was achieved by the use of chemically modified nanorods as chemical
identification. A chemical library of four aryl thiols was immobilized onto a
tipless cantilever in this manner and was interrogated by an opposing library of
four akylthiols within a single experiment. To truly obtain a quantitative
interpretation of AFM force spectroscopy results one must accurately determine
the tip’s geometry.  Inherently, a large number of tips can be used during a
single combinatorial AFM experiment involving the inverted AFM. To address
this hurtle three techniques of tip characterization were explored with respect to
the inverted AFM design.  In this we found that colloids of known geometries
could be used to asses tip wear during an experiment. However it was determined
that characterization of the inverted AFM tips was best determined post
experiment using a niobium coated tipless cantilever. The crystallites of niobium
are sharper than the AFM tips and in effect image the tip. Using blind

reconstruction algorithms, a three-dimensional model of the tip’s shape can be
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generated. Although this is time consuming and does not have a high thoughput,
it was found that this method contained the smallest uncertainties.

With the advent of automation and self-correcting software atomic force
microscopy is evolving into a mainstream tool for nanoscale characterization of
surfaces. The work in this thesis expands the use of AFM to understand charge
transport industrial relevant molecular junctions and that these properties scale
with size. The later part of the thesis demonstrates AFM to be a unique tool to
perform high though-put chemical force microscopy that may have vast

implications in drug discovery, medical and molecular biology fields.

7.2  Future Work
Ongoing Investigations of Charge Transport Through Molecular Layers

The work in this thesis has provided the initial insights into charge
transport through diazonium salt derived molecular layers and how molecular
layer compressibility can play a key role. Presently, ongoing efforts are underway
to address the issue of how molecular layer thickness will affect the
compressibility and charge transport through such a junction? McCreery and
coworkers have found that current decreases as a function of molecular layer
thickness using micro-sized molecular junctions formed by metal deposition of
the top contact.?®* Findings in Chapter 2 demonstrated a transition of charge
transport properties associated with film alteration during top contact formation.
Efforts are underway to vary the molecular layer thickness of nitroazobenzene

and collect J/V curves at various applied loads. The molecular layer thickness can
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be controlled by concentration of diazonium salt, and electrochemical deposition
time. Efforts are also underway to measure the charge transport through a single
aryl molecule grafted to an electrode. Recent findings from Shewchuk and
McDermott are being used to decrease the concentration of aryl groups grafted to
a gold electrode in a sea of non-conducting akyl thiols.* Initial studies have
demonstrated great promise and an IV curve for a mixed layer of NAB and
dodecane thiol is provided in Figure 7.1 and can be contrasted to a solely
dodecane thiol on gold in Figure 7.2. The results indicate an increased efficiency
for charge transport in the mixed molecular layer films as compared to the solely
thiol counterpart. This suggests that mixed layer molecular junctions may provide
a robust system for fabrication of molecular junctions, however further work is
underway to fully understand these observations. Another experiment that has
been proposed from findings within this dissertation is a comparison of charge
transport between a nitrobenzene layer and a nitrobenzene thiol layer on a gold
electrode. In this work a near monolayer nitrobenzene layer will be grafted to a
gold electrode. Current/voltage curves will be collected and compared to
measurements made on a nitrobenzene thiol layer. It is assumed that aryl films
derived from diazonium salts have a higher degree of electronic coupling with the
underlining electrode compared to thiol counterparts. The results will provide

insights into the effect of electronic coupling have on charge transport.
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Due to the flexibility of molecular layer immobilization to a wide variety
of surfaces, >’ molecular films derived from diazonium salts may provide an
advantageous means of modifying surfaces for industrial and biomedical
applications. Efforts are underway within the McDermott group to exploit
thettachment chemistry for modification of Au and Ag nanoparticles for

expanding their use for cellular biology and medical diagnosis applications.

Future Prospects for Combinatorial Atomic Force Microscopy

The work in Chapters 5 and 6 developed the methodology to
quantitatively interrogate opposing chemical libraries of substantial numbers of
molecules. Ligand-receptor and single molecule protein pulling experiments will
benefit from the methodology developed within this dissertation. Despite these
gains the use of nanorods as chemical discriminators is practically limited to ~10-
20 different chemistries and nanorod aggregation can influence chemical
modification. One potential avenue that may circumvent this issue is the use of
aptomers linked to DNA super structures.®® The monomer units of the DNA
structure spontaneously attach and form well ordered structures. The placement
of aptomer tags can be coded into the DNA structure allowing for a high degree
of confidence of aptomer location. Proteins will attach to the aptomers creating a
patterned structure of proteins.>® The DNA superstructures can be immobilized
onto a tipless cantilever greatly enhancing the number and density of components

within the library.
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8.1

Appendix

Igor Pro Rountine for Analysis of Force Curves

#pragma rtGlobals=1 /I ' Use modern global access method.

#include <Multi-peak fitting 1.4>

I

Function Adhesion(voltagewave0,deflectionwave0,raw_adh, adh)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Program calculates adhesion measurements from cantilever
deflection and z - piezo data

collected via Oscilloscope. The number of increments, i, and
increment step size is set-up for

data collected at 20kS/sec, 2 M resolution, and force curve
frequency of 9.30 Hz.

Small modifications may be required if these parameters are

changed.

User must Kill (data - kill waves) deflection and voltage waves and
load (data - loadwaves - load general binary file) deflection and
voltage waves that are going to be analysized. The names of
deflection (cantilever deflection signal) and voltage (Z-piezo

signal) waves must be deflection0
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I and voltageO respectively.

1
I define the waves, variables and parameters
wave voltagewave0, deflectionwaveO
wave raw_adh, adh
variable xmin, xmax, ramp, owl, ow2, ow3, ow4, ow5, ow6, ow10, owll,
variable ow12
variable v_avgdef, delta, K1, Kf
variable i=0, n=0
wave W_coef
1
I set output variable waves initially to zero
1
raw_adh=0
adh=0
[ e
I User is prompt to input variables
I xmin and x max should creat a range that a minimium occurs to the
I right of the maxium
I The ramp size is the same as when acquiring the force curves
1

Display voltagewave0

*SetAxis bottom 0,4000;DoUpdate
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xmax = 4000

xmin = 2000
ramp = 500
Kf=0.1522

prompt xmin, "enter xmin (nm)"

prompt xmax, "enter xmax (nm)"

prompt ramp, "enter ramp size (nm)"

Prompt Kf , "enter force constant of cantilever (nN/nm)"
DoPrompt "Super Cool Science Geek", xmin,xmax, ramp, Kf

delta = xmax -xmin

J o e
I Looking at the piezo data between xmin and xmax to find the maximium
1 and minimium

Wavestats /Q/R = [xmin,xmax] voltagewave0
silent 1
I
[ m e
I The user may have to adjust the number of increments, i, to analysis all the
1 force curve data
I

for (i=0;i<1000;i+=1)

owl =v_min /lwhat is the minimum piezo voltage in this region
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

ow2 =v_minloc //data point where minimum piezo voltage
ow3 =vV_max /lwhat is the maximum peizo voltage in this region
ow4 =v_maxloc //data point where maximum peizo voltage occurs

delta = 2* (ow2-ow4) // calculate number of data points in one force curve

inputs variables,.... user may need to change according to data collection

K1=delta/ (2*ramp ) /[ time traveled per nm (point/nm)

Analysis cantilever Deflection data to find adhesion force

finds minimium and subtracts baseline

if (v_minloc>v_maxloc)

wavestats /Q/R = [ow4-100, ow2+100 ] deflectionwave0

ow6 =v_min

The next two lines find a maximium baseline of the deflection data

right after the snap out

This procedure is good when the baseline of the deflection data is wavy
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wavestats /Q/R = [v_minloc+100, v_minloc+200 ]
deflectionwaveQ // (line 6)
OWS =V_avg
Il (line 7)
n=n+1 /I number of force curves

raw_adh[i] = ow5 - ow6

/I incorporation of force constant,.... force constant is required to be inputted in

I program
I
wavestats /Q/R = [ow4-100, ow2+100 ] deflectionwaveO

owl0 = -(v_minloc - v_maxloc )/ (v_min - v_max) // (point/dat)

ow12 = raw_adh[i] /I (dat)
owll = owl1l0*(1/K1) * (owl2) /I (nm)
adh[i] = Kf* (owll ) /I Adhesion force (nN)

v_avgdef = faverage (ow10, 1,n)

endif
wavestats /Q/R = [ow2 + 100, ow2+ 100 + delta ] voltagewaveQ

endfor
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I

I display results to screen

print v_avgdef

I

I Making and fitting histogram of adhesion data

I

*Make/N=1000/D/O adh_Hist;DelayUpdate

*Histogram/B={0,0.05,1000} adh,adh_Hist

CurveFit gauss adh_Hist /D

Display fit_adh_Hist, adh_Hist

Label bottom "Adhesion Forces (nN)"

ModifyGraph Isize(fit_adh_Hist)=1.5,rgb(fit_adh_Hist)=(0,34816,52224)
*TextBox/C/N=text0 "\\{\"Yo = %g, +/- %g \",W_coef[0],W_sigma[0]\r\\{\"A =
%g, +/- %g \",W_coef[1],W_sigma[1]}\r\\{\" X0 = %g, +/- %qg
\"W_coef[2],W_sigma[2]}";DelayUpdate

*AppendText/N=text0 "\{\"Width = %g, +/- %g \",W_coef[3],W_sigma[3]}"

TextBox/C/N=text0/A=RB/X=-6.05/Y=71.90

end
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Analyze your life closely. You will eventually find it difficult to misuse it
by becoming machinelike or by merely seeking money as a surrogate for
happiness.

Tenzin Gyatso
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