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ABSTRACT

Electrical contact resistance (ECR) is an important parameter to optimize the
design and, evaluate the contact reliability and performance of small-scale electri-
cal and electro-mechanical systems including those that are implemented in crucial
radar and telecommunication technologies. State-of-the art electronic devices utiliz-
ing metal-insulator-metal or molecular tunnel junctions are also affected to a great
extent by ECR. Consequently, it is of utmost importance to understand the physical
mechanisms pertinent to ECR and to precisely characterize ECR at different types
of interfaces formed between mating surfaces.

In this thesis, we primarily focused on measuring ECR at atomically flat,
sub-micron interfaces formed between gold islands and highly oriented pyrolytic
graphite (HOPG) via conductive atomic force microscopy (C-AFM). By means of
proof-of-principle experiments, we were able to correlate the measured ECR in the
diffusive conduction regime (where contact size is larger than the electron mean free
path) to true, measurable contact areas. We also presented an improved approach
that led to more reliable ECR measurements via C-AFM by suppressing the effects
of tip deformation, humidity and temperature variations as well as substrate rough-
ness on the experiments. The ECR values measured via this improved technique
follow a Gaussian distribution with a much lower standard deviation compared to
those obtained via conventional approaches. Finally, we demonstrated an improved
method to synthesize gold islands of varying size on HOPG that can be utilized in
future research to investigate the physical mechanisms of ECR in the intermediate
conduction regime whereby the contact size is on the order of the electron mean free
path.

In summary, the findings reported in this thesis constitute the first mea-
surements of ECR in the diffusive conduction regime as a function of true contact
area at atomically flat interfaces. Based on crucial improvements in sample synthe-
sis and measurement methodology reported in this thesis, future work will focus on
elucidating the physical mechanisms of ECR across all electron conduction regimes.
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Chapter 1

INTRODUCTION

1.1 Electrical Contact Resistance

“God made the bulk, surfaces were invented by the devil”, Nobel Prize win-
ning physicist Wolfgang Pauli quipped. This was partially due to the fact that
there is no surface that is absolutely smooth, no matter how flat it may appear
to the bare eye. In other words, even a surface that looks exceptionally smooth
on macroscopic length scales is rough on small length scales. However, the rele-
vant roughness parameter for a given analysis may vary from one length scale to
another. For example, on the micrometer scale, a given surface may exhibit some
degree of waviness depending on the surface finish applied to it. Closer inspection
on even smaller length scales reveals that the surface consists of nanoscale asperi-
ties as depicted in Figure 1.1. When two such surfaces are brought together, the
interface consists of a collection of asperity contacts between the mating surfaces.
This leads to a real area of contact that is usually several orders of magnitude lower
than the apparent area of contact. Locations of contact formed at mating asperities
of the surfaces forming the interface are also known as “a-spots”.When electrical
current is allowed to pass through such an interface, its flow is constricted across
the “a-spots” [1, 2] as presented by the sketch in Figure 1.2. Such a constriction of
electrical current at the “a-spots” gives rise to electrical contact resistance (ECR).
ECR is influenced by the size, shape and chemical characteristics of the asperities
that are in contact, among other factors [1, 2].

Figure 1.1: Schematic of surface roughness on different sampling lengths.
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Figure 1.2: A schematic showing constriction of electrical current lines at “a-
spots” formed between asperities of two surfaces in contact.

ECR is of crucial importance in the design and performance of electro-
mechanical components such as relays, switches and connectors that are employed
in many industrial and military applications. In particular, it is crucial to correctly
assess ECR for the robust function of micro-electro-mechanical systems (MEMS)
due to the fact that surface phenomena become more pronounced at small length
scales (see Figure 1.3 for a schematic of a representative MEMS device with elec-
trical contacts) [3]. For instance, while radio frequency (RF) MEMS switches have
certain advantages over traditional devices (including highly Ohmic linear contact,
low insertion loss, wide bandgap and high cut-off frequency), many of these proper-
ties are directly influenced by ECR [4–6]. ECR is also an important design criterion
in the emergent research field of low-power integrated circuits to be used in digital
logic and memory applications [7]. Various bonding techniques applied in electrical
systems such as flip-chip bonding and resistance spot welding also require precise
measurement of ECR. For example, low ECR is preferred for flip-chip bonding [8]
whereas resistance spot welding benefits from Ohmic heating generated by relatively
high ECR values [9]. ECR also plays an important role in the field of tribology. For
instance, variation of ECR at an interface during sliding motion can be used as an
indicator for tribofilm formation [10]. More specifically, ECR can be a characteristic
marker for the transition from static to kinetic friction at the slider-disk interface
of a magnetic hard disk [11].
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Figure 1.3: Schematic of a representative MEMS device with electrical contacts.
Figure from Ref. [7].

The physical mechanisms of ECR can be considered in three regimes based
on the relative size of the contact with respect to the electron mean free path in the
contacting materials: diffusive regime, ballistic regime and intermediate regime [2].
In situations where the size of the contact is significantly larger than the electron
mean free path, diffusive transport of electrons occurs across the interface. The
model that describes ECR in the diffusive regime was derived by Maxwell from
Ohm’s law as

RMaxwell =
ρ

2a
(1.1)

where RMaxwell is the ECR in diffusive regime, ρ is the electrical resistivity
of the contact and a is the contact radius. ρ can be calculated as the arithmetic
average of the electrical resistivities of the contacting bodies. According to Equation
1.1, ECR is inversely proportional to contact radius in the diffusive regime. On the
other hand, when the contact size is significantly smaller than the mean free path
of the involved electrons, ballistic transport occurs. ECR in the ballistic regime is
given by Sharvin’s equation as

RSharvin =
4ρλ

3πa2
(1.2)

where RSharvin is the ECR in ballistic regime, and λ is the electron mean free
path. According to Equation 1.2, ECR is inversely proportional to contact area in
the ballistic regime. Finally, when the contact size in on the order of the electron
mean free path, ECR falls into the intermediate regime. Wexler proposed a model
for ECR in the intermediate regime as [12]:

RWexler = Γ(
ρ

2a
) +

4ρλ

3πa2
(1.3)

where Γ is a function of λ/a, which varies from 1 to 0.694.
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It has been revealed via several numerical studies that in micro-scale devices,
the individual contact sizes are in the sub-micron regime, i.e. from a few 10s of
nm to a few 100s of nm [13]. This means that electron conduction in such devices
occurs in the intermediate regime between the diffusive and ballistic limits. However,
experimental studies revealed that ECR in the intermediate regime deviates from
that predicted by the Wexler model [13]. Therefore, there is an active research effort
to develop a better model for ECR in the intermediate regime, preferably through
experimental data.

In summary, ECR is an important physical characteristic that plays cru-
cial roles in many fields of science and technology. Even though there has been
extensive research effort to study ECR, there is still a lot of room for forming a
better understanding of its fundamental mechanisms, particularly on small length
scales. Last but not least, it is also crucial to understand how various factors such
as contact size, shape and chemistry affect ECR for optimized design of small-scale
electro-mechanical systems.

1.2 Atomic Force Microscopy

The invention of scanning probe microscopy (SPM) in the last century opened
the doors of the nanoworld to scientists. SPM allows the study of surfaces with
unprecedented resolution, down to the atomic scale. The two most common classes
of SPM include the Scanning Tunneling Microscope (STM) and the Atomic Force
Microscope (AFM). In 1981 Binnig and Rohrer invented the first STM which earned
them the Nobel Prize in Physics in 1986, in just 5 years. STM was developed based
on the concept of quantum tunneling [14]. In STM, an atomically sharp conductive
tip is brought into very close proximity (∼1 nm or below) of the sample surface
to be studied, typically under ultra-high vacuum (UHV) conditions. Upon the
application of a bias voltage, electrons tunnel through the vacuum, resulting in
tunneling current which is a function of tip-sample distance and bias voltage. As
the tip scans over the sample surface in a raster fashion, it records a 3-dimensional
(3D) topographic map of the sample surface with atomic resolution based on the
tunneling current signal. STM is also frequently used to measure local density of
states of a given sample and to manipulate atoms [15, 16]. However, the major
drawback associated with STM is that the sample has to be electrically conductive.
In 1986 the invention of AFM did not only overcome this drawback but also allowed
the study of a large number of surfaces with nano- to atomic-scale resolution. AFM
operates based on the interatomic forces acting between a very sharp tip and the
sample surface [17]. An AFM tip scans over the sample surface in a raster fashion
similar to an STM tip and can record topographic, electrical, chemical and magnetic
signals with high resolution. While scanning an area as small as 5 nm x 5 nm
with AFM under appropriate conditions and using appropriate modes can reveal
the atomic structure of a material [18], the method can also be used to probe the
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nanomechanical properties of samples such as human cells [19]. AFM also has
the capability to operate in a wide variety of environmental conditions such as
ambient, UHV, and liquid medium. Another important advantage of AFM is that
it can be easily integrated with other instruments for multiple analyses. All these
flexibilities have made AFM a very powerful and widely used research tool in many
branches of science and technology including physics, chemistry, materials science,
and nanoengineering.

1.2.1 General Operating Principle of AFM

AFM is a unique type of microscope in the sense that it does not generate an
image through optical and electronic means; instead it’s a mechanical microscope
that ‘touches’ the sample with a very sharp tip and generates a 3D image that
contains topographical information regarding the surface down to sub-nanometer
resolution. The main components of an AFM are a piezo scanner, a cantilever with
a very sharp tip at the end that acts as the force sensor and control electronics.
The piezo scanner made of piezoelectric material is used to move the tip at the end
of the cantilever relative to the sample. The scanning speed of an AFM is limited
by the resonant frequency of the piezo electric scanner; in general, the higher the
resonant frequency, the faster the scanning speed. Most modern AFM cantilevers
are microfabricated with a reflective coating on the top side and a very sharp tip at
the end. As the tip rasters over the sample, the cantilever bends due to the changes
in the interatomic forces between the tip and the sample caused by topographic
variations. A laser beam is focused on the top side of the cantilever and the reflection
of the laser beam on a photodiode records the deflection signal of the cantilever. A
schematic showing some of the main components of an AFM is shown in Figure
1.4. In typical operation, the electronics (i) record the cantilever deflection signal,
(ii) generate signals for the piezo scanner movement using a feedback loop with a
PID controller that typically aims to keep the interaction force (as inferred from the
cantilever deflection) constant during scanning, and (iii) display/save the recorded
topography signal (as inferred from the piezo scanner movement in the vertical
direction) in the desired format. An optical microscope is also usually integrated
with the AFM to help locate areas of interest on the sample surface and position
the laser beam precisely on the backside of the cantilever.

An AFM can be operated in a variety of modes. These modes not only
differ in the experimental procedure but also record different types of information.
Suitability of a mode also greatly depends on the nature of the sample. Some
common modes of operation of an AFM are discussed below.

1.2.2 Contact-Mode AFM

In order to understand contact mode operation of AFM, it is important to
think about the nature of tip-sample interaction forces as shown in Figure 1.5.
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When the tip is far away from the sample surface, it does not interact with the
sample surface and therefore the cantilever is at the zero deflection state. As the
tip approaches the sample surface, it first experiences attractive forces (e.g. due to
van der Waals interactions) and the cantilever bends towards the sample. This is the

Figure 1.4: Schematic of a typical AFM.

so-called attractive regime. As the distance between the tip and the sample de-
creases, the attractive force increases and eventually the tip snaps into the surface
when the rate of change of the attractive force with distance is higher then the de-
flection stiffness of the cantilever. If the tip is further pushed towards the surface,
the cantilever experiences repulsive forces and bends in the opposite direction (i.e.
away from the surface). Contact mode AFM is operated in this repulsive regime and
is the most straightforward of all topographic imaging modes since the deflection of
the cantilever is directly correlated to the topography of the sample. A schematic of
contact mode AFM is shown in Figure 1.6 (a). A feedback loop adjusts the position
of the cantilever base with respect to the sample by moving the piezo scanner in the
vertical (z) direction so that the cantilever deflection is at a constant value. Even
though contact mode is capable of generating topographical images with nm-scale
lateral resolution, it has several disadvantages; for instance, since the tip operates
in the repulsive regime, it can damage soft samples during imaging as there is a
shearing (i.e. lateral) force between the tip and the sample at all times. Further-
more, in contact mode, the tip apex can easily become blunt which prevents atomic
resolution imaging.
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1.2.3 Dynamic Modes of AFM

To overcome some of the limitations associated with contact mode AFM,
dynamic modes of AFM have been developed. In dynamic mode AFM, the cantilever
is oscillated at/near its resonant frequency at a very close proximity to the sample
(with average separations on the order of ∼1 nm). As the oscillating cantilever
scans over the sample surface, the oscillation amplitude and frequency change via
changes in the tip-sample interaction forces, which may be induced by topographical
features. Like the contact mode, a feedback loop is used to adjust the z height of the
cantilever base such that either the amplitude or the frequency of the oscillation is
kept constant. Depending on in which interaction regime the tip is operated, dyna-

Figure 1.5: Schematic of tip-sample interaction force (F ) as a function of separa-
tion distance (d).

Figure 1.6: Different operational modes of AFM: (a) contact mode, (b) intermit-
tent contact (i.e. tapping) mode and (c) non-contact mode.

mic mode can be classified either as intermittent contact (i.e. tapping) mode or
non-contact mode. In non-contact mode, a small oscillation amplitude is applied to
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the tip so that it is always in the attractive regime. Non-contact AFM is frequently
employed to study crystallographic structures with atomic resolution, due to the
possibility of maintaining the atomic sharpness of tips during entire measurements.
On the other hand, in the intermittent contact mode, a larger oscillation amplitude
is employed such that for each oscillation cycle the tip comes into contact with
the sample (i.e. “taps on it”) and then goes back, rapidly moving between the
attractive and repulsive interaction regimes. Schematics of intermittent contact and
non-contact mode AFM are shown in Figure 1.6 (b) and (c), respectively. The
primary advantages of dynamic mode AFM are decreased tip and sample damage
due to the absence of lateral forces and increased spatial resolution (for non-contact
mode).

1.2.4 Force Spectroscopy via AFM

In addition to being a very powerful imaging tool, AFM can also be operated
in the so-called spectroscopic mode to perform “force spectroscopy”. In particular,
the AFM tip is approached to and then retracted from the sample surface in a
controlled fashion on a given position, while the interaction force, inferred from the
cantilever deflection, is recorded. This results in the measurement of force-distance
(F-d) curves (directly related to interatomic force interactions) that can be used to
study various mechanical properties of the sample such as stiffness and therefore
Young’s modulus, adhesion forces etc.

1.3 Conductive Atomic Force Microscopy

Conductive atomic force microscopy (C-AFM) is an important AFM-based
technique where a conductive AFM tip is employed to investigate the electrical
properties of a given sample. C-AFM is frequently utilized in both imaging and
spectroscopic modes. In C-AFM imaging mode, a conductive tip scans the sample
surface in contact mode i.e. in the repulsive regime under the application of a bias
voltage between the tip and the sample. Such scans provide both the topographic
and conductivity maps of the sample surface with nanometer scale spatial resolu-
tion simultaneously. The two data maps are independently acquired as topographic
information is obtained from cantilever deflection whereas conductivity information
is recorded via the amount of current flow through the conductive tip. Moreover, in
C-AFM, the tip can be fixed at a given position on the sample surface and current
can be recorded as a function of the applied bias, which is known as current-voltage
(I-V ) spectroscopy. The method of C-AFM has been extensively used to study a
multitude of sample systems since its first demonstration in the early 1990s [20, 21].
One of the first C-AFM studies was performed to measure local dielectric proper-
ties of silica/silicon oxide, a vital component of very large scale integration (VLSI)
devices [22]. C-AFM had significant contributions to the development of nanoelec-
tronics. For example, C-AFM has been used not only for electrical characterization
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of carbon nano tube (CNT) transistors but also to induce defects on CNTs and study
the resulting changes in electrical properties [23, 24]. Furthermore, it has been em-
ployed to study layer-by-layer dielectric break down of 2D materials [25], perform
local photolithography via anodic oxidation [26], and study resistive switching be-
havior of metal-insulator-metal junctions [27]. Other nanostructures that have been
studied via C-AFM include quantum dots, nanowires, nanowire-based transistors
etc. [28–31]. With C-AFM, one can also probe mechanical and electrical properties
simultaneously by recording F-d and I-V curves [32]. Such studies can provide infor-
mation about the physical characteristics of the contact formed between the tip and
the sample. Finally, C-AFM has also been extensively employed to study the elec-
trical properties of molecular tunnel junctions in the last decade with the underlying
hope of developing nanoscale circuits based on the nonlinear I-V characteristics of
molecules [33].

The key component of a C-AFM experiment is the conductive tip. In general,
different types of conductive tips are commercially available such as metal coated
tips, conductive diamond coated tips, whole metal body tips etc. C-AFM experi-
ments are highly sensitive to the structure and chemistry of the tips and different
tips are suitable for different types of experiments. While metallic tips can be made
with sharp apexes (< 25 nm), conductive diamond coated tips typically have larger
radii of curvature. Diamond coated tips also have higher resistivity compared to
metal coated tips. Even though metallic tips have low resistivity which can be a
desirable property for most C-AFM experiments, exposure to ambient conditions
usually leads to the formation of an oxide or organic contamination layer on top of
the tip apex. It also should be considered that metallic tips wear out much faster
than diamond tips and that they tend to mechanically deform during the course of
most measurements. Therefore, it is essential to choose the proper tip for a given
C-AFM experiment.

1.4 Research Objectives

Even though there have been extensive research efforts aimed at the mea-
surement of ECR at nanoscale via C-AFM for the reasons outlined in Section 1.1,
the measured ECR values can so far only be related to approximate contact areas
derived from continuum mechanics-based contact models [34], which are known to
break down at length scales approaching the atomic regime [35]. In addition, ECR
measurements are subject to low reliability and reproducibility due to a number
of factors including variations in surface roughness, environmental conditions and
tip apex deformation that cannot be quantified in situ. Motivated in this fash-
ion, the present thesis has two primary objectives. First, in order to relate ECR
to true (i.e. real/not apparent) contact areas, the measurement of ECR at sub-
micron-sized, atomically flat interfaces formed between a highly oriented pyrolytic
graphite (HOPG) substrate and gold islands is demonstrated. Moreover, efforts
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aimed at establishing an improved C-AFM methodology are reported that lead to
much lower standard deviations in measured ECR data when compared with con-
ventional C-AFM measurements. Finally, an improved sample preparation approach
is presented. In summary, the studies reported here (i) open the doors for forming
concrete connections between the physical properties of contact (such as its true
size and shape) and ECR and (ii) provide the means for more reliable collection of
ECR data, with implications for the improved design and development of small-scale
electro-mechanical systems.

1.5 Thesis Outline

This thesis consists of five chapters. In Chapter 1, the key subjects of electri-
cal contact resistance and atomic force microscopy are introduced, which is followed
by an overview of research objectives.

In Chapter 2, a proof-of-concept approach for correlating ECR to true, mea-
surable contact areas is presented by measuring ECR at atomically flat interfaces
formed between an HOPG substrate and gold islands via C-AFM. The experimental
findings are complemented by molecular dynamics (MD) simulations performed by
the group of Ashlie Martini at UC Merced. This chapter also highlights certain
limitations of the sample system associated with the preparation method.

In Chapter 3, an improved C-AFM methodology leading to more reliable
ECR data acquisition is presented. In particular, this chapter comprises C-AFM
experiments performed on bare HOPG as a model system under controlled environ-
mental conditions.

In Chapter 4, an improved approach to synthesize gold nano islands on HOPG
is demonstrated that overcomes the limitations discussed in Chapter 2. Moreover,
future plans to study the physical mechanisms of ECR on this improved sample
system are briefly introduced.

Finally, in Chapter 5 a brief summary of the thesis is presented with a concise
outline for future work.
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Chapter 2

ELECTRICAL CONTACT RESISTANCE AT
ATOMICALLY FLAT INTERFACES

2.1 Electrical Contact Resistance and Contact Area

As discussed in detail in Chapter 1, ECR plays an important role in the
function and performance of small-scale electro-mechanical devices and C-AFM is
a powerful and widely used technique to measure ECR. Having said this, despite
the relatively wide-spread use of the method, there are significant drawbacks asso-
ciated with conventional C-AFM measurements. First, wear of the tip apex during
extended periods of scanning, especially when trying to achieve large contact sizes
by applying large normal loads, can cause resistance measurements to change over
time [36]. Second, potential oxidation and/or contamination of the tip and the
sample during the experiments can lead to lower-than-expected current flow across
the interface [32, 37, 38]. Third, nanoscale roughness of the tip and/or sample
result in true conductive contact areas that are much smaller than the apparent
size of the contact. Lastly, lack of information about the geometry of the contact
established between the AFM tip and the substrate requires that contact size be
approximated using continuum-based contact mechanics models which may break
down at the nanoscale [34, 35, 39]. All of these hinder the ability to correlate con-
duction and resistance measured using traditional C-AFM directly to contact size,
which in turn limits the formation of a complete understanding of trends observed
in such measurements.

There have been research efforts to address the issues discussed above. For
example, recent studies employed C-AFM on a sample system with micro-fabricated
Pd/Au disks of 100-500 nm radius on an HOPG substrate [40–42]. During the exper-
iments, the metal-coated tip of the AFM cantilever was “welded” onto a particular
metal contact and I-V curves were measured to characterize electrical resistance.
While such an approach is advantageous as the size of the contact can be directly
measured via AFM, the roughness as well as the degree of molecular cleanliness
at the interface between the Pd/Au disks and the HOPG remain uncharacterized,
which prevents unambiguous correlations to be made between the measured resis-
tances and true conductive contact areas. Perhaps more importantly, the experi-
ments were limited to one measurement per island since the tip was welded to the
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disk prior to testing, preventing measurements to be made on contacts of different
size with the same probe.

Motivated as above, in this part of the thesis, we present an approach that
leverages the concept of measuring conductance at nanoscale contacts, where the
true contact size is known and multiple measurements of conductance at different
contacts can be performed with the same probe. Specifically, the contact of interest
is formed by nanoscale gold islands of varying size on HOPG. As the interface that
is formed between the gold islands and HOPG has been shown to be atomically flat
and molecularly clean following a specific method of preparation [43], these junc-
tions represent an ideal scenario where ECR can be fundamentally studied, without
ambiguities associated with contact geometry and cleanliness encountered in con-
ventional C-AFM experiments. Proof-of-principle experiments introduced here are
complemented by molecular dynamics (MD) simulations that enable explicit control
of island and tip size as well as approximation of electrical current. Importantly,
the simulations provide guidance for the tip and island sizes needed to effectively
implement this method for studies of ECR at nanoscale contacts.

2.2 Materials and Methods

A two-step process was followed to synthesize the gold islands on HOPG.
First, ZYB-quality HOPG samples (Ted Pella) were cleaved in air and rapidly in-
troduced into the vacuum chamber of a thermal evaporator (Denton Vacuum), where
they were covered with a thin layer of 99.999% purity gold for a total deposition
amount of 1 Å. The gold-covered HOPG samples were then annealed in a bench-top
furnace at a temperature of 650 °C for 120 min. The resulting sample system con-
sisted of individual, crystalline gold islands of varying lateral (up to ∼400 nm) and
vertical (up to ∼90 nm) size on the HOPG substrate (Figure 2.1). The wide varia-
tion in the lateral size of the gold islands, which are known to exhibit atomically flat
and molecularly clean interfaces with the HOPG substrate [43],is particularly advan-
tageous for the experiments proposed here, as it allows ECR to be studied directly
as a function of true contact size, overcoming a major limitation of conventional
C-AFM experiments.

Once sample preparation and characterization via scanning electron microsco-
py (SEM) were complete, the sample was imaged via tapping-mode AFM (Asylum
Research, Cypher VRS) to locate individual gold islands of interest for I-V spec-
troscopy (see, e.g., the two islands of different size on the same HOPG terrace
highlighted in Figure 2.2). In addition to the fact that AFM imaging allows a pre-
cise determination of the area of contact formed between individual gold islands and
the HOPG substrate, it can also be employed to determine the island height and
to evaluate topographical roughness on the top surface of gold islands (which was
measured to be 3.0 ± 1.3 Å (mean ± s.d.) for our sample system), potential factor
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that could cause variations in I-V curves obtained on different spots on a given gold
island.

Figure 2.1: Representative SEM image of (a) thin gold film thermally evaporated
on freshly cleaved HOPG, (b) the sample system consisting of gold
islands of varying size on HOPG, obtained via annealing of the sample
in (a).

Figure 2.2: AFM image of several gold islands on HOPG. Two gold islands (of
size 34,800 nm2 and 111,900 nm2) on which I-V measurements were
performed are highlighted with dashed circles and indicated as (i) and
(ii), respectively.

Following AFM imaging, a Ti/Ir-coated conductive cantilever (Asylum Re-
search, ASYELEC.01-R2, tip radius of ∼25 nm as confirmed by SEM imaging) was
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brought into contact with the surface of individual gold islands at desired loca-
tions. I-V spectroscopy (whereby the bias voltage was applied to the conductive
cantilever) was then performed to assess the electrical conductance across the mul-
tijunction contact formed by the tip apex, the gold island, and the HOPG substrate
(which is electrically connected to the AFM sample plate via silver paint). The
majority of measured I-V curves were of Ohmic character around zero bias, with a
mostly linear dependence of current on bias voltage. It should be mentioned here
that such Ohmic measurements of current as a function of bias voltage were not
obtained with all conductive AFM tips, and “blocking” behavior (that involves es-
sentially no current flow up to several volts of bias voltage) was also occasionally
observed [32]. For tips that exhibited Ohmic behavior, the total resistance (RTotal)
was determined by linear fits to the data around zero bias. As proof-of-principle
experiments, multiple I-V curves were collected on individual spots on gold islands
of varying size, in a bias voltage range of -7.0 mV to +7.0 mV and a small applied
normal load of 0.5 nN (it should be noted that for this particular tip, adhesion on
the gold islands was on the order of 10.0 nN).

2.3 Results and Discussion

2.3.1 Correlation between Island Size and Total ECR

Figure 2.3(a) shows five I-V curves measured consecutively (over a total
span of ∼2 min) on an individual spot on island (i) identified in Figure 2.2 which
has an area of 34,800 nm2, demonstrating high reproducibility. The variability of
measurements taken at different spots on a given island was also tested. Figure
2.3(b) presents representative I-V curves collected on five different spots separated
by a few tens of nanometers on island (i) that demonstrate noticeable variation, such
that RTotal (as deduced from a total of 28 curves collected on five different spots)
for this particular island was determined to be 93.8 ± 19.2 kΩ. Moreover, Figure
2.3(c) shows five I-V curves collected on five different spots (again separated by a
few tens of nm) on another gold island (which is designated as island (ii) in Figure
2.2 and has an area of 111,900 nm2), on the same terrace as island (i). RTotal for
island (ii), (again, as deduced from a total of 28 curves collected on five different
spots) was measured as 40.2 ± 1.2 kΩ. As expected, a smaller total resistance was
measured on the larger island because of the lower resistance at the island-HOPG
junction.

The resistance measurements described above were repeated with two addi-
tional pairs of islands with significantly different size, with each pair located on the
same HOPG terrace. All measurements were performed with the same tip and at
an applied normal load of 0.5 nN, and repeat measurements performed on the first
island after the collection of I-V curves on both islands were utilized to rule out the
potential occurrence of tip changes during the experiments. The results of each set
of experiments, summarized in Table 2.1, consistently demonstrated a larger RTotal
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for smaller islands. Note that, while the results for two islands in a given data set
can be compared, resistances cannot be compared across the data sets because the
islands are on different terraces and HOPG terraces have been reported to exhibit
significant differences in resistance [44].

Figure 2.3: (a) Five I-V curves obtained on an individual spot on island (i) in
Figure 2.2 over a duration of 2 min., demonstrating high reproducibil-
ity. Note that the current saturates at 20.0 nA, which is the limit of
our measurement setup. (b) Five I-V curves obtained on five different
spots on island (i) in Figure 2.2, demonstrating noticeable variability.
(c) Five I-V curves obtained on five different spots on island (ii) in
Figure 2.2, demonstrating less variability than those obtained on is-
land (i). Please note the larger slope of the I-V curves on island (ii)
when compared with island (i), indicative of a smaller resistance to
electron flow, in accordance with the larger size of the island.

Interestingly, the larger islands in the three data sets in Table 2.1 all exhibited
very similar RTotal values (40.2 ± 1.2 kΩ, 43.3 ± 5.1 kΩ, and 40.1 ± 1.1 kΩ), despite
significant differences in the contact size (111,900 nm2, 130,900 nm2, and 61,900
nm2, respectively). On the other hand, mean RTotal values measured on the smaller
islands were appreciably different from each other (93.8 ± 19.2 kΩ, 73.4 ± 16.9 kΩ,
and 56.1 ± 9.7 kΩ). Also, a particularly interesting observation here was that the
standard deviation of RTotal on smaller islands was significantly higher than that
on larger islands. A potential explanation could involve the superlubric nature of
the contact between the gold islands and the HOPG substrate and the associated
miniscule barriers to motion experienced by small islands [43], supported by the
observation that the smaller islands tended to move laterally on the HOPG substrate
during the collection of I-V curves.
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Data Set
Island size

(nm2)
Island radius

(nm)
Total resistance

(kΩ)
Island-HOPG resistance

(kΩ)
I 111,900 189 40.2 ± 1.2

34,800 105 93.8 ± 19.2 53.6 ± 19.2
II 130,900 204 43.3 ± 5.1

16,500 72 73.4 ± 16.9 30.1 ± 17.7
III 61,900 140 40.1 ± 1.1

23,000 86 56.1 ± 9.7 16.1 ± 10.2

Table 2.1: Total resistance measured on pairs of gold islands via C-AFM, arranged
in three data sets acquired on different days. The island-HOPG resis-
tance for small islands is also reported (see Section 2.3.2). Contact
radii have been calculated by approximating the island-HOPG contact
geometry as circular. For each island, mean and standard deviation val-
ues for resistance are deduced from multiple (>10) I-V curves recorded
on multiple (>2) spots.

2.3.2 Extracting the ECR at the Island-HOPG Junction

To provide explanations for the findings described above, MD simulations
were performed by the group of Ashlie Martini at UC Merced, mimicking the C-
AFM experiments as shown in Figure 2.4. The model consisted of a diamond-like
carbon (DLC) tip apex in contact with gold islands on an HOPG substrate [Figure
2.4(a)]. Three different tips with radii of 3.6, 4.1, and 5.0 nm were brought in contact
with gold islands of varying contact areas ranging from 50 to almost 2400 nm2. The
HOPG substrate consisted of two graphene layers having lateral dimensions of 10
x 10, 25 x 20, or 48 x 40 nm2, depending on the size of the island (lateral size of
the HOPG substrate did not affect results). The bottommost graphene layer was
fixed and the topmost part of the tip was treated as a rigid body. A normal load
of 1.25 nN was applied to the tip. The simulations were performed in the canonical
ensemble with the LAMMPS code [45]. The atomic configurations were visualized
using OVITO [46]. The Embedded-Atom Method (EAM) [47] was used to model
Au-Au interactions and the Adaptive Intermolecular Reactive Empirical Bond Order
(AIREBO) [48] potential was used for C-C interactions. The interactions between
materials were modeled using the Morse potential for Au-C (D0 = 0.00832 eV , r0
= 0.387035 nm, and α = 1.25707) [49]. The time step was 1 fs. For each island
and tip combination (three tips and twelve islands), equilibration was run until the
system reached steady state, defined as the point at which the vertical position of
the top rigid part of the tip varied by less than 0.1 Å, which took up to 450 ps. After
this point, production simulations were run for another 100 ps, from which atomic
configurations were extracted at 0, 25, 50, 75, and 100 ps for use in the current
calculations.
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Figure 2.4: (a) Perspective view of the MD simulations where a model AFM tip
apex comes into contact with gold islands of varying size on a graphite
substrate. (b) For each tip-island combination, current between the
tip and the edge of the graphite substrate (shown in darker gray) is
approximated using the EChemDID method.

For each tip-island combination, the EChemDID [50] method was used to
estimate the current between the top of the tip and edge of the graphite, as shown
in Figure 2.4(b). This method has been successfully used before to study the be-
havior of nanoswitches [51, 52] and C-AFM measurements [53, 54]. EChemDID
requires the use of a reactive potential, so for the current calculations, the potential
for all interatomic interactions was changed to ReaxFF, with parameters for sys-
tems containing gold and carbon atoms [55, 56]. The atomic configurations taken
from the production simulations with the nonreactive potential were used as the
starting point for the EChemDID calculations. Note that this approach was used
because the large model sizes precluded direct use of ReaxFF for the simulations.
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For each configuration, EChemDID was run to calculate current and then the aver-
age was taken from the five configurations for each tip-island combination. Although
EChemDID inherently assumes diffusive transport, this is reasonable for the rela-
tively large island-HOPG contacts modeled here based on an analysis of carrier
transport in graphene-metal junctions [57]. Furthermore, any error associated with
this assumption for the smaller tip-island contacts is the same for all the models
and so will not affect the trends predicted by the simulations.

The results of the total resistance calculated from simulations of three differ-
ent tips and twelve different islands are shown in Figure 2.5. For this model system,
if we assume that the resistance within the tip, the island, and the HOPG is small
compared to that at the two interfaces, the total resistance is

RTotal = RT ip +RT ip−Island +RIsland +RIsland−HOPG +RHOPG (2.1)

RTotal ≈ RT ip−Island +RIsland−HOPG (2.2)

Therefore, the resistance observed in Figure 2.5 is due to both tip-island
and island-HOPG junctions. For large islands, resistance will be dominated by
the much smaller tip-island contact, which does not change with the island size,
consistent with the near-constant resistance observed for larger islands in Figure
2.5. For small islands, the island-HOPG contact contributes appreciably to the total
resistance, leading to total resistance values that decrease with increasing island size,
again as observed in Figure 2.5. For each tip, the resistance-island size data were fit
to an exponential function that captured the decrease in resistance with increasing
island size for small islands (where both tip-island and island-HOPG resistances
contribute) and the constant resistance for large islands (where tip-island contact
resistance is dominant). We then identified the island radius corresponding to a total
resistance that is 10% greater than the tip-island resistance and assumed this to be
the maximum island size for which the total resistance can be differentiated from
the tip-island resistance. Using the maximum island size calculated for three model
tips, we linearly extrapolated to the tip size range relevant for the experiments, as
shown in the inset of Figure 2.5. For the 25 nm radius tips employed in C-AFM
experiments, this analysis suggested that island radii smaller than 101 nm would be
needed to feasibly extract the island-HOPG contact resistance from the measured
total resistance. Although the choice of 10% here is arbitrary, other reasonable
choices yield similar results, e.g., the maximum island size for the 25 nm tip with a
20% criterion is 75 nm.
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Figure 2.5: Total resistance calculated from the simulations as a function of island
radius for three different model tips (symbols). The data are fit to an
exponential function (dashed lines) to determine the maximum island
radius for each tip (arrows), after which the contribution of the island-
HOPG resistance to the total resistance becomes negligible (see the
text). Inset: Maximum island radius for each model tip (considering
island radii where the total resistance is 10% greater than the tip-
island resistance) with linear extrapolation to the radius of the tip
used in the C-AFM experiments (25 nm).

The simulation results have significant implications for the C-AFM method
reported here: they explain the observation of very similar resistance values for large
islands in our experiments, despite significant differences in the size, in contrast to
smaller islands where the contribution of the island-HOPG resistance to the total
resistance is appreciable. In particular, our experimental results summarized in
Table 2.1, when interpreted with the help of MD simulations, point toward a tip-
island resistance value on the order of 40 kΩ (as deduced from the measurements on
the larger islands in the three datasets, where the contribution of the island-HOPG
junction to the measured resistance is negligible). Taking the resistor-in-series model
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into account, the resistance measured on the big islands can then be subtracted from
the resistance measured on smaller islands in each data set, thereby allowing the
calculation of the electrical contact resistance at the island-HOPG junction for the
smaller islands (see the last column of Table 2.1). Again, these numbers cannot be
compared with each other because the islands are on different terraces [44]. Finally,
the largest island-HOPG contact radius for which the contribution of the island-
HOPG junction to the total resistance can be detected was determined to be 105
nm in our experiments (Table 2.1), reasonably close to the range extrapolated from
the MD simulations (75 to 101 nm).

While the results reported above indicate that measurements should be per-
formed on smaller islands to accurately determine ECR at island-HOPG interfaces,
an alternative and/or complementary approach could involve the use of tips with
large radii, such that the resistance of the tip-island junction is minimized and the
relative contribution of the island-HOPG resistance to the total resistance increases.
This could, for instance, be achieved by the deliberate blunting of tips prior to the
experiments [58, 59] or the use of conductive colloidal probes. These avenues can
be pursued in future research.

2.4 Summary

In summary, this chapter of the thesis demonstrated an approach to C-AFM
aimed at enabling direct correlations between the true contact size and ECR. The
approach leveraged the well-defined, atomically flat contact that forms between gold
islands and HOPG. Proof-of-principle experiments were supplemented by MD sim-
ulations that approximated resistance for model systems in which the exact sizes of
both tip-island and island-HOPG contacts were known. The simulations explained
the experimental findings that showed a trend of an increasing contribution of the
island-HOPG junction to the measured total resistance with decreasing island size.
The approach demonstrated here has the potential to contribute to a fundamental
understanding of electron conduction mechanisms at small length scales, for instance
by enabling an investigation of the transition between the diffusive and ballistic elec-
tron transport regimes, which constitutes a main direction that will be followed in
future work.
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Chapter 3

IMPROVING THE RELIABILITY OF ECR
MEASUREMENTS

3.1 Reliability of ECR Measurements

Despite the significant role that ECR information provided by C-AFM can
play in the design of small-scale electro-mechanical systems [60–62], the method
has suffered from reliability and reproducibility issues since its first utilization in
the 1990s [20, 21]. This is mainly due to the fact that the resistance to electron
conduction at the nanoscale tip-sample junction is highly susceptible to changes in
chemistry as well as surface structure. Such changes can be induced by varying
environmental conditions, including temperature and humidity, and facilitated by
the chemical reactivity of the tip and sample materials as well as their mechanical
characteristics. A quantitative evaluation of some factors leading to sizeable vari-
ances in C-AFM measurements was presented earlier [34], and results demonstrated
that ECR could vary by at least an order of magnitude in a single experimental run.

Attempts were made to improve the reliability and reproducibility of C-AFM
measurements by changing the tip material. While metallic or metal-coated tips typ-
ically used for C-AFM (e.g. Pt, Pt/Ir and Ti/Ir tips) have the desirable property of
low resistivity, they suffer from wear and are susceptible to oxide formation which
leads to inaccuracies in the measurement of surface electrical properties [32]. On
the other hand, while conductive diamond tips are highly wear resistant, hard to de-
form and do not form oxide layers under ambient conditions, they have significantly
higher resistivities and larger radii of curvature than metallic and metal-coated tips,
leading to a reduction in current and spatial resolution. The topographical rough-
ness of the sample itself also affects the reproducibility of C-AFM measurements:
during repeated measurements on a rough sample, the AFM tip may land on areas
of different local roughness, which would consequently lead to differences in effec-
tive contact area and thus, ECR. Finally, environmental conditions influence the
reliability of ECR measurements to a great extent. Under uncontrolled ambient
conditions, oxidation of the tip and sample, the presence of adsorbates, and changes
in humidity and temperature can lead to a very high standard deviation in measured
ECR values [34]. These issues can be overcome by performing experiments under
ultra-high vacuum (UHV) conditions, but metallic tips wear easily in UHV due to
the lack of a lubrication layer formed by adsorbates [37].
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Motivated by the above, in this part of thesis we present an approach to
improve the reliability of ECR measurements via C-AFM by addressing multiple
sources of variability. Specifically, we perform ECR measurements on atomically
flat terraces of HOPG via I-V spectroscopy using conductive diamond tips under
an inert nitrogen (N2) environment and at closely controlled temperatures. The
atomically flat HOPG surface eliminates the impact of sample roughness variations
on measured ECR values. The use of diamond tips minimizes complexities related
to tip wear and deformation. Before starting measurements, the HOPG sample is
annealed under N2 to desorb contaminants. The ECR measurements performed
in this fashion exhibit significantly lower standard deviation than those obtained
using conventional measurement conditions. Finally, even under ideal conditions,
we observe spontaneous changes in ECR values during measurements extending over
several minutes. However, application of a higher normal load is shown to be one
way to suppress these changes. Overall, the approach reported here constitutes a
well-defined route towards more reliable ECR measurements by C-AFM.

3.2 Materials and Methods

The improved C-AFM measurements were performed on ZYB-quality HOPG
samples (Ted Pella) that were cleaved using the Scotch Tape method under ambient
conditions and immediately inserted into the controlled environment of the sample
chamber in a commercial AFM (Asylum Research, Cypher VRS). A constant flow of
dry N2 gas through the sample chamber was maintained overnight to purge ambient
gases and achieve an inert N2 atmosphere. Under the N2 environment, the HOPG
sample was heated at 100 °C for 60 minutes to desorb adsorbates from the sample
surface. The degassed HOPG sample was then allowed to cool to a temperature of
38 °C, which was maintained stable (± 0.1 °C) throughout the experiments with a
built-in sample heater via PID control.

In this stable environment, relatively small areas (40 nm x 40 nm) on the
HOPG surface were scanned in contact mode using either Pt tips (HQ:NSC18/Pt,
µmasch) or conductive diamond tips (CDT-CONTR, Nanosensors), on an atomi-
cally flat terrace without step edges in close proximity. A schematic of the C-AFM
set-up along with a representative topography map are shown in Figure 3.1. The
representative area presented in Figure 3.1 is atomically flat, with an RMS roughness
of ∼0.5 Å, thus eliminating the effect of sample roughness variations on the repro-
ducibility of measurements. To extract ECR values, consecutive I-V spectroscopy
measurements (in a “vertical” C-AFM setup [63]) were performed on such regions
of the HOPG sample over varying periods of time (from a few minutes to a few
hours). ECR values were extracted from the slope of the linear region of each I-V
spectroscopy curve with an applied bias voltage ranging from -100 to 100 mV. The
majority of experiments were performed with no applied normal load other than the
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Figure 3.1: Schematic of our C-AFM set-up, with a topography map of a 40
nm x 40 nm area on an atomically flat HOPG terrace recorded by a
conductive diamond tip in contact mode. The RMS roughness of the
scanned area is ∼0.5 Å.

adhesion force, which was found to be, via force-distance spectroscopy, in the range
of 20 to 30 nN for conductive diamond tips and around 10 nN for Pt tips. The surface
was imaged before and after force-distance spectroscopy experiments to verify that
there was no damage to the HOPG substrate.

3.3 Results and Discussion

3.3.1 Comparison between Conventional and Improved ECR Measure-
ments

To determine the extent to which the precautions discussed above (the use of
wear-resistant and mechanically strong conductive diamond tips, suppressing fluc-
tuations in environmental humidity and temperature, as well as degassing the sam-
ple before the measurements) have improved the reliability of C-AFM-based ECR
measurements, we performed comparative experiments, the results of which are
summarized in Figure 3.2.

In particular, Figure 3.2(a) is a histogram of the measured data that demon-
strates the spread of ECR values measured on a single location on a flat HOPG
terrace under ordinary laboratory conditions (i.e. with no control over humidity
and temperature) over a span of 70 minutes using a Pt tip. As one can clearly
observe from the presented data, ECR values recorded in this fashion (extracted
from 1157 individual I-V curves) vary dramatically, over more than an order of
magnitude, reminiscent of the results presented by Engelkes et al. in their detailed
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study of ECR variations [34]. In addition to the variance in the recorded ECR val-
ues, the absolute values (with a mean ECR of 2.45 MΩ and a standard deviation of
2.95 MΩ) are significantly higher than what would be expected from a nanoscopic
contact formed between a Pt tip and HOPG (which is on the order of a few kΩ to
tens of kΩ [2]), pointing towards the potential presence of contaminant layers on
the probe and/or the sample [38, 64–66].

In contrast to Figure 3.2(a), Figure 3.2(b) presents results (extracted from
1200 individual I-V curves recorded over 70 minutes) that were obtained by taking
all the precautions described in Section 3.2, i.e. with a conductive diamond tip,
under an N2 atmosphere and a controlled temperature of 38 °C, with degassing of
the HOPG sample performed prior to the I-V spectroscopy experiments. The data
obtained in this fashion are in striking contrast to those presented in Figure 3.2(a):
ECR values now exhibit a much narrower distribution that can be fit reasonably
well with a Gaussian, with a mean of 18.6 MΩ and a standard deviation of only
0.90 MΩ. While the absolute values of the ECR are higher than those obtained via
the Pt tip, this can be tentatively attributed to the fact that the resistivity of the
conductive diamond is expected to be at least two orders of magnitude higher than
the resistivity of platinum [67, 68].

While it is obvious from the comparison of the data in Figure 3.2(a) and
Figure 3.2(b) that the combined measures of using a hard and wear-resistant tip
material and controlling environmental factors have led to a dramatic improvement
in reliability, it is not possible to determine which precaution had the most significant
impact on the improvement of the data. To address this question, we repeated our
C-AFM-based ECR measurements with the Pt tip one more time, but now under
an inert N2 atmosphere, albeit with no control of temperature or sample degassing
(Figure 3.2(c)). The data (extracted from 1200 individual I-V curves recorded
over 70 minutes) now exhibit a significantly more narrow distribution (with a mean
of 98.0 MΩ and a standard deviation of 12.6 MΩ) than what was achieved under
ambient conditions in Figure 3.2(a).

Despite the fact that the variability in ECR measurements observed via the
use of Pt tips under the dry N2 atmosphere (Figure 3.2(c)) is still appreciably higher
than what is achievable with the conductive diamond tips (Figure 3.2(b)), the drastic
improvement after the switch from ambient conditions to N2 highlights the major
impact that environmental conditions and, in particular, changes in humidity can
have on C-AFM-based ECR measurements. On the other hand, at first glance
it may be surprising that the mean ECR measured with the Pt tip (98.0 MΩ) is
higher than the ECR measured with the conductive diamond tip (18.6 MΩ). This
difference, however, can be explained by the fact that (i) a degassing procedure was
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Figure 3.2: Comparison of histograms of ECR values obtained from I-V spec-
troscopy curves recorded under different conditions: (a) Pt tip under
ambient conditions with no control over humidity and temperature,
(b) conductive diamond tip under dry N2 atmosphere at a controlled
temperature of 38 °C, with sample degassing performed prior to the
experiments (the solid red line is a Gaussian fit), and (c) Pt tip under
dry N2 atmosphere with no control over temperature and no sample
degassing. Comparison of (a) and (c) shows that the switch to the
dry N2 environment plays a vital role in reducing the variability of
measured ECR values. No normal load other than the adhesion force
acted between the tip and the sample in all measurements shown here.
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not used for the measurement with the Pt tip and (ii) the measurements were not
taken at the same location on the same terrace and different HOPG terraces can
exhibit significantly different conductivities [44].

While experiments reporting on the variability of C-AFM-based ECR mea-
surements and the underlying mechanisms are quite rare in the literature [34, 69,
70], it is still possible to consider our results within the context of these studies.
In particular, for C-AFM measurements performed on decanethiol-coated gold sub-
strates, it was reported that the resistance values obtained in a single experimental
run with a given AFM tip varied by upto three orders of magnitude, depending on
the topographical roughness of the gold substrate employed in the experiments [34].
Moreover, switching from measurements in air to those performed under cyclohexane
(analogous to the switch from ambient conditions to the dry N2 atmosphere in our
experiments) minimized the issues associated with uncontrolled changes in humidity,
leading to a drastic decrease in standard deviation [34]. Another study focusing on
a similar material system (self-assembled monolayers of azobenzene thiol molecules
on gold) reported results along the same lines, with resistance values varying over
more than an order of magnitude [70]. Finally, C-AFM measurements on a granular
gold film resulted in resistance values that varied over two orders of magnitude, and
the authors attributed the large variability in the results to atomic re-arrangements
and mechanical instabilities at the tip-sample junction [69]. The ECR distributions
achieved via our improved methodology (see e.g. Figure 3.2(b)) are significantly
more narrow than those reported in the discussed experiments [34, 69, 70], possibly
due to the combined use of mechanically strong AFM tips and strictly controlled
environmental conditions.

3.3.2 Spontaneous Changes in ECR Measurements

Despite the improvements in reliability reported in Section 3.3.1, we have
observed that at least one source of variability remains. In particular, when mea-
surements are continuously performed for durations of a few minutes and longer
(with all the precautions described earlier), spontaneous (i.e. sudden) changes in
ECR can be observed. Figure 3.3 presents two experimental runs (performed with
conductive diamond tips for ∼30 minutes and ∼15 minutes after contact has been
established between tip and sample) that comprise spontaneous jumps to different
“branches” of ECR as highlighted by the red arrows. Specifically, in Figure 3.3(a),
after an initial gradual drop, the ECR spontaneously jumps to a lower branch, stays
stable for about 2 minutes and then jumps back to the value before the spontaneous
drop. The ECR then remains fairly stable for about 12 minutes, which is then fol-
lowed by another spontaneous drop. In the second experimental run presented in
Figure 3.3(b), there is no initial drop, but the data shows a prominent downward
jump in ECR at the ∼3 minute mark, followed by a stable region for about 9 minutes
and then another downward jump of smaller magnitude.
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Figure 3.3: Two experimental runs showing the variation of ECR over (a) ∼30
minutes and (b) ∼15 minutes after contact has been established
between tip and sample. The time between two consecutive data
points is 3.6 s. The dashed arrows guide the eyes through the ini-
tial drop (yellow), followed by spontaneous jumps between different
ECR “branches” (red) and periods of nearly constant ECR (black).
The gap in data around the 6-minute mark in (a) is due to unsta-
ble I-V curves recorded after the spontaneous jump from which ECR
values could not be extracted.

While the initial gradual drop in resistance in Figure 3.3(a) can be tentatively
explained by creep [71], the spontaneous jumps in Figure 3.3(a) and (b) appear to
be of a different character. During C-AFM measurements, the tip-sample junction
is subject to the combined effects of electrically-, thermally-, and mechanically-
induced stresses [72]. While, the flow of current through the constricted tip-sample
junction leads to Joule heating [73] and consequently thermal stresses, the junction
also undergoes electrical stress due to the repeated, cyclic application of bias voltage
over an extended period of time to perform I-V spectroscopy [74], in addition to
mechanically-induced stresses though the action of adhesive forces acting between
the tip and the sample. The potential influence of piezo creep on the contact should
also not be ignored. A mechanism that may explain a sudden drop in ECR is the
spontaneous breakdown of an insulating contaminant layer [37]. On the other hand,
the rapid increase to higher ECR values cannot be explained through a similar
mechanism. As such, an alternative explanation that involves spontaneous changes
in the atomic-scale structure of the AFM tip apex, perhaps by the re-positioning of
a cluster of atoms near the contact in a metastable configuration [75] can result in
the experimentally observed jumps between different ECR branches. Support from
atomic-scale simulations will be needed to gain more insight into the underlying
physical mechanism.
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Figure 3.4: Variation of ECR over ∼4 hours after contact has been established
between tip and sample, under an applied normal load of 30 nN. The
time difference between two consecutive data points is 3.6 s. After
the initial drop (yellow), the absence of spontaneous jumps between
different ECR “branches” over several hours (black) is noticeable.

Regardless of the underlying mechanisms, in order to explore whether the
occurrence of spontaneous jumps in ECR can be minimized through experimental
means, we recorded a ∼4-hr-long run with a conductive diamond tip in which I-V
curves were continuously recorded under an applied normal load of 30 nN, which
is on the same order as the typical adhesion force measured between diamond and
HOPG. The results, presented in Figure 3.4, still exhibit an initial gradual drop
in ECR, no spontaneous jumps in ECR are recorded subsequently, demonstrating
that sudden changes in ECR can be suppressed through the application of normal
load at the tip-sample junction. A potential physical mechanism could involve
a deepening of potential energy minima for atomic clusters at the tip apex with
increasing normal load [76], making it harder for the clusters to jump between
different spatial configurations at the apex. The confirmation of this hypothesis
would again require input from atomic-scale simulations.

3.4 Summary

An improved approach to C-AFM-based ECR measurements has been pre-
sented. The method minimizes the impacts of sample surface roughness, tip defor-
mation and wear, sample contamination, as well as fluctuations in humidity and
temperature on the acquired data. The ECR values measured using our approach
exhibit a fairly Gaussian distribution with much lower standard deviation than those
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obtained under conventional measurement conditions. We have identified that the
key factor leading to improved data acquisition was the switch from ambient con-
ditions to a dry N2 atmosphere. Despite the precautions taken, we still observe
spontaneous changes in ECR values over time. While support from atomic-scale
simulations is needed to understand the details of the physical mechanisms underly-
ing these changes, it is found that the application of normal load at the tip-sample
junction suppresses their occurrence. Overall, the approach reported here represents
a significant step towards increasing the reliability of C-AFM measurements.
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Chapter 4

IMPROVED SYNTHESIS OF GOLD ISLANDS ON
GRAPHITE

4.1 Complexities of Gold Island Synthesis on Graphite

Although the two-step procedure (deposition of a thin film of gold on HOPG,
followed by annealing in air) presented in Chapter 2 successfully synthesizes crys-
talline gold islands on HOPG, several complications arise due to the high tempera-
ture annealing step. In particular, metallic gold islands catalytically etch the HOPG
substrate at high temperatures, causing structural damage in the form of channels
and pits [77]. This results in mainly three drawbacks for C-AFM measurements:

(i) The average HOPG terrace size is significantly reduced compared to the
as-cleaved HOPG substrate. Figure 4.1(a) and 4.1(b) show the topography images
of an as-cleaved HOPG substrate and an HOPG substrate after annealing at 650
°C as part of the two-step synthesis of gold islands, respectively. The as-cleaved
HOPG substrate has wide terraces as shown in Figure 4.1(a). On the other hand,
the two-step synthesis of gold islands damages the HOPG substrate as it can be
easily seen in Figure 4.1(b), which in turn reduces the chances of finding multiple
gold islands on individual HOPG terraces.

(ii) During annealing, the gold atoms making up the deposited film diffuse on
the surface and coalesce in the form of gold islands that are stuck in channels and
step edges (see, Figure 4.1(b)), which are sub-optimal for our C-AFM measurements
where the measurable contact of interest needs to be formed between the bottom
surface of the islands and the flat HOPG terraces on which they are located.

(iii) Even if multiple gold islands are found that are located nicely in the
middle of individual HOPG terraces away from step edges and other defects, the
ECR measured on these islands cannot be compared as different HOPG terraces
may exhibit different conductivities [44].

All of these issues hinder our ability to compare ECR measured on gold
islands of varying size. To circumvent the aforementioned difficulties, we have de-
veloped a one-step approach to synthesize gold islands of a wide size distribution
on HOPG without damaging the HOPG substrate. The samples prepared by this
improved approach

(i) preserve the structural integrity of the underlying HOPG featuring large
terraces,
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Figure 4.1: AFM topography image of (a) an as-cleaved HOPG substrate showing
long and wide terraces and, (b) the sample after two-step synthesis of
gold islands on HOPG showing the damaged substrate.

(ii) exhibit a number of crystalline gold islands of varying size on individual
HOPG terraces, and

(iii) contain islands with equivalent contact radii that are on the same order
or slightly smaller than the electron mean free path in gold, allowing us to study
ECR in the intermediate regime in future work.

4.2 Materials and Methods

The one-step synthesis of gold islands on HOPG was performed at the Molec-
ular Foundry at the Lawrence Berkeley National Laboratory, in collaboration with
Dr. Paul Ashby. First, ZYB-quality HOPG (Ted Pella) was freshly cleaved via
Scotch Tape under ambient conditions and immediately placed inside the evapo-
ration chamber of a thermal evaporator (Denton Vacuum). A schematic of the
thermal evaporator is shown in Figure 4.2. During thermal evaporation, the three
main parameters that could be optimized were:

1. Substrate temperature (temperature of HOPG substrate during gold de-
position),

2. Deposition rate (controlled by the filament current through the gold
source), and

3. Deposition time (the amount of time during which gold is being deposited
on the sample).

The thermal evaporator is equipped with a halogen heater lamp. Using this
lamp, the HOPG substrate was heated at a temperature of 275-300 °C for 120-180
minutes to desorb adsorbed contaminants from the surface under high vacuum con-
ditions (Pressure: 4 x 10−6 Torr). After desorbing contaminants, 99.999% purity
gold was deposited on HOPG at different substrate temperatures ranging from 39
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°C to 300 °C to synthesize gold islands with the desired size and shape distribution.
Parameters other than substrate temperature that were changed during the deposi-
tion experiments included the deposition rate as controlled by the filament current
(which varied from 45 to 56 A) and the deposition time (which was varied from 1
to 6 s). The prepared samples were subsequently imaged via SEM and AFM to
optimize deposition parameters.

Figure 4.2: A schematic showing the components of a typical thermal evaporator.

4.3 Results and Discussion

4.3.1 Optimizing Synthesis Parameters

One-step synthesis of gold islands on HOPG (ZYA-quality) has been demon-
strated by Dietzel et. al. [78] by depositing gold on an HOPG substrate kept at
room temperature under ultrahigh vacuum conditions. However, we found that de-
positing gold on a heated HOPG substrate under high vacuum also produces gold
islands with a desirable size and shape distribution. In Ref. [78], the authors first
heated the HOPG substrate at 150 °C for 30 minutes under UHV conditions to
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remove residual contaminants, cooled down the substrate and then evaporated gold
at room temperature to synthesize gold islands. In our first attempt, we heated the
HOPG at 150 °C for 120 minutes under high vacuum conditions (Pressure: 4 x 10−6

Torr) and then cooled it down to a temperature of 39 °C. Subsequently, evaporation
of gold was performed with a filament current of 45 A for 1-2 s. Figure 4.3(a) shows
an AFM topography image of the sample that was prepared in this fashion. An
immediate observation was that this approach sustained the structural integrity of
the HOPG substrate. By comparing Figure 4.3(a) with Figure 4.1(b) or Figure 2.2
in Chapter 2, one can easily observe that the terraces of the HOPG substrate were
preserved via our one-step approach that avoids post-deposition annealing. How-
ever, one can further observe that the deposited gold did not have enough thermal
energy to crystallize into well-faceted islands. Therefore, the conclusion was that
the substrate temperature needed to be increased to provide enough thermal energy
to the evaporated gold atoms to form well-faceted islands. We can further observe
from Figure 4.3(a) that almost all the deposited gold migrated to step edges of the
HOPG substrate. Therefore, the deposition amount needed to be increased so that
there is enough gold to form islands on top of the HOPG terraces away from the
step edges. In order to increase the amount of gold deposition, we needed to increase
the filament current and deposition time.

Figure 4.3: AFM topography images showing the results of the one-step synthesis
approach with different deposition parameters: (a) substrate temper-
ature: 39 °C, filament current: 45 A and deposition time: 1-2 s, (b)
substrate temperature: 300 °C, filament current: 56 A and deposition
time: 4-5 s and, (c) substrate temperature: 275 °C, filament current:
50 A and deposition time: 1-2 s.

Consequently, in our next attempt, we heated the HOPG substrate at 300
°C for 180 minutes under high vacuum conditions (Pressure: 4 x 10−6 Torr) and
evaporated gold on the heated HOPG with a filament current of 56 amp and de-
position time of 4-5 s. An AFM topography image of the sample prepared in this
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way is shown in Figure 4.3(b). Even though we could see islands formed on top of
the HOPG terraces away from step edges as highlighted by the rectangular box in
Figure 4.3(b), the structure of the islands was not optimal. The islands appeared
multi-faceted which is not ideal for our C-AFM measurements. In addition, while
we could find islands of lateral size around a hundred nm and even more, we were
lacking a reasonable number of smaller islands of lateral size around a few tens of
nm. Therefore, we concluded that the deposition amount needed to be reduced such
that we have enough gold to form islands on the HOPG terraces in a lateral size
that goes down to a few tens of nm. Furthermore, the substrate temperature needed
to be decreased to prevent all of the smaller islands from migrating to step edges of
HOPG.

In our following attempt, the HOPG substrate was heated at 275 °C for 180
minutes under high vacuum conditions (Pressure: 4 x 10−6 Torr) and evaporation
of gold was performed on the heated HOPG with a filament current of 50 A for 1-2
s. An AFM topography image of this sample is presented in Figure 4.3(c). As one
can easily observe, crystallized islands of varying size are located on top of HOPG
terraces away from step edges. The sample was further imaged via SEM to observe
the distribution of islands over larger areas, in particular above 30 µm which is
the limit of lateral scan size in our AFM. The SEM image shown in Figure 4.4(a)
confirmed the distribution of gold islands of varying size on structurally intact large
HOPG terraces. The SEM image in Figure 4.4(b) further confirmed the well-faceted
crystalline nature of the gold islands.

4.3.2 Electrical Contact Resistance in Different Conduction Regimes

Depending on the ratio of contact size at the interface to the electron mean
free path in the involved materials, electron transport can be ballistic, intermediate
or diffusive. Apparent and true contact areas differ by multiple orders of magnitude
in general and measuring the true contact area is not straightforward. However, in
the special case of atomically flat interfaces, apparent and true contact areas are
the same. Following this line of logic, ECR values were correlated to a measurable
true contact area by utilizing the atomically flat interfaces formed between gold
islands and HOPG substrate in Chapter 2 [79], but the proof-of-principle experi-
ments covered only the diffusive conduction regime where the size of the contact
formed between the gold islands and the underlying HOPG were large compared
to the electron mean free path in gold (38 nm [80]). The disadvantages associated
with the sample preparation technique described in Section 4.1 prevented us from
studying the physical mechanisms of ECR across these atomically flat interfaces in
the ballistic and intermediate conduction regimes. With the improved synthesis of
gold islands on HOPG discussed above, a new avenue opens for us to directly observe
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Figure 4.4: SEM image showing (a) the distribution of gold islands formed over
an area of ∼40 µm and (b) the morphology of properly crystallized
gold islands.

Figure 4.5: An AFM topography image showing multiple islands on a single HOPG
terrace, with contact sizes ranging from ∼40 nm to ∼80 nm, high-
lighted by the black dotted rectangle.

the transition between the diffusive and ballistic limits of ECR by focusing on islands
of different size on the same substrate terrace. Figure 4.5 shows an AFM topography
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image where multiple islands on a single HOPG terrace are highlighted with contact
size ranging from ∼40 nm to ∼80 nm. Since the electron mean free path in gold is
∼38 nm, the contact sizes of the gold islands shown in Figure 4.5 should at least
cover the initial transition into the ballistic regime. As one can see from Figure 4.5,
one can even find smaller islands on the sample surface that should exhibit ballistic
transport. As the intermediate and ballistic electron transport regimes are relevant
for billions of individual contacts that are formed between components in modern
small-scale electro-mechanical devices [13], this avenue of research will be pursued
further in future work.

4.4 Summary

In this Chapter of the thesis, an improved technique to synthesize gold is-
lands on HOPG has been presented. The improved one-step technique preserves the
structural integrity of the underlying HOPG. Consequently, multiple gold islands of
varying size form on top of wide HOPG terraces which can be utilized to measure
and compare ECR. The optimal substrate temperature for the formation of the
gold islands has been found to be 275 °C with an optimal filament current of 50 A
and deposition time of 1-2 s. The gold islands formed by this improved technique
are highly crystalline and well-faceted with straight edges. The improved sample
prepared following this approach will play a crucial role in future work focusing on
studying the physical mechanisms of ECR at atomically flat interfaces across the
transition from the ballistic to diffusive electron conduction regimes.
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Chapter 5

CONCLUSIONS

This thesis focused on measuring electrical contact resistance at sub-micron
length scales using the method of C-AFM. The primary measurement tool was a
commercial AFM (Asylum Research, Cypher VRS) whereas thermal evaporation
and annealing were utilized for sample preparation. In addition, SEM was used for
complementary sample characterization.

Even though several experimental studies in the literature measured ECR
as a function of contact size (e.g. Ref. [40]), there were ambiguities associated
with the structure of the contact and the precise measurement of the contact area.
We unambiguously correlated ECR to a true, measurable contact area by utilizing
atomically flat interfaces formed between two crystalline materials where the real
contact area is the same as the apparent contact area. In particular, we synthesized
crystalline gold islands on atomically flat terraces of HOPG. Correlation between
the ECR values measured in the proof-of-principle experiments and the contact size
formed between the gold islands and the HOPG substrate revealed that (i) smaller
islands resulted in higher ECR, (ii) above a threshold island size, the measured
ECR values were dominated by the AFM tip-island junction resistance whereas
below the threshold island size, the measured ECR values were significantly affected
by the island-HOPG junction resistance. These findings, reported in Chapter 2,
were published in the form of a journal article [79].

Another important achievement presented in this thesis involves a methodol-
ogy for improving the reliability of ECR measurements conducted via C-AFM. Our
improved technique suppresses the effects of tip deformation, humidity and temper-
ature variations, as well as substrate roughness, resulting in ECR values that exhibit
significantly smaller variation than those obtained through conventional means [34].
The associated results, presented in Chapter 3, were also published in the form of a
journal article [81].

Finally, in Chapter 4, we presented an improved method to synthesize gold
islands on HOPG whereby (i) the structural integrity of the HOPG substrate is pre-
served, (ii) multiple gold islands can be located on individual HOPG terraces away
from step edges and, (iii) contact sizes associated with islands formed on individual
HOPG terraces partially falls into the intermediate regime between the ballistic and
diffusive regimes. Therefore, this improved sample system can be utilized to study
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the physical mechanisms of ECR in the intermediate regime between the ballistic
and diffusive limits at atomically flat interfaces.

Considering the crucial roles ECR plays in small-scale devices and compo-
nents, including but not limited to MEMS, low-power-density integrated circuits,
metal-insulator-metal junctions, and molecular tunnel junctions, it is important to
understand the associated fundamental physical mechanisms and precisely charac-
terize how different inherent and environmental factors affect ECR. Even though
the outcomes of this thesis contribute important pieces of information regarding
ECR at atomically flat interfaces in the diffusive conduction regime, more research
effort is required to study the physical mechanisms in other conduction regimes (i.e.
the ballistic and intermediate ones). Therefore, our future work will be focused on
observing the transition of ECR across different transport regimes at the atomically
flat interfaces formed between gold islands and HOPG, and potentially on other
material systems. Last but not least, efforts will be focused on forming a precise
characterization of the effects of humidity and temperature on ECR at these atomi-
cally flat interfaces, which can strengthen our knowledge base about ECR to a great
extent, providing useful information for practical applications.
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