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Electron irradiation is widely used in various applications such as fabricating masks for nanoimprint lithography, manufacturing cross linked polymers and synthesizing novel chemicals.
Low-energy secondary electrons scattered from the incident high-energy source in lithography
and other techniques may introduce unwanted damage to the mask. Although a great deal of
research has been conducted on irradiation induced chemistry, mechanical effects are still poorly
understood. Studying the mechanical consequences of low-energy electron irradiation is
important for understanding the fundamental chemistry in irradiation induced processes, as well
as for improving irradiation related techniques.

Alkanethiol (AT) self-assembled monolayers (SAMs), which can spontaneously assemble on
metals (i.e. Ag, Au), were selected for this research due to their uniformity and sensitivity to
modification using electron beams. C-H bond rupture occurs during irradiation and leads to the
formation of radical sites and C-C, C=C, and S-S bond formation within the monolayer.
Formations of these bonds between chains can physically distort the organic layer, which will
induce mechanical force changes on the gold substrate. In order to detect the stress change, AT
SAMs were deposited on gold coated microcantilevers, which are silicon nitrate wafers of 0.6
micrometer thickness. Changes in the bending of these cantilevers were determined using a HeNe
laser beam and a position sensitive detector (PSD). By using this cantilever-laser system, we were
able to measure stress change with a resolution of 10-3 N/m. These studies have shown that the

net stress change is always tensile; suggesting that cross-linking between chains is the dominant
electron-initiated process.
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Chapter 1: INTRODUCTION
1.1 Focus of Thesis
The focus of this project is the analyses of mechanical forces induced by low-energy (10-100 eV)
electron irradiations, and derive the mechanism of physical property changes triggered by
interactions between low-energy electrons (typically secondary electrons) and organic thin films.
The interaction of high-energy irradiation (such as electrons, X-rays, UVs, and ion beams) and
matter generates extensive numbers of secondary electrons that are typically below 10 eV in
energy. As the dominant process, inelastic collisions of these low-energy secondary electrons
with molecules and atoms produce abundant energetic species, which drive a variety of radiationinduced chemical reactions [1]. Chemically, these changes can be studied by Infrared Reflection
Absorption Spectroscopy (IRRAS), X-ray Photoelectron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS). However, there is little quantitative information about the physical changes,
and filling the void in the literature will help further the development in many areas of science
and technology. For example, during irradiation patterning of semiconductors with electron beam
lithography (EBL), the interactions between the organic resist and scattering secondary electrons
(<20 eV) limits the smallest circuit structure, which can be understood as spatial resolution [2–5].
The penetration depth of secondary electrons is becoming comparable to the increasingly smaller
spatial resolution (<10 nm) of semiconductors. During this high resolution manufacturing
process, the unwanted chemical processes caused by the penetrating secondary electrons can lead
to manufacture failure, which is one of the key limiting factors for the development of high
resolution circuits in semiconductors. In order to address these limitations, an in-depth
understanding of physical property changes during irradiation is necessary, especially for the
development of high resolution circuits.
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It is difficult to conduct research on commercial photo resists due to the complexity of their
structure and the designed high operation energy. In regular laboratory research, the more
complicated molecules generally associated with more complicated chemical reactions, and this
complexity can be problematic during result analysis. Also the high energy irradiation source for
the commercial photo resists is not suitable for regular laboratory due to the consideration of
operation safety and over size issue. A lab-friendly model system is more accessible for
low-energy irradiation research, alkanethiol (AT) self-assembled monolayers (SAMs) on gold is
one of the most common model systems used for thin film research because of the simple
preparation method and its highly ordered film structure.
One of the initial studies of mechanical force changes in the AT SAMs/Au focused on the selfassembly process, and Godin et al. [6] concluded that a significant amount of compressive
stresses accumulated on the gold substrate during this process. Godin found that the total stress
changes during self-assembly process is positively related to the grain size of gold substrate that
the AT SAMs assembled on. For the SAMs grown on the large-grained gold (600 ±400 nm), the
total compressive stress change is approximately 16 N/m, while on the small-grained gold
(90 ±50 nm), and the total compressive stress change is only 0.5 N/m. This study suggested that
the mechanical force changes are closely associated with AT SAM formation and the effect can
be 30 times stronger for larger-grained gold surface than for small-grained gold. However, the
challenge in this stress change study is correlating stress changes with certain chemical processes.
By learning the importance and challenges of mechanical force study from Godin’s research, the
ultimate goal of this project will be to quantitatively summarize the mechanical force changes
induced by interactions of AT SAMs and low-energy electrons, and furthermore to discover the
mechanism of this process. Low-energy electron irradiation induced processes are more
complicated than self-assembly, and the mechanical force changes accompanied with these
processes will be more complex. Moreover, the mechanism of secondary electron irradiation on
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thin film processes is also not well understood yet. Consequently, this work will address the gaps
of AT SAMs in radiation physics and help elucidate the fundamental mechanism of interactions
between thin film and low-energy secondary electrons.

1.2 Scope of Thesis
This thesis is divided into seven chapters. Chapter 1 provides a brief overview of the motivation
for this research. Chapter 2 reviews the literature related to this work, including an introduction to
SAMs, mechanical force accumulation during self-assembly of alkanethiol (AT), and chemical
changes induced by low-energy electron irradiation on AT SAMs. Chapter 3 describes the
instrumental techniques used for this work and the experimental procedures along with the
general operation of Archimedes, the experimental apparatus. Chapter 4 includes the results of
low-energy electron irradiations on AT SAMs with different chain lengths and discusses these
results in detail. Chapter 5 summarizes the results of irradiation experiments, presents the final
conclusions as well as suggests the potential direction of future studies to continue to deepen our
understanding of the accumulation of mechanical force during low-energy electron irradiation on
AT SAMs. The final chapter contains a list of the references cited in this work.
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Chapter 2: BACKGROUND INFORMATION
2.1 Self-assembled Monolayers
Self-Assembled Monolayers (SAMs) of organic molecules can spontaneously chemisorb from
gas or solution phase [7,8] onto the surface of noble metals including gold [9,10], silver [11],
palladium [12] and platinum [13]. The high affinity between sulfur atoms and noble metal surface
can displace any contaminants on the substrate [14] and a uniform and densely packed thin film
of long-chain molecules is formed through molecular interactions [15]. The self-assembly process
is predominantly driven by molecule-substrate interactions and intermolecular forces.
The self-assembly technique was first developed by Zisman in 1946 with surfactant monolayer
self-assembly onto metal surfaces [16]. In the 1980s, self-assembly of alkylsilanes on SiO 2 and
AT SAMs on gold were discovered by Sagiv [17] and Allara et al. [18], respectively. SAMs have
since attracted increasing research interest and various applications have been proposed,
including surface coating with SAMs for modified wetting and adhesion, chemical resistance, and
bio compatibility, molecular recognition for sensors and nano-fabrication [19], as well as for
depositing nanostructures with SAMs. The possibility of functionalizing the tail group or both the
head and tail groups of the constituent molecules makes SAMs excellent model systems to
provide a better fundamental understanding of surface phenomena that are affected by
intermolecular, molecule-substrate and molecule-solvent interactions.
Among different types of SAMs, the most frequently studied, and perhaps the most well
understood system is the alkanethiol [HS(CH2 )n CH3 ] on Au surface [20], since AT SAM on gold
has a relatively simple structure and a variety of functional groups can be introduced.
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2.2.1 Alkanethiol Self-assembled Monolayers on Gold
The first gold-alkanethiolate monolayer was produced by Allara and Nuzzo at Bell Laboratories
in 1983 [18]. There are various advantages of alkanethiol SAMs, including high stability,
numerous possible functionalizations, and simple preparation. One common way to prepare AT
SAMs is the immersion method (Figure 2.1), which involves immersing the substrate into a thiolmethanol solution. Sulfur-gold bonds are formed spontaneously due to the high affinity of sulfur
atoms to the gold substrate caused by the relatively high bond energy (210 kJ/mol) [14] [21].
They are more stable than physisorbed bonds, such as those formed during the creation of
Langmuir-Blodgett films. These strong chemisorption bonds can also eliminate physisorbed
contaminations on the substrate. With increasing surface coverage, more alkyl molecules pack
tightly on the gold surface because of van der Waals interactions, and this well-ordered
monolayer can prevent the formation of a chemical bonded second layer [7].

Exposing the substrate to a thiol vapour is another way to prepare SAMs. However, this gas phase
assembly is associated with complex growth kinetics that consists of one of more low-coverage
intermediate phases. The contribution from the intermediate striped phase to the dense, well-order
thiolate phase constitutes a significant kinetic bottleneck for long-chain molecules [22].
Compared with self-assembly of thiol from liquid phase, gas phase assembly provides less
uniform coverage in general, which makes this method less preferable [23].
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Figure 2.1: Simplified model of AT SAM formation on Au substrate from solution. 1) Solution
preparation, 2) thiol self-assembly on Au, 3) continuous cover, 4) reorganization.

Generally AT SAMs consist of three essential building blocks (Figure 2.2): 1) the headgroup that
binds strongly to the gold substrate, 2) the endgroup (terminal group) that constitutes the outer
surface of the thin-film, and 3) the backbone that connects them together. The endgroup can also
be used to anchor additional molecules to form nanostructures by weak interactions or covalent
bonds [7,24]. AT SAMs have been widely considered as a model system for understanding more
complex self-assembled systems. AT SAMs provide well-ordered structures and endgroups with
the potential for functionalization, which is important in various applications, including protective
coating, wetting control, friction and adhesion control, and electronics [23,25,26]. For example,
octadecanethiol (ODT) monolayers can protect metal surfaces from oxidation [27], including
preserving the bright lustre of silver surfaces in ambient environments for months [20].
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Figure 2.2: Simplified diagram of a model AT SAMs showing the three main parts: (top to
bottom) methyl endgroup, carbon chain backbone, sulfur atom headgroup and Au(111) substrate.

It has been found that the formation of a SAM occurs in two steps with different time scales. In
the first several minutes, up to 90% of the absorption on the surface takes place, and this initial
step is driven by the formation of new gold-thiolate bonds [28–30]. This step can be well
described by diffusion-controlled Langmuir adsorption and was found to have a strong
dependence on thiol concentration [31]. For example the first step took about 10 min in 1 mM
solution but 100 min at 1 µM concentration [32]. The first step of SAM formation has been
suggested to be a combination of physisorption (thiol molecules), and chemisorption (goldthiolate bond) [14,33]:
R-S-H + Au → (R-S-H)phys Au

( 2.1a)

(R-S-H)phys Au→ R-S-Au + 𝟏⁄𝟐H2

( 2.2b)

Where equation 2.1.a and 2.1.b corresponded to thiol physisorption and chemisorption,
respectively.
Ulman proposed that this reaction could be considered as an oxidative adsorption of the RS-H
bond to the metallic substrate [20]. However, the nature and mechanism of step 2.1.b are not
completely understood. Whether it involves an ion, a radical, or another species remains unclear.
The second SAM formation step (the so-called growth process) is much slower and can be
described as surface reorganization of disordered chains. The alkyl chains orient themselves
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nearly vertically (approximately 30o to the surface normal) on the gold surface, forming the
standing-up phase. Scanning tunneling microscope (STM) studies have shown that nucleation of
a disordered precursor state is the trigger of the growth and transition into the standing-up phase.
A c(4×2) superlattice relative to the gold surface is observed as the final state of reorientation in
this study [34]. The completion of this process can take several hours or days depending on the
length of the hydrocarbon chain. The result is the formation of ordered domains of molecules that
arranged in a dense, crystalline configuration. The sequence of SAM formation is illustrated
below (Figure 2.3).

Figure 2.3: SAM formation as coverage increases is demonstrated by a series of structural phase
transitions, described as unstacked lying-down, stacked lying-down, and standing-up phases.
Other intermediate phases exist but are not depicted.

Despite the fact that the detailed mechanism of SAM formation is not well-understood, SAMs are
still one of the most important types of organic monolayers [14], because of the simple
preparation method and its highly ordered film structure.

2.2.2 Structure of Alkanethiol SAMs on Au(111)
Different preparation methods for preparing gold substrate can result in different lattice planes
being generated [35]. In this study, attention was focused on to the most widely observed face;
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the Au(111) face. Orientation of an alkanethiol molecule in a well ordered monolayer is
illustrated in Figure 2.4. Three angles are used to define its position: the molecular cant angle (α),
the rotational angle of the carbon backbone from the molecular axis (β), and the angle of
precession (χ), which describes the cant direction and is derived from the projection of the C-C-C
chain plane on the substrate plane. The average values for these three angles in AT SAMs on
Au(111) are 30°, 55°and 14°, respectively [36,37]. The AT SAM is packed so that it tilts 30°
spontaneously to maximize the attractive van der Waals forces between chains.
There are two types of unit cells of alkanethiol SAMs typically observed on Au(111) surfaces, the
(√3 × √3) R30°overlayer and c(4×2) superlattice. In (√3 × √3) R30°structure, the distance
between the closest alkanethiols is √3a, where a is the lattice parameter of Au(111), rotated by
30°[38]. The c(4×2) superlattice is a bigger unit cell and is more stable than the
simpler (√3 × √3) R30°structure [39,40]. Schematics of these structures are illustrated in
Figure 2.4, which excludes defects, such as missing rows, disorder chains and Au clusters [29].

Figure 2.4: Schematics of AT SAMs structure on Au(111). (left) side view of single alkanethiol
chain with three conformational angles, (right) top view of a well order AT SAM surface, the
sulfur atoms (red dot) are located in the threefold hollow sites among gold atoms (yellow dot).
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In this project, ( √3 × √3) R30°and c(4×2) unit cells of AT SAMs should be observed on Au(111)
surfaces based on the discussion above and the tilt angle of the alkyl chains is approximately 30°.

2.2.3 Surface Stress Changes During Alkanethiol Self-assembled Monolayers Formation
Limited information on the mechanical properties of SAMs is available in the literature,
especially regarding the nature of surface stress in films during the formation process because of
the difficulty of following the structural evolution of monolayer. Berger used micromechanical
sensors to collect quantitative data of the surface stress changes that developed during AT
(C4, C6, C8, C12, and C14) SAMs formation from gas phase [41]. V-shaped silicon nitride
(Si3 N4 ) microcantilevers with a 20 nm gold receptor layer on one side were used as
micromechanical sensors for gas phase adsorption of AT. To detect microcantilever deflections,
researchers used a technique similar to that used in atomic force microscopy (AFM), which can
detect the displacement of a laser spot on a position sensitive detector (PSD) for a laser reflected
off the cantilever apex (Figure 2.5). Alkanethiol vapors were generated from a few microliters of
AT in a glass beaker with a shutter, which released gas vapors into the sensor chamber when
thermal equilibrium was reached.
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Figure 2.5: Measurement setup with a measuring chamber, which can control humidity and
temperature. (Adapted from Berger [41])

With this customized instrument, Berger found that the microcantilevers start deflecting
immediately after exposure of the sensor to alkanethiol vapour. The microcantilever rapidly bent
upon initial vapour exposure and its deflection continuously increased at a slower rate until
reaching its saturation value (Figure 2.6). The observed saturated deflections are calculated
between ~50 and 200 nm, corresponding to the expansion of the receptor side of the sensor due to
a compressive stress change. Several mechanisms can contribute to this deflection, such as
thermal effect, mass loading and surface stress formation. The deflection caused by thermal
effects, which are a consequence of the bimetallic effect, has the same direction of bending but
with only 0.5 nm [42]. Gravimetric deflection from mass loading (calculated to be ~5 pm) is also
insufficient to be associated with the observed bending [41]. As a result, Berger attributed the
sensor response to the changes in surface stress [43,44], which resulted in compressive stress
formations. With Stoney's formula [45] (Equation 2.2), they converted the deflection into surface
stress (Table 2.1 and Figure 2.6),
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𝜎=

𝐸𝑡2𝑠

(2.2)

6𝑅(1−𝜈)

Where, R-1 = 3Δz/2L2 , L is the cantilever length, E is Young’s modulus, 𝜈 is Poisson’s ratio of

the sensor material, Δz is the deflection of cantilever, and ts is cantilever thickness.

Figure 2.6: The PSD voltage ∆V and changes in surface stress ∆σ of the sensors plotted as a
function of time for exposure to alkanethiols and a reference vapor. The arrows indicate the onset
of exposure in each experiment. Reference experiments exposed the sensor to alkane vapors
without any Au coating. The sensor baseline was recorded in air for ~1 min which represents the
adsorbate level of the Au layer in the laboratory-air environment and the stability of the
environment. (Reprinted from The Journal of Applied Physics A: Materials Science & Processing,
66, Surface Stress in the self-assembly of alkanethiols on gold probed by a force microscopy
technique, S56, Copyright (1998), with permission from R. Berger.)

Table 2.1: The changes in surface stress at saturation coverage, ∆σ sat , obtained from all stress
measurements are listed as a function of alkyl chain length n. t f is the measured film thickness
from ellipsometry.
n
∆σsat/Nm-1
tf /nm

4
0.08±0.02
0.4

6
0.10±0.02
0.6

8
0.15±0.02
0.9

12

12
0.19±0.02
1.5

14
0.25±0.02
1.8

These deflections can then be fitted by a simple adsorption isotherm (LM) to elucidate the
kinetics of self-assembly ( [28,41,46]):

𝛿𝜎 ∝ 1 − exp(−𝜅𝑡)

(2.3)

Where 𝜅 is the reaction rate and 𝑡 is time. The entire surface stress change curve can be fit by
adding two exponential dependencies LM1 + LM2 , with k1 =0.079 s-1 and k2 =0.19 s-1 , respectively.
From the fitting of LM isotherm, Berger concluded that the surface stress change is proportional
to the number of alkanethiol molecules adsorbed.
In this study, all the chemisorbed alkanethiols investigated caused compressive surface stresses
(bending of the sensor against the SAM film) during self-assembly, and this is correlated with
electrostatic interactions between the monolayer components. During monolayer formation, the
continuous appearance of the dipole moment is considered from Au+ - S- head group and S- alkyl+ chain. A significant finding from this study was that the dipole moment increases linearly
with the number of carbon atoms (n) in the alkyl chain, which results in a linear increase in
electrostatic repulsion, namely, compressive stress (Table 2.1).
A similar study by Godin observed the same compressive stress changes, but failed to reproduce
the chain length dependence [47]. Additionally, Godin proposed a more detailed explanation
about the origin of compressive surface stress. Godin used silicon-nitride gold-coated
microcantilevers as mechanical force sensors [47]. Alkanethiol vapor self-assembly was
accomplished in a sealed aluminum cell with temperature control (Figure 2.7). With this design,
pure alkanethiol could be injected into the closed-cell using a glass syringe. The in situ surface
stress measurements associated with the formation of alkanethiol SAMs were performed by
injecting a pure liquid alkanethiol droplet at the specific location inside the cell.
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Figure 2.7: Experimental instrument (Side view) from M. Godin's research. A thermoelectric
(TM) module controls the temperature of the cell by thermal contacting with an aluminum base.
A water cooled copper heat sink dissipates the heat (cold) generated on top of the TM module.
(Adapted from Godin [47])

Godin found that all surface stresses measured during self-assembly were compressive, which
agreed with Berger. However, gold substrate grain size was observed to affect the dependence of
stress change on chain lengths.
Godin studied the grain size effects by using gold substrates with two different grain sizes. The
two sizes were 90±50 nm (small-grained gold) and 600±400 nm (large-grained gold) diameter
grains. Strong dependence of surface stress during SAM formation on the grain size of the
substrate was observed. Self-assembly of dodecanethiol generated 0.51±0.02 N/m compressive
stress on small-grained gold compare to 15.9±0.6 N/m compressive stress on large-grained gold,
which is roughly 30 times larger (Figure 2.8). An organic film thickness of 1.5±0.1 nm, which
was similar to the Berger study, was confirmed by ellipsometric technique. Godin also found that
similar surface stresses were formed by self-assembly of different alkanethiols with various chain
length (C6, C8 and C10), which is strong evidence to support his proposed model of electrostatic
repulsion, which specifically considers the repulsion force from sulfur atoms at the SAM-Au
interface as the driving force for the deflection of the cantilever during the self-assembly of AT
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SAM. To be more precise, this self-assembly of an alkanethiol SAMs on a gold surface is
primarily driven by the sulfur's high affinity for gold, resulting in chemisorption via the formation
of a Au-S covalent bond [19,48,49]. The Au-S bond is slightly polar and is accompanied by a
shift in electron density from the Au towards the S atom; it was suggested that such density
changes leads to a shifting of Au surface atoms (Au-Au bond elongations) due to Coulombic
repulsion [50,51]. STM studies by Fitts have monitored similar Au surface modifications [50].
The Au-S bond results in local charge transfer where a charge of 0.3 e (0.48×10-19 C) is
transferred to the S atoms to form an ionic Au+S- bond [52]. It has been proposed that the surface
stress induced during alkanethiol self-assembly on gold originates from the repulsive forces of
adjacent dipolar Au+S- bonds [41]. The repulsive force between adjacent negatively charged thiol
headgroups (S atoms), and positively charged Au atoms contributes to the overall compressive
surface stress.

Figure 2.8: Surface stress induced by self-assembly of dodecanethiol on gold substrate with
different grain size, which are 90±50 nm (small-grained gold) and 600±400 nm (large-grained
gold) in diameter. A is the measurement of 17 hours and B is a focus view of the first 25
minutes.( Reprinted from Langmuir, 20(17), M. Godin et al., Surface Stress, Kinetics, and
Structure of Alkanethiol Self-Assembled Monolayers, p. 7093, Copyright(2004), with permission
from M. Godin)
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The grain size study by Godin emphasises the complexity of mechanical force studies and that
physical property changes (e.g. grain size of the substrate) can dramatically interfere with stress
formations without changing the mechanism of the formation. This suggests that stress changes
are not necessarily only induced by chemical processes.
In summary, the surface stress induced by self-assembly of alkanethiol suggests that mechanical
force changes during SAM formation are a fairly novel area of study, and can help us gain a
better understanding of the chemical aspect of the self-assembly process to further the
development of SAM applications.

2.2 Low Energy Electron Irradiation Induced Damage
EBL technique, which uses electron irradiation on organic films to make templates for
semiconductors fabrication, is one of the most important manufacturing applications. However,
the fundamental mechanism of this irradiating process is not fully understood, restraining the
potential to produce semiconductors with higher resolution (circuits’ density).
Seshadri et al. [53] used Auger electron spectroscopy (AES) and X-ray photoelectron
spectroscopy (XPS) techniques to evaluate the damages of n-octadecylsilane
(ODS, CH3 (CH2 )17 SiH3 ) and n-octadecanethiolate (ODT, CH 3 (CH2 )17 S-) SAMs induced by high
energy (2 keV) electron irradiation. By monitoring the loss of structural order and the reduction
of carbon content in the organic film, Seshadri proposed that the dehydrogenation is the dominant
decomposition pathway, and it is triggered by the secondary electrons scattered from the main
beam.
Studying electron irradiations under low energy is able to provide a better understanding of the
intrinsic of electron irradiations, as well as in general, to have a simpler interpretation than higher
energy level [54–56]. Olsen et al., studied low energy (0-15 eV) electron irradiation on AT SAMs
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with in situ infrared reflection absorption spectroscopy (IRRAS) measurements [54]. Olsen
researched electron-driven reactions in butanethiol, octanethiol, dodecanethiol and
hexadecanethiol SAMs on Au/mica substrates, quantifying the processes in situ with IRRAS. In
Olsen’s experiment, five absorption bands were monitored from IRRAS spectrum, labeled as d+
(CH2 symmetric stretch, 2851 cm-1 ), r+ (CH3 symmetric stretch, 2876 cm-1 ), d- (CH2 asymmetric
+
stretch, 2922 cm-1 ), 𝑟𝐹𝑅
(Fermi-resonance coupled symmetric CH 3 stretch, 2936 cm-1 ), and 𝑟𝑎−|𝑟𝑏−

(in and out-of-plane asymmetric CH3 stretch, ~2955-2965 cm-1 ) [54].
With a particularly focus on the CH3 functional groups at the organic-vacuum interface, Olsen
proposed two outstanding observations from the difference spectra for C12 SAM (Figure 2.9).
Difference spectra present the change of intensities between the irradiated SAMs (at doses of
0.4, 1.4, and 5.0 mC/cm2 ) and the pristine SAM. First, there was a distinguished decrease of CH3
signal from after electron irradiation. Second, there was an overall increase of the “background”
signals, which were not specifically matched to any identified C-H stretch bands, and most of the
spectra structures were hidden by the increased “background”. The reason for the first
observation was probably dehydrogenation of the methyl group, but the reason for the second
observation could be more complicated. Since the incensements were not specifically related to
any structures and the post-irradiation spectrum has less identifiable peaks, this change could be
caused by the reorientation of the C-C chains in the organic. In the pristine well-order SAM, only
some specific structures can be detected by infrared beam while almost all structures can be
collected by infrared beam from the irradiated SAM with all different modifications. To be more
specific, after the irradiation, alkyl chains in the SAM became more tilted and more structures
were exposed to the infrared beam, so that the overall signal would increase.
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Figure 2.9: Pre- (solid curve) and post- (dashed curve) irradiation IRRAS spectra taken of a C12
film. The electron energy was 8 eV for this measurement. The lower panel shows three
"difference" spectra obtained during progressive 8 eV irradiation of a C12 film by using the
original pre-irradiation spectra as the reference reflectivity of the measurement. Negative peaks
correspond to the loss of absorbing material from the film. (Reprinted from The Journal of
Chemical Physics, 108(9), C. Olsen et al., Bond-selective dissociation of alkanethiol based selfassembled monolayers adsorbed on gold substrates, using low-energy electron beams, p. 3753,
Copyright(1998), with permission from P. Rowntree.)

In order to identify the mechanism behind the reduction of CH3 signal, four types of electroninduced reactions [53] that can lead to the reductions of absorption peaks in IRRAS
measurements were discussed.
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Reaction #1: Chain desorption
Au-S-(CH2 )11 CH3 + e-  Au + S-(CH2 )11 CH3 + e-

(2.4)

Reaction #2: Chain rupture
Au-S-(CH2 )11 CH3 + e-  Au-S-(CH2 )n + (CH2 )11-n CH3 + e-; n=0-11

(2.5)

Reaction #3: Methyl or methylene dehydrogenation
Au-S-(CH2 )11 CH3 + e-  Au-S-(CH2 )11 CH2 + H + eAu-S-(CH2 )11 CH3 + e-  Au-S-(CH2 )n CH(CH2)10-nCH3 + H + e-; n=0-10

(2.6)
(2.7)

Reaction #4: Dehydrogenation followed by hydrogen extraction
Au-S-(CH2 )11 CH3 + e-  Au-S-(CH2 )n CH(CH2 )10-n CH3 + H + e-

(2.8)

Au-S-(CH2 )11 CH3 + H  Au-S-(CH2 )11 CH2 + H2

(2.9)

Generally, identification of an individual reaction among these four reactions is impossible with
IRRAS. The bond strengths of S-Au and C-H bonds are ~2 eV for thiol-Au(111) and 3.5-4.0 eV,
respectively, which are lower than the irradiation energy; 8 eV. It is probable that all reactions
occur during irradiation with different yields/reaction rates.
By comparing the intensities lost ratio between CH2 and CH3 signals, all four reactions are likely
occurring at different rates, but based on unimolecular reaction theory; reaction #1 is expected to
be the most dominant process. Olsen proposed that damages induced by low energy electron
irradiation were neither distributed evenly within the film, nor targeted at the weakest bond in the
system. On the contrary, the bond scission processes were triggered increasingly close to the filmvacuum interface, leading to the loss of the symmetric vibrations of the terminal methyl group.
This is caused by the “quenching” of the excited states between radical atoms and their images
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from the metal substrate. These quenching effects can greatly reduce the lifetime of the excited
atoms and reduce the probability of a reaction happening. For excited atoms that are further away
from the metal substrate, the quenching with their dipole-images is less probable. However, with
only IRRAS results, Olsen could not distinguish the relative proportion of dehydrogenation and
carbon-carbon bond scission under low-energy electron irradiation.

Figure 2.10: Dissociation cross sections of C8, C12, and C16 films under electron irradiation.
(Reprinted from The Journal of Chemical Physics, 108(9), C. Olsen et al., Bond-selective
dissociation of alkanethiol based self-assembled monolayers adsorbed on gold substrates, using
low-energy electron beams, p.3757, Copyright(1998), with permission from P. Rowntree.)

Based on the systematic maximum in effective cross sections of dissociation at ~10 eV for all
results obtained using alkanethiol films (C8, C12, C16), these results suggest that the initial
energy deposition event is naturally resonant. Therefore, an overall process for a R-C-H species
was proposed:
𝑅 − 𝐶 − 𝐻 + 𝑒 − → [𝑅 − 𝐶 − 𝐻]∗−
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(2.10)

[𝑅 − 𝐶 − 𝐻]∗− → 𝑅 − 𝐶 + 𝐻 −

(2.11)

Reaction 2.11 can further react and H2 will be dissociated from the alkanethiol film. The
formation of composite dissociative state (Reaction 2.10) by capturing an incident electron, which
is known as dissociative electron attachment (DEA), is only possible if the energy of the incident
electron is equal to the energy difference between the ground and excited states across the
Franck-Condon region.
Zharnikov also studied low energy electron irradiation of AT SAMs on gold at 10 eV [57]. With
in situ measurements by XPS and near edge X-ray absorption fine structure spectroscopy
(NEXAFS), Zharnikov addressed the irradiation induced processes from different aspects. Four
structures, which are R* (Rydberg states), π* (C=C double bonds), C-C σ* (valence orbitals), and
C-C’ σ* (antibonding orbitals) were monitored by NEXAFS to determine the orientation of AT
SAMs. Figure 2.11 demonstrates the intensity changes of R*and π* resonances of dodecanethiol
(DDT) and octadecanethiol (ODT) SAMs with increasing irradiation dose. The significant
reduction of the R* -resonance intensity in the early stage is related to the dissociation of C-H
bonds along the back bonded carbon chains and the formation of conformational defects along the
alkyl chains. A similar decrease was observed for the C-C σ* resonance (not shown), which is
exclusively related to the C-C-C backbone and associated with the disorganization by breaking
alkyl chains of the pristine film. An interesting observation from this NEXAFS result is that the
C=C double bond is the only detected feature that grew in these SAMs upon 10 eV electron
irradiation. In addition, no anisotropy peaks related to the π* resonance were observed in all
investigated films, suggesting that the newly formed C=C bonds have an isotropic
orientation [55].
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Figure 2.11: Intensities of the π* (circles) and R* (diamonds) resonances extracted from
NEXAFS spectra of DDT/Au (a), ODT/Au (b). The values are normalized to the absorption edge
height. (Reprinted from Langmuir, 16(6), Zharnikov et al., Modification of Alkanethiolate
Monolayers by Low Energy Electron Irradiation: Dependence on the Substrate Material and on
the Length and Isotopic Composition of the Alkyl Chains, p. 2700, copyright (2000), with
permission from Zharnikov.)

The composition and thickness of the system was investigated with XPS by monitoring C 1s and
S 2p peaks. The position of the C 1s peak shifted from 284.9 eV to lower binding energies while
the width of this peak increased with progressive electron irradiation. These changes of C 1s
structure indicated the formation of C=C double bonds and desorption of hydrocarbon fragments
leading to the thickness reduction of the SAM [58,59]. From the IRRAS spectra (not shown) of
irradiated AT films, the development of a new structure was observed and was associated with
disulfide formation or an incorporation of sulfur into the alkyl matrix through S-C bonding.
A standard saturation function, which was first introduced by Olsen, was applied for the curve
fitting,
𝐼 = 𝐼𝑠𝑎𝑡 + (𝐼𝑝𝑟𝑖𝑠 − 𝐼𝑠𝑎𝑡 ) × exp(−

𝜎𝐸
𝑆𝑖𝑟𝑟𝑎𝑑

)

(2.12)

Where 𝐼 is the value of a characteristic film parameter in a course of irradiation, 𝐼𝑝𝑟𝑖𝑠 and 𝐼𝑠𝑎𝑡 are
the parameter values for the pristine and strongly irradiated AT film (a leveling off behavior),
respectively, 𝐸 is the number of electrons cumulatively delivered to the surface, 𝑆𝑖𝑟𝑟𝑎𝑑 is the area
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irradiated by the electron beam, and the cross section 𝜎 (with cm2 as unit) is a measure of the rate
at which the saturation behavior is achieved.
By using the standard saturation function (Equation 2.12) for fitting, effective cross sections were
extracted from spectra and summarized in Table 2.2 for all processes that have been investigated.
Table 2.2: Cross sections of the electron-irradiation induced processes in Units of cm2 . (Reprint
from Langmuir, 16(6), Zharnikov et al., Modification of Alkanethiolate Monolayers by Low
Energy Electron Irradiation: Dependence on the Substrate Material and on the Length and
Isotopic Composition of the Alkyl Chains, p. 2703, copyright (2000), with permission from
Zharnikov.)
DDT/Au
Cleavage of C-H bonds

(1.6±0.2)×10-16

ODT/Au
(1.9±0.2)×10-16

ODT/Ag
(1.4±0.2)×10-16

PEDT*/Au
(1.9±0.2)×10-16

Formation of C=C
(0.85±0.1)×10-16
(0.83±0.1)×10-16
(0.77±0.1)×10-16
(0.7±0.1)×10-16
bonds
Desorption of carbon
(1.92±0.2)×10-16
(1.84±0.2)×10-16
(1.84±0.2)×10-16
(1.92±0.2)×10-16
containing fragments
Desorption of sulfur
(0.8±0.1)×10-16
(0.27±0.04)×10-16
(0.15±0.02)×10-16
(0.15±0.02)×10-16
containing fragments
Reduction of the
(1.8±0.2)×10-16
(1.8±0.2)×10-16
(0.65±0.1)×10-16
(1.44±0.2)×10-16
thiolate species
Formation of
irradiation-induced
(1.7±0.2)×10-16
(1.7±0.2)×10-16
(0.65±0.1)×10-16
(1.44±0.2)×10-16
sulfur species
Dissociation of
1×10-16
methylene group**
Dissociation of methyl
2.9×10-16
5.3×10-16 (for HDT/Au)
groups**
*Poly(3,4-ethylenedioxythiophene); **The previously obtained [54] effective cross sections for electron
stimulated dissociation of methylene and methyl groups in AT SAMs are also present for comparison.

Similar experiments of electron irradiation on AT SAM were conducted by Zharnikov with 50 eV
incident energy [59]. Spectra with similar characteristics as discussed above were collected,
suggesting the electron irradiation-induced processes are intrinsically similar between 10 eV and
50 eV electron beam. Considering the large number of secondary electrons generated from the
primary beam in the organic film [60], it is believed that the irradiation-induced processes listed
above in Table 2.2 are driven by secondary electrons at both 10 eV and 50 eV. For better
understanding, a set of schematic visualizations of AT film at different phases were proposed by
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Zharnikov (Figure 2.12). However, this figure is not representative of the exact damage scenario,
but is a theoretical model based on experiments. A well packed pristine dodecanethiol film with
30°tilt angle to surface normal is illustrated in Figure 2.12 (a). As electron irradiation starts,
different processes (1-7) are triggered simultaneously and lead to a disordered and partially
desorbed film (Figure 2.12 (b, c)).

Figure 2.12: Schematic graph with visualized damages induced by electron irradiation in an AT
film: (a), (b), and (c) represent the pristine and slightly/strongly irradiated films, respectively.
Different irradiation induced defects are marked in (b): 1, cleavage of C-H bond; 2, cleavage of
C-C bond and desorption of the cut fragment; 3, the appearance of C-C/C=C crosslinks; 4, a
conformational defect; 5, chain reorientation; 6, formation of disulfide; 7, incorporation of sulfur
in alkyl matrix (see text). ((Reprint from Physical Chemistry Chemical Physics, 1, Zharnikov et
al., Modification of Alkanethiolate monolayers on Au-substrate by low energy electron
irradiation: alkyl chains and S/Au interface, p. 3168, copyright (1999), with permission from
Zharnikov.)
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The Zharnikov schematic facilitates visualization of the physical changes associating with the
proposed chemical changes. By comparing between a) and c) diagrams, it is foreseeable that the
irradiation would cause enormous changes in the physical properties of the film, including stress
changes. Based on the narrow range of the cross-sections (~1 Å2 ), these chemical processes are
likely occurring simultaneously upon irradiation. In other words, the mechanical property
changes induced by electron irradiation are expected to be exceedingly complicated.

2.3 Secondary Electrons
Secondary electrons are generated by the interactions of high-energy radiation sources (such as
electrons, X-rays, UVs, and ion beams) with matter. These interactions can continuously generate
secondary electrons with low kinetic energies. The term “secondary electrons” refers to all
electrons emanating from the substrate; inelastically backscattered primary electrons as well as
true secondary electrons generated by the primary beam during the scattering processes in the
organic/substrate system, which can be understood as all the electrons in the substrate except for
the original primary beam. The majority of these secondary electrons are below 10 eV [7], and
they can penetrate a few nanometers from the primary beam in metals [61]. In organic films,
these low energy secondary electrons can travel even further (e.g. up to 30 nm in poly(methyl
methacrylate) /Si film [62]), which might be causing some undesired secondary processes and
damage the target.
Grunze has studied secondary electrons generated by a primary beam (5-150 eV) within
hexadecanethiol (HDT) film [60]. These low-energy (5-150 eV) electrons are able to scatter
within the HDT films and produce secondary electrons with even lower energies. The energy
spectra of the emitted secondary electrons produced by different primary energies are showed in
Figure 2.13. These spectra can be divided into two sections; an elastically backscattered region
and the true secondary electrons region. At low incident energy, the distribution is dominated by
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the backscattered primary electrons at almost the same energies. With increasing primary energy,
the relative intensities of the elastic backscattered peaks are diminished, and more true secondary
electrons are generated at very low energy. The fraction of the elastic backscattered electrons
intensity (inset of Figure 2.13) shows a logarithmically decreasing trend with increasing primary
energy. Backscattered electron intensity is less than 5% at 100 eV, which means the majority of
the scattered electrons are in the form of true secondary electrons with less than 10 eV energies.
This demonstrates the importance of secondary electrons and that chemical processes can be
triggered by these abundant low-energy secondary electrons generated by the primary beam
during irradiation.

Figure 2.13: Energy distributions of secondary electrons during the irradiation of a HDT
monolayer with low energy electrons. The inset shows the fraction of the elastically scattered
intensity. (Reprinted from J. Vac. Sci. Technol., B 15(6), B. Volkel et al., influence of secondary
electrons in proximal probe lithography, p. 2878, Copyright (1997), with permission from B.
Volkel.)
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2.3.1 Secondary Electrons in Lithography
One of the most important applications that can be derived from SAMs studies is the resistive
mask for lithography used in the semiconductor industry. The design of resistive masks involves
Electron Beam Lithography (EBL), which is a technique using high energy (several keV) electron
beams to manufacture templates of dozens of nanometers in size. With the pace of development
in current lithography techniques, also suggested by Moore’s Law (Figure 2.14), the
manufacturing resolution of resistive mask by EBL will likely drop down to several nanometers
in the near future [63]. By that time, the effects of secondary electrons scattered from the primary
beam would be increasingly powerful as the structuring scales get smaller. As discussed above,
incident beams with higher energy generate more secondary electrons. With typical operational
energy of 5 keV electron beam, the number of processes triggered by secondary electrons could
be thousand of times more than those induced by the primary beam. The penetration of the
secondary electrons could be increasingly problematic in the semiconductor industry as the
resolution gets smaller and smaller. Accompanying the electron penetrations are the mechanical
force changes. With ultra-precise structures in the circuits, undesired stress changes could damage
the circuit and lead to manufacturing failures.
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Figure 2.14: A graph summarize the development of the semiconductors’ scales and matched up
with Moore’s Law between 1960 and 2020. (Extracted from
http://arstechnica.com/gadgets/2015/02/intel-forges-ahead-to-10nm-will-move-away-fromsilicon-at-7nm/, 20th Oct. 2015)

2.4 Stress Change Prediction
Because there are limited literature studies of surface stresses of AT SAMs, reference
comparisons for this project are rare. Therefore detailed analyses of the origins of stress changes
upon irradiation and the potential effective cross sections of these changes can be extremely
useful as an initial guide.
In general, the change of mechanical force can be summarised into two types; tensile change and
compressive change (Figure 2.15). As mentioned in section 2.2, various chemical processes can
be induced by electron irradiation in AT SAMs including scission of C-H bonds, reduction of
thiolate species, desorption of carbon containing fragments, desorption of sulfur containing
fragments, dissociation of methylene groups, dissociation of methyl groups, formation of C-C
bonds, formation of C=C bonds, and formation of irradiation-induced sulfur species [54–56].
However, from the perspective of physics, different chemical processes can lead to different
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mechanical force changes based on the molecular orientations and number of new bonds. Amount
these chemical processes, crosslinking (C-C and C=C bonds) and formation of new sulfur species
(C-S and C-S-C bonds) can both induce tensile stress changes, due to the fact that newly formed
bonds can reduce the intermolecular distance between alkyl chains within the monolayer and
“pull” them together. Contrarily, conformational reorientation and fragment desorption can both
lead to compressive changes because they both can release the tensile stresses from the
alkanethiol-Au system by introducing vacancy into the SAM and therefore develop compressive
stresses.

Figure 2.15: Two types of stress changes induced by electron irradiation. (Top right) tensile
change induced by crosslinking, (bottom right) compressive change induced by chain
reorientation.

Between the two processes with tensile stress developments, crosslinking (C-C & C=C) is
believed to be the one that can generate the most tensile stress changes. To be more specific,
mathematically, the separation between two nearby alkyl chains is about 0.43 nm with 30°tilt
angle [37,64] which is mainly caused by van der Waals interactions between molecules, while the
crosslinked C-C bond is merely 0.154 nm (about 1/3 of 0.43 nm). By reducing ~65% of the
intermolecular distance between adjacent alkyl chains, enormous tensile stress would be
29

developed in the organic film. As for the formation of new sulfur species, it requires a radical
sulfur atom to start, which can introduce a vacancy site at the organic-metal interface and release
tensile stress in the SAM. Also, the C-S-C bond is longer than a crosslinked C-C bond; therefore,
this process is not able to generate as much tensile stress as crosslinking. In addition to those two
processes, formation of disulfide (-S-S-) and cleavage of sulfur-gold bonds reduce the Coulombic
repulsion and release the compressive stresses at the organic-metal interface, which can introduce
tensile stresses to the film as well. Compared to crosslinking and the formation of new sulfur
species, the tensile stress changes induced by these relaxations should be very limited.
In contrart, conformational reorientation and fragment desorption can both lead to the
development of compressive stresses by curving the alkyl chains downward and forming a ring
shape structure (Figure 2.15 lower right), or releasing the stress from the original well-ordered
system, respectively. However, these compressive stress changes are probably insignificant
compared to tensile stress changes because the bending of the alkyl chains is accompanied by the
formation of vacant space nearby, and this process is not able to expand the film substantially.
Concluding from the discussions of mechanical force changes (tensile and compressive),
chemical processes associated with tensile stress developments are predicted to be the dominated
process during electron irradiation on AT SAMs.
As discussed, the mechanical property changes in AT SAMs are initiated by irradiation induced
chemical processes, but the effective cross section for the stress change may not be directly
related to a single chemical process. It is possible that the mechanical force development is
caused by two or more chemical processes simultaneously. This transformation from chemical
process to mechanical force development under electron irradiation remains unclear. Therefore,
to improve our understanding of the behavior of stress changes during irradiation; it is necessary
to discuss the effective cross section for this transformation.
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From the studies discussed above, the effective cross sections for various chemical processes
listed in Table 2.2 were calculated using the standard saturation function [55]:
𝐼 = 𝐼𝑠𝑎𝑡 + (𝐼𝑝𝑟𝑖𝑠 − 𝐼𝑠𝑎𝑡 ) × exp(−𝜎𝑄⁄𝑒𝑆𝑖𝑟𝑟𝑎𝑑)

(2.13)

Where 𝐼 is the value of a characteristic film parameter in a course of irradiation 𝐼𝑝𝑟𝑖𝑠 and 𝐼𝑠𝑎𝑡 are
the parameter values for the pristine and strongly irradiated AT film, respectively, Q is the
cumulative charge delivered to the surface in Coulombs, 𝑒 is the electron charge, 𝑆𝑖𝑟𝑟𝑎𝑑 is the
area irradiated by the electron beam, and the cross section 𝜎 is a measure of the rate at which the
saturation behavior is achieved.
This standard saturation function is commonly used to describe the development of a first-order
chemical process, which is only dependent on one factor (e.g. the concentration of one reactant in
a unimolecular reaction or the number of S-Au bonds in the self-assembly process of AT on a
gold substrate). The behavior (𝑦 = 12 − 12 × 𝑒 −0.5𝑥 ) is illustrated in Figure 2.16; the x axis
represents the reaction time, and the y axis represents the number of products. There is a period of
rapid growth at the initial stage of reaction due to the large quantities of reactants. The numbers
of products continuously grows with a decreasing reaction rate until saturation is achieved when
the starting molecules are exhausted. In the absence of additional information, similar behavior is
expected for mechanical force changes during irradiation; and we anticipate continuous growth
until the stress reaches its limit and saturates.
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Figure 2.16: Example plot of standard saturation behavior. (Arbitrary numbers are used)

In the planning stage of this project, crosslinking between alkyl chains was considered to be a
probable contribution to the stress change (generation) due to the reduced inter-chain distances
within the AT SAM; the inter-chain distances of AT SAMs on Au(111) surface are calculated to
be 4.24 Å with 30°tilt angle while the crosslinked C-C bond is only 1.54 Å. Cross-linking of
adjacent alkanethiol chains requires the formation of 2 radical sites, for example by C-H bond
ruptures. In other words, crosslinking could be triggered by two un-correlated bond-rupture
processes, and presumably both can be described with standard saturation functions. In a
simplified approach (without considering the locations of excited carbon atoms), the crosslinking
induced by electron irradiation could be described as the product of the two standard saturation
functions:
𝐼 = 𝐴1 [1 − exp(−𝜎1 𝑄⁄𝑒𝑆𝑖𝑟𝑟𝑎𝑑 )] × 𝐴 2 [1 − 𝑒𝑥𝑝 (−𝜎2 𝑄⁄𝑒𝑆𝑖𝑟𝑟𝑎𝑑 )]

(2.14)

Where 𝐼 is the value of a characteristic film parameter in a course of irradiation 𝐼𝑝𝑟𝑖𝑠 and 𝐼𝑠𝑎𝑡 are
the parameter values for the pristine and strongly irradiated AT film, respectively, Q is the
cumulative charge delivered to the surface in Coulombs, 𝑒 is the electron charge, 𝑆𝑖𝑟𝑟𝑎𝑑 is the
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area irradiated by the electron beam, and the cross section 𝜎 is a measure of a rate at which the
saturation behaviour is achieved.
The behavior of product of standard saturation functions (𝑦 = (2 − 2𝑒 −0.2𝑥 ) × (6 − 6𝑒 −0.3𝑥 )) is
illustrated in Figure 2.17.

Figure 2.17: Example plot of the product of two standard saturations. (Arbitrary numbers are
used)

From the curve in Figure 2.17, we can see a different behavior at the initial stage of reaction; the
reaction rate (i.e. the slope) is relatively small in the initial stage of electron irradiation and then
increases after a short period as the radical sites become more abundant. This slower rate
behavior at the very beginning of the reaction could be related to the accumulation of nearby
excited carbon sites in order to have enough density to initiate crosslinking.

2.5 Cantilevers
As mentioned in Section 2.1.2, the self-assembly process of alkanethiols can induce detectable
mechanical force changes to the substrate, which is driven by the repulsive force between sulfur
atoms at the molecule-substrate interface. We expect that chemical changes (i.e. dehydrogenation,
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crosslinking and fragment desorption) induced by electron irradiation are likely to induce
detectable mechanical force changes on the substrate as well. To measure these mechanical force
changes, microcantilevers were used in the present study.
In order to be operated as a sensor, the cantilever must have the following characteristics:
a. The spring constant of the cantilever must be low to maximize its response during
sensing.
b. The material properties (density, Young modulus, Poisson’s ratio, spring constant, etc.)
of cantilever must be well-defined (or measurable) to allow the quantitative conversion of
the mechanical deflection into a measure of surface stress.
c. The surface geometry must be simple enough for surface stress to accumulate uniformly.
d. The deflection directions of cantilever must be in the same plane for accurate signal
measurement.

There are two types of commercially available microcantilevers: triangular and rectangular
(Figure 2.18). The bending of a rectangular microcantilever is more complicated, as it includes
vertical (a), lateral (b) and torsional (c) modes (Figure 2.19) [65]. Since the accumulation of stress
is not necessarily always evenly distributed on the substrate, the deflection of rectangular
cantilever might not be systematic. In a triangular-shaped microcantilever, the lateral and
torsional bending can be reduced by the cantilever itself because it is structurally more stable than
a rectangular cantilever with less degree of freedom. Therefore, the triangular-shaped cantilever,
which has relatively simple motion, is more suitable for stress change sensing.
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Figure 2.18: Illustration of two shapes of cantilevers; triangular (a) and rectangular (b).

Figure 2.19: Schematic diagrams of the bending pathways of rectangular cantilever; (a) regular,
(b) lateral, (c) torsional. The heavy lines denote the original cantilever; the shaded regions denote
the deformed cantilever. (Reprinted from The Journal of Chemical Reviews, 108, no. 2 (2008), K.
M. Goeders et al., Microcantilevers: L sensing chemical interactions via mechanical motion, p.
522, Copyright (2008), with permission from K. M. Goeders.)

There are also tipped and tipless commercially cantilevers available. Tipless cantilevers allow
SAMs to assemble consistently on the surface, so that the accumulation of stress has fewer
defects and is less complicated. Lastly, silicon nitride is one of the most commonly used material
for atomic force microscopy (AFM) cantilevers because it provides a standardized platform as
well as the well documented material properties for experiment. For these reasons, we conducted
all experiments with triangular-shaped tipless silicon nitride cantilevers.
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Chapter 3: EXPERIMENTAL METHODS
3.1

Substrate Preparation

3.1.1

Gold Film Preparation/substrate coating

Gold thin films were thermally evaporated onto tipless AFM cantilever wafers (NP-O10, Si3 N4 ,
Bruker Co.), following a method modified from DeRose for depositing gold onto Mica [66].
DeRose’s procedure has been reported to provide uniform Au(111) surface on SiO 2 substrates,
but since the material of the cantilever Si3 N4 is, this procedure might not be the optimum way for
growing Au(111) film due to the property differences between two substrates. Therefore, a
modified method was optimised for this project.
Thermal vapour deposition (TVD) was done in Midas, which is a customized coating instrument
evacuated to 10-8 Torr by a turbomolecular pump (Pfeiffer TPU 170) accompanied by a
mechanical pump (Welch Duo-seal® 1402) at the fore line. To limit contamination from air and
handling, tipless cantilevers from freshly opened packages were clamped directly onto a
customized copper sample holder (Figure 3.1). This sample holder also served as a secure carrier
that holds 24 cantilevers in each loading cycle, since they are extremely small in size and very
fragile. Sample holder was mounted in the middle of the main Midas chamber and the samples
were exposed to the deposition source (molybdenum boat heater, EVS4005MO, Kurt J. Lesker
Company). Midas was equipped with a quartz crystal microbalance (QCM) and a thermocouple
temperature sensor (approaching from the back of the sample holder) to measure the thickness
and temperature, respectively, of the metal thin film in situ during TVD. The sample holder was
heated to 180°Celsius for at least 12 hours prior to the TVD for substrate degassing; residual
surface adsorbates can lead to poor quality of the gold film. Gold (99.999%, Kurt J. Lesker) was
evaporated from a resistively heated molybdenum boat located 30 cm below the copper sample
holder. The deposition rates for Au was maintained at ~1 Å/s in order to improve the uniformity
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of metal thin film [66]. After depositing 50 nm gold, heating of the sample holder was continued
for another 3 hours under vacuum to anneal the thin metal film and ensure surface uniformity.
The holder was allowed to cool under vacuum, and then it was transferred to a sealed home built
Teflon container for further preparation.

Figure 3.1: Schematic figure of copper sample holder for cantilevers.

The average grain radius of the gold thin film prepared using this approach was confirmed by
Atomic Force Microscope (AFM) to be 100 nm.
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Figure 3.2: AFM topography of gold substrate with 50 nm thickness shows grain size of
100 ± 50 nm.

3.1.2

SAMs formation

Cantilevers were transferred together with the copper sample holder into the customized Teflon
container, followed by 12 hours of immersion in 1 mmol alkanethiol in methanol solution
(Caledon, Reagent 99.8%) to form the self-assembled thiolate monolayers. The cantilevers were
then rinsed with warm methanol to remove physisorbed alkanethiol clusters on the surface. This
preparation method has been used by different groups and was shown empirically to be able to
provide a uniform organic monolayer. After rinsing, the cantilevers were unmounted from the
sample holder and transferred to the wheel shaped holder in the experimental vacuum chamber
for immediate use.

3.2

Description of Archimedes

Experiments were accomplished using Archimedes, a home-built high vacuum in situ mechanical
force change detecting system, which has a similar principle of detection mechanism as many
AFMs. Archimedes consists of two systems, (1) the irradiating system and (2) the detecting
system. The irradiating system is located in a stainless steel chamber, which can be pumped down
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to 10-8 Torr by a turbomolecular pump (TPU 170, Pfeiffer Vacuum Technology) and a
mechanical pump (#1402 Duo-seal® pump, Welch Vacuum). The detecting system is mounted on
a pneumatic table (Newport Corporation) and allows optical access in situ through an 8” quartz
window. A schematic view of Archimedes is provided in Figure 3.3 and described in detail in the
following sections. The vacuum chamber contains a wheel shape sample plate, an electron source,
and a quartz window, which allows laser beam to pass through. The external detecting system
consists of deflecting and focusing mirrors, the position sensitive detector (PSD), the laser source,
and a camera for positioning samples. Everything within the outline of pneumatic table in the
figure was physically mounted on the table to minimize the effect from surroundings. The
electron source and PSD are interfaced with the computer

Figure 3.3: Schematic graph of Archimedes apparatus.
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3.2.1

Sample plate

Archimedes was designed and built specifically for this project, which has resulted in some
unique features. The stainless steel sample plate (Figure 3.4) has 24 experimental stations along
the edge of the wheel, which accommodates mounting 22 cantilevers plus two copper current
detectors in each experiment cycle. At each station, a tunnel of 5 mm in diameter was machined.
In order to control the size of the electron flux, one side of the tunnel was manufactured into cone
shape and the narrow end was close to the sample. This narrowing down tunnel limited the
diameter of the electron flux down to 5 mm for irradiation in all experiments. Spring washers
were used for sample mounting to avoid damage to the fragile silicon nitride. Three wires were
connected to the plate to monitor the current generated by electrons irradiation; two on the copper
detectors and one on the plate. Copper detectors were coated with a thin layer of gold to prevent
oxidation and were isolated from the plate by Vespel washers. The whole sample wheel is
isolated from ground by a Vespel attaching component, which is the brown ring in the center of
Figure 3.4.

Figure 3.4: Illustration of the face of the sample plate. A zoomed in view of the experimental
station is provided at the top right corner.
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Electric currents from both sample plate and copper detectors can be monitored by a two-channel
electrometer. The plate current can be monitored in situ during sample irradiation while the
detector current can only be measured separately. All wire connections were verified before
closing the chamber and resistances were maintained below 1 mΩ. Current measurements are
discussed in details in Section 3.4.
The rotation of the sample plate was controlled by a rotary feedthrough from the back of the
chamber, and the plate can be locked at the required position. The position of sample to be
irradiated was monitored through a quartz window with a high magnification (~25×) camera. By
aligning the irradiation spot with the camera focus, each cantilever could be located at the same
position in each experiment, which reduces the variations between experiments.

3.2.2

Cantilevers and holder

Silicon nitride tipless cantilevers (NP-O10, Bruker) were used for this project. Four different
triangular-shaped cantilevers were mounted on a single chip, and the triangular B tip was selected
for irradiation due to the larger surface area for better reflection of the laser beam and lower
spring constant for greater deflection angle. The benefits of triangular shape cantilever over
rectangular are discussed above in Section 2.3. Supplier specifications of NP-O10 cantilevers are
shown in Table 3.1. Dimensions of triangular B (Figure 3.5) were measured by scanning electron
microscope (SEM) and results were used for this experiment instead of the numbers from Table
3.1.
A maximum of 24 cantilevers can be mounted on the samples holder for Au deposition or SAMs
formation simultaneously, which means these cantilevers can be processed at the same time in
each preparation step. By using both samples holder (for preparation) and sample plate (for
irradiation), the efficiency of this experiment is extremely high. Another benefit of this system is
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that all tested samples from the same batch were prepared, stored and studied under exactly the
same environment, which improves the uniformity between samples.

Table 3.1: Left: Resonant frequencies, spring constants, length, and width of NP-O10 cantilever,
measured by Bruker. Right: diagram of cantilevers arrangement.

Figure 3.5: SEM image of triangular silicon nitride tipless cantilever with 50 nm gold coating.
Length of the base (198.1 µm), height (190.4 µm), width of arms (34.52 µm, 35.15 µm) and
thickness (703.4 nm) are labeled on this graph.

42

Spring constants were measured with an atomic force microscope (AFM) after the deposition of
the gold layers, since that the additional layer of metal will change the resonant frequency as well
as the spring constant of the cantilever.
Using a special in-house developed experimental technique, which tilts the cantilever and
approaches the reflective substrate at the bottom of the AFM with only the tip, the spring constant
was measured for tipless silicon nitride cantilevers with the gold coatings. The values in Table 3.2
were obtained from three identically prepared cantilevers under the same conditions.
Measurement #6 might was discarded as an outlier and the average value of the other eight
measurements (0.578 N /m) was used as the spring constant for subsequent calculation.

Table 3.2: Summary of spring constants measurements for 9 NP O-10 type B cantilevers.
Spring constant (N/m)

3.2.3

#1
#2
#3
0.546 0.573 0.635

#4
#5
0.514 0.431

#6
#7
#8
0.289 0.630 0.606

#9
0.663

Electron source

Electron irradiation was achieved using an in-house built electron source/controller system
interfaced with a computer. The low energy (0-150 eV) electron source was mounted ~4 cm away
from the sample, with the beam aligned perpendicular to the sample plate. Four cylindrical lenses
were used to “defocus” the electron flux from a resistively heated tungsten filament with a
tantalum disk (ES-042, Kimball Physics) to the sample surface. The potential of each of the three
lenses can be adjusted individually with respect to the filament potential (details in Section 3.4.1).
Sample current was not directly measured during irradiation because of the small size of the
cantilever. A calculated value was used for sample current according to the current ratio between
the detector and plate and the in situ measured plate current. Current calculation is discussed in
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details in the follow section. Current was measured by the computer 5 times per second and
customised software converts these 5 data into one average value. This is recorded throughout the
irradiation process.

Figure 3.6: Picture of the electron source and focusing lenses.

3.3

Deflection measurement

3.3.1

Laser source

A helium-neon laser source (05-LHR-121, Melles Griot) with 632.8 nm wavelength was mounted
on the optical table ~25 cm away from the vacuum chamber. The laser beam, cantilever, and
electron beam were all in the same plane, which was parallel to the optical table. The laser beam
was redirected and focused by a set of mirrors and a convex lens (f=200.0 nm), and the focus
point was adjusted to be exactly at the tip of the cantilever. The lens and mirrors are steerable,
allowing for minor adjustments when necessary.
Refraction at the quartz window is a factor that might affect the measurement because the
reflected beam is not perpendicular to the window. This might induce an angle difference
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between the reflected beam from the cantilever and the measured beam by the PSD. The
refractive indices of silicon nitride, air and vacuum are 2.0105 [67], 1.0003 [68] and 1,
respectively, at 632.8 nm wavelength, and since the silicon nitride window is the intermedia, we
can exclude it in conversion. From Snell’s law,
𝑛𝑎𝑖𝑟 𝑠𝑖𝑛𝜃𝑎𝑖𝑟 = 𝑛𝑣𝑎𝑐𝑢𝑢𝑚 𝑠𝑖𝑛𝜃𝑣𝑎𝑐𝑢𝑢𝑚

(3.1)

1.0003 𝑠𝑖𝑛𝜃𝑎𝑖𝑟 = 1 𝑠𝑖𝑛𝜃𝑣𝑎𝑐𝑢𝑢𝑚

(3.2)

According to equation 3.2, an almost 1:1 ratio can be seen between θair and θvacuum, which means
the measured displacement of laser beam, is able to quantify the deflection of the cantilever tip.
Though the correlation between θair and θvacuum is not perfectly linear, and there could be a small
error by converting the shift of laser beam on PSD into the deflection of cantilever, the deflection
of cantilever is very small (calculated to be ~20 µm in position and ~1°in bending angle), so the
curves can be considered linear in this small range. Therefore, the error will be negligible within
the range of cantilever’s deflection.

3.3.2

Position sensitive detector and stress change detection

The position of laser beam was measured by a position-sensitive detector (ON-TRAK,
OT-301SL), which accurately converts the displacement of the laser relative to the calibrated
center into voltage signal. Since the detector is extremely sensitive to light, a box is built on top
of the pneumatic table to block environmental lights. Long-time exposure (2 days) was tested
with PSD and no significant change was observed, demonstrating the refraction off the cantilever
is position-stable over time.
The measurement scheme, which was used to correlate the cantilever deflection (Δz) to the
change in signal (ΔS) observed at the PSD, is shown Figure 3.7. Experimentally, the bending
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angle of cantilever was extremely small; typically less than 2°. Therefore, it is reasonable to
assume the bending angle of the deflected laser beam is twice that of the cantilever bending angle
based on mathematical conversion. The deflection of cantilever, Δz, is calculated from the
bending angle θ [45,69,70], and the length ɭ,
θ=

𝛥𝑆

(3.3)

𝐿∗

𝜃

Δz = 𝑙

(3.4)

4

* 𝐿 is the distance between the PSD and the cantilever.
For small deflections of Δz, and L ≫ Δz, L is assumed to remain constant after the deflection.
The cantilever deflection to PSD signal shift can be solved by substituting Equation 3.3 into
3.4 [45,69,70]:
Δz =

𝑙
4𝐿

ΔS

(3.5)

Equation 3.5 is suitable for laser signal deflection measurements at atmospheric pressure. Since
the irradiations of cantilevers in this project were conducted under vacuum, the transition of the
laser beam between vacuum and air phases needs to be considered. Snell’s law was applied here
to the modified laser beam path (as mentioned in Section 3.31)
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Figure 3.7: Schematic graph to illustrate the determination of microcantilever bending using
different parameters. L is the distance between PSD and cantilever, ɭ is the length of cantilever,
ΔS is the laser beam shift measured by PSD, θ is the cantilever bending angle, 2θ is the assumed
direction change between the refracted beams (Adapted from Godin [47]).
The surface stress change associated with the bending of a substrate can be calculated using
Stoney’s formula (Equation 3.4) [71]. By measuring the substrate’s radius of curvatures, Stoney
derived this formula to calculate the surface stress change during the deposition of thin nickel
films onto thin steel sheets:

𝜎𝑠+ − 𝜎𝑠− =

𝐸𝑡2
6𝑅 (1−𝝂)

(3.6)

where 𝜎𝑠+ and 𝜎𝑠− are the surface stresses applied to the upper and lower surfaces of the substrate,
respectively, 𝐸 is the substrate’s Young’s modulus, 𝑡 is its thickness, 𝑅 is the substrate’s radius
of curvature, and ν is its Poisson’s ratio.
The formula was derived for unclamped sheet-liked substrates. In contrast, the cantilevers are
clamped at one end and the stress induced curvature will not be perfectly circular. However,
Stoney’s formula can still be applied for surface stress calculation with minimal error for most
AFM cantilever geometries [72–74].
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Another concern is that the property parameters (e.g. elastic property, Young’s modulus and
Poisson’s ratio) of cantilevers must be known in order to calculate stress changes using Stoney’s
formula. However, for commonly-used silicon nitride AFM cantilevers, the uncertainties of
Young’s moduli are high (E≈ 130 − 385 𝐺𝑃𝑎) [75,76], due to the extra atomic ratio between Si
and N induced by the typical manufacturing process, which is chemical vapor deposition [75].
The addition of metallic coatings (e.g. Ti and Au) can significantly modify the elastic properties
of cantilevers. These uncertainties and modifications make the surface stress calculation less
reliable. Consequently, Godin derived an alternate formula for converting the cantilever’s
deflection to surface stress change [45]. This new approach assesses the energy stored in the
stressed cantilever by measuring its spring constant instead of using the Young’s modulus. Godin
proposed two formulas to calculate the stress changes on cantilevers not used in AFM. The first
one uses Hooke’s law with the cantilever’s deflection, ∆𝑧.
𝐸𝑘 = (

4

1

) 𝑘∆𝑧 2

3 ( 1−𝜈) 2

(3.7)

Where, 𝑘 refers to the spring constant associated with the typical AFM experiment, 𝜈 is the
cantilever’s Poisson’s ratio.
In Equation 3.7, 𝑘/(1 − 𝜈) is the replacement of k, since the surface stress formed on the
cantilever is isotropic. Also, a factor of 4/3 is applied to account for the different curvatures
resulting from a uniform surface stress formation as opposed to a condensed load applied at the
tip.
The second equation [77,78] is:
𝑙𝑀

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = ∫0

2𝑅

𝑑𝑦

(3.8)

Where 𝑀 is the moment of cantilever’s bending; 𝑅 is the radius of curvature of the cantilever, and
𝑙 is the length of it.
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The bending moment 𝑀∆ in a triangular cantilever is shown in terms of geometrical
quantities [79]:

𝑀∆ = {

𝑊𝑡∆𝜎

𝑓𝑜𝑟 0 ≤ 𝑦 ≤ 𝑙1

𝑡𝑏(𝑙−𝑦)∆𝜎

𝑓𝑜𝑟 𝑙1 < 𝑦 ≤ 𝑙

2𝑙

(3.9)

Where 𝑊, 𝑡, 𝑙, 𝑙1 𝑎𝑛𝑑 𝑏 are the cantilever dimensional parameters depicted in Figure 2.18, and ∆𝜎
is the surface stress difference between the top and bottom surface of the cantilever.
In addition, the radius of curvature, R, can be substituted with cantilevers length, 𝑙, and deflection,
∆𝑧:

𝑅 = √𝑦 2 + 𝑥 2 =

𝑙2

+
2∆𝑧

∆𝑧
2

𝑙2

≈ 2∆𝑧

(3.10)

Figure 3.8: Schematic plot of a bent cantilever to demonstrate the parameters used in equation
3.10. (Adapted from Godin [47])

From Figure 3.8, it can be seen that 𝑧 = 𝑅 − ∆𝑧 and 𝑦 = 𝑙 − ∆𝑦 ≈ 𝑙 𝑠𝑖𝑛𝑐𝑒 𝑙 ≫ ∆𝑦, ∆𝑧. The
radius of the cantilever is assumed to be constant over the length of the cantilever and this
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approximation was found to be valid when the deflection, ∆𝑧, is much smaller than the overall
length of the cantilever, 𝑙.
Summarizing Equations 3.7, 3.8 and 3.9, the formula to calculate the stress change on the
triangular-shaped cantilever surface using laser displacement measured by PSD is proposed [45]:

∆𝜎 =

2
𝑙2
𝑘 ∆𝑧
3(1 − 𝜈) [𝑊𝑡𝑙1 + 𝑡𝑏 (𝑙 − 𝑙1 )2 ] ∆

(3.11)

4𝑙

Where 𝑘 ∆ is the spring constant for triangular cantilever; 𝜈 is thr Poisson’s ratio of silicon nitride;
W, 𝑙, 𝑙1, and b are geometrical parameters of cantilever (as shown in Figure 2.18).

3.4

Calibration of the Irradiation Source

Calibration was routinely done between experiments or after the replacement of an electrical
component. Even though each cantilever was placed in a designated slot on the wheel, its position
still varied slightly from station to station. Consequently, for each new cantilever sample, the
laser beam was accurately realigned and focused onto the cantilever apex to ensure accurate
responses, and the PSD position was adjusted if necessary. The adjustment of the laser beam from
the reflective mirror was within 2°and alignment of PSD was within 5 mm.

3.4.1

Electron Flux and Irradiation Stability

A home-built multi-channel controller was used to manage the electron source, which could apply
-150 V to +150 V potential to each component (extractor, focusing lenses and filament), and
potentials could be adjusted and monitored individually from the control panel. As shown in
Figure 3.9, the filament was located between the first and second lenses, which worked as an
extractor and focusing lens. The extractor was employed at negative potential to repel electrons
from the tantalum disc towards the cantilevers, and the other three focusing lenses were adjusted
to defocus the beam slightly in order to generate an evenly distributed irradiation flux. The
50

current distribution was measured under various irradiation energies before conducting each
experiment, so that the number of electrons passing through the tunnel and delivered to the
sample upon irradiation can be predicted by using this distribution ratio between plate current and
detector current.
𝐼𝑑𝑒𝑡,𝑖
⁄𝐼
𝑝𝑙𝑎𝑡𝑒,𝑖

(3.12 a)

𝐼𝑖𝑟𝑟𝑑 = 𝑅𝑖 ∗ 𝐼𝑝𝑙𝑎𝑡𝑒

(3.12 b)

𝑅𝑖 =

Where 𝑖 represents the irradiation energy, 𝐼𝑝𝑙𝑎𝑡𝑒, 𝐼𝑑𝑒𝑡 ,𝐼𝑖𝑟𝑟𝑑 represent the current from the plate,
the copper detector, and the sampling (irradiating) 5 nm tunnel. 𝑅𝑖 represents the current ratio
between plate and detector under irradiation energy of 𝑖 eV.

Figure 3.9: Schematic diagram of the irradiation source and the focusing lenses. Red-purple
circle between lens 1 and 2 represents for the disc of Tantalum filament, which is shown in the
bottom left picture.

All the cone-shaped tunnels for delivering electrons were identically machined and the electron
fluxes in the irradiation area were assumed constant between irradiations. From the current
distribution graph (Figure 3.8), a fairly low detector to plate current ratio can be seen at 20 eV
and above. This low ratio suggests that the electron flux is spreading out in the space rather than
focusing at one spot, which provides more evenly distributed electron irradiation on the cantilever
surface. Based on the high reproducibility of current measurements from the Figure 3.8, the
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filament is fairly stable during irradiation and delivers a steady electron flux. This also confirms
the validity of the constant electron flux assumption proposed above.

Figure 3.10: Current distributions between sample plate and detector, three measurements were
collected under identical experimental conditions.

The tantalum filament behavior, which is obtained from the supplier manual, under constant
voltage is shown in Figure 3.9. According to the manufacturer, small changes in electron
emission and filament temperature will occur in the first 30-40 minutes of operation, until thermal
equilibrium is achieved. As the temperature of the mounting post structure rises, the heater
current and electron emission decrease due to the increased resistance of the tungsten hairpin
heater wire. Furthermore, during the operating period, physical changes in the cathode (i.e.
evaporation and contamination) result in a decrease in heating current and electron emission. In
order to maintain the stability of electron flux, the filament was turned on at least 2 hours before
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the actual irradiation experiment. The thermal equilibrium can be achieved in 40 mins, and
continuous heating for 80 mins is sufficient to clean the filament surface.

Figure 3.11: Electron source current and mounting post temperature at different time of operation
under constant source voltage. (Reprint from support information, Kimball Physics (2015, July
20), ES-042 Tantalum Disc Cathode Care and Operating Instructions. Retrieved from:
https://www.kimballphysics.com/cathode/support_PDF/Cathode_ES042_TaDisc_info.pdf.)

Heat transfer through radiation was taken into consideration due to the high operation
temperature (1300 °K) of the filament. The thermal expansion coefficients of gold and silicon
nitride are very different, 14.1×10-6 / K and 1.5×10-6 / K [80] respectively, at room temperature.
Therefore, the cantilever will start to bend if it is heated by the radiation of the filament. Sample
temperature is not detectable in Archimedes, so long term exposures were tested, but no
significant change was detected.
Two hours of warming up for the filament is required for stable electron flux based on the
discussions above. No evidence of thermal expansion was found in the long term irradiation tests
on pristine cantilevers, which suggests that heat radiation from the filament is not interfering with
deflection measurements in this project.
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Chapter 4: RESULTS AND DISCUSSION
4.1 Irradiation Induced Mechanical Force Changes
Figure 4.1 illustrates several irradiation curves of C16 SAMs on 50 nm gold coated silicon nitride
cantilevers at different energies (30-100 eV); x axis is the irradiation dose (mC/cm2 ) and y axis is
the in situ measurements of stress changes (N/m) during electron irradiation. All the curves are
positively logarithmically growing with saturation behaviours as the irradiation dose accumulates.
As discussed above, based on the bending direction of cantilevers, these positive deflections can
be correlated to the development of tensile stresses on the surface. As shown in Figure 4.1 that
different amount of tensile stresses are induced into the SAM system by various irradiation
energies, but a clear trend of energy dependence cannot be found without further analysis.
However, there is one thing in common that almost all of these curves are logarithmically
growing, which is also the behavior of stress accumulation (to another direction) during the selfassembly process of alkanethiol on Au(111) [6,41]. In the present experiment, the mechanism of
the tensile stress development is much more complicated, which is not only due to the variety of
secondary chemical processes possible, but also because of the similar cross sections between
these processes [55].
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Figure 4.1: Plot of stress changes on C16 SAMs with different doses. Experiments were
conducted under various energies. (All irradiations start at 0 mC/cm2 dose and with a constant
energies as labeled)

The most important information can be extracted from Figure 4.1 without further analysis is that
all experiments reproduce the developments of tensile stresses at all irradiation energies, with no
exception. This observation is suggesting that the development of tensile stress is dominating the
physical property change process during electron irradiation, which is as we predicted. However,
without further analysis, we cannot determine which chemical process contributes the most to the
development of tensile stress.
Combining the discussions given above of the predictions of the mechanical force changes and
the experimental results (Figure 4.1), we can concluded that chemical processes associated with
tensile stress changes are the dominant factors in this experiment and the processes with
compressive stress developments are negligible. Additionally, crosslinking is believed as the most
“effective” process for tensile stress development comparing to other chemical processes
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(cleavage of C-H, S-Au bonds, formation of C-S, C-S-C bonds and fragment desorption) due to
the degree of physical property changes it can introduce to the SAM. However, based on the very
similar cross sections between all these chemical processes as shown in Table 2.2; it is extremely
difficult to associate the amount of tensile stress change induced by electron irradiation to a
specific chemical process.

4.2 Gold Thin Film Delamination Model and Sample Improvement
In Figure 4.1, there are some experimental curves have rapid stresses changes, which are
associated with the relaxation of tensile stresses. These curves are extracted and plotted in
Figure 4.2. Based on the experimental setup (high vacuum, pneumatic table, light isolated box)
for this project, these sudden changes of stresses should not be expected. In magnitude, these
sudden downward changes vary from 0.5 to 1.6 N/m, and most of them occur near or at the
saturation stage of the stress development.

Figure 4.2: Experimental curves extracted from Figure 4.1 that have rapid stress changes.
Irradiation energy, as labeled, is constant during the whole process.
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Theoretically, there are three possible situations can be related to this unexpected behavior. In
Figure 4.3, the irradiated film is idealized as the top diagram with crosslinkings across the SAM
and sudden changes can occurred in three different locations, which correlate to three molecular
orientations (A,B, and C). The crosslinked SAM in Figure 4.3 is a simplify model of the
irradiated film, and in this section, crosslinking refers to chemical processes with tensile stress
developments.

Figure 4.3: Possible causes for the rapid downward changes in experimental curves from Figure
4.2. Diagrams A, B and C represent for changes took place in three different locations; in the
molecules, at the molecule-substrate interface, and within the tri-layer substrate respectively.

As shown as situation A in Figure 4.3, relaxation of tensile stresses is caused by ruptures of
crosslinked bonds in the film. Since the crosslinkings are restraining the film and bending the
cantilever, reducing the amount of crosslinkings in the film is probably the most direct way of
releasing tensile stresses. However, the amount of stresses released from this sudden change is
too big for a microscopic process. Use the green curve from Figure 4.2 as an example, it took
2688 s (not shown in Figure 4.2) to accumulate 6.72 N/cm2 stresses before the first sudden
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downward change, and the accumulation rate during this period is calculated as 2.5×10-3
N/(cm2 ⋅s). For the first rapid change, the accumulated stress drops from 6.72 to 5.71 N/cm2 in
~60 s, which correlated with the relaxation rate of 16.8×10-3 N/(cm2 ⋅s). From the calculations, in
order to introduce a stress relaxation as the first glitch shown in the green curve from Figure 4.2,
the rate of mechanical force relaxing has to be 6.72 times greater than the accumulation rate
before this sudden change. Since the experimental condition remains the same during the
irradiation, it is almost impossible to have a (relaxing) process with such a huge reaction rate
occurred in the SAM.
As situation B in Figure 4.3, relaxation of tensile stresses is caused by the breakage of the S-Au
bonds located at the organic-metal interface. Reducing the amount of S-Au bonds in the SAM can
prohibit the tensile stresses from delivering through the alkyl chains to the cantilever surface,
which would than relax the tensile stresses on the cantilever surface. Similar to the situation A
discussed above, breakage of S-Au bonds is also a microscopic process, and this process cannot
massively be initiated without changing the experimental condition.
Situation C is caused by a macroscopic process, which is the delamination of gold thin film from
the silicon nitride substrate. This delamination of gold film reduces the amount of tensile stresses
delivered to the cantilever substrate, and therefore relaxes the tensile stresses. Based on the
accumulation/relaxation rates calculated above, in order to introduce a relaxation this fast, the
gold film need to be delaminated from a relative big area simultaneously. However, this
delamination is not directly driven by chemical processes, but physical properties of gold film. It
suggests that the delamination of gold thin film could be achieved without changing the
experimental condition.
Summarized from the discussions above, situation C is the only phenomenon could be tested
without changing the experimental condition. Additionally, this is the only situation that can be
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tested with our current instrumental setup. Testing situation A and B requires additional
instrument that can provide chemical composition of the SAM in situ during irradiation.
In order to test whether the tensile stress relaxation is from the tri-layer substrate, as shown in
situation C, a discussion on the gold coated silicon nitride substrate can be helpful for
determining the test procedures. As mentioned in section 3.1.1, 50 nm of gold film was coated on
the pristine silicon nitride cantilever by TVD, and the AT SAMs were grown on this Au(111)
surface. The thickness of 50 nm, which is thinner than the typically applied thickness (100 or 200
nm [6,54,57]), was choose in order to optimize the sensitivity of the triangular cantilever. Also,
the poor adhesion of gold to commonly used silica substrates was reported, but this delamination
phenomenon was never discussed [81–84]. Most of them reported [81–84] that an additional layer
of Ti between gold film and the base substrate can significantly improve the adhesion of gold film,
therefore, 2 nm of Ti adhesive layer was deposited before the gold film onto silicon nitride.
Irradiations of different energies were conducted with the Au/Ti coated cantilevers, and no rapid
change was ever observed. The comparison of stress changes during irradiations between two
samples (with and without Ti layer) is shown in Figure 4.4. As you can see from the red curve in
Figure 4.4, it is not only smoother (without any glitches), but also higher, as total stresses
accumulated on the surface, than the ones without Ti. This suggests that the 2 nm of Ti adhesive
layer indeed improves the adhesion of gold film as well as the sensitivity to stress change of
cantilever. With this experiment, we conclude that the situation C from Figure 4.3 is the main
reason for tensile stress relaxation observed in Figure 4.2, but we have no evidence to disprove
the absence of situation A and B. Breakage crosslinked bonds and S-Au bonds could be
continuously happening during the irradiation, but they are not able to substantially relax tensile
stresses on the surface.
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Figure 4.4: Comparison of stress change curves before and after 2 nm of titanium adhesive layer
is added. Red curve is 50 eV irradiations on C16 SAMs with Ti and black curves are irradiation
on C16 SAMs without titanium with various energies (extracted from Fig. 4.1).

To further discuss the details of this gold film delamination model, some schematic diagrams are
shown in Figure 4.5. On the left part of Figure 4.5, the diagram shows a crosslinked AT SAM and
those crosslinking sites reduce the inter-molecular distances between alkyl chains. The tensile
stresses generated by these crosslinkings and delivered through alkyl chains to the gold thin film
are believed strong enough to peel the film off from the silicon nitride substrate. On the right part
of Figure 4.5, it shows the side view of gold film as crosslinkings continuously formed and the
film starts delaminated. Sub-figures A, B and C represent for the surface properties before the
saturation of tensile stress. As shown in sub-figure A, before any electron induced chemical
processes take place, the gold thin film is coated smoothly on the silicon nitride surface. During
electron irradiation, the tensile stresses generated by crosslinkings between alkyl chains can be
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distributed along the chains as well as to the substrate. As we discussed above, the adhesion of
gold film to silicon nitride is very poor. Once the accumulated tensile stresses reaching some
adhesion limit of gold, the film can be delaminated from the substrate. Since gold is one of the
most malleable and ductile metals, we believe that the gold film will form into localized microblisters after the delamination as shown in sub-figure B. On top of these micro-bilsters are
probably the crosslinking sites with more accumulated tensile stresses. As irradiation continuous,
the accumulated tensile stresses increase as well, more micro-blisters would be formed on the
cantilever. As shown in sub-figure C, once the density of these micro-blisters in an area is higher
enough, they would start merged together and form bigger blister (extended delamination).
Because these micro-blisters are localized and relatively small in size, the relaxations of tensile
stresses would be much smaller than relaxation from the merged blisters. In fact, these microblisters are not directly initiated by electron irradiations, but correlated with the stress changes
induced by chemical processes caused by electron irradiations. For example, when the tensile
stresses accumulated in one area is greater than the adhesions of gold film to the substrate, the
gold film would start delaminated from the substrate, so this phenomenon can be considered as
positively correlated with the electron irradiation dose. Same behavior can be found in Figure 4.2
of stress relaxations. Also, the stress relaxed by the merged blister is mainly determined by the
size of it, which is not correlated with the experimental condition (e.g. irradiation energy, electron
dose). This explains the different magnitudes of the relaxations in Figure 4.2. Based on the
discussions here, we confirmed the validity of this gold film delamination model shown in Figure
4.5 that this model is consistent with all experimental data.
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Figure 4.5: Gold thin film delamination model. Left picture is the side view of crosslinked SAM
and right part illustrate the evolution of delamination process; A) pristine SAM, B) micro-blisters
start forming, and C) micro-blisters merged together and form larger size blisters. Chemicals on
the substrate are removed in the graphs on right.

The higher accumulated stress change measured by Ti coated cantilever in Figure 4.4 is further
evidence of this gold film delamination model. After Ti layer is added, the adhesion of gold film
is better, and therefore, fewer micro-blisters are expected. Relaxations of tensile stress will
decrease as well, so that the sensitivity to the stress change of cantilever is improved.
We conclude that even 1-2 N/m lateral tensile stress change is able to “pull” the 50 nm gold thin
film away from the silicon nitride substrate. This observation suggests that the effect of the stress
change induced by irradiation could be dramatic in other studies of electron irradiation of SAMs.
This will be discussed in more detail in section 4.3
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4.3 Irradiation Induced Mechanical Force Analysis and Modeling

4.3.1

Irradiation Induced Mechanical Force of C8 SAMs Analyses.

Irradiations of C8 SAMs at different energies are shown in Figure 4.6. As discussed in section 4.1,
positive logarithmically growing behaviors were expected to be observed, and no sudden stress
change was occurred during irradiation after the addition of Ti layer. In Figure 4.6, the curves
represent the tensile stress developments in C8 SAMs at increasing irradiation doses. During the
irradiation period, most of the tensile stresses were accumulated at the initial irradiation stages
(~10 mC/cm2 ), and the values are extracted from the figure and listed in Table 4.1 for specific
irradiation doses.

Figure 4.6: Stress changes of C8 SAMs during irradiation with different energies.
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However, the reproducibility of stress changes in this figure should be improved, especially for
stress changes at 70 eV irradiations (blue curves) in Figure 4.6; one of the curves is ~40 % higher
than others. Due to the complexity of stress changes induced by irradiation, as discussed in
section 2.4, this variation of stress changes between experiments suggest that there could be some
chemical or physical procedures during electron irradiation we are unaware of.

Table 4.1: Stresses changes at different irradiation doses extracted from Figure 4.6.
Stress changes (N/m)
Irradiation

𝑠𝑡𝑟𝑒𝑠𝑠(10)

𝑠𝑡𝑟𝑒𝑠𝑠(10)

𝑠𝑡𝑟𝑒𝑠𝑠(50)

𝑠𝑡𝑟𝑒𝑠𝑠(100)

(%)

(%)

(%)

𝑠𝑡𝑟𝑒𝑠𝑠(100)−𝑠𝑡𝑟𝑒𝑠𝑠(50)
𝑠𝑡𝑟𝑒𝑠𝑠(100)

10

50

100

(mC/cm2 )

(mC/cm2 )

(mC/cm2 )

35a

3.704

4.858

4.933*

76.25

75.09

1.520

35b

2.596

3.856

3.871*

67.32

67.06

0.388

35c

3.491

5.116

5.647

68.24

61.82

9.403

50a

6.937

8.956

9.609

77.46

72.19

6.796

50b

6.269

9.154

10.125

68.48

61.92

9.590

50c

8.516

11.248

11.810

75.71

72.11

4.759

70a

7.575

11.415

13.480

66.36

56.19

15.319

70b

15.666

23.559

25.578

66.50

61.25

7.894

70c

7.104

10.930

12.007**

65.00

59.17

8.970

energies (eV)

*stress changes @ ~70 mC/cm2 are used; **stress change @ 95 mC/cm2 is used.

Table 4.1 lists the stress changes at different electron doses and some fractions (
𝑠𝑡𝑟𝑒𝑠𝑠(10)
𝑠𝑡𝑟𝑒𝑠𝑠(100)

%, and

𝑠𝑡𝑟𝑒𝑠𝑠(10)
𝑠𝑡𝑟𝑒𝑠𝑠(50)

%,

𝑠𝑡𝑟𝑒𝑠𝑠(100)−𝑠𝑡𝑟𝑒𝑠𝑠(50)
𝑠𝑡𝑟𝑒𝑠𝑠(100)

%) calculated from these stresses. A general trend can be

found from the stress changes that higher irradiation energy can induce greater tensile stresses in
the SAM. As discussed above in section 2.2, all the bonds (i.e. C-H, C-C, C-S, and S-Au) within
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the AT SAMs typically have energies lower than 5 eV, which means the irradiation energies
listed in Table 4.1 are more than sufficient to break any kind of chemical bonds in the AT SAMs.
This energy dependence behavior could be caused by two different mechanisms of SAMs;
reactions with the primary electron beam with relatively high energy or reactions with the
secondary electrons with relatively low energies that scattered from the primary beam. However,
based on the fact that no chemical reaction in AT SAMs has been previous reported to be
triggered by a specific energy above 10 eV. This suggests that the stress changes are induced by
the reactions with secondary electrons and therefore higher irradiation energy is able to induce
more stress change, which agrees with our prediction.
Another observation is that most of the stress changes were introduced at the initial stage
(<10 mC/cm2 ) of irradiations. By comparing the fractions (

𝑠𝑡𝑟𝑒𝑠𝑠(10)
𝑠𝑡𝑟𝑒𝑠𝑠(100)

%) of stress changes, we can

define how much of the total stress changes are accumulated at the initial stage. Approximately
70 % of tensile stresses in all experiments were induced within the initial 10 mC/cm2 electron
dose, which suggest that the initial electron irradiation can induce tensile stress more
“effectively”. Additionally, by comparing the fractions of stress differences between 50 and 100
mC/cm2 , we can see the fractions of stress induced between 50 and 100 mC/cm2 is positive
related with the irradiation energies, that higher irradiation energy can induce more stress changes
at the saturation stage (50-100 mC/cm2 ) of irradiation. Suggesting by these preliminary analyses,
the behavior of stress accumulation during electron irradiation conforms to one of our predictions
(i.e. standard saturation) in section 2.4 that the stress accumulated rapidly at the initial irradiation
stage and then continuously increase with decreasing accumulation rate till saturation. In order to
further analyze the experimental data, stress changes at 50 eV irradiations of C8 SAMs were
selected and illustrated in Figure 4.7. Data of this irradiation energy were chosen because of the
intermediate reproducibility among three energies presented. More information of stress
accumulations can be found from Figure 4.7 that the different saturation stresses are strongly
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determined on stress accumulated within the initial stage of irradiation. By comparing curve A
with C, we can see the stress change curves are almost identical between 20 and 100 mC/cm2 , and
the difference in saturation stresses is mainly caused by the different behaviors of initial stress
accumulations. However, when comparing curve B and C, the difference in saturation stresses is
caused by the different stress accumulation rates after the initial stage of irradiation. These two
contrary observations suggest that the tensile stress induced by electron irradiation is probably
correlated with two or more individual chemical processes that have different effective cross
sections or dominate at different irradiation doses.

Figure 4.7: Stress changes of C8 SAMs during 50 eV irradiations.

Unlike our observations from Figure 4.7, in Zharnikov’s study as shown in Table 2.2, all the
chemical processes induced by 50 eV electron irradiations in AT SAMs have similar effective
cross sections that are close to 1 Å2 [59]. This disagreement is probably due to the conversion
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from chemical process to stress change that different chemical processes can contribute to stress
changes differently. For example, as discussed in section 2.4, crosslinking is believed to able to
change stress more “effectively” than other processes. To further illustrate this discussion, we
have attempted to model the change in stress as a function of electron dose.

4.3.2

Modeling

Based on the behaviors of stress changes during irradiations and literature studies [54,55], four
types of mathematical models were selected for fitting. A standard saturation model is commonly
used to describe irradiation induced chemical change in AT SAMs [54,59], and the two-term
saturation model is derived from the standard saturation model to describe the stress change
associated with two individual processes as discussed in last section. Power saturation model is
derived from the product of two standard saturations, which is one of the anticipated stress
change behaviors. The derivation of power saturation model is based on the behavior of
experimental data. Despite the fact that some of the models (i.e. the 3rd and 4th models listed
below) do not have simple and direct interpretations of chemical processes, they are still selected
because of the limited numbers of literature studies on irradiation induced stress changes. These
four models are:
1. standard saturation
−|𝜎| 𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵(1 − exp (

𝑒𝑆

))

(4.1)

2. two-term saturation
−|𝜎1 |𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵1 (1 − exp(

𝑒𝑆

3. power saturation
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−|𝜎2|𝑞

)) + 𝐵2 (1 − exp(

𝑒𝑆

))

(4.2)

−|𝜎| 𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵(1 − exp(

𝑒𝑆

)) 𝐷

(4.3)

4. saturation plus power saturation
−|𝜎1 |𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵1 ((1 − exp(

𝑒𝑆

)) + 𝐵2 (1 − exp (

−|𝜎2 |𝑞
𝑒𝑆

)) 𝐷

(4.4)

Where, 𝐵𝑖 is the limitation impact (max stress change) of one process, 𝜎𝑖 is the effective crosssection, q is the delivered charge to the sample, e is the elementary electric charge, S is the
irradiation area of the sample.

Fitting processes were accomplished by qtiplot software (version 0.9.8.9) with the LevenbergMarquardt algorithm [85]. No weighting method was applied due to the way of data recorded by
the instrument (each data is the average of five individual measurements) and the large-quantity
(~20000 points per experiment) of data. All four models were fit with experimental data shown in
Figure 4.7, and two-term saturation model (equation 4.2) has the best fit. Fittings of two-term
saturation model are shown in Figure 4.8, and the qualities of fittings are visually good.
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Figure 4.8: Curve fittings of two-term saturation model indicating the goodness of fitting.

This fitting model agrees very well with the discussion above that the stress development during
electron irradiation is correlated with two or more chemical processes, but stress change behavior
is not the same as the anticipated most effective process; crosslinking. Chemically, each “term”
from the saturation model might be associated with a first order process, and by comparing the
experimental data (Figure 4.7) to our anticipated product of standard saturations model (Figure
2.17), we see a different behavior at the initial irradiation stage that stress accumulated rapidly in
experiment while the stress accumulated rate is almost zero in the anticipated model.
This suggests that the product of standard saturations model is not able to describe the stress
development, and the best fitting model is probably n-term saturation (n=2, 3, 4…), which can
describe this stress development precisely.
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To test and define the best fit model for stress changes induced by electron irradiation, three-and
four-term saturation models were selected for fitting and to compare with two-term saturation
model.
5. Three-term saturation
−|𝜎1 |𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵1 (1 − exp(

𝑒𝑆

−|𝜎2|𝑞

)) + 𝐵2 (1 − exp(

𝑒𝑆

−|𝜎3 |𝑞

) + 𝐵3 (1 − exp (

𝑒𝑆

))

(4.5)

6. Four-term saturation
−|𝜎1 |𝑞

𝑠𝑡𝑟𝑒𝑠𝑠(𝑞) = 𝐵1 (1 − exp (

𝑒𝑆

−|𝜎4 |𝑞

𝐵4 (1 − exp (

𝑒𝑆

−|𝜎2 |𝑞

)) + 𝐵2 (1 − exp(

𝑒𝑆

−|𝜎3|𝑞

)) + 𝐵3 (1 − exp(

𝑒𝑆

)) +

))

(4.6)

Where, 𝐵𝑖 is the limitation impact (max stress change) of one process, 𝜎𝑖 is the effective crosssection, q is the delivered charge to the sample, e is the elementary electric charge, S is the
irradiation area of the sample.

In general, each added parameter is able to improve the fitting quality of model, while the
uncertainties of parameters increase. In order to compare the benefit of adding a parameter, a
statistical value, adjusted R-square, was introduced to define goodness of fitting.
R-square is the square of the correlation between the response values and the predicted response
values, which is defined as:
Sum (𝑖 =1 to 𝑛) {𝑤𝑖 (𝑦𝑖 − 𝑓𝑖)2}

𝑆𝑆𝐸

𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒 = 1 − Sum (𝑖 =1 to 𝑛) {𝑤𝑖 (𝑦𝑖 − 𝑦𝑎𝑣) 2} = 1 − 𝑆𝑆𝑇

(4.7)

Here f i is the predicted value from the fit, yav is the mean of the observed data yi is the observed
data value. wi is the weighting applied to each data point, usually wi =1. SSE is the sum of squares
due to error and SST is the total sum of squares.
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The adjusted R-square statistic uses the R-square statistic defined above, and includes the residual
degrees of freedom. The residual degrees of freedom is define as the number of response values n
minus the number of fitted coefficients m estimated from the response values.

v = n-m

(4.8)

v indicates the number of independent pieces of information involving the n data points that are
required to calculate the sum of squares.
The adjusted R-square is defined as:

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒 = 1 −

𝑆𝑆𝐸(𝑛−1)

(4.9)

𝑆𝑆𝑇 (𝑣)

Basically, the adjusted R-square statistic can be any value less than or equal to 1, with a value
closer to 1 indicating a better fit. For comparison, the fitting parameters and adjusted R-square
statistic are shown in Table 4.2. Due to the limitation of our lab computer, five-term saturation
model cannot be tested, but we believe five-term should have the similar fitting goodness as fourterm.
Table 4.2: Table of fitting parameters (A/B/C) of three different models when applied to data
presented in Figure 4.7. aR2 (adjusted R-square) represents the goodness of fitting.
Two term saturation

Three term saturation

Four term saturation

B1 (N/m)

5.351/5.045/6.376

3.165/2.979/2.644

1.938/1.477/2.367

B2 (N/m)

4.285/5.447/5.367

3.021/3.537/5.393

1.952/2.239/5.038

B3 (N/m)

-

3.632/4.197/3.854

2.445/3.197/3.986

B4 (N/m)

-

-

3.513/3.854/157.1

𝜎1 (Å2 )

1.679/0.8193/0.8125

5.035/2.368/2.932

8.963/6.323/3.411

𝜎2 (Å2 )

0.06576/0.04617/0.08238

0.4595/0.2022/0.3390

1.721/0.8843/0.3962

𝜎3 (Å2 )

-

0.04814/0.03137/0.05751

0.3508/0.1495/0.07722

𝜎4 (Å2 )

-

-

0.04571/0.02876/0.00000448

aR2

0.9921/0.9946/0.9958

0.9991/0.9994/0.9994

0.9993/0.9996/0.9995
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By comparing the adjusted R-square values (closer to 1 means better fitting) from table 4.2, we
can see that the values for three- and four-term saturation models are both extremely close to 1
with only slightly difference, which means they both can be considered as the best fit.
Furthermore, these two models were applied to fit all the experimental data, and the goodness of
fittings are illustrated in Table 4.3

Table 4.3: Table of avg. aR2 (average of adjusted R-square) values for three and four term
saturation models at different irradiation energies. Cells with "-" represent for failures of fitting
due to the limitation of the computer.
Three term saturation
Chain length Irradiation energy (eV)

C8

C16

Ave. aR2

Four term saturation

Stand. Dev.
Stand. Dev.
Ave. aR2
3
(×10 )
(×103 )
1.48
0.99737
1.48

35

0.99737

50

0.9993

0.141

0.99946

0.13

70

0.99887

0.89

0.99837

0.89

100

0.99904

0.1

0.99904

0.4

20

0.99918

0.74

-

-

40

0.93715

83.21

0.98335

21.67

50

0.99962

0.09

0.992

10.08

60

0.99981

0.07

0.99985

0.12

70

0.99954

0.27

-

-

90

0.99983

0.09

-

-

In Table 4.3, standard deviations represent the variations of fitting goodness between experiments
that are under the same conditions. By comparing this parameter, we can conclude that the
reproducibility of data obtained from 40 eV irradiations on C16 SAMs is poor, so that none of the
models can fit this set of data quit well. Besides the fitting of 40 eV on C16 SAM, similar average
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adjusted R-square values are observed between two models, which suggest both models can
describe the stress changes during irradiations similarly.
The result of fitting suggests that the stress change during electron irradiation is a very
complicated process, and it is associated with at least three individual chemical processes.
Additionally, these three or more processes are very different from each other that one of the
them accumulates stress more efficiently than others and one of them accumulates stress in a very
slow rate, and these are caused by the unique contributions from chemical processes to stress
changes. Specifically, the definition of each term in the fitting model should be the contribition
from one chemical process to stress development event in the SAM. To illustrate this idea more
clearly, each term is presented separately in Figure 4.9 as an example.

Figure 4.9: Behaviours of the three individual chemical processes that are described by the threeterm saturation model of C8 SAM at 50 eV electron irradiation.

As we can see from Figure 4.9, the behaviors of these three contributions are very different. The
term 1 represents for the most rapid contribution, which has the largest stress accumulation rate
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(highest effective cross section) and the lowest total stress change. The term 3 has the smallest
stress accumulation rate while the total stress change is the highest. The term 2 is in between. It is
very difficult to correlated contributions with specific chemical processes. Consider the 1st
contribution (term 1) for example, the initial stress accumulation is extremely rapid and the whole
contribution finishes at very early dose, which means the chemical process correlated with this
contribution should has very large effective cross section and very limited numbers of reaction
sites. The effective cross section can be understood as the probability for a process to occur.
However, none of the reported chemical processes induced by 50 eV electron irradiations is
similar to the chemical interpretation derived from term 1 above that has extremely high effective
cross section and the whole process is accomplished within an electron dose of ~5 mC/cm2 .
Another problem is that the expected most “effective” stress change process (crosslinking), was
not expected to behave as any of the contributions discussed above.
Analysing the fitting model itself (three-term saturation) cannot provide more useful information,
in order to understand the stress development during irradiation; detail analyses of the fitting
parameters were done. In Table 4.4, all the fitting parameters from three-term saturation model
are presented as well as the total stress changes. The visualized total stress changes were collected
at different irradiation doses due to the high variance between experimental results.

Table 4.4: Fitting parameters, includes B values (maximum stress change of each contribution),
𝝈 values (effective cross section of each conbution), and visualized total stress change S, under
different experimental conditions. Three terms are arranged with decreasing effective cross
sections; 1st term with the highest 𝝈.
C8

exp #

B1 (N/m)

B2 (N/m)

B3(N/m)

𝜎1 (Å2)

𝜎2 (Å2)

𝜎3 (Å2)

S (N/m)

35 eV

163

1.5180

1.2341

2.2430

9.5321

0.7963

0.0904

4.80

164

0.9539

0.6544

2.3684

10.9332

0.5781

0.0876

3.60

165

1.3926

1.4101

3.1523

6.3297

0.4225

0.0434

4.80
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50eV

143

3.1654

3.0214

3.6324

5.0348

0.4594

0.0481

8.70

145

2.9795

3.5369

4.1967

2.3685

0.2022

0.0318

8.70

146

2.6437

5.3935

3.8545

2.9323

0.3390

0.0575

10.90

149

2.0689

5.0820

7.9165

4.4209

0.3417

0.0254

10.80

150

9.5113

12.0750

5.4952

1.0254

0.0994

0.0199

22.50

152

2.6781

3.8599

6.0629

2.2156

0.2456

0.0410

10.00

157

1.8392

2.7988

6.2908

8.0125

0.5202

0.0308

5.50

172

1.7860

1.0925

6.0791

45.3042

3.7340

0.5680

8.80

C16

exp #

B1 (N/m)

B2 (N/m)

B3(N/m)

σ1 (Å2)

𝜎2 (Å2)

𝜎3 (Å2)

S (N/m)

20 eV

120

0.9975

1.1043

1.5964

50.2911

5.4262

1.1110

3.50

121

0.8103

2.7488

5.7549

12.3388

1.7058

0.2715

5.70

93

8.9899

4.6315

3.6922

133.9325

9.6958

1.1074

16.80

112

17.2761

6.5201

4.1064

5.2775

1.2184

1.2186

27.00

115

1.8650

3.1058

6.9216

34.4707

4.5967

0.7368

9.80

129

3.9687

4.1888

4.0991

0.5207

0.0526

0.0080

10.70

130

4.0742

7.8613

8.5751

0.6049

0.0510

0.0095

17.90

132

5.1169

5.6650

6.7636

1.2279

0.0944

0.0143

16.30

96

3.0426

3.2147

7.5011

1.7572

0.2242

0.0292

8.00

*108

4.0744

2.3664

3.4445

2.2960

0.3341

0.0935

8.50

110

3.1117

4.5319

2.6544

14.5471

0.1739

0.8564

9.50

109

1.3903

1.6066

2.8481

54.0496

2.7561

0.4102

-

97

1.2958

3.4128

2.1116

3.2297

0.5458

0.1323

6.70

125

3.2876

5.6178

5.4849

1.3895

0.1032

0.0123

10.00

99

1.4469

1.7792

3.0115

1.1289

0.0975

0.0186

4.00

106

2.5532

3.9064

9.8584

4.5345

0.4278

0.0774

14.80

70 eV

100 eV

40 eV

50 eV

60 eV

70 eV

90eV

* dose × 4
As mentioned above, the Bi values from Table 4.4 correlate with the final saturation stress
changes of different contributions (terms), and some of these final saturation stresses associated
with small cross sections are possible can only be achieved at infinite irradiation doses. The σ𝑖

75

values represent the effective cross sections for these contributions, which can be simplified as
the rates of stress changes.
One of the direct analyses is comparing the visualized saturation stresses between experiments,
which are the S values from Table 4.4. The saturation stresses of C8 and C16 SAMs under
different energies are plotted in Figure 4.10.

Saturation Stress vs Irradiation Energy
20

20
C16
C8

18

18

16

16

14

14

12

12

S10( N / m )

10

8

8

6

6

4

4

2

2
20

40

60

80

100

Energy (eV)

Figure 4.10: Saturation stresses of different AT SAMs (C8 and C16) at various irradiation
energies (20-100 eV).

Based on literature study [60] that found that the incident beam with higher irradiation energy
would induce more secondary electrons, a positive correlation between stress changes and
irradiation energies should be expected. In theory, more secondary electrons are able to induce
more chemical changes into the organic film until all the available sites for chemical processes
are exhausted. Unexpected, peak-shape behaviors are observed for both C8 and C16 SAMs in
Figure 4.10. The maximum stresses are achieved at different energies in two SAMs; the largest
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stress change (14.97 N/m) is achieved during 50 eV irradiation of C16 SAMs while the largest
stress (10.40 N/m) in achieved during 70 eV irradiation of C8 SAMs. These peak-shape trends
are suggesting that there are some unique mechanisms that maximized the stress developments at
50 eV (C8 SAMs) and 70 eV (C16 SAMs). Contradictory, a literature study suggests that electron
irradiations in this energy region (20-100 eV) are mostly reacting in the form of secondary
electrons with typical energies lower than 10 eV [60]. Additionally, electron irradiation induced
chemical processes at 10 and 50 eV were reported almost identical by literature [55]. These
unexpected behaviors might be caused by unique processes that we are unaware of.

As mentioned above, the meaning of Bi values in the model is the saturation stress from each
contribution. Furthermore, the sum of Bi values would be the mathematical saturation value
predicted by the model. Table 4.4 summarizes the sum of Bi values from each set of fitting
parameters and the fractions of stress contribution of each contribution (Bi /sum). The benefit of
analyzing the fraction of stress from each process is that we can look at the contributions of each
process regardless the irradiation energies, which is similar to normalization.

Table 4.5: The sum of Bi values from each set of fitting parameters and the fractions of each
process (Bi /sum)
C8
35 eV

50eV

70 eV
100 eV

sum of Bi (N/m) B1/sum B2/sum B3/sum
5.00
3.98
5.95
9.82
10.71
11.89
15.07
12.60
10.93
8.96

0.304
0.240
0.234
0.322
0.278
0.222
0.137
0.213
0.168
0.199
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0.247
0.165
0.237
0.308
0.330
0.454
0.337
0.306
0.256
0.122

0.449
0.596
0.529
0.370
0.392
0.324
0.525
0.481
0.576
0.679

C16
20 eV
40 eV

50 eV

60 eV

70 eV
90eV

sum of Bi (N/m) B1/sum B2/sum
3.70
9.31
17.31
5.79
27.90
11.89
12.26
20.51
17.55
13.76
9.89
10.30
5.85
6.82
14.39
6.24
16.32

0.270
0.087
0.519
0.197
0.619
0.157
0.324
0.199
0.292
0.221
0.412
0.302
0.238
0.190
0.228
0.232
0.156

0.299
0.295
0.268
0.458
0.234
0.261
0.342
0.383
0.323
0.234
0.239
0.440
0.275
0.500
0.390
0.285
0.239

B3/sum
0.432
0.618
0.213
0.344
0.147
0.582
0.334
0.418
0.385
0.545
0.348
0.258
0.487
0.310
0.381
0.483
0.604

Sum of Bi values are extracted and plotted in Figure 4.11. In this plot, each of the data points
represents the mathematical predicted saturation stress under a specific irradiation energy.
Surprisingly, these tends of stress changes at different energies between two figures are almost
the same with slightly different stress values and error bars. As mentioned above, the types of
chemical processes induced by different energies are the same within low energy region (10-100
eV). Suggesting by the peak-shape trends in both SAMs that there might be some chemical
processes are triggering by specific energies (i.e. 40 and 70 eV) under some unknown conditions.
To figure out the energy specific mechanism shown in Figure 4.10 and 4.11, the contributions
from chemical processes to stress developments need to be understood first.
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sum of Bs vs Irradiation Energy
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Figure 4.11: Plot of sums of Bi values with errors at different energies.

In Table 4.5, all the fractions of stress contributions (Bi/sum) of C8 SAMs are fairly similar. For
better analyzing, they are plotted in Figure 4.12. From Figure 4.12, we can see the 1st term
obviously contributes the least to stress development; only about 18-25%. The 3rd term is always
contributing the most to stress development with a minimum fraction of 36%. Amount these four
irradiation energies, the total contributions of the 2nd plus 3rd terms are quite stable, which are
between 75-82%. With only 7% maximum variance and the contribution of one term is increasing
while the other one’s contribution is dropping. It is suggesting that the 2nd and 3rd terms are
probably the chemical processes that competing with each other. From the right plot in figure
4.12 specifically, we can see the 3rd term has the highest contributions both at the lower and
higher end of this energy region and the 3rd term contribute more than half (52 and 64%) of the
stress at these two energies. One thing to be noticed is that the highest saturation stress of C8
SAMs (or sum of Bi) is found at 70 eV, but there is no reported dominate mechanism at this
specific energy.
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Figure 4.12: Fractions of stress contribution from each processes (1, 2 and 3) at different
energies in C8 SAM. Same set of data are presented in two different ways.

Same types of plots are done with experimental data of C16 SAMs and presented in figure 4.13.
Theoretically, the behavior of these three contributions in C8 and C16 SAMs should be similar
since the molecular structures in both systems are almost the same with only different chain
lengths. However, in C16, the total contributions of the 2nd plus 3rd terms are not as stable as in
C8 SAMs; the fractions various from 65 to 83%. The high variance in C16 SAM might be due to
the number of extra reactable carbon sites and this will be discussed in the following section.
Form the right plot in Figure 4.13, the 3rd term also has the major contribution to stress
development in two ends of this energy region (20 and 90 eV) and they are 52 and 55%
respectively. Again, nothing special can be found at the energy (50 eV) associated with the
highest saturation stress.
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Figure 4.13: Fractions of stress contribution from each processes (1, 2 and 3) at different
energies in C16 SAM. Same set of data are presented in two different ways.

Summarized from the saturation stress discussions, we can confirm that the stress development in
two SAMs (C8 and C16) are contributed by three different processes and the 3rd processes
statistically contribute more than the others; at the smallest and highest energy within the
experiment region, the 3rd process contributes more than 50% of the stresses. Also, the 1st
processes are averagely contributing the least to stress developments in both SAMs, but there is
no such a mechanism can be correlated with this process yet. The highest saturation stress
generated at certain energy is not caused by one specific process, but complicated result of
multiple chemical processes.
With the analyses of saturation stresses, we see that the stress development during irradiation is
not mainly determined by one or two processes, but complicatedly contributed by three (or more)
chemical processes.
The sum of three effective cross sections ( 𝜎𝑖) and the fractions of each term are listed in Table 4.6.
The effective cross sections from the fitting model various largely between experiments, analysis
can only be done with normalized cross sections, which are the fractions of each term listed
below.
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Table 4.6: The sum of effective cross sections and the fractions of each process (𝝈i/sum)
C8

Sum of 𝜎𝑖 (Å 2)

𝜎 1/sum

𝜎 2/sum

𝜎 3/sum

35 eV

10.42

0.915

0.076

0.009

11.60

0.943

0.050

0.008

6.80

0.931

0.062

0.006

5.54

0.908

0.083

0.009

2.60

0.910

0.078

0.012

3.33

0.881

0.102

0.017

4.79

0.923

0.071

0.005

2.50

0.885

0.098

0.016

8.56

0.936

0.061

0.004

49.61

0.913

0.075

0.011

50 eV

70 eV

100 eV

C16

Sum of 𝜎𝑖 (Å 2)

20 eV

56.83

0.885

0.095

0.020

14.32

0.862

0.119

0.019

144.74

0.925

0.067

0.008

7603.8

0.983

0.016

0.001

39.80

0.866

0.115

0.019

0.58

0.896

0.091

0.014

0.67

0.909

0.071

0.014

1.34

0.919

0.071

0.011

2.01

0.874

0.112

0.015

2.72

0.843

0.123

0.034

15.58

0.934

0.011

0.055

57.22

0.945

0.048

0.007

3.91

0.826

0.140

0.034

1.50

0.923

0.069

0.008

1.24

0.907

0.078

0.015

0.900

0.085

0.015

0.0774

40 eV

50 eV

60 eV

70 eV

90eV

σ1/sum 𝜎2 /sum
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𝜎3 /sum

Figure 4.14 presents the fractions of effective cross sections (σi/sum) at different energies for C8
and C16 SAMs. Unlike the plots shown above, fractions of the effective cross sections between
C8 and C16 SAMs agree with each other very well. The fractions in both SAMs are about 90%,
8%, and 2% for the 1st , 2nd , and 3rd terms, respectively. In other words, the fractionof effective
cross section for the 1st term is almost 50 time larger than the fractionof the 3rd term, which means
it takes about 50 times of the electron dose to finish the 3rd term contribution compare to the 1st
term. This similarity between two SAMs suggests that the types of stress contributions of two
SAMs are similar, and the chemical processes associated with the contributions are possibly
related.

Figure 4.14: Plot of the fractions of effective cross section at different energies in C8 and C16
SAMs.
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Interestingly, in Figure 4.14, the error bars in the experiments with C16 SAMs are obviously
larger than the ones with C8 SAMs, and the same behavior can also be found from other figures
listed above in this section. Mathematically, bigger error bar means bigger standard deviation of
the data. This suggests the reproducibility of experiments with C16 SAMs is worse than the ones
with C8 SAMs.
Combining the conclusion from Figure 4.14 and the positive logarithmically growing
experimental results, we can confidently confirm that the rapid increase at the very beginning of
the irradiation is controlled by the 1st term in the model. On the other hand, the long term
saturation behavior is mainly triggered by the 3rd term in the model. Despite the fact that we have
learnt much from this three term saturation model, we are not able to match any specific chemical
processes with these terms. One of the main reasons for the challenge of making a connection
between the stress development and chemical processes induced by electron irradiation is that
there are few studies about physical force formation/contribution induced by microscopic
chemical changes in electron irradiation, which might assist our efforts at interpretation.

4.4 Effect of Different Irradiation Energies
As mentioned above (in section 2.4 and 4.3.1) the stress changes are expected to be positively
correlated with irradiation energies due to secondary electrons. Similar trend is found in Figure
4.6 as well. In order to test this assumed correlation, stress changes of C8 SAMs at different doses
with various irradiation energies are presented in Figure 4.15. Each data point on the plot is the
average stress change of three experiments conducted under identical situations.
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Figure 4.15: Average stress changes at various doses during electron irradiation with different
energies.

Since the average stress changes are presented with different doses in Figure 4.15, we can
compare the stress changes between different doses and learn about the stress development from
different aspect. In the graph represent for a irradiation dose of 10 mC/cm2 , the stress changes are
basically linearly related with the irradiation energies. When the dose accumulated to 20 mC/cm2
as shown in the top right graph of Figure 4.15, a linear fit can still be applied when excluding the
second data point, which represents for the average stress change of C8 SAMs during 50 eV
irradiation. However, as the irradiation dose continuously accumulating, the stress changes start
to deviate from the linear correlation, and stresses induced by 50 and 70 eV irradiations are
similar to the stress change induced by 100 eV. This observation suggests that the total amount of
chemical changes can be induced by 50, 70, and 100 eV irradiations are very similar. In other
words, the total stress changes achieved at 50 eV electron irradiation and above are relatively
constant in the SAMs.
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Stress changes of C16 SAMs measured at the irradiation dose of 40 mC/cm2 are shown in Figure
4.16, each data point is the average stress change calculated from three experiments conducted
under identical situations. A roughly positive correlation between stress changes and irradiation
energies can be found and the slope of this trend is larger than observed with C8 SAMs. The
effects of irradiation energy are more pronounced in C16 SAMs, showing that increased
irradiation energy can significantly increase the amount of stress change.

Figure 4.16: Stress changes of C16 SAMs at 40 mC/cm2 with different irradiation energies.

From the brief discussions above, we can positive correlate the stress changes and the irradiation
energies in both SAMs. Considering the not-ideal reproducibility in this experiment, we can
hardly accomplish a good fit with our data. This observation of positive correlation might not be
considered as a solid conclusion, but this observation agrees well with our prediction, especially
for the longer chain SAMs.
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There is an interesting observation that no stress change was detected on any SAMs with
irradiation energies below 20 eV. As a starting point, 10 eV is one of the most relatively wellstudied irradiation energies in literature using spectroscopic techniques. Additionally, irradiation
induced chemical changes at 10 eV were confirmed to be the same as the changes generated at 50
eV irradiation by XPS and NEXAFS [54]. This finding suggests the chemical processes generated
by 10 eV electron irradiation should be able to induce stress changes as well. To be more specific,
from the low secondary electrons yield presented in Figure 2.13 [60], we know that most of the
electrons below the energy of 20 eV are interacting with organic molecules with their primary
energies. For example, during 5 eV electron irradiation experiment, 95% of the electrons interact
with organic molecules with 5 eV energy and the remaining 5% are reacting in the form of lower
energy secondary electrons. A similar situation happens during 10 eV irradiation, 87% of the
electrons react with molecules in the form of primary electrons and only 13% of them are react as
secondary scattering electrons. Once the irradiation energy increases to 20 eV, the majority (60%)
of electrons react with the organic molecules in the form of secondary scattering electrons. Also,
for irradiations at 80 eV or above, almost 90% of the electrons are reacting as secondary electrons.
The electron irradiations at 10 eV or 15 eV are basically performing as direct bombardment with
molecules without generating too many secondary electrons while irradiations above 20 eV are
mainly reacting the molecules with secondary scattering electrons. This might be the reason for
no stress changes were observed during 10 eV irradiation, or maybe there are something else we
are unaware of that affects the stress developments.
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4.5 Effects of Different Chain Lengths
Theoretically, SAMs with longer alkyl chains are able to accumulate more total stresses than
shorter ones due to the extra available atoms for reaction. Different stress change behaviors
between C8 and C16 SAMs were observed above, but no clear single trend can be found for all
energies. Figure 4.17 shows the stress changes of 50 eV electron irradiation on different SAMs
(C4, C8 and C16), and we observe that the behavior of stress changing curve of C4 SAM is
totally different from others. The dose required to achieve saturation stress (highest stress
accumulated) in C4 SAM is very small, which is expected due to the limited number of atoms
available. This green curve (C4 at 50 eV electron irradiation) has not only very low total stress
change, but also different stress accumulation behavior after the initial rapid increasing period.
Unlike other SAMs, stress accumulated in C4 SAM starts relaxing in a stable rate right after the
initial rapid stress accumulation, which is unexpected. The unique behavior of C4 SAM suggests
that the mechanism of stress change in C4 might be different from SAMs with other chain lengths.
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Figure 4.17: Stress change curves of C4 (green), C8 (red), C16 (black) SAMs under 50 eV
irradiation.

Referring to Rowntree group’s studies [54], this behavior of stress change in C4 SAM can be
related to the dipole-image dipole quenching model (shown in figure 4.18), which reduces the
excited state lifetime in shorter chains. The excited neutral states, near the film-substrate interface;
in the AT chains can interact with their imaged dipoles in the nearby metal surface (Au) and
quench the energy of the excitation. As a result, this then will decrease the yields of chemical
processes. Experimentally, these quenching phenomena between the excited states and their
images would be more obvious in irradiations of shorter chains than longer ones due to the closer
distance to metal surface. In C4 SAMs, the carbon atoms are very close to the metal substrate (~5
nm) and therefore the possibility of the occurrence of excited carbon atom relaxations is fairly
high. Meanwhile, in longer alkyl chains SAMs (C8 and C16), this relaxation would be less
effective, because this dipole-image dipole quenching phenomenon is understood as a distancedependent effect. There is more carbon atoms in these SAMs (C8 and C16) are further away from
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the metal substrate and therefore relatively less occurrence of excited atom relaxations and these
quenching effects are basically negligible when comparing with the stress changes induced by
electron irradiation.

Figure 4.18: Schematic diagram showing the dipole-image dipole quenching model in C4 and C8
SAMs.

As a prediction, the stress changes induced by the same energy between C4, C8 and C16 SAMs
should have a ratio close to 1:2:4, which is the ratio of available carbon sites for reactions in the
pristine SAMs, and a slightly different ratio is expected due to the quenching effect discussed
above. However, in figure 4.18, the ratios of total stress changes between C4, C8 and C16 is
approximately 3:11:22, which is off from our expectation; 1:2:4.
To further investigate this unexpected observation, Figure 4.19 illustrates the summary of the
saturation stresses (mostly at the dose of 40 mC/cm2 ) under different incident energies in three
different SAMs. Due to the ultra-fast fulfillment of saturation stresses in all C4 results, the
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selected irradiation dose for C4 SAM is 1 mC/cm2 only (vs 40 mC/cm2 in others). Additionally,
some of the strange data were removed from this summary plot in order to stay focus.

Figure 4.19: Summary of all saturation stresses (mostly @ 40 mC/cm2 ) induced by different
energies on C4 (♦), C8 (■), and C16 (●) SAMs.

In Figure 4.19, all the stress changes of C4 SAM are extremely low, which is the result of dipoleimage dipole quenching near the film-substrate interface as we explained above. Also, the effect
of irradiation energy is less obvious in C4 SAM, which is additional evidence of the quenching
model that the relaxation of excited atoms is a distance dependent effect and not affected by
irradiation energies. Because the excited states are believed triggered by secondary electrons with
energies as low as ~5 eV, and the applied irradiation energies here are greater than 20 eV, so that
any irradiations in this project are able to trigger the excited states. From the linear fittings of C8
and C16 SAMs, we can see a positive correlation between the slopes and chain lengths. However,
the slope ratio between these two SAMs is smaller than the ratio of carbon atoms, and this
suggests that the stresses induced in C16 SAM is less than twice of the stresses generated in C8
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under the same irradiation energy. Beside the quenching effect from the metal substrate, there
might be something else is effecting the stress accumulation that also has distance dependence.
Based on the most probable mechanism of tensile stress development during irradiation; that
crosslinkings and C-S-C bonds between alkyl chains can generate tensile stresses by reducing the
inter-molecular distances, which should be the same between C8 and C16 SAMs (C-C, C=C or SC-S bond lengths). However, the locations of these crosslinked sites could be different, and
therefore the contributions stress change could be different. The stress contribution model is
shown in Figure 4.20, and the red dots represent for the newly formed bonds (C-C, C=C, and CS-C).

Figure 4.20: Diagram demonstrates the different contributions of crosslinking at various sites.
(Reprint from Physical Review, E. 83, M. Hoffmann et al., Gelation threshold of cross-linked
polymer brushes, p. 021803-2, copyright (2011), with permission from Hoffmann.)

As illustrated in figure 4.20, despite the number of chemical processes could be happened in both
SAMs, the contributions to stress development of these chemical processes are not essential the
same. In Figure 4.20, the alkyl chains are assembled on the cantilever surface with S-Au bonds,
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and the other sides of the chains with methyl groups have more degrees of freedom as one can
imagine. Crosslinking generated closer to the substrate would have bigger impact (stronger
contribution to) on the total stress change, due to the change of physical property. For
crosslinkings further away from the gold substrate with higher degrees of freedom, the shrinkage
of adjacent alkyl chains is less effective of generating stress compare to crosslinkings closer to
the gold substrate.
From figure 4.19, we also observed that the saturation stresses at the highest irradiation energies
in both SAMs (100 eV in C8 and 90 eV in C16 SAM) are not yet reaching the stress development
limits. Theoretically, there are only certain numbers of reaction sites in the SAM, after all of them
have been reacted, further electron irradiation is not able to increase the total stress changes. As
we discovered from above, all of the total stress changes follow the linear correlation with the
irradiation energies (20–100 eV). In other words, the maximum stress change that can be
generated in the SAM is not achieved yet, otherwise, maximum stress change would be appeared
after certain irradiation energy.
As a summary of this section, our observations of stress changes induced by electron irradiations
agree with the dipole-image dipole quenching model proposed by Rowntree group that the AT
SAMs with shorter chains are more strongly affected by quenching of excited states. Secondly,
we propose the linear correlations between total stress changes and irradiation energies in all
three SAMs (the energy dependence is less pronounced in C4). Last but not least, we discover the
positive correlation between the total stress changes and the chain lengths in C8 and C16 SAMs.
There is an interesting finding from this part that the ratio of stress changes and the number of
carbon atoms is slightly different, which is due to the location-dependent stress contributions of
different chemical processes.
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Chapter 5: CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
The primary objective of this work is to define the correlations between mechanical force changes
of AT SAMs induced by low-energy (10-100 eV) electron irradiations and the irradiation doses,
irradiation energies, and the alkyl chain lengths of the SAMs.
Tensile stress changes are always observed during electron irradiations and the amount of stresses
induced by irradiation is much greater than the compressive stresses induced by self-assembly of
AT SAMs on Au(111). Despite the difficulty of revealing the detailed information about the
original of the stress development under irradiation, the confirmation of tensile stress
development in organic film (AT SAM) at this low energy level is a very exciting (important)
conclusion for the lithography industry. Since irradiations (i.e. electron, UVs) have been widely
used in lithography industry, and secondary electrons are always generated by the primary beam,
this finding of tensile stress development induced by low-energy (10-100 eV) irradiations might
help further developing lithographic techniques.
The proposed gold film delamination model suggests the occurrences of rapid tensile stress
relaxation events are caused by the localized delamination of gold film during electron
irradiations. The significance of this finding is that we quantitatively define the poor adhesion of
gold film to silicon nitride substrate; that ~5 N/m of lateral tensile stress is enough to peel off the
portions of gold. Also, we have proven the benefit of using Ti as the adhesive layer, which is not
commonly applied in thin film studies associated with gold. This gold film delamination model
might be able to help other research groups solve their problems when using gold/silica or
gold/glass as the substrate.
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Fitting of the experimental curve suggests that, the stress development during low-energy
electron irradiation is very complicated, and it is associated with at least three individual
processes. Suggested by this fitting model (three term saturation), these three processes are first
order reactions with totally different effective cross sections (one order of magnitude difference).
However, since this is the first time we are trying to understand the stress development during
electron irradiation; we are not able to associate these three stress developing processes with
specific chemical processes. Additionally, it is possible that some of these stress developing
processes have never been proposed due to the extremely low effective cross sections (0.05 Å2 ).
The results of stress changes induced by different energies suggest secondary electrons generated
by the primary beam could probably dominate the stress development. However, due to the
complexity of stress change process, we are not able to confirm a linear correlation between
stresses and irradiation energies.
The analyses of the effects of alkyl chain lengths suggest that AT SAMs with longer chains are
able to accumulate more stress, but the stresses are not linearly correlated with the alkyl chain
lengths. This is caused by two different effects; the “quenching” effects of excited states and their
dipole-images from the metal substrate and the different stress contributions of chemical
processes at different locations. This result once again suggests the complexity of this project that
two same chemical processes can behave differently in changing mechanical forces, and AT
SAMs with longer chains have more flexibility of stress changes (greater error bars in C16 than
C8 SAMs).

5.2 Future Work
First and foremost, the reproducibility of this experiment needs to be improved, which would
make the results more convincible. There are various of reasons could lead to this low
reproducibility including not uniform gold films were formed during TVD, unexpected
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contaminations during AT SAMs formations, the irradiation source could be not as stable as
expected, or there are some experimental environments are not under controlled during irradiation
that affect the stress development.
One of the interesting behaviors of stress change that was observed but not presented in this thesis
was that the cantilever would self-relax when electron irradiation was paused during stress
accumulation. The self-relaxation process was always slow and the amount of stress relaxed was
very little (<5%). We don’t have any interpretations of this self-relax behavior, but it would help
us understanding the stress development better.
Lastly, in this project, chemical processes and stress changes are believed mostly distributed
further away (≥5 carbons) from the gold substrate due to the quenching model proposed by the
Rowntree group, and chemical processes in different locations contribute differently to the stress
development. When functional groups are introduced, localized stress developments could be
occurred, and even more, targeted stress development could be achievable. This functionalization
of stress development could be extremely important for discovering fundamental chemistry.
Additionally, functionalized AT SAMs can be used as chemical resists for EBL to manufacture
semiconductors, and the stress developments in these functionalized AT SAMs could be much
more useful.
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